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ABSTRACT

1. In migratory species female- and male-mediated gene flow are important for defining relevant Management
Units, and for evaluating connectivity between these and their respective foraging grounds.

2. The stock composition at five Mediterranean foraging areas was investigated by analysing variation in the
mitochondrial D-loop and six microsatellite loci in a sample of 268 loggerhead turtles (Caretta caretta) stranded
or accidentally caught by fisheries. This involved a comprehensive Mixed Stock Analysis which considers also
recent data from major rookeries in Libya and Turkey, and the generation of a standardized nomenclature of
allele sizes at the microsatellite loci.

3. The results indicate:
� that the north Adriatic, the Tunisian continental shelf, the waters around Malta and the Italian Ionian Sea

represent important areas for the conservation of rookeries in Greece, Libya and Turkey, respectively;
� that waters off the Italian peninsula and the islands of Lampedusa and Malta are mainly inhabited by

individuals of Mediterranean origin, with a major contribution from the nearest and largest colonies, while
Atlantic turtles are restricted to the western areas;

� that specific migratory routes exist from rookeries to foraging grounds;
� a poor bi-parental genetic structuring, which suggests a high male-mediated gene flow in the Mediterranean;
� mixing of small turtles in waters distant from natal rookeries, and recovery of structuring for large-sized

individuals; and
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� that uncommon mtDNA haplotypes are more powerful markers than microsatellite alleles in assessing an
individual’s origin, owing to their higher geographic specificity.
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INTRODUCTION

The loggerhead turtle Caretta caretta is the most
abundant of all marine turtle species occurring in
the Mediterranean Sea (Casale and Margaritoulis,
2010). In this basin, the main identified threats at
sea to this endangered species (IUCN, 2012) are
accidental catch in fishing gear, collision with boats
and intentional killing (Margaritoulis et al., 2003;
Tomás et al., 2008; Casale and Margaritoulis, 2010;
Casale et al., 2010; Casale, 2011). At population
level, individuals from a given breeding ground
move to different foraging areas, which are
frequented by individuals of different origins. At
individual level, loggerhead turtles are thought to
show strong connectivity between breeding and
foraging areas throughout their life (Broderick
et al., 2007). Adult loggerheads have been found to
show fidelity to their neritic feeding grounds
(Broderick et al., 2007; Schofield et al., 2010), which
may be the same ones that they were recruited to
as juveniles (Casale et al., 2007a). In general,
quantification of connectivity is essential for
conservation strategies, particularly to protect a
migratory species throughout its range (Martin
et al., 2007). Understanding turtles’ migration
routes, their preferences for specific areas during
certain life-stages, the impact of human activities on
them and the reproductive biology of the species are
thus fundamental issues for the development of
practical conservation measures. The assessment of
parentage among different reproductive units is
considered among the priorities in the Action Plan
for the Conservation of Mediterranean Marine
Turtles (UNEP MAP RAC/SPA, 2008).

The accidental captures in fishing gears of species
other than the commercial target(s) is termed
bycatch and a quantification of its impact is
imperative (Lewison et al., 2004). Marine turtles,
together with other large marine vertebrates (e.g.
seabirds, marine mammals, sharks), are among the
most vulnerable to bycatch, because of their late
age at maturity and low reproductive success

(Heppell et al., 1999). In the Mediterranean,
marine turtles are caught primarily by pelagic
longlines, trawls and coastal gillnet fisheries. The
number of marine turtles caught annually in the
basin may well be above 132 000, with high
mortality rates (20–60%; Casale, 2011).

Bycatches in the central Mediterranean were
estimated for many subareas surveyed in this
work. Casale et al. (2004) estimated approximately
4300 captures per year in the north-western
Adriatic, with rates up to 15 times higher in the
eastern part of this sea. The Ionian Sea represents
another high risk fishing ground, with more than
4000 captures per year (Deflorio et al., 2005;
Cambiè et al., 2010). In particular, along the
southern coast of Calabria it is estimated that
each summer 500 loggerhead bycatches can be
attributed to small-scale vessels, and the impact on
the species has worsened in recent years (Cambiè
et al., 2010, 2012). Further south, the number of
turtles estimated to be accidentally caught yearly
by Maltese fishing gears is 3240, with pelagic
longline being responsible for 96% of captures
(Casale, 2011). For the area surrounding the
Island of Lampedusa (Italy), the estimated total
number of sea turtle captures was 1518 for the
summer of 2005, with bottom trawls responsible
for four times as many captures as both bottom
and pelagic longliners (Casale et al., 2007a).

Animals killed or injured by fishing gear and boats
are often found floating at sea and subsequently
rescued by fishermen, or washed ashore on beaches.
These turtles can be considered as strandings, and
their collection and analysis could potentially serve
as a valid alternative to the more difficult in-water
sampling. The question of whether strandings are
a random sample of the nearshore loggerhead
aggregations is important in determining the
validity of this resource in population studies
(Epperly et al., 1996; Rankin-Baransky et al., 2001;
Bowen et al., 2004; Tomás et al., 2008; Casale et al.,
2010). Mazzarella (2007) addressed this point and
didn’t observe any significant difference between the
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strandings and nearshore samples of C. caretta from
the North Atlantic, based on mtDNA.

In the understanding of sea turtle migrations,
molecular data can provide novel perspectives that
may parallel tagging and tracking programmes.

Geographically informative genetic markers have
been characterized, which enable the origin of
turtles found stranded or caught as bycatch to
be traced and hence to evaluate the populations
mainly affected by human fishing activities
(Rankin-Baransky et al., 2001; Bass et al., 2004;
Roberts et al., 2005; Carreras et al., 2006; Reece
et al., 2006; Monzón-Argüello et al., 2009; Carreras
et al., 2011). In particular, Mixed Stock Analyses
(MSA) based on mtDNA sequences proliferated
(for a review see Bowen and Karl, 2007), taking
advantage of increasingly sophisticated methods
(Bolker et al., 2007). The information so gathered
is valuable when ranking foraging grounds for
protection, because priority should be given to
those with higher genetic diversity or with greater
contributions from more vulnerable rookeries
(Bjorndal and Bolten, 2008). The main problem of
previous MSAs carried out on Mediterranean
foraging stocks (Casale et al., 2008; Giovannotti
et al., 2010; Carreras et al., 2011) was the lack of
data from extensive portions of the coast which
supposedly host a large proportion of clutches laid in
the basin. The present work represents the first
analysis based on all the major known Mediterranean
rookeries since the recent characterization of the
Libyan rookery for mtDNA (Saied et al., 2012)
and the re-analysis of the Turkish nesting ground
(Yilmaz et al., 2011). Hypotheses on the composition
of central Mediterranean stocks (from Italian and
Maltese waters) in terms of populations of origin
could thus be tested and whether some barriers or
preferential routes exist in the dispersal of turtles
across the western and eastern Mediterranean or
in a north–south direction could be explored.

As a contribution to the prioritization of actions
for marine turtle conservation at a regional level,
the specific aims of this study were: (1) to
characterize the genetic composition of loggerhead
stocks aggregating in central Mediterranean waters
with mtDNA and nuclear markers; (2) to verify
if some degree of genetic differentiation among
these groups can be detected according to the
area of sampling, the season of collection and the
individual body size; and (3) to identify powerful
genetic markers to trace the origin of individuals
in stocks.

METHODS

Sample collection and laboratory procedures

The sampling aimed at covering all the Italian seas
and Maltese waters (i.e. the central Mediterranean).
Muscular tissues or blood from 268 individuals
of C. caretta were collected from animals stranded
or caught as fisheries bycatch (years 2002 to 2009).
The numbers of individuals collected from the
different geographic areas (Figure 1) were: Tyrrhenian
Sea (n=36), waters between Sicily and Africa
(Lampedusa n=123; Malta n=21), Ionian Sea
(n=42), N Adriatic Sea (n=46). Of the latter group,
19 loggerheads were part of a mass-stranding event of
around 180 juveniles that occurred in the summer of
2009 along the N Adriatic shores. These small turtles
were heavily infested by barnacles on hard and soft
parts of their body, severely weakening them and
decreasing their vital functions (Novarini et al., 2010).
For each individual, information on the date and
place of sampling as well as body size (CCL: curved
carapace length, notch-to-tip) was collected.

DNA was extracted with the NucleoSpin
Tissue kit from tissues (dead animals) or blood
(live animals). A short (380 bp) fragment in the
mtDNA Control Region was sequenced for all the
samples with primers TCR5/TCR6 (Norman
et al., 1994). Some of the individuals (112/228,
Table 1) were successfully amplified and analysed
for a longer (815 bp) sequence obtained with

Figure 1. Reconstruction of the main directions followed by individuals
found in the six central Mediterranean areas analysed in this work
(circled), as emerged from the foraging-ground-centric Mixed Stock
Analysis. Only contributions above 10% are shown as arrows
from rookeries to foraging grounds. Line thickness is proportional
to fraction of individuals entering the different areas: 10–14%
and 15–20% . Dashed lines indicate flows identified by the
presence of specific mitochondrial long haplotypes. Each line is drawn
to connect the origin and sampling places and does not necessarily
describes the specific route followed by turtles. Stocks: TYR
(Tyrrhenian Sea), LAM (Lampedusa), MAL (Malta), ION (Ionian
Sea), N-ADR (N Adriatic Sea), MS (N Adriatic Mass Stranding).
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primers LCM15382/H950 (Abreu-Grobois et al.,
2006) and including the shorter fragment.
Sequencing was performed with the ABI3100 Avant
automated sequencer, using the same PCR primers
in BigDye terminator cycling conditions (Applied
Biosystems, CA, USA). Electropherograms were
visually inspected and sequences aligned using
the BioEdit software (Hall, 1999). Mitochondrial
haplotypes were classified according to the
standardized nomenclature (ACCSTR: Archie Carr
Center for Sea Turtle Research, http://accstr.ufl.edu/
ccmtdna.html). Haplotypes not described previously
were submitted to the ACCSTR, assigned a name
under the standardized nomenclature, and deposited
in GenBank (http://www.ncbi.nlm.nih.gov/).

Six previously reported dinucleotide microsatellites
(Cc7, Cc141, Cm72, Cm84, Ccar176 and Cc117;
Carreras et al., 2007) were used as biparental
markers. One primer for each pair was fluorescently
labelled with NED, VIC or FAM. Product
separation was performed with the ABI3100 Avant

automated sequencer. The GeneScan 3.7 software
(Applied Biosystems) was used to analyse allelic
fragments and to determine their molecular weight,
using Rox500 as standard.

The conversion of the standardized microsatellite
allele sizes into numbers of repeats was obtained by
sequencing PCR products from one or more
homozygous individuals for each locus, using the
unlabelled primer of the pair.

Data analysis

Data were analysed by partitioning the sample
according to geographical, seasonal and body size
criteria.

The geographic criterion yielded five groups
(Tyrrhenian, Lampedusa, Malta, Ionian, N Adriatic).
The mass-stranding group (N Adriatic MS), even
though entirely collected along N Adriatic shores,
was considered as a sixth group because it
represented an exceptional event. When the date of

Table 1. Size statistics, absolute frequencies of mitochondrial short [380 bp, (a)] and long [815 bp, (b)] haplotypes, gene and nucleotide diversities in
loggerhead turtles sampled from six central Mediterranean areas. Acronyms: TYR (Tyrrhenian Sea), LAM (Lampedusa), MAL (Malta), ION
(Ionian Sea), N-ADR (N Adriatic Sea), MS (N Adriatic Mass Stranding)

(a)

TYR LAM MAL ION N-ADR MS Total

Average CCL 59.32 55.65 47.80 35.50 60.92 20.65 51.54
CCL s.d. 13.94 11.85 11.21 13.73 12.44 1.87 16.12
mtDNA haplotypes
CC-A1 1 9 0 0 0 0 10
CC-A2 23 95 17 21 19 15 190
CC-A3 1 6 4 4 4 2 21
CC-A6 0 0 0 0 1 0 1
CC-A26 0 2 0 0 0 0 2
CC-A28 0 0 0 1 0 0 1
CC-A32 0 0 0 0 1 0 1
CC-A50 0 1 0 0 0 0 1
CC-A55 0 0 0 1 0 0 1
n 25 113 21 27 25 17 228
Haplotype diversity 0.157� 0.09 0.286� 0.05 0.324� 0.11 0.385� 0.11 0.410� 0.11 0.221� 0.12
Nucleotide diversity 0.006� 0.004 0.010� 0.006 0.001� 0.001 0.001� 0.001 0.001� 0.001 0.001� 0.001

(b)
mtDNA haplotypes TYR LAM MAL ION N-ADR MS Total

CC-A1.1 0 6 0 0 0 0 6
CC-A1.3 0 2 0 0 0 0 2
CC-A1.4 0 1 0 0 0 0 1
CC-A1.6 1 0 0 0 0 0 1
CC-A2.1 20 4 17 12 17 1 71
CC-A2.8 0 0 0 1 0 0 1
CC-A2.9 0 0 0 0 1 1 2
CC-A3.1 1 6 4 4 4 2 21
CC-A6.1 0 0 0 0 1 0 1
CC-A26.1 0 2 0 0 0 0 2
CC-A28.1 0 0 0 1 0 0 1
CC-A32.1 0 0 0 0 1 0 1
CC-A50.1 0 1 0 0 0 0 1
CC-A55.1 0 0 0 1 0 0 1
n 22 22 21 19 24 4 112
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collection was considered (following Casale et al.,
2007b) slightly more individuals turned out to be
sampled in the warm period (April–September,
n=141) vs. the cold period (October–March, n=87),
probably reflecting a greater opportunity for a report
of a stranding associated with increased human
activity in coastal areas.

Finally, two groups were considered according
to body size. In the absence of a general consensus
on which CCL threshold can be used as a proxy
for an individual’s maturity (Margaritoulis et al.,
2003; Cardona et al., 2005; Casale et al., 2005;
Lazar and Gra�can, 2011), two equally represented
classes (small vs. large) were considered based on
the median of all observations (53 cm). The possible
interaction between period of recovery and body
size (excluding the mass stranding event) was tested
by Fisher exact text and found not significant
(P=0.16).

An integrated analysis of both mtDNA and
nuclear data with spatial coordinates of the places
of collection was carried out with the Geneland
software (Guillot et al., 2005). The method infers
population structure based on the systematic variation
of allele frequencies, detectable as departures from
Hardy–Weinberg and linkage equilibrium. It uses
both geographic and genetic information to estimate
the most likely number of populations in a dataset and
their spatial organization. Runs were carried out with
100 000 iterations, thinning 500, and the correlated
frequencies option.

mtDNA

Gene/haplotype diversity (i.e. the probability that
two randomly chosen haplotypes are different in a
sample), nucleotide diversity (p), and measures of
inter-group diversity considering inter-haplotypic
distances (AMOVA Ф statistics) were obtained
with the Arlequin 3.5.1.2 package (Excoffier et al.,
2005) on short sequences.

The Bayesian approach for the ‘many-to-many’
Mixed Stock Analysis (MSA) was used, as
implemented in the program ‘mixstock’ (Bolker
et al., 2007). This analysis was limited to the
short sequences, as these were the only available
for both Mediterranean and Atlantic rookeries.
However, as this method considers a complex web
of relationships, we included in the analysis also
previously reported stocks to faithfully render the
occurrence of haplotypes in the Mediterranean
and the Atlantic. The composition of sources
(rookeries) and foraging stocks (mixed) is reported

in Supplementary Table S1 (references therein).
The ‘foraging-ground-centric’ approach was used
to estimate the proportion of individuals in each
foraging stock originating from different rookeries.

Owing to the weak signals of Atlantic
contributions (see Results) rookery size (from
Ehrhart et al., 2003; Casale and Margaritoulis,
2010; Monzón-Argüello et al., 2010) was not used as
an additional prior information. In fact, all Atlantic
rookeries are at least 120- and 30-fold larger than
the Calabrian and Lebanese rookeries, respectively,
with the largest Atlantic colony of south Florida
reaching over 67 000 nests (Bowen et al., 2005).
In all runs two chains of 15 000 iterations were
used, with a burn-in of 20%. The Gelman–Rubin
diagnostic test was used to confirm convergence of
the chains (Gelman and Rubin, 1992).

The relationship between the contribution to
a given foraging stock and the distance from
a nesting site was tested by linear correlation
using the shortest swimming distance between
potentially contributing sources and the foraging
areas considered.

Microsatellites

The frequencies of null alleles in the samples were
estimated with the program freeNA (Chapuis and
Estoup, 2007).

Measures of intra-group diversity and inter-group
differentiation (considering inter-allele size differences
expressed in repeat numbers) were obtained with the
Arlequin 3.5.1.2 package (Excoffier et al., 2005).

In order to assess if defined groups could be
identified in the whole nuclear dataset, the
model-based clustering algorithm was applied, as
implemented in Structure 2.3.2 (Pritchard et al.,
2000). This Bayesian method uses multilocus
genotypes to identify clusters of genetically similar
individuals. In structure, K theoretical populations
that are in Hardy–Weinberg equilibrium, and
showing linkage equilibrium between loci, are
inferred without prior information on sampling
place. Several runs were performed, from K=1 to
10, using 105 iterations and a burn-in of 104

iterations, and inferring which K is the most likely
from the approximation of posterior probabilities.

RESULTS

Only individuals successfully amplified for both
the mitochondrial short fragment and at least
four microsatellite loci were considered for
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subsequent analyses. The overall number of
individuals obtained thus decreased from 268 to
228 (Table 1(a)).

mtDNA short sequences

The genetic composition of the six geographic
groups and the average CCL sizes of turtles (� s.d.)
are reported in Table 1(a). Nine haplotypes were
identified. Haplotype CC-A2 was by far the most
common, with frequencies from 92% (Tyrrhenian)
to 76% (N Adriatic). The second most common
haplotype observed in all areas (from 19% around
Malta to 4% in the Tyrrhenian) was CC-A3. These
two short haplotypes are shared by Mediterranean
(Carreras et al., 2007; Saied et al., 2012) and
Atlantic rookeries (Bowen et al., 2005; Shamblin
et al., 2011). Haplotype CC-A1, assumed to be a
marker of Atlantic provenance (Carreras et al.,
2011), was detected in the westernmost groups of
the Tyrrhenian Sea (CCL=29 cm) and Lampedusa
(CCL=41, 49, 50, 56, 61, 62, 64, 69, 76 cm).
Haplotype CC-A26 was found in two individuals
(CCL=48 and 61 cm) from Lampedusa. This
haplotype can probably be traced to Libya, the
only Mediterranean rookery reported to harbour
this haplotype, so far (Saied et al., 2012). In
Lampedusa, the CC-A50 ‘orphan’ haplotype (i.e.
never observed in any rookery) was also found in
one individual (CCL=59 cm). Haplotypes CC-A6
and CC-A32 (CCL=53 and 90 cm, respectively)
were detected in the N Adriatic group. These
two haplotypes may be considered markers of
the Greek colonies, the only place where they
have been found, so far. While haplotype CC-A6
was identified in all three Greek colonies
analysed, haplotype CC-A32 was observed only at
Zakynthos (Carreras et al., 2007). One individual
(CCL=47 cm) with haplotype CC-A28 was found
in the group from the Ionian Sea. This haplotype
was observed once in north-eastern Spanish waters
(Carreras et al., 2006), but cannot be attributed to
any colony, yet. In the same Ionian group, a new
short haplotype, named CC-A55, was identified in
one individual (CCL=41 cm). This haplotype
differs for a single transition from the widespread
CC-A2 haplotype.

The highest and lowest gene diversities (Table 1(a),
bottom) were found in the N Adriatic (0.410� 0.11)
and Tyrrhenian (0.157� 0.09) stocks, respectively.
All nucleotide diversities were comparable
(0.001� 0.001), with the exception of Lampedusa
(0.010� 0.006) and Tyrrhenian (0.006� 0.004)

groups. This can be attributed to the presence
in these stocks of the highly divergent haplotype
CC-A1, differing by 35 mutations from CC-A2.

When the mitochondrial haplotype composition
of the entire dataset was analysed considering
spatial coordinates with the Geneland software,
the posterior distribution of population clusters
peaked at two (90%). The first cluster included the
Lampedusa and Tyrrhenian samples, while the
second group included all the remaining stocks.
The comparison between the same two groups
by AMOVA indicated significant differentiation
(Фst = 0.052, P=0.0014).

To investigate further levels of complexity, the
whole sample was dissected according to the sampling
season. No significant heterogeneity was found when
comparing mtDNA haplotype frequencies in the
pools of individuals collected in the cold vs. warm
seasons (P=0.65). A pairwise comparison of the data
showed that according to a body-size criterion, i.e. by
comparing small vs. large individuals the two groups
did not differ significantly (P=0.41).

The relative contributions to each mixed stock
from the rookeries considered as possible sources
under a ‘foraging-centric’ many-to-many MSA
analysis are reported in Supplementary Table S2
(first six lines). In only two cases the contribution
from a rookery departed significantly from 0, i.e.
Greece to N Adriatic (17.3%, 95% C.I. 4.3–34%)
and Libya to Lampedusa (14.7%, 95% C.I. 3.7–30%).
The majority of the remaining values were below
10%, with seven values exceeding this arbitrary point
for our stocks (in bold, underlined). Additional
contributions from Crete, Cyprus and Lebanon
were evident for the Lampedusa group (0.121, 0.121
and 0.116, respectively). Moreover, an influx of
individuals from Turkey was revealed in Ionian and
Maltese waters (0.107 and 0.102, respectively).
Finally, the Calabrian colony (southern Italy) was
found to possibly contribute to the Tyrrhenian and N
Adriatic MS stocks (0.104 and 0.102, respectively).
The contribution from N Atlantic colonies appears
to be low and similar for all of stocks. The map in
Figure 1 summarizes these results in a graphical
form.

When the percentage contributions were plotted
against geographic distances from rookeries,
significantly negative correlations were obtained
for all stocks (P values ranging 0.0207–0.0012).

Since the Geneland analysis (see above) revealed
a hidden structuring of the overall sample, another
run was performed by considering the pool of the
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Tyrrhenian and Lampedusa aggregates (Mixed 1,
n = 138) and the pool of all remaining stocks
(Mixed 2, n= 90). In this way, confidence intervals
(2.5–97.5%) were also reduced, owing to larger
stock sizes. Significant influxes to the Mixed 1 pool
were detected from Libya (0.144, C.I. 4.6–24%)
and to a lesser extent Cyprus (0.120, C.I. 1.3–24%)
and Crete (0.117, C.I. 0.9–23%). Conversely, the
Mixed 2 pool received marked and significant
contributions from Greece (0.146, C.I. 4.4–26%)
and Turkey (0.166, 2.7–30%) (Figure 2). The value
for Yucatan into Mixed 2 (0.130) seems inflated in
view of the relatively high frequency of haplotype
CC-A3 (0.10) in the small sample representing this
potential source.

mtDNA long sequences

PCR amplification of the 815 bp fragment was
successful for 112 individuals (Table 1(b)). The
most common long haplotype in all the stocks was
CC-A2.1 which accounted for 96% of the short
haplotype CC-A2. This haplotype represents the
entirety of CC-A2 in the Italian (Garofalo et al.,
2009) and Turkish (Yilmaz et al., 2011) colonies,
and has been found at high frequency (46–86%) in
Libya (Saied et al., 2012), together with CC-A2.9.
Moreover, CC-A2.1 has been recorded as the sole
long haplotype in the Atlantic rookeries of Cape
Verde and St George Island (NW Florida)
(Monzón-Argüello et al., 2010; Nielsen, 2010),

while it accounts for 80% in the Mexican rookery
of Quintana Roo (Nielsen, 2010), where CC-A2.3
and CC-A2.5 are also observed. Two new variants
of CC-A2 were found [CC-A2.8 (FM200217) and
CC-A2.9 (GQ344479)], in one small juvenile from
the Ionian (CCL=20 cm) and in two individuals
from the N Adriatic Sea (CCL=20 and 48 cm),
respectively.

The single representative of haplotype CC-A1 in
the Tyrrhenian group carried a substitution never
described before, and was designated CC-A1.6
(FM244620). Three other variants of the most
common Atlantic CC-A1 haplotype were found
among individuals caught as fisheries bycatch around
Lampedusa: CC-A1.1, CC-A1.3 and CC-A1.4. The
variant CC-A1.1 appears so far to be confined to
the colonies from Georgia and St George Island
(NW Florida) (Nielsen, 2010), while CC-A1.3 and
CC-A1.4 are observed both in Cape Verde and
Quintana Roo (Mexico) (Monzón-Argüello et al.,
2010; Nielsen, 2010).

As far as haplotype CC-A3 is concerned, the sole
long haplotype detected in all groups was CC-A3.1,
found so far in the colonies of Turkey (Yilmaz et al.,
2011), Libya (Saied et al., 2012) and Quintana Roo
(Nielsen, 2010).

The flows of individuals from rookeries identified
by the presence of these specific long haplotypes to
the mixed stocks analysed were added in Figure 1
as dashed lines.

Figure 2. Plot of the results of the ‘foraging-ground-centric’ analysis carried out with the many-to-many approach considering only two mixed groups.
Relative contributions of Mediterranean (circles) and Atlantic (squares) colonies to the Mixed 1 (Tyrrhenian+Lampedusa) and Mixed 2 (Malta,
Ionian, N Adriatic and N Adriatic MS) assemblages are shown with their respective confidence intervals (2.5%–97.5%). Rookeries: CA=Calabria,
GR=Greece, CR=Crete, CY=Cyprus, TU=Turkey, LE=Lebanon, IS= Israel, LI=Libya, CV=Cape Verde, SB= south Brazil, NB=north
Brazil, YU=Yucatan (Mexico), DT=Dry Tortugas Islands (Florida), SF= south Florida, NWF=north-west Florida, NEF=north-east Florida.
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We also characterized the long sequences
(815 bp) of the haplotypes previously classified
according to the short haplotype (380 bp)
nomenclature as CC-A6, CC-A28, CC-A32 and
CC-A55. These new haplotypes were assigned names
CC-A6.1, CC-A28.1 (FM955539), CC-A32.1 and
CC-A55.1, respectively.

Microsatellite markers

First, an unequivocal classification of alleles was
obtained across different loci and different
samples. Sequencing of homozygous individuals at
six loci always displayed uninterrupted repeats.
The alleles sequenced for each locus are shown
in bold in Table 2 and repeat numbers for the
remaining alleles were inferred assuming the
presence of a perfect repeat (two nucleotides/repeat).
This assumption was verified in all loci for
which more than one individual was sequenced.
When comparing present results with those of
Carreras et al. (2007), a reproducible discrepancy of
1bp was observed at locus Ccar176. The 187bp
allele was found to harbour 13 repeats (Table 2).
While a direct comparison with individuals carrying
the 186bp alleles from Carreras et al. (2007) was not

possible, based on their overwhelming frequency in
the present results as well as in Carreras’s series, we
assumed that the 187 and 186bp measurements
indeed identify the same allele (13 repeats).

Loci Cm84 and Cc117 revealed an excess of null
alleles (Figure 3). In detail, at locus Cm84 the
Tyrrhenian (0.149), N Adriatic (0.088), N Adriatic
MS (0.123) and Lampedusa (0.065) groups showed
the highest values, while at locus Cc117 these were
observed for Tyrrhenian (0.100), Malta (0.047)
and Ionian (0.090) groups. It is worth noting
that the amplification of these loci produced the
fragment with the highest molecular weight among
the six analysed. Probably, the amplification of
these loci was not successful for both the alleles
with low template DNA derived from highly
degraded material, leading to the occurrence of
the ‘allelic dropout’ (Soulsbury et al., 2007).
Therefore, loci Cm84 and Cc117 were excluded
from subsequent analyses.

Detailed allele frequency distributions are
reported in Table 3. Locus Cm72 was by far less
informative than the other three (average number
of alleles: 4.2 vs 9.5, 11.0 and 11.5). The groups
that showed the highest and the lowest average
gene diversity over loci were the N Adriatic MS

Table 2. Correspondence between allele nomenclature expressed by PCR fragment size (bp) and counts of the dinucleotide repeated module (top row)
at six microsatellite loci. PCR size was standardized by comparison with the Rox500 molecular weight marker. Repeat counts experimentally
determined by sequencing homozygous individuals are in bold

Cc7 (CA)n Cc141 (CA)n Cm72 (GT)n Cm84 (CA)n Ccar176 (CA)n Cc117 (CA)n

PCR size Repeats PCR size Repeats PCR size Repeats PCR size Repeats PCR size Repeats PCR size Repeats

167 10 179 6 223 10 311 6 169 4 229 7
169 11 181 7 225 11 313 7 171 5 231 8
171 12 183 8 227 12 315 8 173 6 233 9
173 13 185 9 229 13 317 9 175 7 235 10
175 14 187 10 231 14 319 10 177 8 237 11
177 15 189 11 233 15 321 11 179 9 239 12
179 16 191 12 235 16 323 12 181 10 241 13
181 17 193 13 237 17 325 13 183 11 243 14
183 18 195 14 239 18 327 14 185 12 245 15
185 19 197 15 241 19 187 13 247 16
187 20 199 16 243 20 189 14 249 17
189 21 201 17 245 21 191 15 251 18
191 22 203 18 247 22 193 16 253 19
193 23 205 19 195 17
195 24 207 20 197 18
197 25 209 21 199 19
199 26 211 22 201 20
201 27 213 23 203 21
203 28 205 22
205 29 207 23
207 30 209 24

211 25
213 26
215 27
217 28
219 29
221 30
223 31
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(0.672� 0.41) and the N Adriatic (0.498� 0.34)
stocks, respectively.

The comparisons ofmicrosatellite allele distributions
in sub-samples obtained according to sampling season
and body size criteria by AMOVA produced no
significant difference.

The combined analysis of mtDNA and data at
four nuclear loci, carried out with the Geneland
software considering also spatial coordinates,
favoured a two-group population structure over a
single group (97 vs. 3%) with one cluster composed
of Lampedusa+N Adriatic MS and the other of
the four remaining samples. Conversely, no clear
groups emerged from the analysis of multilocus
genotypes with the software Structure 2.3.2, with
K ranging from 2 to 10. Individual assignment
probability was always quite evenly distributed
across the groups hypothesized in each comparison.

The above results rule out a major nuclear
heterogeneity among the marine areas covered by
our sampling scheme.

Genetic differentiation between Mediterranean
and Atlantic colonies was recently suggested on
the basis of the same biparental markers here used
(Carreras et al., 2011). Thus allele spectra and
frequencies obtained at the four nuclear loci in
equilibrium (Cc7, Cc141, Ccar176 and Cm72) for
the 10 individuals of Atlantic origin found in these
stocks (i.e. those carrying the mtDNA short
haplotype CC-A1, supposed to be a marker of
Atlantic origin) were compared with those of
Mediterranean nesting colonies (a mean of data
from Table 5 of Carreras et al., 2007) (Figure 4).
Despite the low number of Atlantic individuals in
the present series, for all loci the two allele
distributions largely overlap, with a few alleles
private to one or another ocean/sea.

DISCUSSION

Genetic composition of central Mediterranean
foraging stocks

Here, the genetic characterization of a large sample
of loggerhead turtles assembled from stranding and
bycatch events is reported. This is the first analysis
carried out using both maternal and biparental
markers in central-Mediterranean aggregates of
this species. Previous studies reported only on the
mtDNA composition of Mediterranean feeding
aggregates (Laurent et al., 1998; Carreras et al.,
2006; Maffucci et al., 2006) or on both markers in
nesting populations (Carreras et al., 2007).
Moreover, this is the first complete Mixed Stock
Analysis since the recent characterization of the
large Libyan colony for mtDNA (Saied et al.,
2012) and the extensive sampling coverage and
reanalysis of the Turkish nesting ground (Yilmaz
et al., 2011), enabling the consideration of a wider
array of the major Mediterranean colonies.

The sampling coverage was greater than for
previous studies with five important central-
Mediterranean foraging areas, including for the first
time Maltese waters. From these data altogether, it
can be inferred that coastal waters along the Italian
peninsula and around the islands of Lampedusa
and Malta are mainly inhabited by individuals of
Mediterranean origin. This is consistent with the
pattern observed for loggerhead aggregations in the
N Atlantic, which suggests multiple contributions
primarily from local rookeries (Rankin-Baransky
et al., 2001; Bowen et al., 2004; Reece et al., 2006).
These findings are reinforced by previous data on
southern Italian aggregates (Carreras et al., 2006)
which are included in the comprehensive MSA
(Table 1S). In particular, relevant contributions
from Libya and Turkey emerged from both
Carreras’ data and present samples broadly
covering the same geographic areas (Table 2S).

As far as the Tyrrhenian stock is concerned,
the MSA analysis revealed only one noticeable
contribution from the Calabrian colony, the
north-westernmost regular nesting ground in the
Mediterranean. Satellite tracking studies showed
periodical movements of adult loggerhead turtles
from the Tyrrhenian to the eastern Mediterranean
in summer (Bentivegna, 2002). The presence in our
Tyrrhenian sample of large individuals (80%
ranging 51–80 cm CCL, with a prevalence of
females) in cold months, injured by boat traffic in
shallow coastal waters, could be explained by their

Figure 3. Estimated frequencies of null alleles at six autosomal STR loci
in loggerhead turtles sampled from six geographic locations in the

central-Mediterranean.
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Table 3. Absolute frequencies of alleles (expressed as number of repeats), number of alleles (k), observed (Ho) and expected (He) heterozygosity at four
autosomal STR loci in loggerhead turtles sampled from six central Mediterranean regions (number of individuals amplified in parentheses) and the
average gene diversity (He) over loci. n.d.: not determined

Locus Allele size (repeats) TYR(25) LAM(113) MAL(21) ION(27) N-ADR(25) MS(17) Total

Cc141 n.d. 2 4 6
7 1 1
8 1 1 2
9 1 1
10 4 26 5 1 3 3 42
11 4 4
12 1 1
13 1 1
14 3 5 2 1 2 13
15 18 70 12 15 15 12 142
16 5 22 6 12 5 7 57
17 6 32 7 7 12 4 68
18 6 30 6 13 6 2 63
19 2 23 2 3 2 3 35
20 6 1 1 8
21 2 2
22 3 1 2 1 7
23 3 3
k 11 12 9 8 9 8 9.5
Ho 0.75 0.82 0.90 0.81 0.96 0.76
He 0.82 0.83 0.85 0.81 0.81 0.82

Cm72 n.d. 4 4
10 44 203 37 52 47 31 414
11 1 1
15 5 3 1 2 1 12
16 1 1
19 2 7 1 1 11
20 3 1 4
21 2 1 3
22 3 1 1 1 6
k 4 7 4 3 3 4 4.2
Ho 0.24 0.15 0.24 0.04 0.12 0.12
He 0.22 0.16 0.22 0.07 0.12 0.17

Cc7 n.d. 2 2
10 22 4 7 5 5 43
12 10 35 3 7 6 3 64
13 12 50 14 9 7 6 98
14 1 1
15 8 17 2 3 1 1 32
16 1 1
17 1 1 2
18 2 24 6 4 9 4 49
19 1 6 1 2 1 11
20 5 11 1 3 3 1 24
21 1 1 1 3
22 3 2 5
23 2 23 3 2 4 5 39
24 2 2
25 8 26 6 11 13 5 69
26 3 1 4
27 1 3 1 5
28 1 1
30 1 1
k 10 13 11 14 10 11 11.5
Ho 0.80 0.87 0.90 0.93 0.92 1.00
He 0.85 0.87 0.84 0.90 0.86 0.90

CCar176 n.d. 4 18 4 26
5 4 3 7
6 2 1 3
7 1 1
8 7 28 6 11 8 4 64
9 2 1 2 1 1 7
10 1 1
12 7 3 2 2 3 17
13 20 127 23 27 34 15 246

(Continues)
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capacity to be active even at temperatures below 15 �C
(Hochscheid et al., 2007). Sightings of loggerhead
turtles throughout the year in western Mediterranean
coastal waters of similar latitude have previously
been reported (Gómez de Segura et al., 2006).

Individuals carrying the Atlantic (CC-A1)mtDNA
haplotype were 4% and 8% in the Tyrrhenian and

Lampedusa groups, respectively. This indicates that
Atlantic visitors are more common around this
latter island, reached by the Atlantic Current
streaming along the N African coasts, while their
deviation towards the Tyrrhenian Sea is a less likely
event. A higher frequency of Atlantic turtles around
Lampedusa (26%) was reported in previous studies

Table 3. (Continued)

Locus Allele size (repeats) TYR(25) LAM(113) MAL(21) ION(27) N-ADR(25) MS(17) Total

14 3 1 4
15 2 2
16 7 1 2 10
17 2 1 3
18 5 14 5 3 1 1 29
19 1 1 1 1 4
20 2 1 1 1 5
21 2 2
22 1 1
23 1 1
24 3 5 1 1 1 11
25 3 1 4
26 1 1
27 3 3
28 1 1
29 1 1
31 1 1 2
k 10 17 8 10 7 14 11.0

Ho 0.78 0.59 0.76 0.72 0.56 0.82
He 0.78 0.60 0.67 0.66 0.52 0.79

He over loci 0.611 �0.40 0.617 �0.39 0.647 �0.39 0.593 �0.39 0.498�0.34 0.672 �0.41

Figure 4. Comparison of allele frequencies found in Mediterranean nesting colonies (black bars: mean data from Carreras et al., 2007) and in the 10
individuals of Atlantic origin found in the stocks analysed (grey bars), at the four nuclear loci in equilibrium (Cc7, Cc141, Ccar176 and Cm72).
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(Casale et al., 2002), probably because individuals
analysed (CCL ranging 29–59 cm) were sampled
in oceanic waters, while the present sample was
mainly composed of turtles (80% ranging from 41 to
70 cm CCL) caught by trawl nets in neritic zones.
Beyond this limited Atlantic influx, waters around
Lampedusa appear to be frequented by individuals
from central-eastern Mediterranean rookeries. Previous
MSAs carried out on aggregates from this area
(Casale et al., 2008) lacked genetic information
about the large Libyan rookeries. The present study
highlights the importance of waters off Lampedusa
as foraging areas for turtles that originated mainly
in Libya and secondly in Crete, Cyprus and Lebanon.

Waters off Malta and the Italian Ionian coasts are
rich oceanic habitats, where small and large juveniles
can easily forage. The present work indicates
that Malta appears to be reached predominantly
by Turkish individuals and by juveniles from
Mediterranean rookeries. It has to be noted that,
despite the short distance between Malta and
Lampedusa, they are separated by deep waters,
with Lampedusa lying on the N African continental
shelf while Malta is connected to Sicily. Moreover,
the current diagram for the central Mediterranean
by Béranger et al. (2004, Figure 2) shows that
waters off Lampedusa are reached by the
Atlantic-Tunisian Current, whereas Malta is crossed
by the Levantine Intermediate Water.

The Ionian group, formed mainly by small
juveniles (Table 1(a)), seems to host a notable quota
(two short and one long mtDNA haplotypes) of
individuals from unknown or scarcely studied
colonies. Present results thus confirm that this is an
important oceanic area where Mediterranean
juveniles come to forage, with a major contribution
from Turkish rookeries.

The N Adriatic sample is composed mainly of
large animals (84%> 50 cm CCL), reinforcing the
observation that this represents an important
foraging area for Mediterranean breeders (Casale
et al., 2010). The MSA supports the importance of
this as a foraging ground for loggerheads from
Greece, confirming previous observations of
individual turtles breeding at Zakynthos, followed
by flipper tagging (Lazar et al., 2004) and satellite
tracking (Zbinden et al., 2008; Schofield et al.,
2010).

TheNAdriaticMSgroup, formed by small juveniles
(100%< 25cmCCL), cannot be unambiguously traced
back to a specific colony or foraging area, but some
clues emerge from its genetic composition. A
contribution from the Calabrian colony to this

group was detected by the MSA. Mitochondrial
long sequences revealed the presence of haplotype
CC-A2.9, which so far appears confined to the
Libyan colony. The average gene diversity at
microsatellite loci for this group was higher than
that observed for the N Adriatic aggregate (0.672 vs
0.498). Moreover, the combined analysis of both
maternal and biparental markers clustered the N
Adriatic MS group with the Lampedusa sample,
and two unusual microsatellite alleles were shared
with adult females sampled on the Calabrian
nesting beaches (Garofalo et al., 2010). A
preliminary conclusion could be that the severely
weakened juveniles stranded in summer 2009 could
have reached the N Adriatic Sea from an area
broadly identified as lying between southern Italy
and Libya.

The integration of mtDNA results with spatial
coordinates of each sample revealed a separation
of the westernmost aggregates (Tyrrhenian and
Lampedusa) from the other groups. In the MSA
considering only these two major mixed stocks, the
western group (Mixed 1) was mainly characterized
by a major contribution from Libya plus others
from eastern Mediterranean islands, while the
eastern group (Mixed 2) from the two biggest
colonies of the north-eastern Mediterranean coast
of Greece and Turkey.

Therefore, although turtles of different origins
mix, the relative position of each stock in the central
Mediterranean determines the tendency to receive
individuals from colonies with a corresponding
position in the entire basin. Predictably, larger
rookeries contribute mostly to the composition of
the stocks.

Effect of size and season on turtle distribution

With the 53 cm operational threshold, mitochondrial
sequences did not reveal a significant differentiation
according to body size. However, in the upper
quartile (> 61 cm) of the size distribution only one
out of 21 individuals with haplotype CC-A3 was
found. Interestingly, the value defining the quartile
approaches the lowest size reported for reproductive
females in the Mediterranean (Margaritoulis et al.,
2003). Thus, in the present data CC-A3 marked
a juvenile influx from the farthest Turkish
waters. Also, the single large individual with a
geographically specific haplotype carried the Greek
CC-A32 and was recovered from waters nearby.
These results can be explained in light of the
‘complex population structure model’ proposed by
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Bowen et al. (2005). In this model juveniles tend to
disperse across a broad area, while individuals
approaching the reproductive size begin to return
and aggregate near their natal site.

These observations were not replicated by
microsatellite data, which did not detect any
heterogeneity in the sample. This may be due to
the high male-mediated gene flow within the
Mediterranean and probably with the Atlantic
too, but also to an inherent high level of allele
homoplasy along lineages with different geographic
origins.

The comparison of the two subgroups formed
on the basis of the sampling season did not show
a significant differentiation for both maternal
and biparental markers. The significance of the
occurrence of the mass stranding event in a
particularly warm season (summer 2009) can hardly
be assessed in view of the singularity of such an
episode. In summary, the null hypothesis of a
constant distribution of loggerhead turtles in Italian
and Maltese coastal waters throughout the year
cannot be rejected.

Resolution power of maternal and biparental genetic
markers

The results allow an evaluation of genetic markers
in tracing the origin of individual loggerhead
turtles. As far as mtDNA is concerned, long
sequences did reveal a new quota of diversity
within the previous short haplotype categories, in
particular within the common haplotypes CC-A1
and CC-A2. New long haplotypes are nevertheless
rare, with CC-A2.1 being the most common in
Italian and Maltese waters. It is thus likely that this
is the prevalent long haplotype in Mediterranean
rookeries in general. The observation of several rare
long haplotypes of unknown origin (i.e. CC-A2.8,
CC-A28.1, CC-A55.1 in the Ionian stock and
CC-A50.1 in the Lampedusa stock) may suggest
the presence of previously undetected haplotypes in
known but incompletely surveyed nesting grounds
(e.g. Hamza, 2010 and Saied et al., 2012 for Libya).
Also, newly discovered nesting grounds may turn
out to host ‘private’ haplotypes, as was the case for
the recently characterized Calabrian rookery
(Garofalo et al., 2009). In this context, the absence
of haplotypes CC-A20 and CC-A31, given the
sizes of the samples, is compatible with the strong
dilution of individuals from this small colony.
These results prompt for re-typing of Atlantic
and Mediterranean nesting colonies for the long

sequence, in search of source populations for these
new haplotypes and the enlargement of the samples
in search of ‘orphan’ haplotypes.

Power analyses carried out on complete
sequences of the green turtle mtDNA (Shamblin
et al., 2012) estimated that the sample sizes needed
to detect an FST of 0.031 with 95% probability fall
to 58 individuals compared with the 115 needed
when 490 bp are analysed. As a consequence,
two different approaches can be adopted when
analysing marine turtles foraging stocks: to enlarge
the sample sizes (to at least 100 individuals for
each sampling site) in order to detect also rare
haplotypes and to have a higher resolution in MSA
analyses, and/or to enlarge the DNA fragment
studied in order to reveal variants of common
haplotypes shared by several colonies and identified
by the analysis of a reduced portion of the mtDNA.

To date, maternal markers that were described so
far in a single rookery remain the most powerful
tool to trace the origin of individuals found
stranded or caught as bycatch in fisheries (e.g.
short haplotypes as CC-A6, CC-A20, CC-A26,
CC-A29, CC-A31, CC-A32 or long haplotypes as
CC-A1.1 and CC-A2.9).

As far as biparental markers are concerned,
studies on population divergence in C. caretta were
hampered by the lack of proper standardization of
microsatellite typings. We provide here a reference
conversion from fragment sizes to repeat numbers
at six microsatellite loci currently used in the literature
for sea turtle studies, thus enabling unequivocal
comparisons among laboratories worldwide. This
is fundamental also in the light of possible size
homoplasy due to indels in flanking sequences, which
may mimic changes in the microsatellite array itself,
increasing the frequency of alleles identical in state
but not necessarily identical by descent, thus further
confounding the analysis.

The findings of a low regional nuclear structuring
in central Mediterranean aggregates are consistent
with previous studies on loggerhead and green
turtles (Karl et al., 1992; Fitzsimmons et al., 1997;
Bowen et al., 2005), which highlighted a significant
amount of male-mediated gene flow even between
colonies differentiated by mtDNA. This prevents
complete isolation associated with philopatry, as
well as inbreeding. Moreover, the basic comparison
between genotypes of Atlantic individuals found in
the present work and Mediterranean nesting
colonies didn’t show a clear differentiation at four
microsatellite loci. Other authors analysed one or
more of the nuclear markers investigated here, in
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Atlantic or Mediterranean populations (Moore and
Ball, 2002; Bowen et al., 2005; Revelles et al., 2007;
Zbinden et al., 2007; Yilmaz et al., 2011), but
the lack of complete allele sizes and frequencies
prevented a direct match. However, allele ranges at
loci Cc7 and Cc141 found for Atlantic colonies
from Mexico and Florida (Figure 4.2G-H in
Nielsen, 2010) are widely comparable with those
illustrated in Figure 4.

Nuclear gene flow between populations is
likely to occur by mating during migrations of
adults through non-natal courtship areas. Some
Atlantic males could remain in central-western
Mediterranean waters, like those near Lampedusa,
until the reproductive stage, mating there with
Mediterranean females which are known to aggregate
along the Tunisian coast during their neritic phase
(Broderick et al., 2007; Zbinden et al., 2008). In this
context, sex-biased dispersal in the Mediterranean
basin was verified by Casale et al. (2002, 2006).

In conclusion, the wide sharing of microsatellite
alleles among different populations makes it
difficult to trace the paternal origin of individuals
caught as fisheries bycatch or found stranded. In
fact, it is known that mixed stock analyses, which
compare haplotype frequencies between nesting
and foraging groups, work best when the sources
are clearly defined and genetically distinct (Smouse
et al., 1990). Although, in principle, microsatellites
do have the potential to be geographically
informative, the scarce differentiation revealed by
the particular markers used in the present study
prompts for the development of novel approaches
(e.g. SNPs, genomic and gene expression platforms;
Lee, 2008) for future advances in sea turtle
population genetics.

Conservation implications

It is generally recommended that both female- and
male-mediated gene flow should be considered
important parameters for defining relevant
Management Units, and for evaluating connectivity
between these and their respective foraging grounds.

In this context, the present work aids in
answering one of the 20 meta-questions proposed
for the five priority research categories relating to
sea turtle research and conservation (‘2.1. What
are the population boundaries and connections
that exist among rookeries and foraging grounds?’
Hamann et al., 2010).

As most of the samples obtained from dead or
injured animals and/or fishery bycatch around

Italy and Malta turned out to belong to
Mediterranean colonies, it can be deduced that
human activities affect mostly Mediterranean
nesting grounds. In particular, the N Adriatic Sea
and waters off the Tunisian coast emerge as
important foraging areas for Mediterranean turtles
of the two large colonies of Greece and Libya
(a Management Unit according to Saied et al.,
2012), respectively. We add here Maltese waters as
a novel area often frequented by individuals
originating from the Turkish rookery, which is
considered a Management Unit (Laurent et al.,
1998; Carreras et al., 2007; Yilmaz et al., 2011).
The Ionian Sea, characterized by high mtDNA
diversity, turned out to host individuals (mainly
juveniles) from Turkey and from still unknown or
scarcely studied colonies. This zone is just in front
of southern Calabria, the most important Italian
nesting ground (Mingozzi et al., 2007) and a
Mediterranean hotspot of mitochondrial diversity
(Garofalo et al., 2009). These results highlight the
need for the inclusion of proximal foraging areas
into protected areas, to the benefit of small and
large juveniles originating from specific nesting
beaches, thus ensuring the continued recruitment
of mature nesting females (Bowen et al., 2005).
For the Atlantic incomers, the potential threats to
them seem limited to the westernmost areas studied.

Overall, the present work reinforces the idea
that the protection of marine turtles has to
overcome the challenges of national waters,
requiring concerted international commitment and
efforts. In particular, in the area covered by the
present study fishing activity needs to be strictly
monitored, especially in waters south of the
Italian peninsula. The cooperation among different
countries (e.g. Italy, Croatia, Malta and Tunisia) is
valuable in order to increase marine turtles’ chances
of survival in the entire central Mediterranean. This
area represents a crucial crossing of migration
routes for Mediterranean turtles (Bentivegna, 2002;
Zbinden et al., 2008). As a collateral benefit, several
other marine species would benefit from a strict
regulation of fishing efforts in this area, which is of
vital importance in the connection between the
western and eastern Mediterranean sub-basins.
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