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Abstract: It is widely recognized that the examination of haplotypes among sea turtles inhabiting
nesting beaches holds significant importance. Yet, an effective conservation effort of a population
also requires an investigation of the origin of sea turtles that strand on the shore, especially as many
of these result from interactions with fisheries. In consideration of this, we analyzed the haplotypes
of 542 stranded individuals from the Eastern Mediterranean and identified a total of 9 different
haplotypes. Two of these were new haplotypes, one individual was found in Marmaris, Türkiye,
and the other in a stranded species in northern Cyprus. Mixed-stock analysis demonstrated that the
majority of the individuals stranded in western Türkiye originated from nesting beaches in the same
area (33%), followed by Dalyan, Türkiye (25%), and Cyprus (21%). The partial mixed-stock analysis
of individuals stranded in the Dalyan–Dalaman region of Türkiye revealed that most originated
from Dalaman (45%) and Dalyan (21%), followed by western Greece (11%). The partial mixed-stock
analysis for the Eastern Mediterranean showed that the majority of individuals originated from
western Türkiye (69%), followed by Cyprus (11%) and Dalyan (7%). These findings, by quantifying
the relative contributions of each region, provide valuable insights for guiding conservation efforts
regarding Caretta caretta in the Mediterranean marine environment.

Keywords: genetic diversity; haplotype analyses; genetic structuring; conservation genetics

1. Introduction

Biodiversity refers to the variety of life and its processes, including the variety of living
organisms, the genetic differences among them, and the communities and ecosystems in
which they occur, and it is an important factor in ensuring the continuity of life [1]. It is
particularly important for the protection of organisms with relatively small populations [2].
As an illustration, despite the fact that the loggerhead sea turtle (Caretta caretta) is listed
as a species of ‘Least Concern’ in the Mediterranean according to IUCN criteria [3], its
present condition should continue to be regarded as reliant on the sustained conservation
efforts [4].
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The phenomenon of sea turtles returning to their natal beaches for breeding as a piv-
otal stage in their life cycle [5] has led to the subdivision of the population into management
units over time [6]. The loggerhead sea turtle population is divided into 10 regional manage-
ment units (RMUs) around the world, one of which is defined to be the Mediterranean [7].
The Mediterranean population is genetically divided into seven subunits: Calabria–Italy
(CAL); western Greece (WGRC); Crete–Greece (CRT), Libya (LIBY); Dalyan–Dalaman–
Türkiye (DLYDAL); western Türkiye (TKW); and Eastern Mediterranean (EMED, including
middle and eastern Türkiye, Cyprus, Israel, and Lebanon [8], as presented in Figure 1A. In
the Mediterranean, the loggerhead sea turtle is known to be the most abundant sea turtle
in the region [4].
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Figure 1. Locations of stranded loggerhead sea turtles sampled in this study: (A) management units
of the Mediterranean showing the other management units. CAL (Calabria), CRT (Crete), ISR (Israel),
LEB (Lebanon), MIS (Misurata), SIR (Sirte), WGRC (western Greece), and LIBY (Libya); (B) western
Türkiye (TKW); (C) Dalyan–Dalaman region (DLYDAL), (D) Eastern Mediterranean (EMED).

In order to describe population structures and determine the management units, ge-
netic analysis is the frequently applied method [6,9]. Usually, the mitochondrial DNA
(mtDNA) sequences are used in sea turtle genetic studies because they exhibit high haplo-
type diversity, contributing to inter-intra variation populations and their structure evalua-
tion among regions [10]. With this species, mtDNA haplotype mixed-stock analysis (MSA)
is often used to determine the birth areas of juveniles in foraging grounds [5,11]. Genetic
analyses of loggerhead sea turtles in the Mediterranean management unit performed thus
far have shown that there exists a regional genetic diversity [12–16]. However, it was
noted that studying Mediterranean loggerhead sea turtles with more samples from previ-
ously under-represented areas is needed to enhance our understanding of the population
structure [16].

Nesting occurs in the Eastern Mediterranean, particularly in Türkiye and Greece,
followed by Cyprus. Although satellite tracking and bycatch studies have shown that
most wintering and feeding areas are in western areas, such as the Tunisian plateau and
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the Adriatic Sea [4,17,18], a significant population is also found in the Eastern Mediter-
ranean [13,17,19–21]. However, mixed-stock analysis of the Eastern Mediterranean is
limited [14].

The objective of this study is to estimate the origin of stranded individuals from the
Eastern Mediterranean using haplotype analysis and MSA. As MSA regarding the Eastern
Mediterranean is limited, this will contribute to a better understanding of the threats faced
by populations at different life stages of loggerhead turtles and provide more information on
the population structure in the entire Mediterranean. Consequently, increased knowledge
will shed light on conservation efforts for the globally critically endangered loggerhead
sea turtles.

2. Materials and Methods
2.1. Sample Collection

A total of 542 stranded specimens of loggerhead sea turtles (388 adults, 154 subadults)
were collected over the period spanning from 2020 to 2021, including 418 specimens
sampled from the coasts of Türkiye and 124 specimens from the coasts of northern Cyprus.
Samples were taken from the skin or muscle tissue of loggerhead turtles and preserved in
96% ethanol until they were analyzed further. For sea turtles, a carapace length threshold
of <65 cm was considered adult, while <65 cm was considered subadult. The data were
analyzed in three groups considering previous studies on such units [7,8], namely Dalyan–
Dalaman (DLYDAL), western Türkiye (TKW), and Eastern Mediterranean (EMED), as not
many studies were carried out previously on these groups [15,16], and the analysis results
would provide more information on the genetic diversity of the region (Figure 1B–D).

Considering the sample study sites, TKW included western Türkiye, namely Çıralı (1),
Kabak (1), Fethiye (42), İnlice (3), Sarıgerme (2), Ekincik (2), Marmaris (6), Datça (3),
Bodrum (10), Didim (1), Aydın (12), Çeşme (1), İzmir (5), and Çanakkale (1) (Figure 1B);
DLYDAL included Dalyan (239) and Dalaman (41) (Figure 1C); and EMED included eastern
Türkiye and northern Cyprus (Samandağ (1), Mersin (44), and Antalya (2) from Türkiye and
124 individuals from Cyprus) (Figure 1D). Study sites with sample sizes and haplotypes
are provided in Table S1.

2.2. DNA Extraction and PCR Amplification

DNA extraction was performed following the standard salt method as the small
amount of tissue (<10 mg) tissue was homogenized in 450 µL of sterile salt homogenizing
buffer (0.4 M NaCl 10 mM Tris-HCl pH 8.0 and 2 mM EDTA pH 8.0). Then, 100 µL of
10% SDS (2% final concentration) and 50 µL of 20 mg/mL proteinase K were added and
mixed well. The samples were incubated at 55–65 ◦C for at least 1 h or overnight, after
which 150 µL of 6 M NaCl (NaCl-saturated H2O) was added to each sample. Samples
were vortexed for 30 s at maximum speed, and tubes were spun down for 30 min. The
supernatant was transferred to fresh tubes, and an equal volume of isopropanol was added
to each sample and mixed well, and samples were incubated at −20 ◦C for 1 h. They were
then centrifuged for 20 min, 4 ◦C, at 10,000× g. The pellet was washed with 70% ethanol,
dried, and finally resuspended in 300–500 µL sterile dH2O. The quantity and quality of the
extracted DNA samples were then assessed using a Qubit Flex Fluorometer (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA). For PCR amplification, the primer pair
consisting of LCM15382 (5′-GCTT AACCCTAAGCATTGG-3′) as the forward primer and
H950 (5′-GTCTCGG ATTTTAGGGGTTT-3′) as the reverse primer was employed. This
primer pair is widely recognized in loggerhead sea turtle studies, yielding around 800 bp
and a span as much of the d-loop but leaving out the highly repetitive region in the 3′ end
of the d-loop, which exhibits variations in the number of repeats and heteroplasmy [22].
The thermal cycling conditions for PCR were set according to the description provided by
Kaska et al. [16], and Sanger sequencing samples were dispatched to EYS Medikal (Istanbul,
Türkiye). These products were sequenced for both forward and reverse sequencing.
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2.3. Data Analysis

Sequence alignment and gene quality assessment were performed using SeqScape3
software. Subsequently, the sequences to be aligned were imported into Bioedit version
7.2.5, as described by Hall [23], and subjected to necessary editing by means of comparison
with the requisite sequences utilizing Chromas version 2.6.6. The sequences were then
examined in more detail using the Archie Carr Centre for Sea Turtle Research database
(ACCSTR; https://accstr.ufl.edu/wp-content/uploads/sites/98/cclongmtdna-2.pdf, ac-
cessed on 8 January 2024) and the GenBank BLAST sequence comparison tool (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi) to identify haplotypes. The new haplotypes were sub-
mitted to GenBank and ACCSTR for international nomenclature, and the haplotypes of
CC-A66.2 and CC-A77.1 were obtained (accession numbers were PQ141706 and PQ141705,
respectively). Haplotype networks were constructed using the PopART version 1.7 pro-
gram [24] to illustrate the relationships among distinct haplotypes. Haplotype diversity
(Hd), nucleotide diversity (π), and haplotype number (k) were quantified using DnaSP
version 5.10.01 [25], as presented in Table 1. We also calculated heterozygosity (Hs), syn-
onymous substitution rate (Ks) and non-synonymous substitution rate (Kxy), genetic
differentiation (Gst), total genetic differentiation (DeltaSt), net genetic differentiation (Gam-
maSt), number of subpopulations (Nst), fixation index (Fst), average pairwise nucleotide
difference (Dxy), and net nucleotide substitution rate (Da), and the results are presented in
Supplementary Table S2. The haplotype network was built considering only our samples,
as is common. Similar haplotype networks from the potential populations of the origin can
be found in the literature [15–17]. Haplotype frequencies reported in other studies are also
given in Table 1 for comparison. Mixed-stock analysis (MSA) was used to determine the
origin and foraging areas of rookeries. BAYES software 1.0 [26] was used in this analysis
using the Markov chain Monte Carlo (MMC) method, which focused on estimating the
proportions of individuals from different rookery sources. In summary, this analysis re-
moves the haplotypes not found in any nesting area (orphan haplotypes) and then infers
the composition of the mixed stock (e.g., the population of origin of the stranded animals)
by comparing its haplotype frequencies with those from the nesting populations. The first
analysis was performed at the regional level, considering two regional areas (Atlantic and
Mediterranean) and revealed that this linkage was negligible, so this was not presented,
and the second analysis ignored the Atlantic contribution and considered all recruits for
the Mediterranean as independent units (fine-scale level) and presented as previously de-
scribed [27–30]. Following the manual instructions, the MSA was considered reliable only
when the Gelman–Rubin criterion was met (G-R contraction factor < 1.2 for all parameters),
indicating that all MMC chains converged [31].

Table 1. Measurements of genetic diversity in loggerhead sea turtles and the number of haplotypes
and frequency (%) of haplotypes found in different regions. DLYDAL: Dalyan–Dalaman; TKW:
western Türkiye; EMED: Eastern Mediterranean; n: number of sea turtles sampled; k: number
of haplotypes; Hd: haplotype diversity; π: nucleotide diversity. New haplotypes identified are
presented with *.

TKW DLYDAL EMED Overall Kaska et al. [16] Tolve et al. [14] Turkozan et al. [15]

Population size 91 280 171 542
Haplotype diversity (Hd) 0.39243 0.51359 0.27100 0.44820
Nucleotide diversity (π) 0.00051 0.00067 0.00034 0.0058
Number of haplotypes (k) 4 5 4 9
Haplotype
CC-A2.1 68 (75.6%) 158 (56.4%) 144 (84.2%) 370 (68.3%) 437 (62.6%) 405 (82.9%) 113 (73.8%)
CC-A3.1 21 (23.4%) 116 (41.4%) 25 (14.6%) 162 (29.9%) 169 (24.2%) 59 (12.1%) 19 (12.4%)
CC-A3.4 0 (0.0%) 4 (1.4%) 0 (0.0%) 4 (0.7%) 2 (0.3%) - -
CC-A2.8 0 (0.0%) 1 (0.4%) 0 (0.0%) 1 (0.2%) 5 (0.7%) 4 (0.8%) -
CC-A50.1 1 (1.1%) 0 (0.0%) 0 (0.0%) 1 (0.2%) 1 (0.1%) 1 (0.2%) -
CC-A31.1 0 (0.0%) 0 (0.0%) 1 (0.6%) 1 (0.2%) 2 (0.3%) 3 (0.6%) -
CC-A53.1 0 (0.0%) 1 (0.4%) 0 (0.0%) 1 (0.2%) - 2 (0.4%) 1 (0.7%)
*CC-A77.1 1 (1.1%) 0 (0.0%) 0 (0.0%) 1 (0.2%) - - -
*CC-A66.2 0 (0.0%) 0 (0.0%) 1 (0.6%) 1 (0.2%) - - -

https://accstr.ufl.edu/wp-content/uploads/sites/98/cclongmtdna-2.pdf
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3. Results

A total of 9 different haplotypes were found in the 542 samples whose mtDNA was
analyzed. Two of these were previously unidentified haplotypes. One of the novel hap-
lotypes was detected (CC-A77.1) in an adult female loggerhead stranded in Marmaris,
Türkiye, while the other was also identified in a stranded (CC-A66.2) adult female log-
gerhead sea turtle in Cyprus. Neither was included in the mixed-stock analysis as their
origin accounted for 0.37% of the samples. Haplotype networks were created to show the
relationships between different haplotypes (Figure 2). The number of samples and their
haplotypes are given in Table S1.
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Figure 2. Haplotype network for loggerhead sea turtles in different regions in the Mediterranean.
Circle areas shown are proportional to the number of individuals carrying the haplotype. Lines
between haplotypes represent single mutations. DLYDAL: Dalyan–Dalaman; TKW: western Türkiye;
EMED: Eastern Mediterranean. New haplotypes identified are presented with *.

The region with the highest number of haplotypes in the analysis was the Dalyan–
Dalaman region (5). Genetic polymorphism data for loggerhead sea turtles stranded from
different regions and haplotype numbers and frequencies (%) are presented in Table 1.
Genetic differences between populations are presented in Table S2. Fst values were calcu-
lated as 0.16889 for Dalyan–Dalaman when compared with Eastern Mediterranean and
0.07725 when compared with western Türkiye. The Fst value for Eastern Mediterranean
when compared with western Türkiye was calculated as 0.01295. As can be seen from
these values, the Dalyan–Dalaman region was found to have the highest level of haplotype
diversity. The most common haplotype found in all the regions was CC-A2.1 (68.3%),
followed by CC-A3.1 (29.9%) (Table 1).
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The partial mixed-stock analysis for western Türkiye shows that most of the turtles
originated from western Türkiye (33%), followed by Dalyan (25%) and Cyprus (21%). In
the partial mixed-stock analysis for Dalyan–Dalaman, it was found that most of the turtles
originated from Dalaman (45%) and Dalyan (21%), followed by western Greece (12%).
The partial mixed-stock analysis for the Eastern Mediterranean region revealed that the
majority of turtles originated from western Türkiye (69%), Cyprus (11%), and Dalyan (7%)
(Table S3, Figure 3A–C).
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Figure 3. Partial mixed-stock analysis (MSA) of stranded individuals in the Mediterranean Sea:
(A) stranded individuals in western Türkiye (TKW); (B) stranded individuals in the Eastern Mediter-
ranean (EMED); (C) stranded individuals in Dalyan–Dalaman (DLYDAL). Bars represent the percent-
age of individuals in the population. Error bars represent 95% confidence intervals. Mediterranean
nesting sites: CAL (Calabria), CRT (Crete), CYP (Cyprus), DLY (Dalyan), DAL (Dalaman), ISR (Israel),
LEB (Lebanon), MIS (Misurata), SIR (Sirte), TKE (eastern Türkiye), TKM (middle Türkiye), TKW
(western Türkiye), WGR (western Greece).
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4. Discussion

Nesting populations have been well studied, and due to their natal homing, seven
independent management units (MUs) have been identified within the Mediterranean
region using mitochondrial DNA (mtDNA) markers [7]. These seven independent units
comprise individuals contributing from three independent RMUs (the Mediterranean, the
Northwest Atlantic, and the Northeast Atlantic) [7]. As far as we know, only individuals
from the Mediterranean RMU are breeding in the region, but there may also be some new
individuals coming into the Mediterranean. The Mediterranean Sea is frequently visited by
nesting and foraging loggerhead turtles, and the origin of these foraging animals has not
yet been fully assessed. This is very important for the conservation of sea turtles. Further
sampling in nesting areas is needed to identify the origin of these orphan haplotypes as
newly identified haplotypes were recorded from nesting beaches [16]. In our previous
study, where samples from individuals at nesting beaches were analyzed in order to charac-
terize the haplotype profile of the beaches, we detected a total of 15 distinct haplotypes, 3 of
which had not been previously identified. With this study, we also showed that there may
be still orphan haplotypes present, as we identified two new haplotypes, and this shows
the importance of the studied foraging area for stranded individuals. Nonetheless, apart
from determining the haplotype structure of nesting beaches, determining the genetic char-
acterization and origin of loggerhead sea turtles stranded in the Mediterranean is known
to be of great importance in guiding conservation efforts, as it enhances our understanding
of the range and magnitude of the threats these species are facing in marine habitats.

By examining the origin of stranded individuals using a mixed-stock analysis, we can
establish links between conservation efforts on land and in marine habitats, with a focus on
foraging grounds, thus building a more comprehensive basis for conservation initiatives.
Considering the heavy anthropogenic threats in the Mediterranean [21], combined with
the area standing as a pivotal region in terms of its diverse demographic and morpholog-
ical attributes, distinctive climatic niches, and potential adaptations to local conditions,
comprehensive conservation strategies are essential.

In addition to the new haplotypes identified on nesting beaches in previous stud-
ies [16], we detected two novel haplotypes from stranded individuals in our study. The
identification of novel haplotypes in both nesting beaches [16] and stranded individuals
highlights the importance of ongoing comprehensive monitoring efforts, as the detection of
rare haplotypes is linked to sample size but also can reflect hidden genetic diversity from
unsampled minor nesting areas [16]. The fact that these haplotypes have not been found
in the thousands of individuals genotyped in nesting and foraging areas all around the
Mediterranean [15–17] in this study as well as previous studies suggests that these haplo-
types are very rare. Furthermore, the origins of these novel haplotypes remain ambiguous,
raising questions regarding whether they have originated from previously unexamined
nesting beaches, or their presence is due to a migration event into the Mediterranean from
the Atlantic.

This study investigated the genetic diversity of individuals stranded in the Mediter-
ranean Sea in three management units from western Türkiye, Dalyan–Dalaman, and the
Eastern Mediterranean. The CC-A3.4 haplotype, which was first detected in a nesting
site in Türkiye (Dalyan) by Kaska et al. [16], was also detected in Dalyan (4) in this study.
Additionally, the CC-A2.8 haplotype, which is specific to Cretan rookeries [31], was ob-
served in a stranded sea turtle sampled in Dalyan/Türkiye. The presence of a haplotype
associated with an individual from the Cretan rookery in a stranded individual in Dalyan
may indicate that the Cretan population comes to Dalyan for wintering.

The CC-A50.1 haplotype, which was first described in Cyprusby Clusa et al. [28]
and then documented by Kaska et al. [16] in a rookery in eastern Türkiye (Kazanlı), was
documented in a stranded individual in western Türkiye (Milas) in this study. The CCA-
31.1 haplotype, which originated from Greek and Calabrian rookeries and was detected at
nesting sites in Sicily [31], was found in stranded individuals from Cyprus. The CC-A53.1
haplotype, found in rookeries in the Eastern Mediterranean nesting area [8,15], was found
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in a stranded individual sampled from Dalyan–Dalaman in this study. The two most
common haplotypes in our study, CCA-2.1 and CCA-3.1, have been previously reported
in individuals from the Mediterranean, as these haplotypes are the most common ones
(Table 1) in the Mediterranean as a whole [27,28,32].

In conclusion, this study presents new insights into the Mediterranean C. caretta popu-
lation, with implications for the significance of understanding genetic diversity. Presenting
new haplotypes from stranded individuals underscores the importance of genetically pro-
filing all nesting grounds, which would allow us to make further predictions. Nevertheless,
the performed mixed-stock analysis provides guidance for shaping regional conservation
efforts as it establishes links between the rookeries and marine habitats that species inhibit,
especially the foraging grounds. The complete genetic diversity of loggerhead populations
in the Mediterranean can only be possible by more sampling of nesting sites and foraging
habitats as well as investigating new individuals entering the Mediterranean from the
Atlantic by using different methods of tracking turtles from the feeding and wintering
grounds to the nesting sites or vice versa.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d16090583/s1, Table S1. Number of haplotypes of stranded loggerhead
sea turtles found in the different regions of the Eastern Mediterranean Sea. DLYDAL: Dalyan–
Dalaman, TKW: western Türkiye, EMED: Eastern Mediterranean. Table S2. Demonstration of genetic
differences between populations. Hs: heterozygosity, Ks: synonymous substitution rate, Kxy: non-
synonymous substitution rate, Gst: genetic differentiation, DeltaSt: total genetic differentiation,
GammaSt: net genetic differentiation, Nst: number of subpopulations, Fst: fixation index, Dxy:
average pairwise nucleotide difference, Da: net nucleotide substitution rate. Table S3. Bayesian
estimates of the contribution of stranded individuals from western Türkiye, Dalyan–Dalaman, and
the Eastern Mediterranean to Mediterranean stocks. Table S3. Bayesian estimates of the contribution
of stranded individuals from western Türkiye, Dalyan–Dalaman, and the Eastern Mediterranean
to Mediterranean stocks. The management units (MUs) referenced are TKW (western Türkiye),
DLYDAL (Dalyan–Dalaman), and EMED (Eastern Mediterranean, including Middle and eastern
Türkiye, Cyprus, Israel, and Lebanon), as defined by Shamblin et al. [8]. The “Stock” column indicates
the locations where the stranded individuals were found. The acronyms used for these locations are
as follows: CAL (Calabria), CRT (Crete), CYP (Cyprus), DLY (Dalyan), DAL (Dalaman), ISR (Israel),
LEB (Lebanon), MIS (Misurata), SIR (Sirte), TKE (eastern Türkiye), TKM (middle Türkiye), TKW
(western Türkiye), and WGR (western Greece). The higher contributions were given in bold in the
table. The color of the stocks refers to the different units described by Shamblin et al. [8].
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