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Summary: Genetic markers have been widely used in marine turtles to assess population structuring and origin of individuals
in common feeding grounds, which are key elements for understanding their ecology and for developing conservation
strategies. However, these analyses are very sensitive to missing information, especially from abundant nesting sites.
Kyparissia Bay (western Greece) hosts the second largest Mediterranean nesting aggregation of the loggerhead turtle
(Caretta caretta), but the genetic profile of this nesting site has not, as yet, been described using the extended version
of the historically used mitochondrial DNA (mtDNA) marker. This marker was genotyped for 36 individuals nesting at
Kyparissia Bay and haplotype frequencies obtained were compared with published data from other Mediterranean nesting
sites. The results confirmed the connection between Kyparissia and other western Greek nesting sites and the isolation of
this western Greek group from other Mediterranean nesting areas. As a consequence of this isolation, this abundant group of
nesting aggregations (almost 30% of the Mediterranean stock) is not likely to significantly contribute to the recovery of other
declining Mediterranean units.
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El uso de marcadores de ADN mitocondrial en tortuga boba (Caretta caretta) (Testudines: Cheloniidae) nidificando en
la bahia de Kyparissia, Grecia, confirma la unidad de Grecia oriental y la estructuracion regional

Resumen: El uso de marcadores genéticos ha sido muy extendido en tortugas marinas con el fin de determinar la estructura
poblacional y el origen de individuos en zonas comunes de alimentacion; elementos clave para entender su ecologia y desa-
rrollar estrategias efectivas de conservacion. Sin embargo, este tipo de andlisis es muy sensible a la falta de informacion de
ciertas zonas de nidificacion, especialmente de aquellas muy abundantes. El perfil genético de las tortugas nidificantes de
la bahia de Kyparissia (Grecia occidental) todavia no ha sido descrito usando la version extendida del marcador mitocon-
drial (mtDNA) usado histéricamente en esta especie, a pesar de ser la segunda zona de nidificacién mas abundante de todo
el Mediterraneo. Con el fin de cubrir este vacio de informacién, se secuenciaron 36 individuos nidificantes de la bahia de
Kyparissia y se compararon las frecuencias de haplotipos obtenidas con datos publicados de otras zonas de nidificacién del
Mediterraneo. Los resultados confirmaron la conexion entre Kyparissia y otras zonas de nidificacion de Grecia asi como el
aislamiento de este grupo de Grecia occidental con el resto de zonas de nidificacién del Mediterrdneo. Como consecuencia
de este aislamiento, todo parece indicar que este abundante grupo de zonas de nidificacion (casi el 30% de la produccion
del Mediterraneo) no podria contribuir de forma significativa a la recuperacion del nimero de hembras nidificantes en otras
poblaciones en declive del Mediterraneo.
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INTRODUCTION

The loggerhead marine turtle (Caretta caretta) is
distributed in worldwide subtropical regions (Pritchard
1997). As with other marine turtle species (Meylan et
al. 1990), this species is philopatric (Bowen et al. 1993),
a behaviour that contrasts with this wide distribution
(Bowen 2003). As a consequence of natal homing, fe-
males generally return to nest to the beaches where they
hatched, creating a spatial genetic structuring that can
be easily detected using maternally inherited markers,
such as those found in the mitochondrial DNA (mtD-
NA) (Bowen et al. 1993, Laurent et al. 1993, Encalada
et al. 1998, Bowen et al. 2005, Bowen and Karl 2007,
Carreras et al. 2007, Lee 2008). The definition of these
genetic management units (Moritz 1994) is considered
a milestone in conservation of these endangered ani-
mals (Hamann et al. 2010, Wallace et al. 2011).

Furthermore, this genetic structuring has been used
in the determination of the origin of turtles in feeding
grounds. A loggerhead sea turtle may undertake vast
migrations across the oceans during its life (Bowen et al.
1995, Bolten et al. 1998). Thus, turtles produced at very
different distant nesting sites might use the same feeding
grounds during their development stages (Laurent et al.
1998, Carreras et al. 2006, Maffucci et al. 20006). Fisher-
ies interactions in these feeding grounds are one of the
major threats to the species (Carreras et al. 2004, Cami-
fias et al. 2006, Alvarez de Quevedo et al. 2010, Baez
et al. 2010), often resulting in high levels of mortality
(Casale et al. 2007, 2008b). Mixed stock analyses using
mtDNA markers (Grant et al. 1980, Pella and Milner
1987, Pella and Masuda 2001, Bolker et al. 2007) have
been used to assess relative impacts of threats (Bowen
and Karl 2007, Lee 2008). Both the metapopulation
genetic and mixed stock analyses are very sensitive to
significant gaps of information in the description of the
genetic signature of the nesting areas. For several nest-
ing beaches, the sample size for genetic characterization
is low in comparison with the numbers of adult females
nesting there, while no samples at all have been col-
lected for others.

The Mediterranean Sea hosts an independent re-
gional management unit (Wallace et al. 2010) of log-
gerhead sea turtles, genetically separated from those
in the Atlantic Ocean (Carreras et al. 2011). Although
individuals are found at sea throughout the region,
regular nesting is concentrated in the eastern basin
(Broderick et al. 2002, Margaritoulis et al. 2003, Casa-
le and Margaritoulis 2010) with only sporadic nesting
in the western basin (Delaugerre and Cesarini 2004,
Bentivegna et al. 2008, Tomas et al. 2008, Casale et al.
2012). Genetic studies of Mediterranean nesting popu-
lations started two decades ago, measuring restriction
length polymorphisms (RLPFs) of the mtDNA (Bowen
et al. 1993, Laurent et al. 1993). However, only one
of those studies (Laurent et al. 1993) sampled multiple
nesting areas within the Mediterranean and suggested
that internal structuring might exist. A fine scale sam-
pling effort within Turkey confirmed this hypothesis at
a local level (Schroth et al. 1996). The sequencing of
a 380-bp fragment of the hyper-variable region of the

D-loop of the mtDNA and the increasing of sampled
locations has markedly improved the knowledge of
Mediterranean genetic structure and different manage-
ment units (Moritz 1994) were defined (Encalada et al.
1998, Laurent et al. 1998, Carreras et al. 2007, Chaieb
et al. 2010). A recently designed set of primers (Abreu-
Grobois et al. 2006) notably increased the length of the
fragment sequenced, allowing enhanced description of
management units, inter-population connections and
genetic barriers within the Mediterranean (Yilmaz et
al. 2011, Saied et al. 2012, Clusa et al. 2013).

Despite these recent efforts, one notable omission
from profiling using longer sequences is the breed-
ing aggregation of Kyparissia Bay, which represents
the second largest loggerhead nesting aggregation in
the region (Margaritoulis et al. 2003, Casale and Mar-
garitoulis 2010). Genetic samples for this population
remain limited to those 21 first published two dec-
ades ago in an RLPF study (Bowen et al. 1993) and
sequenced later using the 380-bp primers (Encalada et
al. 1998). Studies of other Greek aggregations using
these primers suggested that western Greek sites could
be grouped, as no differences were detected among
them (Carreras et al. 2007). However, the extra length
of the new sequences is highly polymorphic (Monzon-
Arguello et al. 2010) and haplotypes that are common
among different nesting areas often split into different
regional variants thus increasing the power to detect
differentiation among populations (Monzon-Arguello
etal. 2010, Shamblin et al. 2012, Clusa et al. 2013). For
instance, two nesting areas in Libya that were indistin-
guishable using short fragments became significantly
different using the longer ones (Saied et al. 2012).
Thus, it is clear that the relationship of the important
nesting beach of Kyparissia within the Mediterranean
needs to be elaborated using the new sequences. This
will complete the knowledge of genetic structuring
within the region and will inform an important part of
the baseline for future MSA analysis.

In this study, we analysed the mtDNA diversity
of the Kyparissia Bay nesting population using the
800-bp fragment with a primer set that includes the
traditional 380-bp mtDNA fragment (Abreu-Grobois
et al. 2006) and we compared the results obtained with
haplotype frequencies obtained from the available pub-
lished literature. The objectives of this study were to
a) characterize the mtDNA diversity of the Kyparissia
nesting population, b) to define the degree of genetic
differentiation between the Kyparissia and the other
nesting populations and c) to test whether the use of
longer sequences and the inclusion of Kyparissia Bay
changes the previously defined genetic structuring
within the Mediterranean.

MATERIALS AND METHODS

Samples from the Kyparissia Bay nesting area
(KYP, Fig. 1) were collected during the 2012 nesting
season. Skin plug samples were collected from logger-
head (C. caretta) nesting females, during the covering
phase, after egg deposition. Pseudoreplication was
avoided by taking only one sample from each uniquely
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Fig. 1. — Mediterranean nesting areas with mtDNA haplotype frequencies as shown in Tables 1 and 2. CAL, Calabria; CRE, Crete (Rethymno);

CYP, Cyprus; DLM, Dalaman; DLY, Dalyan; ETU, eastern Turkey; ISR, Israel; KYP, Kyparissia Bay; LAK, Lakonikos Bay; LAM, Lampe-

dusa; LEB, Lebanon; MIS, Misurata; MTU, Mid Turkey; SIR, Sirte; TUN, Tunisia; WTU, western Turkey; ZAK, Zakynthos. ETU, MTU and

WTU are groups of nesting beaches as defined in (Yilmaz et al. 2011). Map created using MAPTOOL (SEATURTLE.ORG Maptool 2002,
aquisition date 06 Feb 2013).

identified, tagged nesting turtle. Samples were stored
in 90% ethanol.

We amplified a long (~800 bp) fragment of the
mitochondrial DNA (mtDNA) control region using
the primers LCM15382 (5’-GCTTAACCCTAAA-
GCATTGG-3’) and H950 (5°-GTCTCGGATT-
TAGGGGTTT-3") (Abreu-Grobois et al. 20006),
which includes the short region (~380 bp) historically
surveyed for several marine turtle species in previ-
ous studies (Encalada et al. 1998, Laurent et al. 1998,
Carreras et al. 2007, Chaieb et al. 2010). Extraction
and amplification were conducted using the Phire®
Animal Tissue Direct PCR Kit (Finnzymes) following
the manufacturer’s specifications. Each 50-ul reaction
contained 0.5 mm of the sample skin, 1x Phire® Ani-
mal Tissue PCR Buffer, 0.5 uM of each primer and 1
uL of Phire® Hot Start I DNA Polymerase. After an
initial 5 min denaturing step (98°C), our PCR protocol
consisted of 40 cycles of the following temperature
regime: 5 s at 98°C (denaturing), 5 s at 60.6°C (an-
nealing) and 20 s at 72°C (extension). In addition, we
included a final extension step of 1 min at 72°C. The
resulting PCR product were visualized in agarose gel
and we removed single-stranded DNA by digesting
45 uL of PCR product with 9 uL. of a combined Exo-
nuclease I and Shrimp Alkaline Phosphatase solution
(ExoSAP®). The reaction was incubated for 30 min at
37°C, followed by 10 min incubation at 80°C to inacti-
vate the two enzymes. We sequenced both forward and
reverse strands using a 3730XL Automatic Sequencer
(Macrogen Inc. sequencing service). Sequences were
aligned using Geneious v5.5 (Drummond et al. 2011)
or BioEdit v7.1.11 (Hall 1999) and compared with
known loggerhead haplotypes found in the database
maintained by the Archie Carr Center for Sea Turtle
Research (http://accstr.ufl.edu/), which includes all
published long and short haplotypes.

We reviewed all published long (~800 bp) and short
(~380 bp) mtDNA haplotype frequencies in Mediterra-
nean nesting areas (Fig. 1). When different sample sets
were available from the same location, we used only
the one with the highest number of samples in order to
avoid pseudoreplication. Only sample sets with at least
10 samples were considered for the analysis. Finally,
sample sets covering an area that has been demon-
strated to include genetically different units were also
discarded. In order to assess the genetic diversity of
Kyparissia compared with the other Mediterranean
nesting sites, we calculated haplotype diversity (4) and
nucleotide diversity (;t) (Nei 1982) of each population
using the program Arlequin 5.1 (Excoffier et al. 2005).
Fu’s Fs neutrality test for the detection of population
growth (Fu 1997) was undertaken with the DnaSP
software package (Rozas et al. 2003). Fs tends to be
negative under an excess of recent mutations and a sig-
nificant negative value was taken as evidence of recent
population expansion. Differentiation among popula-
tion pairs was assessed considering genetic distances
(D). Significance of differentiation was also tested
by computing the exact test, based on haplotype fre-
quencies (Goudet et al. 1996) and by chi-square tests,
in which values were compared with the distributions
observed by randomizing individuals among popula-
tions using Monte-Carlo resampling (Rolf and Bentzen
1989). We also performed a locus by locus analysis of
AMOVA in order to detect which polymorphisms of
the sequence were more informative. All these analy-
ses were performed using Arlequin 5.1 (Excoffier et
al. 2005). Genetic distances were used to perform a
principal coordinate analysis (PCA) with the pack-
age GenAIEX 6.2 (Peakall and Smouse 2006) and a
UPGMA consensus tree was build using the software
TFPGA 1.3 as a result of 1000 permutations (Miller
1997). A sequential Bonferroni correction was not
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Table 1. — Published short (~380 bp) mtDNA sequences in Mediterranean loggerhead nesting areas.

R EEEEEEEEE:
S S s e e s O S s S N SR S
S 8 8 v g v v uvuouv v v v v v v v :
o VO U U U U U U U LU LU U ©
Italy Calabria -CAL 22 14 2 38 A
Lampedusa -LAM?* 2 2 B
Tunisia Tunisia-TUN 16 16 C
Libya Misurata-MIS 13 1 14 D
Sirte -SIR 28 2 4 1 35 D
Sirte-SIR # 21 3 1 2 27 E
Sirte-SIR # 7 7 B
Greece Zakynthos-ZAK 16 2 1 19 E-F
Kyparissia-KYP 33 2 1 36 G
Kyparissia-KYP# 19 2 21 H
Lakonikos-LAK 18 1 19 E-F
Greece general # 10 1 11 B
Rethymno, Crete-CRE 20 20 E-F
Cyprus Cyprus-CYP 44 1 45 E
Cyprus-CYP* 35 35 B
Turkey Dalyan-DLY 25 15 40 I
Dalaman-DLM 5 15 20 I
Western Turkey-WTU 60 9 1 1 1 72 I
Mid Turkey-MTU 46 1 47 I
Eastern Turkey-ETU 60 16 76 I
Turkey General* 19 13 32 B
Lebanon Lebanon-LEB 17 2 19 E
Israel Israel -ISR 17 2 19 E
Israel -ISR* 6 6 B
Total 559 76 7 1 1 14 5 2 3 1 1 1 1 1 2 1 676

References : A, Garofalo et al. (2009); B, Laurent et al. (1998); C, Chaieb et al. (2010); D, Saied et al. (2012); E, Clusa et al. (2013); F,
Carreras et al. (2007); G, present study; H, Encalada et al. (1998); I, Yilmaz et al. (2011). Turkish samples from Carreras et al. (2007)
were included in the Yilmaz et al. (2011) sampling set; Cyprus samples from Carreras et al. (2007) were included in the Clusa et al. (2013)
sampling set. # Sample set discarded for analysis after filtering process. WTU, MTU and ETU are groups of nesting beaches as defined in

Yilmaz et al. (2011).

Table 2. — Published long (~800 bp) mtDNA sequences in Mediterranean loggerhead nesting areas

— 0 &6 - & @ - 0 - = = = = = =
SRR BN AESESIR ARSI s HE < B - B < IR < < B < B o B s« B o
Italy Calabria-CAL 22 14 2 38 A
Libya  Misurata-MIS 12 1 1 14 B
Sirte-SIR 16 12 2 4 1 35 B
Sirte-SIR # 11 10 3 1 2 27 C
Greece  Zakynthos-ZAK 16 2 1 19 C
Kyparissia-K'YP 33 2 1 36 D
Lakonikos-LAK 18 1 19 C
Rethymno, Crete-CRE 16 4 20 C
Cyprus  Cyprus-CYP 44 1 45 C
Turkey Dalyan-DLY 25 15 40 E
Dalaman-DLM 5 15 20 E
Western Turkey-WTU 60 16 76 E
Mid Turkey-MTU 46 1 47 E
Eastern Turkey-ETU 60 8 1 1 11 72 E
Lebanon Lebanon-LEB 17 2 19 C
Israel Israel -ISR 15 2 2 19 C
Total 366 4 25 62 1 5 14 5 2 3 3 1 1 1 1 1 2 1 546

A, Garofalo et al. (2009); B, Saied et al. (2012); C, Clusa et al. (2013); D, present Study; E, Yilmaz et al. (2011); * Sample set discarded for
analysis after filtering process. WTU, MTU and ETU are groups of nesting beaches as defined in Yilmaz et al. (2011).

applied for multiple pairwise comparisons, since they
dramatically increase the probability for type II error
(B: assume no differentiation when it does exist), an ef-
fect that becomes worse as many p-values are discard-
ed (Perneger 1998, Cabin and Mitchell 2000, Moran
2003). However, we included a false discovered rate
(FDR) correction that calculates the most appropriate
threshold for the P-value significance considering the
multiple comparisons involved in the analysis under an
expected original threshold of P<0.05 (Narum 2006).

Finally, we used the program POWSIM 4.1 (Ry-
man and Palm 2006) to evaluate the statistical power
of the long (~800 bp) mtDNA marker in the Mediter-
ranean. Statistical power is defined as the probability
of rejecting H,, thus accepting H, (no differentiation
among populations), and is an essential complement
to assess the reliability of the non-significant pairwise
comparisons. The program simulates the divergence of
different populations and estimates the probability of
false negatives by resampling them. Thus, statistical
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Table 3. — Comparison of the Kyparissia Bay nesting aggregation and the other Mediterranean nesting areas using either the short (~380 bp)
or the long (~800 bp) mtDNA sequences

Nesting area ~380bp ~800bp Population size
D h T D h T nests/year (range)
KYP - 0.160(0.080) 0.0004(0.0007) - 0.160 (0.080) 0.0002 (0.0003) 621 (286-927)
CAL 0.25548 0.541(0.049) 0.0015(0.0014) 0.255 A8 0.540 (0.049) 0.0007 (0.0007) 17 (15-20)
TUN -0.012 0.000(0.000) 0.0000(0.0000) - - - 18
MIS 0.007 0.143(0.119) 0.0004(0.0006) 0.022 0.275 (0.148) 0.0004(0.0004) 592
SIR 0.048 Ab 0.353(0.097) 0.0010(0.0011) 0.317 A8 0.676 (0.050) 0.0011(0.0009) 343
ZAK 0.018 0.292(0.127) 0.0010(0.0011) 0.018 0.292 (0.127) 0.0005 (0.0005) 1,244 (833-2,018)
LAK -0.036 0.105(0.092) 0.0003(0.0005) -0.036 0.105 (0.092) 0.0001 (0.0003) 197 (107-288)
CRE -0.003 0.000(0.000) 0.0000(0.0000) 0.135" 0.337(0.110)  0.0004 (0.0005) 324 (166-516)
CYP 0.019 0.044(0.042) 0.0001(0.0003) 0.019 0.044 (0.042) 0.0001 (0.0002) 515
DLY 0.291 A8 0.481(0.042) 0.0013(0.0012) 0.291 A8 0.481 (0.042) 0.0006 (0.0006) (57-330)
DLM 0.695 A8 0.395(0.101) 0.0010(0.0011) 0.695 48  0.395(0.101)  0.0005 (0.0006) (69-112)
WTU 0.131 A8 0.337(0.055) 0.0009(0.0010) 0.131 4B 0.337(0.055)  0.0004 (0.0005) (169-523)
MTU 0.021 0.043(0.040) 0.0001(0.0003) 0.021 0.043 (0.040)  0.0001 (0.0002) (136-1165)
ETU 0.062 > 0.293(0.065) 0.0009(0.0010) 0.058 »b 0.297 (0.067)  0.0004 (0.0005) (212-936)
LEB 0.043 0.199(0.112) 0.0005(0.0008) 0.043 0.199 (0.112)  0.0002 (0.0004) 60 (40-122)
ISR 0.043 0.199(0.112) 0.0005(0.0008) 0.063 »b 0.374 (0.130) 0.0005 (0.0005) 57

Abbreviations as Table 1 and Table 2. ®, genetic distance compared with Kyparissia; i, haplotype diversity; , nucleotide diversity. Bold
values indicate a genetic distance significantly different (p<0.05) from 0 using either 2, chi-square test or °, exact test. Uppercase of these
tests (A or B) denotes p-values remaining significant after FDR correction. No long (~800 bp) information exists from TUN (Tunisia). Popu-
lation sizes (nests/year) obtained from (Casale and Margaritoulis 2010) and considering the nesting beaches sampled for each population

(Tables 1 and 2).

power is expressed as the proportion of non-significant
outcomes (1000 replicates) of the diverged popula-
tions. We simulated different levels of divergence (F,)
by fixing the number of effective population size (Ne)
at 500 and modifying the number of generations of di-
vergence () (Ryman et al. 2006). We determined the
statistical power of our marker by considering sample
sizes of 10, 20, 30, 50 and 100, thus covering the range
of sample sizes from Mediterranean nesting beaches,
and adjusting the program for organelle (mtDNA) data
(Larsson et al. 2009).

RESULTS

A total of 36 sequences were obtained from fe-
males at the Kyparissia Bay nesting aggregation, and
three haplotypes were found, when either the short or
the long fragment was considered. These haplotypes

were the widespread CC-A2/CC-A2.1 (Genebank
EU179445, (Shamblin et al. 2012)), the Greek haplo-
type CC-A6/CC-A6.1 (Genebank JQ350705, (Yilmaz
et al. 2012, Clusa et al. 2013)) and the haplotype CC-
A31/CC-A31.1 (Genebank AM949678, (Garofalo et
al. 2009)), previously found only in Calabria (Italy;
Tables 1 and 2). The Kyparissia Bay nesting area
showed moderate levels of variability compared with
the other Mediterranean nesting populations (Table 3)
and no recent expansion was suggested irrespective
of the length of the marker (Fu’s Fs neutrality test
P>0.05 in both cases).

With the addition of our results, we compiled a to-
tal of 676 individuals with genetic information for the
short fragment and 546 individuals with genetic infor-
mation for the long fragment (Tables 1, 2). After fil-
tering the data to avoid pseudoreplication, we had 535
samples from 16 nesting populations for the short frag-
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Fig. 2. — UPGMA tree including Mediterranean nesting populations using @, with the long (~800 bp) mtDNA sequences. CAL, Calabria;

CRE, Crete; CYP, Cyprus; DLM, Dalaman; DLY, Dalyan; ETU, eastern Turkey; ISR, Israel; KYP, Kyparissia Bay; LAK, Lakonikos Bay;

LAM, Lampedusa; LEB, Lebanon; MIS, Misurata; MTU, Mid Turkey; SIR, Sirte; WTU, western Turkey; ZAK, Zakynthos. ETU, MTU and
WTU are groups of nesting beaches as defined in (Yilmaz et al. 2011). Bootstrap values are given at each node.
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Table 4. — Genetic distances (®,) between loggerhead nesting populations. Below the diagonal, distances based on short (~380 bp) mtDNA
sequences. Above the diagonal, distances based on long (~800 bp) mtDNA sequences

CAL TUN MIS SIR WGR  CRE CYyP DLY DLM WTU MTU ETU LEB ISR
CAL - - 0.19848 0.33848 0.29348 0.24348 031348 0.33448 0.56848 0.29548 0.31948 (.25848 (.224A8 (.212A8
TUN 022548 - - - - - - - - - - - - -
MIS 02068 0010 - 0.1714  0.027  0.089  0.057  0.150> 0.55948 0.031 0.061* -0.012 -0.037 -0.013
SIR  0.2284% 0.020  -0.005 - 037148 027848 037048 0.33148 0.4964% 0.34048 0.37748 0.3184F 0.25748 0.16648
WGR 029348 0.003  0.009  0.062 % - 0.1464% 0.032®  0.304*% 0.6894% 0.1344% 0.033*  0.065*% 0.040°  0.080*°
CRE 0.24448 0.000 0.026  0.031 0.011 - 0.21248 027548 0.61548 0.17948 021848 0.12348 0.121 0.106 4P
CYP 0.3134F -0.028 0.036  0.0648 0032  -0.021 - 0.35248 0.78848 0.1514% 0.000  0.065*> 0.084  0.10548
DLY 033448 026548 0.156> 0.193 48 0.30448 0.28448 (.35248 - 021540 0.049*  0.35748 0.10948 0.128>  0.24248
DLM 0.568 *8 0.71448 0.602 4% 0.556 A8 0.68948 0.73748 0.78848 0.2154b - 0.44648 079348 (.50048 0.57248 (.58848
WTU 029548 0.107  0.020  0.079% 0.13448 0.118>> 0.15148 0.049  0.44648 - 0.15448 0.004  0.003  0.13648
MTU 031948 -0.029 0.038  0.066** 0.033  -0.021 0.000 035748 0.79348 (.154A8 - 0.0664> 0.088  0.10948
ETU 02668 0.034  -0.026  0.039*> 0.068*% 0.043  0.070> 0.114%8 0.51648 0.004  0.0723> - -0.028  0.077Ab
LEB 0.224 8 (.043 -0.059  0.011 0.040  0.059  0.084  0.128"> 0.572*% 0.003  0.088* -0.028 - 0.056
ISR 022448 0.043  0.029 0.047% 0.052 0.059  0.084 025848 0.65148 0.12748 0.088  0.065* 0.056 -

Abbreviations as Tables 1 and 2. Bold values indicate a genetic distance significantly different (p<0.05) from O using either ?, chi-square test
or ®, exact test. Uppercase of these tests (* or B) denotes p-values remaining significant after FDR correction. No long (~800 bp) information
exists from TUN (Tunisia). WTU, MTU and ETU are groups of nesting beaches as defined in (Yilmaz et al. 2011). WGR is a group of nest-

ing beaches as defined in the present study.

ment and 519 samples from 15 nesting populations for
the long fragment, since the Tunisia nesting population
has only been analysed with short sequences (Tables 1,
2). The long fragment showed deeper differentiation (8
of 14 significant values) between Kyparissia Bay and
other Mediterranean nesting areas than the short one (6
of 15 significant values; Table 3). The Kyparissia Bay
nesting population was not different to the other west-
ern Greek nesting populations (Lakonikos Bay and
Zakynthos) when either short or long fragments were
compared (Table 3) and was also grouped with these
populations by the UPGMA tree with a 64% bootstrap
value (Fig. 2). Considering these results and the fact
that the three nesting areas exhibited the Greek hap-
lotype CC-A6.1 and the common haplotype CC-A2.1
in similar proportions we grouped them as western
Greece (WGR) for subsequent analysis.

Once WGR had been grouped (Table 4), the long
fragment showed a much deeper differentiation among
rookeries (63 of 78 significant values) than the short
fragment (51 of 91 significant values). These differ-
ences were more pronounced in those populations in
which the short haplotype CC-A2 splits into different
long haplotypes, CC-A2.1, CC-A2.8 and CC-A2.9
(SIR, MIS, CRE, ISR). Western Greece was signifi-
cantly different to all other populations with the excep-
tion of Misurata (Libya) using long fragments. The
differences between the results from long and short
fragments were also reflected in the PCA analysis,
where the relative position of the populations where
the CC-A2 haplotype splits into two or more vari-
ants (SIR, MIS, CRE, ISR) were much clearer along
the second principal coordinate (Fig. 3). This finding
was confirmed by the locus-by-locus AMOVA, which
showed that the extended fragment has three polymor-
phic sites, two of them very informative (Fig. 4), which
correspond to the sites differentiating these haplotypes
(locus 121 separates CC-A2.9 from CC-A2.1 and locus
743 separates CC-A2.8 from CC-A2.1). The remaining
12 polymorphic sites were within the short sequence
previously analysed.

The analysis of statistical power showed that the
long mtDNA marker had low power in detecting low
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Fig. 3. — PCA including Mediterranean nesting populations using
@, with either the A) short (~380 bp) or the B) long (~800 bp) mtD-
NA sequences. The percentage of the variability explained by each
principal coordinate is shown in brackets. CAL, Calabria; CRE,
Crete; CYP, Cyprus; DLM, Dalaman; DLY, Dalyan; ETU, eastern
Turkey; ISR, Israel; LAM, Lampedusa; LEB, Lebanon; MIS, Misu-
rata; MTU, mid-Turkey; SIR, Sirte; TUN, Tunisia; WGR, western
Greece; WTU, western Turkey. ETU, MTU and WTU are groups of
nesting beaches as defined in (Yilmaz et al. 2011). WGR is a group
of nesting beaches as defined in the present study and in (Carreras et
al. 2007). No long (~800 bp) information exists from Tunisia.

differentiation (e.g. F,<0.01) but high power in de-
tecting high differentiation (e.g. F,<0.04) (Fig. 5).
The statistical power in detecting intermediate diver-
gence values was highly dependent on sample size,
although a sample size of n=10 always yielded low
statistical power, even at high differentiation levels.
The results were very similar when the chi-square
or the exact test were used, although the latter had
slightly more power.
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for detecting genetic divergence at different F, levels. Power is

expressed as the proportion of significant values (p<0.05) when

n individuals are sampled for the simulated diverged populations.

Analysis was done considering the long (~800 bp) mtDNA se-

quence found within the Mediterranean and considering different
sampling sizes (n).

DISCUSSION

The present study confirmed the findings of previ-
ous work (Monzon-Arguello et al. 2010, Shamblin et
al. 2012, Clusa et al. 2013) that indicated that the new
set of primers improves the resolution of population
structuring of the loggerhead turtle within the Medi-
terranean. This improvement is uneven, as it relies
on the split of the common CC-A2 haplotype into a
widespread haplotype (CC-A2.1) and several regional
variants (CC-A2.8 and CC-A2.9) caused by two very
informative polymorphic sites outside the short region.
Thus, all populations including one of these regional

CC-A2 variants (Sirte, Misurata, Crete and Israel)
resulted in a higher differentiation level detected with
other Mediterranean nesting populations, either using
common P statistics or the PCA. As a consequence,
we strongly recommend the use of this new set of
primers in future loggerhead turtle genetic studies, es-
pecially for foraging areas where information is thus
far only available for the short fragment.

The nesting area of Kyparissia Bay represents
almost 9% of total nesting in the Mediterranean, con-
sidering that recent estimates suggested a reproduc-
tive output of approximately 7200 nests per year for
the region (Casale and Margaritoulis 2010), although
data of some places may be incomplete. Our study
confirmed the genetic differentiation between nesters
at this important nesting area and most of the other
nesting areas in the Mediterranean, especially when
the newer, longer markers were considered. However,
it also confirmed the grouping of Kyparissia Bay with
both Zakynthos and Lakonikos Bay as an independ-
ent genetic unit, as suggested in previous studies with
shorter markers (Carreras et al. 2007). This grouping is
supported by other lines of evidence, as tagging stud-
ies have demonstrated interchange of females between
these nesting areas (Margaritoulis 1998), even within
the same nesting season (Margaritoulis D, unpublished
data). The three nesting areas included in the western
Greece group produced more than 2000 nests per year
on average, which is around one quarter of all Mediter-
ranean nesting production.

As a consequence of this grouping, the overall
structuring of Mediterranean nesting areas resulting
from our study did not change significantly in relation
to previous studies using the long fragment (Clusa et
al. 2013). However, the increased sampling of this
western Greece group increased the degree of differ-
entiation detected between this and the populations
of Cyprus, mid-Turkey, Lebanon and eastern Turkey,
thus confirming its isolation and status as an independ-
ent management unit. Misurata (Libya) was the only
population that did not differ from western Greece,
but this population showed a low degree of differen-
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tiation with almost all Mediterranean nesting popula-
tions, probably because of the low sample size of the
molecular data defining it. The authors who analysed
this population recognized that this low sample size
could affect the ability to detect differentiation (Saied
et al. 2012), although they did not test it. Our statistical
power analysis clearly shows that sample sizes below
20 might fail when detecting differentiation and thus
higher numbers are desirable, and this could explain
why all but one non-significant value involve one of
the two populations with the lowest sample size (Misu-
rata and Lebannon).

Many genetic studies have been conducted in the
Mediterranean nesting beaches over the last two dec-
ades (Encalada et al. 1998, Laurent et al. 1998, Car-
reras et al. 2007, Garofalo et al. 2009, Chaieb et al.
2010, Yilmaz et al. 2011, Saied et al. 2012, Clusa et
al. 2013), sometimes resulting in the production of
several sample sets for the same locations. The risk
of pseudoreplication between different sample sets is
very high, especially in view of the small population
sizes of some of the nesting beaches. Thus, although all
studies took precautions to avoid pseudoreplication of
their samples, a filtering process like the one conducted
in this study has to be used when different studies of
the same location are considered. However, this filter-
ing process has some shortcomings. Firstly, we have
shown that statistical power to detect differentiation
decreases as the total number of samples decreases.
For instance, a total of 25 samples were analysed from
Israel and a total of 69 samples were analysed from
Sirte, Libya. However, after filtering, only 19 for Israel
or 35 for Sirte were used for the analysis. Secondly,
some exclusive haplotypes have been found by chance
only in sample sets that were not optimal considering
the filtering criteria. It is noteworthy that the haplotype
CC-A10 has been found in the Mediterranean only in a
Greek sample set of ten samples (Table 1). By discard-
ing this sample set, we are ignoring that this haplotype
is present not only in Greece but also in the whole
Mediterranean Sea. A similar issue can be seen in two
of the three sample sets of Sirte (Libya), one with the
single sample with a CC-A65.1 and the other with the
single sample with a CC-A68 found in the whole Medi-
terranean (Table 1).

The existence of orphan haplotypes (haplotypes not
detected in nesting areas but in feeding grounds) is one
of the shortcomings of the mixed stock analysis and
leads to mis-assignations. For instance, several individ-
uals exhibiting the CC-A10 haplotype have been found
in feeding grounds within the Mediterranean Sea, such
as northeastern Spain (Carreras et al. 2006), the Albo-
ran region (Revelles et al. 2007), the northern Tunisian
Coast, and the Gulf of Gabes (Chaieb et al. 2012). Thus,
although a filtering process is always desirable to avoid
pseudoreplication problems in population genetic stud-
ies (like the present study), its application in future
mixed stock analysis should be carefully considered.
Considering the pros and cons of each approach, some
studies in the past have pooled all samples available
from nesting areas (Carreras et al. 2006, Maffucci et
al. 2006, Casale et al. 2008a, Chaieb et al. 2012), while

others used only the best available sample set per site
(Monzon-Arguello et al. 2009, Giovannotti et al. 2010,
Carreras et al. 2011, Saied et al. 2012).

These results have implications for the conserva-
tion of the species as there are large differences in
abundance and conservation status among Mediter-
ranean nesting aggregations. While the Greek nesting
beaches host the largest aggregations, populations such
as those found on the Levantine Mediterranean shores
have extremely low numbers of nesting females (Ca-
sale and Margaritoulis 2010). The structuring found
among Mediterranean nesting populations (Clusa et al.
2013, present study) suggests that the recolonization of
other nesting beaches from the nesting females from
the abundant populations of Greece in case of local
extinctions would be difficult. However, the mtDNA
fragment analysed in these studies is maternally inher-
ited, so the contribution of males to gene flow among
western Greece and the other Mediterranean popula-
tions is not considered. This issue remains to be tested
using nuclear markers, although previous studies sug-
gested that some male-mediated gene flow may exist
within the Mediterranean (Carreras et al. 2007, Yilmaz
etal. 2011).

Knowledge of the genetic structuring of the Medi-
terranean nesting beaches has been improving since the
first studies (Bowen et al. 1993, Laurent et al. 1993),
through the use of better markers or better sample sets.
The present study aimed to fill one of the remaining
gaps by describing one of the largest nesting beaches in
the area, but there is still significant work to do. As an
example, Libya is thought to host a significant portion
of the Mediterranean nesting turtles and possibly has
some internal genetic structuring (Saied et al. 2012). A
better sample size for Misurata, or samples from other
unsampled Libyan nesting beaches, are needed for a
full understanding of the regional structuring.
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