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Simple Summary: This work represents the first scientific study using genetic markers to better
understand the reproductive behaviour of the loggerhead sea turtle from the Central Mediterranean
through dead hatchlings and undeveloped dead embryos collected from recorded nesting sites
between 2020 and 2022. Data generated from the genetically analysed specimens were used for
parentage analyses. Results of this research show that some turtles laid more than one nest within
the same nesting season while we also detected an instance of multiple paternity. These findings
contribute to a better understanding of the biology of the species in Maltese waters, which is a
requirement for effective conservation management.

Abstract: Loggerhead sea turtle, Caretta caretta (Linnaeus, 1758), nestlings were investigated through
specimens found dead either after hatching or unhatched (n = 120) from eight nests around the
Maltese islands (Central Mediterranean). Molecular genetics was used to conduct maternity and
paternity tests of the collected specimens utilizing expanded mitochondrial DNA sequences from
the control region (858 bp) and 25 microsatellite loci (12 dinucleotide loci and 13 tetranucleotide
loci). Mitochondrial data produced two haplotypes, CC-A2.1 and CC-A3.1, with the most common
haplotype being present in seven nests. Microsatellite data revealed the identity of six different
females that were involved in the deposition of the eggs in the eight turtle nests analysed. This
confirms that two females laid multiple nests. Additionally, microsatellite data allowed for the
determination of multiple paternity, with one clutch being sired by two fathers. These results
are useful for monitoring the genetic diversity of loggerhead sea turtle nestlings and of the turtle
mothers and fathers contributing to future turtle offspring, which rely on Maltese sandy beaches
for their successful start to life. Effective conservation management benefits from merging scientific
knowledge with effective measures at potential nesting sites to avoid losses of nestlings caused by
human negligence.

Keywords: maternity test; paternity test; mtDNA control region; microsatellites; philopatry; polyandry;
multiple paternity; renesting

1. Introduction

The Mediterranean Sea hosts the green sea turtle Chelonia mydas (Linnaeus, 1758) and
the loggerhead sea turtle Caretta caretta (Linnaeus, 1758) [1–3], both of which are known
to nest in the region [2,4]. Chelonia mydas nesting sites are mostly restricted to the Eastern
Mediterranean [2,5] while the major nesting sites for C. caretta were historically also associ-
ated with the Eastern Mediterranean; however, in the last few decades, the geographical
centre for Mediterranean C. caretta nesting sites shifted towards the Central Mediterranean
due to increasing records in the Western Mediterranean [2,6,7]. The Mediterranean Sea
is also frequented by leatherback turtles, Dermochelys coriacea (Vandelli, 1761), migrating
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occasionally from the Atlantic Ocean [3,8,9]; however, there are no nest records for this
species in the region.

According to the IUCN, the loggerhead sea turtle is listed as vulnerable at a global
level [10] and as least concern at the Mediterranean subpopulation level [11]. It has also been
enlisted in a number of international frameworks, including the Convention for the Protec-
tion of the Mediterranean Sea against Pollution (Barcelona Convention—Annex II) [12], the
Convention on Migratory Species (CMS—Appendix I) [13], the Convention on the Conser-
vation of European Wildlife and Natural Habitats (Bern Convention—Appendix II) [14], the
Convention on International Trade in Endangered Species (CITES—Appendix I) [15], and
the Protocol of the Barcelona Convention concerning Specially Protected Areas and Biologi-
cal Diversity in the Mediterranean (SPA/BD—Annex II) [16]. Moreover, the International
Commission for the Conservation of Atlantic Tunas (ICCAT) and the General Fisheries
Commission for the Mediterranean (GFCM) provide recommendations to fishery managers
in relation to the incidental bycatch of sea turtles in the Mediterranean Sea [17,18] while the
Marine Strategy Framework Directive within the Biodiversity Descriptor allows for good
environmental status assessments of sea turtles [19].

Globally, the loggerhead sea turtle is split into a number of regional management units
(RMUs), which have been identified through mitochondrial DNA (mtDNA) and nuclear
DNA (nDNA) [3,20]. This structure is mostly based on nesting populations due to female
philopatry, exhibiting nesting site fidelity. Nonetheless, population structures are more com-
plex due to the male-mediated gene flow and overlapping populations, especially during
migration. Mitochondrial DNA control region (mtDNA CR) data for the Mediterranean Sea
indicate that Caretta caretta populations have colonized the Mediterranean Sea during the
Pleistocene [21], have survived the glacial periods in warm refugia within the south-eastern
parts of the Mediterranean Sea [21], and have undergone multiple colonization events [20].
Additionally, the mtDNA CR also exhibits enough variation and structure at a small scale
that the RMU of the Mediterranean Sea can be split into smaller management units [2,21,22],
which may be necessary for the management of rookeries.

The species is prone to various anthropogenic pressures. The effects of climate change,
including rising sea levels, changes in tides, waves, precipitation patterns, and changing
temperatures, impose threats to the development of sea turtle embryos [23–26] while
rising sand temperatures skew the primary sex ratios towards females, leading to the
potential feminization of several sea turtle populations while lowering the hatching success
and hatchling fitness, including those of C. caretta [20,27,28]. These climatic changes
together with other human-induced threats, such as coastal development, disturbances, and
vessel traffic, also affect the behaviours of adults, including their approach to land [24,29].
Therefore, there is an increasing requirement for more scientific data collection on the
reproductive biology of sea turtles to design conservation management strategies that
improve the resilience and survival of these species.

Therefore human activities impact both the nestlings and free-swimming sea turtles
through fast-changing and deteriorating marine environments with greater pollution,
disturbances, and injuries caused by boat propellers and fishing gear [1,2,30–34]. The
Mediterranean Sea is highly exposed to such anthropogenic activities [35], with most
of them increasing in frequency during late spring and summer, which coincides with
breeding migration and the mating period of C. caretta, which peaks between April and
May [2]. Therefore, the cumulative effect of these threats would result in an increased
mortality rate and smaller population sizes, reducing reproductive fitness while disturbing
the natural behaviours of this species. Consequently, anthropogenic effects on the nesting
sites, nests, nesting behaviours, mating behaviours, and migratory patterns influence the
reproductive potential of this species.

The objectives of this first scientific research paper on loggerhead sea turtle nestlings
from the Maltese islands are to (1) understand the genetic relationship between different
nests and whether the females return to nest within the same season (renesting) and site
fidelity and (2) estimate the frequency of multiple paternity. Here, mtDNA sequences and
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nuclear DNA genotyping were used as tools to allow for the computational sibship and
parentage investigation [36,37] of all the recorded nests between 2020 and 2022.

2. Materials and Methods
2.1. Study Area and Background Information

This study focuses on C. caretta nests from the Maltese archipelago. This archipelago
is situated in the Central Mediterranean, approximately 95 km south of Sicily and 285 km
from the Tunisian coast (Figure 1), and is characterized by two main islands, Malta and
Gozo. In recent years there have been thirteen reported nests, one each in 2012, 2016, and
2018; six in 2020; one each in 2021 and 2022; and an additional two in 2023 (Table 1).

We looked into the remains from nests laid between 2018 and 2022. Given that the 2018
nest did not contain any dead individuals then, the genetic analyses focused on eight nests
laid between summer 2020 and 2022, representing four beaches around the Maltese islands
(Figure 1). For six of the nests analysed, the local Environment and Resource Authority
(ERA, pers. comm.) was alerted about the nests when the respective mothers laid their
eggs and the nests were monitored until the juveniles hatched. In one of these cases, the
eggs were dug up and transferred to an incubator, given that the integrity of the nest was
assessed as being compromised by adverse environmental conditions (ERA, pers. comm.).
In two instances, the nest was unknown prior to the discovery of the hatchlings.

Locally, the species is strictly protected under Flora, Fauna, and Natural Habitats protec-
tion regulations [38] and a number of marine Natura 2000 sites have been designed to further
protect the species, including MT0000113; MT0000115; and MT0000116 [39]. Consequently,
any dead hatched and dead unhatched specimens were collected from the respective nests
by the local authority ERA; then, they were handed on for tissue sampling and scientific
investigation by AV in accordance with handling and research ERA permits.
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Table 1. A list of recently recorded nesting sites in the Maltese islands. The table includes the nests’
codes and the number of dead individuals used from each respective nest during the current study.

Nesting Site Nesting Year Nest Reference
Code in This Study

Specimens
Analysed

Ġnejna Bay 2012 - -

Golden Bay 2016 - -

Ġnejna Bay 2018 - -

Ramla Bay 2020 CRA 1

Ramla Bay 2020 CRB 7

Golden Bay 2020 CMA 5

Fajtata Bay 2020 CFA 23

Gh̄adira Bay 2020 CGA 44

Gh̄adira Bay 2020 CGB 7

Ramla Bay 2021 CRC 7

Ramla Bay 2022 CRD 26

Ramla Bay 2023 - -

Gnejna Bay 2023 - -

2.2. Sample Collection, DNA Extraction, PCR Amplification, and Sequencing

Tissue samples from dead unhatched individuals or dead hatchlings were excised
and stored in 100% ethanol. The total genomic DNA was then extracted from tissue
samples using the GF-1 Tissue DNA Extraction Kit (Vivantis Technologies, Shah Alam,
Malaysia) following the manufacturer’s manual. The concentration of the purified DNA
was estimated using Qubit (ThermoFisher Scientific, Waltham, MA, USA).

Given that all samples within a clutch come from the same mother, for mtDNA,
analyses of two specimens per nest were randomly chosen, except for the nest CRA, where
only one individual was available and, thus, the same individual was analysed twice. For
the selected specimens, the mtDNA CR was amplified using LCM15382 and H950 [40]
following the work of Shamblin et al. [41]. The PCR products were then purified and
sequenced with their respective forward and reverse primers via the ABI3730XL sequencer
(Applied Biosystems, Waltham, MA, USA).

Twelve dinucleotide microsatellite loci [42–46] and thirteen tetranucleotide microsatel-
lite loci [47,48] were selected for more detailed maternal and paternal analyses of each
nest. Each sampled specimen was analysed for the 25 microsatellites (Table 1) that were all
tagged by M13 tails; fluorescently labelled using 6-FAM, VIC, NED, or PET; and amplified
following published temperature profiles [46–48] (Supplementary Table S1). PCR products
were size-scored through Applied Biosystems ABI3730XL, using Liz600 as the fluorescent
size standard. During these analyses, 12 specimens, representing 10% of the sample size,
were randomly chosen and were run twice for all microsatellites to estimate the error rate.

2.3. Data Analyses

Mitochondrial DNA sequences were manually trimmed and the complementary
sequences of each individual were assembled using Geneious R10 [49]. The sequences
of each individual and those within each nest were checked for consistency. The genetic
sequence obtained for each nest was compared to other publicly available sequences
through BLASTn [50,51] to identify the mtDNA lineage of the locally nesting turtles to
those found in other regions of the Mediterranean.
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Microsatellite allele sizes were scored with Geneious R10 [49] and binned using Flex-
iBin v2 [52]. For each microsatellite locus at each nest, the number of alleles detected and
the observed heterozygosity (Ho) were estimated through Arlequin v3.5 [53]. Genotypes
were checked for scoring errors due to stuttering, large allele dropouts, and null alleles
using Micro-Checker 2.2.3 [54]. Analysis of paternity was initially checked visually by eval-
uating the multi-locus genotypes and the number of alleles per locus at each nest. Then, the
data were analysed through the software COLONY v2.0.6.8 [37] to computationally assign
sibship and parentage among individuals using likelihood methods through multi-locus
genotype data with a less than 1% error rate.

3. Results
3.1. The Nests

After decades of no records of C. caretta nests in the Maltese islands [1], there was
an unsuccessful nesting event in 2012 and a successful one in 2016 where 83.5% of eggs
counted by the local authority ERA had hatched. These were followed by another successful
nesting event in 2018, where all individuals hatched except one inviable egg.

The genetic results of the 120 C. caretta specimens presented here represent the first
valuable output derived from using dead specimen samples from eight Maltese turtle nest
clutches laid in the summers between 2020 and 2022. In 2020, six nests from four different
beaches were identified. In four of these instances, the nest was identified when the mother
laid the eggs and, thus, the nests were protected throughout the natural incubation period;
meanwhile, the other two nests were not protected throughout their incubation period. The
latter two were represented by the nest CRB at Ramla Bay, which is a sizable and popular
sandy beach (coastline: ~400 m), and the nest CFA at Fajtata Bay, which is a small sandy
beach (coastline: ~23 m) highly frequented by bathers. In 2021 and 2022, there was one
recorded nesting event per year and, in 2023, two recorded nesting events (Table 1).

3.2. Genetic Data

In this study, a total of 858 bp of the mtDNA CR sequence was analysed. As expected,
within the same clutch, all specimens exhibited the same haplotype and, overall, the
clutches were represented by two haplotypes that differed from each other by 1 bp. The
two haplotypes identified in this study were CC-A2.1, which represented all the studied
nests, except the nest CRD, which was represented by CC-A3.1. Sequences were deposited
in GenBank under accession numbers PP056536 – PP056543.

In this study, 25 microsatellite loci were analysed (Table 2), with more than 76% of the
individuals producing positive scores for each locus. Analyses through Micro-Checker [54]
indicated that there is no evidence for scoring errors due to stuttering, no large allele
dropout, and no indication of null alleles while the genotypes of the replicates were
100% identical. Consequently, all loci were used for subsequent analyses. The number
of alleles per locus varied from four alleles (Cc-2, Cc-10, Cc-17, Cc-28 and CcP5C11) to
thirteen alleles in locus (CcP7D04 and Cc8E07). The mean number of alleles per locus
was 7.6 ± 2.9 SD (dinucleotide loci 5.6 ± 1.6 SD; tetranucleotide loci 9.4 ± 2.7 SD). The
overall heterozygosity ranged between 0.479 (Cc-2) and 0.983 (CcP7F06), with the mean
heterozygosity per locus being 0.758 ± 0.144 SD (dinucleotide loci 0.701 ± 0.135 SD;
tetranucleotide loci 0.810 ± 0.136 SD).
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Table 2. The genetic data per nest, including the mtDNA haplotypes, the sample sizes per locus (n),
the number of alleles identified per locus (Na), and the observed heterozygosity per locus (Ho).

Nest Code CFA CGA CGB CMA CRA CRB CRC CRD Overall

mtDNA CC-A2.1 CC-A2.1 CC-A2.1 CC-A2.1 CC-A2.1 CC-A2.1 CC-A2.1 CC-A3.1

cc141
n 23 44 7 5 1 7 7 25 119

Na 2 3 3 2 2 3 3 4 6
Ho 0.478 0.682 0.571 0.600 1.000 0.714 0.714 0.680 0.638

cc7
n 23 44 7 5 1 7 7 25 119

Na 4 4 4 3 2 2 4 4 9
Ho 1.000 1.000 1.000 1.000 1.000 0.714 1.000 0.720 0.924

Ccar176
n 23 44 7 5 1 7 7 25 119

Na 4 2 2 3 2 2 2 2 6
Ho 1.000 0.455 0.714 1.000 1.000 0.857 0.857 0.280 0.613

cc117
n 22 43 7 5 1 7 7 26 118

Na 3 2 2 3 2 2 3 3 7
Ho 0.955 0.535 0.286 1.000 1.000 0.571 0.857 0.577 0.653

Cc-2
n 23 44 7 5 1 7 7 24 118

Na 2 2 2 1 1 2 2 4 4
Ho 0.652 0.409 0.143 0.000 0.000 0.286 0.429 0.750 0.483

Cc-8
n 23 44 7 5 1 7 7 26 120

Na 2 3 3 2 1 2 2 2 5
Ho 0.565 0.773 0.857 0.400 0.000 0.714 0.571 0.500 0.641

Cc-10
n 23 42 7 5 1 7 6 25 116

Na 3 4 4 3 2 3 3 3 4
Ho 1.000 0.929 1.000 1.000 1.000 0.571 0.667 0.880 0.905

Cc-17
n 23 42 7 4 1 7 6 25 115

Na 1 2 2 3 2 2 2 3 4
Ho 0.000 1.000 1.000 1.000 1.000 0.571 0.333 0.400 0.609

Cc-22
n 23 44 7 5 1 7 6 26 119

Na 4 2 2 2 1 4 3 3 7
Ho 0.957 0.636 0.714 0.600 0.000 1.000 0.667 0.692 0.731

Cc-25
n 23 42 7 5 1 7 7 26 118

Na 2 2 2 3 2 3 2 4 6
Ho 0.609 0.452 0.571 0.800 1.000 1.000 0.286 1.000 0.653

Cc-28
n 23 44 7 5 1 7 7 26 120

Na 3 2 2 3 2 2 2 3 4
Ho 0.870 0.545 0.714 0.800 1.000 0.571 0.286 0.846 0.683

Cc-30
n 22 43 7 5 1 7 7 26 118

Na 2 4 4 4 2 2 4 2 5
Ho 1.000 1.000 1.000 1.000 1.000 0.143 1.000 0.692 0.881
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Table 2. Cont.

Nest Code CFA CGA CGB CMA CRA CRB CRC CRD Overall

Cc1G02
n 23 44 7 4 1 7 7 26 119

Na 3 3 3 3 2 4 3 7 12
Ho 0.696 0.727 0.857 0.750 1.000 1.000 1.000 1.000 0.824

Cc1G03
n 23 44 7 5 1 7 7 26 120

Na 3 3 3 4 2 4 3 4 10
Ho 0.696 0.705 0.714 1.000 1.000 1.000 0.429 0.884 0.758

Cc5H07
n 23 41 7 4 1 7 5 26 114

Na 4 5 4 3 1 3 4 5 11
Ho 0.957 0.976 1.000 0.500 0.000 1.000 1.000 1.000 0.956

Cc7E11
n 22 42 7 5 1 7 6 26 116

Na 4 2 2 3 2 4 3 6 9
Ho 1.000 0.452 0.429 1.000 1.000 0.857 1.000 0.923 0.741

Cc2H12
n 23 43 7 5 1 7 6 25 117

Na 3 4 3 2 1 3 3 4 9
Ho 0.957 0.627 0.857 0.400 0.000 0.857 0.333 0.680 0.701

Cc7B07
n 23 44 7 5 1 7 7 26 120

Na 3 3 3 3 2 4 4 6 10
Ho 0.957 1.000 1.000 1.000 1.000 1.000 0.714 0.962 0.967

Cc7G11
n 23 42 7 5 1 7 5 24 114

Na 3 2 2 4 2 3 4 5 8
Ho 1.000 0.452 0.571 1.000 1.000 0.857 0.800 0.708 0.692

Cc8E07
n 22 44 7 5 1 7 7 26 119

Na 4 3 3 3 2 3 2 6 13
Ho 1.000 1.000 1.000 0.800 1.000 0.571 0.571 1.000 0.941

CcP1F09
n 23 39 7 4 1 7 6 24 111

Na 4 4 4 1 1 3 3 4 9
Ho 0.652 0.949 1.000 0.000 0.000 0.857 0.500 0.958 0.820

CcP5C11
n 23 44 7 3 1 7 7 26 118

Na 2 2 2 3 2 3 3 2 4
Ho 0.609 0.500 0.429 0.667 1.000 1.000 0.571 0.500 0.559

CcP7D04
n 23 43 7 4 1 7 6 25 116

Na 4 5 4 3 2 4 4 5 13
Ho 0.913 0.953 1.000 0.500 1.000 1.000 0.667 0.960 0.922

CcP7F06
n 23 42 7 5 1 7 6 25 116

Na 3 4 4 2 2 4 3 5 9
Ho 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.920 0.983

CcP7H10
n 23 43 7 5 1 7 7 26 119

Na 2 3 3 2 2 2 3 4 5
Ho 0.522 0.721 1.000 0.600 1.000 0.571 0.857 0.577 0.664
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3.3. Sibship and Parentage Analyses

Analyses of mtDNA haplotypes allowed for the conclusion that the female that laid
the eggs in the nest CRD is different from those involved in the other nests, an observation
that was further confirmed through nuclear data analyses. The analyses of microsatellites
through COLONY [37] indicated that the eight studied nests had originated from six
mothers and seven fathers.

We found two instances where the female returned to lay the second nest within the
same nesting season. The nest clutches CGA and CGB that were both laid in Gh̄adira Bay,
on 30 July 2020 and 10 August 2020, respectively, belonged to the same parents (Mother 2
and Father 2; Table 3). Therefore 11 days after laying the first clutch of 79 eggs, the mother
returned to the same beach to lay a second clutch of 86 eggs. Likewise, during the same
nesting season, a second female laid two nests (Mother 3 and Father 3; Table 3); the first
nest having 102 eggs was laid at Ramla Bay (CRA) on 29 May 2020 and the second nest
containing 92 eggs was laid at Golden Bay (CMA) on 5 July 2020. This means that Mother 3
laid two nests within 37 days, around 22 km apart.

Table 3. A table showing the mother and father per nest.

Nest Code CFA CGA CGB CMA CRA CRB CRC CRD

Mother Mother 1 Mother 2 Mother 2 Mother 3 Mother 3 Mother 4 Mother 5 Mother 6

Father Father 1 Father 2 Father 2 Father 3 Father 3 Father 4 Father 5 Father 6
Father 7

Additionally, evident from the occurrence of more than four alleles per locus for the
nestlings from the nest CRD and confirmed through COLONY [37] was the presence of
multiple sires for the clutch. From the twenty-six analysed specimens, we noted that
eighteen specimens (69.2%) belonged to Father 6 while eight specimens (30.8%) were
fertilized by a secondary male (Father 7). We did not find evidence of polyandry in the
other nests; although, some of them were represented by a few specimens, making the
detection of polyandry more difficult.

4. Discussion

This is the first parentage study of C. caretta nests from Malta documenting renesting
events and multiple paternity. Genetic data from the eight analysed nests indicated that
the most common mtDNA CR haplotype is CC-A2.1, which is commonly proposed as the
ancestral lineage for the Mediterranean Sea and was possibly introduced from the Atlantic
Ocean by colonizing females in the last post-glacial period [20,21,41,55]. Currently, CC-A2.1
is the most commonly encountered haplotype, present in more than 60% of the free-living
Mediterranean loggerhead sea turtles [21,56–60]. This haplotype dominates most Mediter-
ranean nests and has been detected in all nesting areas studied [22,41,59,61,62]. Haplotype
CC-A3.1 is the second most commonly encountered haplotype in the Mediterranean Sea
and accounts for around 20% of the free-living individuals studied [21,56–58]. This haplo-
type has been recorded in nests from the eastern and southern-central Mediterranean areas,
namely, Turkey, Cyprus, Lebanon, Greece and Crete, Cyprus, Libya, and Tunisia. CC-A3.1
was found to occur in high frequencies in two nesting sites, Dalyan and Dalaman in Turkey,
where, in the latter, it was more common than CC-A2.1 [41]. The other haplotypes found
in the Mediterranean occur at much lower frequencies in both free-living turtles and in
analysed nests [41,59,60].

Nuclear data analyses showed that there were two instances where the female returned
twice to a nesting beach to lay separate clutches of eggs within the same nesting season.
This phenomenon is known to be common in sea turtles [63,64]. In C. caretta, mean renesting
intervals have been reported to range between 12.7 days and 19.9 days [63]. While one
female turtle returned to lay another clutch 11 days later, on the same beach, the other
female turtle took much longer than reported in some other studies, laying her second
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clutch after 37 days and on a different beach. A comparable actual record of a similar
extended renesting period of 34 days has been reported in Turkey [65]. Such delayed
renesting events and the choice of a totally different nesting area may be the result of
human presence and disturbance, which affect the females’ decision when opting for a
nesting beach [66]. In this instance, we cannot exclude the possibility that Mother 3 laid
other unrecorded nests in the interval between CMA and CRA, given that female C. caretta
can lay more than two clutches in a season [67]. We were unable to detect cases of a female
returning to nest in a different nesting season twice, up to now, since female C. caretta have
a nesting interval of two to three years and the nests we analysed covered a shorter period
of time [2,24].

In one of the nests, we were also able to detect multiple paternity resulting from
polyandry. Polyandry is a common mating behaviour in sea turtles [68–71], including
C. caretta [44,72–77]. While there are benefits to this behaviour [78], including fertilization
assurance and genetic diversity benefits [79–81], it remains debatable whether this is a
consequence of high male–female encounters. Within this scenario, low frequencies of
polyandry may indicate lower chances of mating encounters, even though the sex ratios for
adults in the Mediterranean are balanced [82]. In the current study, we encountered multiple
paternity in 12.5% of the nesting events studied. This percentage is much lower than that
noted in other Mediterranean countries, where, in Greece, more than one father was
detected in nineteen out of twenty nests, with two clutches representing the contribution of
at least five males [77]. A similar study in Turkey [76] revealed that multiple paternity was
present in 18 out of 25 nests analysed. In the latter study, whenever multiple paternity was
recorded, the majority of the offspring had a primary sire, which, on average, contributed to
62.7% of the clutch, followed by a secondary sire which, on average, contributed to 30.9%,
and a tertiary sire contributing to 7.2% [76]. In our case, the primary sire contributed to
69.2% of the clutch sample analysed while the secondary sire contributed to the remaining
38.8%. Unlike some other species of turtles [83,84], C. caretta does not store sperm across
breeding seasons [85]. Therefore the occurrence of multiple paternity is the result of
multiple mating encounters and sperm storage for each breeding season, as loggerhead
sea turtles rarely mate between nesting events within the season [67]. This is consistent
with the observations noted in this study where the instances of renesting were represented
by the same parentage. Table 3 shows that, in most instances, the mothers studied here
exhibited monandry, except for the nest CRD. Consequently, the diversity of fathers noted
was almost equal to that of the mothers contributing to the turtle clutches in Malta and
Gozo. The genetic results of this work reveal the first details of the reproductive behaviour
of C. caretta around the Maltese islands.

For decades, there have been no records of turtle nests from the Maltese islands [1];
although, one cannot exclude the possibility of unrecorded nests, even in some of the
most human-frequented beaches, as noted in 2020. Since the first recent record in 2012,
these islands experienced an increase in recorded turtle nests, with the identification of
five nesting beaches, four on the island of Malta and one on the island of Gozo (Table 1;
Figure 1). While increasing awareness and reporting by citizens may partially explain the
increasing records of nesting events, the long absence of nesting events followed by almost
yearly events between 2018 and 2023 clearly indicates an increasing trend in nesting activity
around this archipelago. A trend similar to that noted in the Western Mediterranean, where,
during the last decade, C. caretta has been expanding its nesting range and increasing
nesting events in the region [6,7,86], possibly in response to global warming [7].

Impacts of human activities on nesting beaches may hinder female turtles from laying
eggs or even interrupt their egg-laying activity, leading to their return later on to the
same beach or to seek a quieter beach. The Maltese nests studied here were all found on
beaches that are highly frequented by locals and tourists, especially during the summer
months, coinciding with the peak of C. caretta’s nesting season between May and August [2].
Consequently, as noted in several other regions of the Mediterranean Sea, the recorded
nests are highly exposed to anthropogenic impacts [7], possibly because beaches that are
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not frequented by humans are more difficult to monitor. Anthropogenic influence on turtle
behaviour became clearer in the summer of 2020, when Malta, similar to elsewhere in
the Mediterranean Sea [7], experienced a spike in nesting activities, a phenomenon that
may be associated with the COVID-19 reduction in mass tourism, lowering pressures
on C. caretta distribution and access to breeding habitats [87]. Scientific evidence shows
that this species is capable of noticing changes and adjusting accordingly, moving away
from the shore in the presence of disturbances [87] and reducing the number of nesting
attempts in the increasing presence of artificial light [66]. While females tend to show a
high variability in nest site selection [88], the presence of humans may interfere with the
female turtles’ behaviour, limiting their choice. Research shows that the hatching success
decreased towards the waterline; thus, nest site selection is crucial [88].

Undetected and unprotected nests are highly prone to being trampled on by beach
users. One such instance was the nest CFA, in this study, which was only found after the
turtles hatched, got trapped under the sand, and were found by chance. This nest was char-
acterized by a high percentage of dead corpses of hatched individuals that found difficulty
in making it through the highly compacted sand above, possibly due to sunbathers.

Knowledge of reproductive behaviour is crucial to better understand the species’
biology in an area and to be in a better position to design and manage Natura 2000
sites [39].

5. Conclusions

This work provides the first detailed insights into the C. caretta reproductive and nest-
ing behaviour around Maltese islands through the use of genetic markers. The use of these
genetic tools to understand flagship and vulnerable species in the Central Mediterranean
offers an opportunity to better assess the importance of this area vis-à-vis the various
behavioural aspects related to the biology of species in the region [89–91]. Sustained turtle
research on the number of turtle egg clutches laid, nesting sites, hatching success rate, and
developmental ecology are required, side by side with field research and conservation
genetics research, for a complete conservation status assessment.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani14010137/s1. Table S1: List of primer, sequences (forward and reverse
primers, including M13 sequence), fluorescent dye used and references.

Author Contributions: Conceptualization, A.V.; methodology, A.V. and N.V.; software, N.V.; vali-
dation, A.V. and N.V.; formal analysis, A.V. and N.V.; investigation, A.V. and N.V.; resources, A.V.;
data curation, A.V. and N.V.; writing—original draft preparation, A.V. and N.V.; writing—review and
editing, A.V. and N.V.; visualization, A.V. and N.V.; project administration, A.V.; funding acquisition,
A.V. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the BioCon_Innovate Research Excellence Grant
from the University of Malta, [grant No. I18LU06-01] awarded to A.V.

Institutional Review Board Statement: For this study on protected species, approval was sought
and obtained from the local Environment and Resource Authority, Malta (ERA). The dead specimens
analysed were picked from their natural habitat by ERA and handed over to A.V. for research purposes
in accordance with ERA permits NP0386/18, NP0503/19, EP1028/21, and EP1470/22, covering the
years 2018 to 2023.

Informed Consent Statement: Not applicable.

Data Availability Statement: Mitochondrial DNA data related to the analyses conducted during this
study are available on GenBank under accession numbers PP056536–PP056543.

Acknowledgments: The authors would like to thank the local authorities, namely, the ERA, for
making these dead specimens available for academic scientific research.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ani14010137/s1
https://www.mdpi.com/article/10.3390/ani14010137/s1


Animals 2024, 14, 137 11 of 14

References
1. Gramentz, D. Marine Turtles in the Central Mediterranean Sea. Centro 1989, 1, 41–56.
2. Casale, P.; Broderick, A.C.; Camiñas, J.A.; Cardona, L.; Carreras, C.; Demetropoulos, A.; Fuller, W.J.; Godley, B.J.; Hochscheid, S.;

Kaska, Y.; et al. Mediterranean Sea turtles: Current knowledge and priorities for conservation and research. Endanger. Species Res.
2018, 36, 229–267. [CrossRef]

3. Wallace, B.P.; DiMatteo, A.D.; Hurley, B.J.; Finkbeiner, E.M.; Bolten, A.B.; Chaloupka, M.Y.; Hutchinson, B.J.; Abreu-Grobois, F.A.;
Amorocho, D.; Bjorndal, K.A.; et al. Regional Management Units for marine turtles: A novel framework for prioritizing
conservation and research across multiple scales. PLoS ONE 2010, 5, e15465. [CrossRef] [PubMed]

4. Deidun, A.; Schembri, P.J. A report of nesting on a Maltese beach by the loggerhead turtle Caretta caretta (Linnaeus, 1758) (Reptilia:
Cheloniidae). Cent. Mediterr. Nat. 2005, 4, 137–138.

5. Sönmez, B.; Karaman, S.; Turkozan, O. Effect of predicted sea level rise scenarios on green turtle (Chelonia mydas) nesting. J. Exp.
Mar. Bio. Ecol. 2021, 541, 151572. [CrossRef]

6. Mancino, C.; Canestrelli, D.; Maiorano, L. Going west: Range expansion for loggerhead sea turtles in the Mediterranean Sea
under climate change. Glob. Ecol. Conserv. 2022, 38, e02264. [CrossRef]

7. Hochscheid, S.; Maffucci, F.; Abella, E.; Bradai, M.N.; Camedda, A.; Carreras, C.; Claro, F.; de Lucia, G.A.; Jribi, I.; Mancusi, C.;
et al. Nesting range expansion of loggerhead turtles in the Mediterranean: Phenology, spatial distribution, and conservation
implications. Glob. Ecol. Conserv. 2022, 38, e02194. [CrossRef]

8. Vella, N.; Vella, A. The first genetic analyses of the Leatherback turtle, Dermochelys coriacea from a stranding in the Central
Mediterranean. Rapp. Comm. Int. Mer Méditerr. 2016, 41, 500.

9. Karaa, S.; Jribi, I.; Bouain, A.; Girondot, M.; Bradai, M.N. On the occurrence of leatherback turtles Dermochelys coriacea (Vandelli,
1761), in Tunisian waters (Central Mediterranean Sea) (Testudines: Dermochelydae). Herpatozoa 2013, 26, 65–75.

10. Casale, P.; Tucker, A.D. Caretta caretta (Amended Version of 2015 Assessment). The IUCN Red List of Threatened Species 2017.
Available online: https://www.iucnredlist.org/species/3897/119333622 (accessed on 8 November 2023).

11. Casale, P. Caretta caretta (Mediterranean Subpopulation). The IUCN Red List of Threatened Species 2015. Available online:
https://www.iucnredlist.org/species/83644804/83646294 (accessed on 8 November 2023).

12. United Nations Convention for the Protection of the Mediterranean Sea against Pollution. Available online: https://www.unep.
org/unepmap/who-we-are/barcelona-convention-and-protocols (accessed on 8 November 2023).

13. CMS Appendices I and II of the Convention on the Conservation of Migratory Species of Wild Animals. Available online:
https://www.cms.int/sites/default/files/basic_page_documents/appendices_cop13_e_0.pdf (accessed on 8 November 2023).

14. Convention on the Conservation of European Wildlife and Natural Habitats (Bern Convention) Annex III. Available online:
https://rm.coe.int/168097eb57 (accessed on 8 November 2023).

15. CITES Convention on International Trade in Endangered Species of Wild Fauna and Flora. Appendices I, II and III. Available
online: https://cites.org/sites/default/files/eng/app/2023/E-Appendices-2023-05-21.pdf (accessed on 8 November 2023).

16. UNEP/MAP-SPA/RAC SPA-BD Protocol Annex II: List of Endangered or Threatened Species. Available online: https://www.
rac-spa.org/sites/default/files/annex/annex_2_en_20182.pdf (accessed on 8 November 2023).

17. ICCAT Recommendation by ICCAT Amending Recommendation 10-09 on the By-Catch of Sea Turtles in ICCAT Fisheries. 2011.
Available online: https://www.iccat.int/Documents/Recs/compendiopdf-e/2013-11-e.pdf (accessed on 8 November 2023).

18. GFCM Recommendation GFCM/35/2011/4 on the Incidental Bycatch of Sea Turtles in Fisheries in the GFCM Area of Application.
2011. Available online: https://faolex.fao.org/docs/pdf/mul201486.pdf (accessed on 8 November 2023).

19. Girard, F.; Girard, A.; Monsinjon, J.; Arcangeli, A.; Belda, E.; Cardona, L.; Casale, P.; Catteau, S.; David, L.; Dell’Amico, F.; et al.
Toward a common approach for assessing the conservation status of marine turtle species within the European Marine Strategy
Framework Directive. Front. Mar. Sci. 2022, 9, 790733. [CrossRef]

20. Jensen, M.P.; Allen, C.D.; Eguchi, T.; Bell, I.P.; LaCasella, E.L.; Hilton, W.A.; Hof, C.A.M.; Dutton, P.H. Environmental warming
and feminization of one of the largest sea turtle populations in the world. Curr. Biol. 2018, 28, 154–159.e4. [CrossRef]

21. Clusa, M.; Carreras, C.; Pascual, M.; Demetropoulos, A.; Margaritoulis, D.; Rees, A.F.; Hamza, A.A.; Khalil, M.; Aureggi, M.;
Levy, Y.; et al. Mitochondrial DNA reveals Pleistocenic colonisation of the Mediterranean by loggerhead turtles (Caretta caretta).
J. Exp. Mar. Bio. Ecol. 2013, 439, 15–24. [CrossRef]

22. Garofalo, L.; Mingozzi, T.; Micò, A.; Novelletto, A. Loggerhead turtle (Caretta caretta) matrilines in the Mediterranean: Further
evidence of genetic diversity and connectivity. Mar. Biol. 2009, 156, 2085–2095. [CrossRef]

23. Carpio Camargo, A.J.; Álvarez Gutiérrez, Y.; Jaramillo Véliz, J.; Sánchez Tortosa, F. Nesting failure of sea turtles in Ecuador—Causes
of the loss of sea turtle nests: The role of the tide. J. Coast. Conserv. 2020, 24, 55. [CrossRef]

24. Patrício, A.R.; Hawkes, L.A.; Monsinjon, J.R.; Godley, B.J.; Fuentes, M.M.P.B. Climate change and marine turtles: Recent advances
and future directions. Endanger. Species Res. 2021, 44, 363–395. [CrossRef]

25. Gammon, M.; Whiting, S.; Fossette, S. Vulnerability of sea turtle nesting sites to erosion and inundation: A decision support
framework to maximize conservation. Ecosphere 2023, 14, e4529. [CrossRef]

26. Pike, D.A.; Roznik, E.A.; Bell, I. Nest inundation from sea-level rise threatens sea turtle population viability. R. Soc. Open Sci.
2015, 2, 4–6. [CrossRef]

27. Tanner, C.E.; Marco, A.; Martins, S.; Abella_perez, E.; Hawkes, L.A. Highly feminised sex ratio estimations for the world’s third
largest nesting aggregation of the loggerhead sea turtle. Mar. Ecol. Prog. Ser. 2019, 621, 209–219. [CrossRef]

https://doi.org/10.3354/esr00901
https://doi.org/10.1371/journal.pone.0015465
https://www.ncbi.nlm.nih.gov/pubmed/21253007
https://doi.org/10.1016/j.jembe.2021.151572
https://doi.org/10.1016/j.gecco.2022.e02264
https://doi.org/10.1016/j.gecco.2022.e02194
https://www.iucnredlist.org/species/3897/119333622
https://www.iucnredlist.org/species/83644804/83646294
https://www.unep.org/unepmap/who-we-are/barcelona-convention-and-protocols
https://www.unep.org/unepmap/who-we-are/barcelona-convention-and-protocols
https://www.cms.int/sites/default/files/basic_page_documents/appendices_cop13_e_0.pdf
https://rm.coe.int/168097eb57
https://cites.org/sites/default/files/eng/app/2023/E-Appendices-2023-05-21.pdf
https://www.rac-spa.org/sites/default/files/annex/annex_2_en_20182.pdf
https://www.rac-spa.org/sites/default/files/annex/annex_2_en_20182.pdf
https://www.iccat.int/Documents/Recs/compendiopdf-e/2013-11-e.pdf
https://faolex.fao.org/docs/pdf/mul201486.pdf
https://doi.org/10.3389/fmars.2022.790733
https://doi.org/10.1016/j.cub.2017.11.057
https://doi.org/10.1016/j.jembe.2012.10.011
https://doi.org/10.1007/s00227-009-1239-5
https://doi.org/10.1007/s11852-020-00775-3
https://doi.org/10.3354/esr01110
https://doi.org/10.1002/ecs2.4529
https://doi.org/10.1098/rsos.150127
https://doi.org/10.3354/meps12963


Animals 2024, 14, 137 12 of 14

28. Martins, S.; Silva, E.; Abella, E.; de Santos Loureiro, N.; Marco, A. Warmer incubation temperature influences sea turtle survival
and nullifies the benefit of a female-biased sex ratio. Clim. Chang. 2020, 163, 689–704. [CrossRef]

29. Lopez, G.G.; Saliés, E.d.C.; Lara, P.H.; Tognin, F.; Marcovaldi, M.A.; Serafini, T.Z. Coastal development at sea turtles nesting
ground: Efforts to establish a tool for supporting conservation and coastal management in northeastern Brazil. Ocean Coast.
Manag. 2015, 116, 270–276. [CrossRef]

30. Matiddi, M.; Hochsheid, S.; Camedda, A.; Baini, M.; Cocumelli, C.; Serena, F.; Tomassetti, P.; Travaglini, A.; Marra, S.; Campani, T.;
et al. Loggerhead sea turtles (Caretta caretta): A target species for monitoring litter ingested by marine organisms in the
Mediterranean Sea. Environ. Pollut. 2017, 230, 199–209. [CrossRef] [PubMed]

31. Franchini, D.; Paci, S.; Ciccarelli, S.; Valastro, C.; Salvemini, P.; Di Bello, A. Clinical findings, management, imaging, and outcomes
in Sea turtles with traumatic head injuries: A retrospective study of 29 Caretta caretta. Animals 2023, 13, 152. [CrossRef] [PubMed]

32. Anjos, M.R.; Pelegrini, L.S.; Barreiros, J.B.; Barcelos, L.M.D.; Barreiros, J.P. A healed propeller wound on a wild loggerhead turtle,
Caretta caretta (Testudines, Cheloniidae), occupied by a pelagic crab, Planes minutus, in the Azores Islands, Portugal. Herpetol.
Notes 2021, 14, 981–984.

33. Stelfox, M.; Hudgins, J.; Sweet, M. A review of ghost gear entanglement amongst marine mammals, reptiles and elasmobranchs.
Mar. Pollut. Bull. 2016, 111, 6–17. [CrossRef] [PubMed]

34. Lucchetti, A.; Bargione, G.; Petetta, A.; Vasapollo, C.; Virgili, M. Reducing sea turtle bycatch in the mediterranean mixed demersal
fisheries. Front. Mar. Sci. 2019, 6, 387. [CrossRef]

35. Micheli, F.; Halpern, B.S.; Walbridge, S.; Ciriaco, S.; Ferretti, F.; Fraschetti, S.; Lewison, R.; Nykjaer, L.; Rosenberg, A.A. Cumulative
human impacts on Mediterranean and Black Sea marine ecosystems: Assessing current pressures and opportunities. PLoS ONE
2013, 8, e79889. [CrossRef]

36. Wang, J. Computationally efficient sibship and parentage assignment from multilocus marker data. Genetics 2012, 191, 183–194.
[CrossRef]

37. Jones, O.R.; Wang, J. Colony: A program for parentage and sibship inference from multilocus genotype data. Mol. Ecol. Resour.
2010, 10, 551–555. [CrossRef]

38. Legislation Malta Subsidiary Legislation 549.44: Flora, Fauna, and Natural Habitats Protection Regulations. Available online:
https://legislation.mt/eli/sl/549.44/eng/pdf (accessed on 8 November 2023).

39. ERA Natura 2000 Datasheets & Maps. Available online: https://era.org.mt/topic/natura-2000-datasheets-maps/ (accessed on
8 November 2023).

40. Abreu-Grobois, F.A.; Horrocks, J.A.; Formia, A.; Dutton, P.H.; LeRoux, R.A.; Velez-Zuazo, X.; Soares, L.S.; Meylan, A.B.
New mtDNA D-loop primers which work for a variety of marine turtle species may increase the resolution of mixed stock
analysis. In Proceedings of the 26th Annual Symposium on Sea Turtle Biology, Island of Crete, Greece, 3–8 April 2006; p. 179.

41. Shamblin, B.M.; Bolten, A.B.; Abreu-grobois, F.A.; Bjorndal, K.A.; Cardona, L.; Nairn, C.J.; Nielsen, J.T.; Dutton, P.H. Geographic
patterns of genetic variation in a broadly distributed marine vertebrate: New insights into Loggerhead turtle stock structure from
expanded mitochondrial DNA sequences. PLoS ONE 2014, 9, e85956. [CrossRef]

42. Bowen, B.W.; Bass, A.L.; Soares, L.; Toonen, R.J. Conservation implications of complex population structure: Lessons from the
loggerhead turtle (Caretta caretta). Mol. Ecol. 2005, 14, 2389–2402. [CrossRef]

43. Fitzsimmons, N.N. Single paternity of clutches and sperm storage in the promiscuous green turtle (Chelonia mydas). Mol. Ecol.
1998, 7, 575–584. [CrossRef] [PubMed]

44. Moore, M.K.; Ball, R.M. Multiple paternity in loggerhead turtle (Caretta caretta) nests on Melbourne Beach, Florida: A microsatellite
analysis. Mol. Ecol. 2002, 11, 281–288. [CrossRef] [PubMed]

45. Martin, A.P.; Pardini, A.T.; Noble, L.R.; Jones, C.S. Conservation of a dinucleotide simple sequence repeat locus in sharks.
Mol. Phylogenet. Evol. 2002, 23, 205–213. [CrossRef] [PubMed]

46. Monzón-Argüello, C.; Muñoz, J.; Marco, A.; López-Jurado, L.F.; Rico, C. Twelve new polymorphic microsatellite markers from
the loggerhead sea turtle (Caretta caretta) and cross-species amplification on other marine turtle species. Conserv. Genet. 2008,
9, 1045–1049. [CrossRef]

47. Shamblin, B.M.; Faircloth, B.C.; Dodd, M.; Wood-Jones, A.; Castleberry, S.B.; Carroll, J.P.; Nairn, C.J. Tetranucleotide microsatellites
from the loggerhead sea turtle (Caretta caretta). Mol. Ecol. Notes 2007, 7, 784–787. [CrossRef]

48. Shamblin, B.M.; Faircloth, B.C.; Dodd, M.G.; Bagley, D.A.; Ehrhart, L.M.; Dutton, P.H.; Frey, A.; Nairn, C.J. Tetranucleotide
markers from the loggerhead sea turtle (Caretta caretta) and their cross-amplification in other marine turtle species. Conserv. Genet.
2009, 10, 577–580. [CrossRef]

49. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647–1649. [CrossRef]

50. NCBI. GenBank. Available online: http://www.ncbi.nlm.nih.gov/genbank/ (accessed on 8 November 2023).
51. Benson, D.A.; Cavanaugh, M.; Clark, K.; Karsch-Mizrachi, I.; Lipman, D.J.; Ostell, J.; Sayers, E.W. GenBank. Nucleic Acids Res.

2013, 41, 36–42. [CrossRef]
52. Amos, W.; Hoffman, J.I.; Frodsham, A.; Zhang, L.; Best, S.; Hill, A.V.S. Automated binning of microsatellite alleles: Problems and

solutions. Mol. Ecol. Notes 2007, 7, 10–14. [CrossRef]

https://doi.org/10.1007/s10584-020-02933-w
https://doi.org/10.1016/j.ocecoaman.2015.07.027
https://doi.org/10.1016/j.envpol.2017.06.054
https://www.ncbi.nlm.nih.gov/pubmed/28651091
https://doi.org/10.3390/ani13010152
https://www.ncbi.nlm.nih.gov/pubmed/36611760
https://doi.org/10.1016/j.marpolbul.2016.06.034
https://www.ncbi.nlm.nih.gov/pubmed/27345709
https://doi.org/10.3389/fmars.2019.00387
https://doi.org/10.1371/journal.pone.0079889
https://doi.org/10.1534/genetics.111.138149
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://legislation.mt/eli/sl/549.44/eng/pdf
https://era.org.mt/topic/natura-2000-datasheets-maps/
https://doi.org/10.1371/journal.pone.0085956
https://doi.org/10.1111/j.1365-294X.2005.02598.x
https://doi.org/10.1046/j.1365-294x.1998.00355.x
https://www.ncbi.nlm.nih.gov/pubmed/9633101
https://doi.org/10.1046/j.1365-294X.2002.01426.x
https://www.ncbi.nlm.nih.gov/pubmed/11856428
https://doi.org/10.1016/S1055-7903(02)00001-5
https://www.ncbi.nlm.nih.gov/pubmed/12069551
https://doi.org/10.1007/s10592-007-9446-4
https://doi.org/10.1111/j.1471-8286.2007.01701.x
https://doi.org/10.1007/s10592-008-9573-6
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1111/j.1471-8286.2006.01560.x


Animals 2024, 14, 137 13 of 14

53. Excoffier, L.; Lischer, H.E.L. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under
Linux and Windows. Mol. Ecol. Resour. 2010, 10, 564–567. [CrossRef]

54. Van Oosterhout, C.; Hutchinson, W.F.; Wills, D.P.M.; Shipley, P. Micro-checker: Software for identifying and correcting genotyping
errors in microsatellite data. Mol. Ecol. Notes 2004, 4, 535–538. [CrossRef]

55. Encalada, S.E.; Bjorndal, K.A.; Bolten, A.B.; Zurita, J.C.; Schroeder, B.; Possardt, E.; Sears, C.J.; Bowen, B.W. Population structure
of loggerhead turtle (Caretta caretta) nesting colonies in the Atlantic and Mediterranean as inferred from mitochondrial DNA
control region sequences. Mar. Biol. 1998, 130, 567–575. [CrossRef]

56. Splendiani, A.; Fioravanti, T.; Giovannotti, M.; D’Amore, A.; Furii, G.; Totaro, G.; Nisi Cerioni, P.; Lucchetti, A.; Caputo Barucchi, V.
Mitochondrial DNA reveals the natal origin of Caretta caretta (Testudines: Cheloniidae) stranded or bycaught along the South-
western Adriatic coasts. Eur. Zool. J. 2017, 84, 566–574. [CrossRef]

57. Garofalo, L.; Mastrogiacomo, A.; Casale, P.; Carlini, R.; Eleni, C.; Freggi, D.; Gelli, D.; Knittweis, L.; Mifsud, C.; Mingozzi, T.; et al.
Genetic characterization of central Mediterranean stocks of the loggerhead turtle (Caretta caretta) using mitochondrial and nuclear
markers, and conservation implications. Aquat. Conserv. Mar. Freshw. Ecosyst. 2013, 23, 868–884. [CrossRef]

58. Loisier, A.; Savelli, M.P.; Arnal, V.; Claro, F.; Gambaiani, D.; Sénégas, J.B.; Cesarini, C.; Sacchi, J.; Miaud, C.; Montgelard, C.
Genetic composition, origin and conservation of loggerhead sea turtles (Caretta caretta) frequenting the French Mediterranean
coasts. Mar. Biol. 2021, 168, 52. [CrossRef]

59. Kaska, A.; Koç, G.; Sözbilen, D.; Salih, D.; Glidan, A.; Alati, A. Increased sample size provides novel insights into population
structure of Mediterranean loggerhead sea turtles. Conserv. Genet. Resour. 2023, 15, 67–75. [CrossRef]

60. Clusa, M.; Carreras, C.; Pascual, M.; Gaughran, S.J.; Piovano, S.; Giacoma, C.; Fernández, G.; Levy, Y.; Tomás, J.; Raga, J.A.;
et al. Fine-scale distribution of juvenile Atlantic and Mediterranean loggerhead turtles (Caretta caretta) in the Mediterranean Sea.
Mar. Biol. 2014, 161, 509–519. [CrossRef]

61. Vecchioni, L.; Arculeo, M.; Vamberger, M.; Marrone, F. Current status of and threats to Sicilian turtles. Diversity 2022, 14, 798.
[CrossRef]

62. Carreras, C.; Pascual, M.; Cardona, L.; Aguilar, A.; Margaritoulis, D.; Rees, A.; Turkozan, O.; Levy, Y.; Gasith, A.; Aureggi, M.; et al.
The genetic structure of the loggerhead sea turtle (Caretta caretta) in the Mediterranean as revealed by nuclear and mitochondrial
DNA and its conservation implications. Conserv. Genet. 2007, 8, 761–775. [CrossRef]

63. Margaritoulis, D.; Argano, R.; Baran, I.; Bentivegna, F.; Bradai, M.N.; Camiñas, J.A.; Casale, P.; De Metrio, G.; Demetropoulos, A.;
Gerosa, G.; et al. Loggerhead turtles in the Mediterranean: Present knowledge and conservation perspectives. In Loggerhead Sea
Turtles; Bolten, A.B., Ed.; Smithsonian Institution Press: Washington, DC, USA, 2003; pp. 175–198.

64. Hamann, M.; Shimada, T.; Duce, S.; Foster, A.; To, A.T.Y.; Limpus, C. Patterns of nesting behaviour and nesting success for green
turtles at Raine Island, Australia. Endanger. Species Res. 2022, 47, 217–229. [CrossRef]

65. Banan, I.; Turkozan, O. Nesting Activity of the Loggerhead Turtle, Caretta caretta, on Fethiye Beach, Turkey, in 1994. Chelonian
Conserv. Biol. 1996, 2, 93–96.

66. Silva, E.; Marco, A.; Pérez, H.; Abella, E.; Patino-martinez, J.; Martins, S.; Almeida, C. Light pollution affects nesting behavior
of loggerhead turtles and predation risk of nests and hatchlings. J. Photochem. Photobiol. B Biol. 2017, 173, 240–249. [CrossRef]
[PubMed]

67. Lasala, J.A.; Hughes, C.; Wyneken, J. Female loggerhead sea turtles (Caretta caretta L.) rarely remate during nesting season.
Ecol. Evol. 2020, 10, 163–174. [CrossRef] [PubMed]

68. Bowen, B.W.; Karl, S.A. Population genetics and phylogeography of sea turtles. Mol. Ecol. 2007, 16, 4886–4907. [CrossRef] [PubMed]
69. Purnama, D.; Zamani, N.P.; Farajallah, A. Microsatellite DNA Analysis on the polyandry of Green sea turtle Chelonia mydas.

Hayati J. Biosci. 2013, 20, 182–186. [CrossRef]
70. Alfaro-Núñez, A.; Jensen, M.P.; Abreu-Grobois, F.A. Does polyandry really pay off? The effects of multiple mating and number of

fathers on morphological traits and survival in clutches of nesting green turtles at Tortuguero. PeerJ 2015, 3, e880. [CrossRef]
71. Gaos, A.R.; Lewison, R.L.; Liles, M.J.; Henriquez, A.; Chavarría, S.; Yañez, I.L.; Stewart, K.; Frey, A.; Jones, T.T.; Dutton, P.H.

Prevalence of polygyny in a critically endangered marine turtle population. J. Exp. Mar. Biol. Ecol. 2018, 506, 91–99. [CrossRef]
72. Lasala, J.A.; Harrison, J.S.; Williams, K.L.; Rostal, D.C. Strong male-biased operational sex ratio in a breeding population of

loggerhead turtles (Caretta caretta) inferred by paternal genotype reconstruction analysis. Ecol. Evol. 2013, 3, 4736–4747. [CrossRef]
73. Harry, J.L.; Briscoe, D.A. Multiple paternity in the loggerhead turtle (Caretta caretta). J. Hered. 1988, 79, 96–99. [CrossRef]
74. Bollmer, A.J.L.; Irwin, M.E.; Rieder, J.P.; Parker, P.G.; Bollmer, J.L.; Irwin, M.E.; Rieder, J.P.; Parker, P.G. Multiple paternity in

Loggerhead turtle clutches. Copeia 1999, 475–478. [CrossRef]
75. Tedeschi, J.N.; Mitchell, N.J.; Berry, O.; Whiting, S.; Meekan, M.; Kennington, W.J. Reconstructed paternal genotypes reveal

variable rates of multiple paternity at three rookeries of loggerhead sea turtles (Caretta caretta) in Western Australia. Aust. J. Zool.
2014, 62, 454–462. [CrossRef]

76. Sari, F.; Koseler, A.; Kaska, Y. First observation of multiple paternity in loggerhead sea turtles, Caretta caretta, nesting on Dalyan
Beach, Turkey. J. Exp. Mar. Bio. Ecol. 2017, 488, 60–71. [CrossRef]

77. Zbinden, J.A.; Largiadèr, C.R.; Leippert, F.; Margaritoulis, D.; Arlettaz, R. High frequency of multiple paternity in the largest
rookery of Mediterranean loggerhead sea turtles. Mol. Ecol. 2007, 16, 3703–3711. [CrossRef] [PubMed]

78. Lee, P.L.M.; Schofield, G.; Haughey, R.I.; Mazaris, A.D.; Hays, G.C. A review of patterns of multiple paternity across sea turtle
rookeries. Adv. Mar. Biol. 2018, 79, 1–31. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1007/s002270050278
https://doi.org/10.1080/24750263.2017.1400597
https://doi.org/10.1002/aqc.2338
https://doi.org/10.1007/s00227-021-03855-6
https://doi.org/10.1007/s12686-023-01303-9
https://doi.org/10.1007/s00227-013-2353-y
https://doi.org/10.3390/d14100798
https://doi.org/10.1007/s10592-006-9224-8
https://doi.org/10.3354/esr01175
https://doi.org/10.1016/j.jphotobiol.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28601036
https://doi.org/10.1002/ece3.5869
https://www.ncbi.nlm.nih.gov/pubmed/31988720
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://www.ncbi.nlm.nih.gov/pubmed/17944856
https://doi.org/10.4308/hjb.20.4.182
https://doi.org/10.7717/peerj.880
https://doi.org/10.1016/j.jembe.2018.06.004
https://doi.org/10.1002/ece3.761
https://doi.org/10.1093/oxfordjournals.jhered.a110480
https://doi.org/10.2307/1447494
https://doi.org/10.1071/ZO14076
https://doi.org/10.1016/j.jembe.2016.11.018
https://doi.org/10.1111/j.1365-294X.2007.03426.x
https://www.ncbi.nlm.nih.gov/pubmed/17845442
https://doi.org/10.1016/bs.amb.2017.09.004
https://www.ncbi.nlm.nih.gov/pubmed/30012274


Animals 2024, 14, 137 14 of 14

79. Caspers, B.A.; Krause, E.T.; Hendrix, R.; Kopp, M.; Rupp, O.; Rosentreter, K.; Steinfartz, S. The more the better—Polyandry and
genetic similarity are positively linked to reproductive success in a natural population of terrestrial salamanders (Salamandra
salamandra). Mol. Ecol. 2014, 23, 239–250. [CrossRef] [PubMed]

80. Uller, T.; Olsson, M. Multiple copulations in natural populations of lizards: Evidence for the fertility assurance hypothesis.
Behaviour 2005, 142, 45–56. [CrossRef]

81. Slatyer, R.A.; Mautz, B.S.; Backwell, P.R.Y.; Jennions, M.D. Estimating genetic benefits of polyandry from experimental studies:
A meta-analysis. Biol. Rev. 2012, 87, 1–33. [CrossRef] [PubMed]

82. Casale, P.; Freggi, D.; Maffucci, F.; Hochscheid, S. Adult sex ratios of loggerhead sea turtles (Caretta caretta) in two Mediterranean
foraging grounds. Sci. Mar. 2014, 78, 303–309. [CrossRef]

83. Pearse, D.E.; Avise, J.C. Turtle mating systems: Behavior, sperm storage, and genetic paternity. J. Hered. 2001, 92, 206–211. [CrossRef]
84. Pearse, D.E.; Janzen, F.J.; Avise, J.C. Multiple paternity, sperm storage, and reproductive success of female and male painted

turtles (Chrysemys picta) in nature. Behav. Ecol. Sociobiol. 2002, 51, 164–171. [CrossRef]
85. Sakaoka, K.; Sakai, F.; Yoshii, M.; Okamoto, H.; Nagasawa, K. Estimation of sperm storage duration in captive loggerhead turtles

(Caretta caretta). J. Exp. Mar. Bio. Ecol. 2013, 439, 136–142. [CrossRef]
86. Blasi, M.F.; Hochscheid, S.; Bardelli, R.; Bruno, C.; Melodia, C.; Salzeri, P.; De Rosa, P.; Madonia, P. First report on two loggerhead

turtle (Caretta caretta) nests in the Aeolian Archipelago (Southern Italy). Acta Herpetol. 2022, 17, 37–43. [CrossRef]
87. Schofield, G.; Dickson, L.C.D.; Westover, L.; Dujon, A.M.; Katselidis, K.A. COVID-19 disruption reveals mass-tourism pressure on

nearshore sea turtle distributions and access to optimal breeding habitat. Evol. Appl. 2021, 14, 2516–2526. [CrossRef] [PubMed]
88. Martins, S.; Patrício, R.; Clarke, L.J.; Santos, N.D.; Marco, A. High variability in nest site selection in a loggerhead turtle rookery,

in Boa Vista Island, Cabo Verde. J. Exp. Mar. Biol. Ecol. 2022, 556, 151798. [CrossRef]
89. Vella, N.; Vella, A. Phylogeographic analyses of the Shortfin mako, Isurus oxyrinchus Rafinesque, 1810 (Chondrichthyes: Lamni-

formes) from the Central Mediterranean Sea, a critically endangered species in the region. Fishes 2023, 8, 520. [CrossRef]
90. Vella, N.; Vella, A. Population genetics of the deep-sea bluntnose sixgill shark, Hexanchus griseus, revealing spatial genetic

heterogeneity. Mar. Genom. 2017, 36, 25–32. [CrossRef]
91. Vella, A.; Vella, N.; Karakulak, F.S.; Oray, I.; Garcia-Tiscar, S.; de Stephanis, R. Population genetics of Atlantic bluefin tuna,

Thunnus thynnus (Linnaeus, 1758), in the Mediterranean: Implications for its conservation management. J. Appl. Ichthyol. 2016,
32, 523–531. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/mec.12577
https://www.ncbi.nlm.nih.gov/pubmed/24168518
https://doi.org/10.1163/1568539053627749
https://doi.org/10.1111/j.1469-185X.2011.00182.x
https://www.ncbi.nlm.nih.gov/pubmed/21545390
https://doi.org/10.3989/scimar.03988.30E
https://doi.org/10.1093/jhered/92.2.206
https://doi.org/10.1007/s00265-001-0421-7
https://doi.org/10.1016/j.jembe.2012.11.001
https://doi.org/10.36253/a_h-10188
https://doi.org/10.1111/eva.13277
https://www.ncbi.nlm.nih.gov/pubmed/34548882
https://doi.org/10.1016/j.jembe.2022.151798
https://doi.org/10.3390/fishes8100520
https://doi.org/10.1016/j.margen.2017.05.012
https://doi.org/10.1111/jai.13035

	Introduction 
	Materials and Methods 
	Study Area and Background Information 
	Sample Collection, DNA Extraction, PCR Amplification, and Sequencing 
	Data Analyses 

	Results 
	The Nests 
	Genetic Data 
	Sibship and Parentage Analyses 

	Discussion 
	Conclusions 
	References

