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Molecular resolution of marine turtle stock composition in
fishery bycatch: a case study in the Mediterranean
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Abstract

Based on an extensive sampling regime from both nesting populations and bycatch,
frequency analyses of mitochondrial (mt) DNA control region haplotypes in the
Mediterranean were used to assess the genetic structure and stock composition of the
loggerhead sea turtle, Caretta caretta, in different marine fisheries. The analyses show
the following. (i) In drifting longline fisheries working in Mediterranean pelagic habitats
53-55% of turtles caught originated from the Mediterranean stock; (ii) In bottom-trawl
fisheries all turtle bycatch is derived from this regional stock; (iii) This regional stock
contribution to fishery bycatch suggests that the population size of the Mediterranean
loggerhead nesting population is significantly larger than previously thought. This is
consistent with a recent holistic estimate based on the discovery of a large rookery in
Libya. (iv) Present impact of fishery-related mortality on the Mediterranean nesting
population is probably incompatible with its long-term conservation. Sea turtle conserva-
tion regulations are urgently needed for the Mediterranean fisheries. (v) The significant
divergence of mtDNA haplotype frequencies of the Turkish loggerhead colonies define
this nesting population as a particularly important management unit. Large immature
and adult stages from this management unit seem to be harvested predominantly by
Egyptian fisheries. (vi) Combined with other data, our findings suggest that all the nest-
ing populations in the Mediterranean should be considered as management units sharing
immature pelagic habitats throughout the Mediterranean (and possibly the eastern
Atlantic), with distinct and more localized benthic feeding habitats in the eastern basin
used by large immatures and adults. (vii) Between the strict oceanic pelagic and the
benthic stages, immature turtles appear to live through an intermediate neritic stage, in
which they switch between pelagic and benthic foods.
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Introduction

Mark and recapture studies (i.e. tag returns) of marine
turtles have revealed links between feeding grounds and
nesting areas, which are often separated by great dis-
tances (Carr 1975; Pritchard 1976; Carr et al. 1978; Limpus
et al. 1992, 1994a,b), and have highlighted the interna-
tional nature of marine turtle conservation issues (Limpus
et al. 1992). However, due to generally small sample sizes,
mark and recapture data have been ill-suited to the quan-
tification of links between nesting populations and fish-
ery areas. Tagging programs cannot be carried out at all
nesting locations nor is it possible to mark all individuals
within a population. In addition, chronic tag loss further
confounds such studies (Limpus 1992). This prevents an
understanding of the impacts that fishery-related mortal-
ity has on population dynamics of the species, making the
formulation of sound conservation and management
strategies difficult.

Regardless of the different scenarios suggested for the
future development of the Mediterranean countries (i.e.
Blue Plan; Grenon & Batisse 1988), pressure on all marine
turtle life-history stages will probably increase in this
region. In addition to coastal urbanization, tourism and
pollution, human-induced threats include incidental cap-
ture in marine fisheries. Fishery activity has become an
increasing threat which is the most important mortality
factor known in this region. Bottom trawl, longline, drift-
net, and small coastal fisheries have a large bycatch of
marine turtles causing substantial mortality (see Laurent
et al. (1996) for synthesis). For example, in the western
Mediterranean, Spanish longline fisheries interact with
loggerhead turtles, Caretta caretta, (Caminas 1988), with
an estimated annual capture rate of greater than 20 000 in
1991 and 1992, and an estimated mortality rate of 20%
(Aguilar et al. 1995). For conservation management it
would be highly desirable to have molecular markers at
hand that allow the identification of incidentally caught
sea turtles with respect to their affiliation to a specific
nesting site population.

Studies of mitochondrial DNA genealogies by random
RFLP and PCR analyses have revealed breeding popula-
tion-specific polymorphisms in marine turtles (Bowen
et al. 1989, 1992, 1993, 1994; Laurent et al. 1993; Allard et al.
1994; Broderick et al. 1994; Norman et al. 1994; Bass et al.
1996; Encalada et al. 1996; Schroth et al. 1996). By analysing
mtDNA haplotype frequencies of marine turtle samples
collected both in nesting and marine areas, specific poly-
morphisms have permitted the identification of the stock
affiliation of turtles caught at sea (Laurent et al. 1993;
Bowen et al. 1995, 1996; Sears et al. 1995). When popula-
tions can be identified by genotype frequency differences,
quantitative population contributions can be estimated by
maximum likelihood methods (Pella & Milner 1987).

However, to be reliable, such an approach fundamentally
requires a large mixture and widespread baseline sam-
ples, as well as large differences in genotype frequencies
among potential candidate rookeries (Pella & Milner
1987; Xu et al. 1994). Obtaining large numbers of samples
from widespread locations is particularly labour intensive
in marine turtle studies.

Preliminary DNA studies have shown that loggerhead
rookeries sampled in the Mediterranean, i.e. in Greece
and Cyprus, share common haplotypes with those of the
western Atlantic, but differ in haplotype frequencies
(Bowen et al. 1993; Laurent et al. 1993). On the basis of
such findings, analysis of the frequencies of cytochrome b
haplotypes in immature samples from the western
Mediterranean indicated that numerous individuals
caught in this fishery area originated from the USA and
elsewhere in the Atlantic (Laurent et al. 1993). This is the
first evidence for the suggested transatlantic develop-
mental loggerhead migration (Carr 1987). The molecular
findings also confirmed an earlier speculation that entries
of Atlantic loggerheads into the Mediterranean may be
common (Argano & Baldari 1983; Carr 1987; Laurent
1990a; Bolten et al. 1992). However, no large nesting areas
have yet been sampled for mtDNA haplotype analyses.
This has prevented estimation of overall mtDNA haplo-
type frequencies in the Mediterranean, and therefore
excluded an assessment of stock composition of marine
turtle bycatch in Mediterranean fisheries.

In this study, we characterize the first complete
sequence of the mtDNA control region of a reptile, the
loggerhead sea turtle, and use frequency analyses of
mtDNA control region haplotypes to assess population
genetic structure and stock composition in different fish-
eries. We seek to correlate molecular stock identification
with fishery interaction and the size and reproductive sta-
tus of individuals. This integrated approach will be cru-
cial for wunderstanding population dynamics of
loggerheads, so contributing to our limited knowledge of
their life history, and the assessment of the impacts of pre-
sent fishing activities on marine turtle populations in the
Mediterranean.

Materials and methods
Sample collection

Six nesting areas were sampled, one being a combination
of three small groups of nesting beaches samples (Table 1
and Fig. 1). Drifting longline fisheries provided samples
during summer from the western and eastern
Mediterranean; oceanographic basins which are sepa-
rated by the channel of Sicily (Fig. 1). Bottom-trawl fish-
eries working during winter, spring and autumn
provided samples from Tunisia, Egypt and the Gulf of
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Table 1 Haplotype distribution in nesting and marine area samples. A and C are mtDNA cytochrome b haplotypes

Haplotype
A Al A2 A3 A4 A5 A6 A7 A8 C C1 C2 C3 N

Nesting areas
USA Georgia/Carolina 23 23
USA Florida 16 1 9 26
Greece 9 1 10
Cyprus 35 35
Turkey 19 13 32
Southeastern basin 15

Libya 7

Israel 6

Italy (Lampedusa) 2
Fishery areas
Drifting longlines fisheries

Western Mediterranean 46 13 59

Eastern Mediterranean 32 3 1 2 1 1 10 2 52
Bottom trawl fisheries

Tunisia 33 1 34

Egypt 18 2 1 23

Turkey 1 1
Small coastal fisheries

Italy (Lampedusa) 13 1 3 17
Undetermined fishing gear
or stranded individuals

Italy (Lampedusa) 2 4 1 7

Italy (Adriatic Sea) 8 1 9

Italy (Tyrrhenian Sea) 2 1 3

Cyprus 2 2

Iskenderun, Turkey. Samples from small coastal fisheries
were obtained from bottom-trawl, bottom-longline and
trammel net fisheries working in summer around
Lampedusa Island, Italy. Additional samples were obtained
from individuals stranded or caught in undetermined fish-
ing gear (Table 1). DNA samples were derived either from
eggs or dead hatchlings found in nests after the completion
of hatching, or from blood or muscle tissue. Blood sampling
was undertaken according to the protocol of Owens & Ruiz
(1980). Blood was preserved at a low temperature by a vari-
ety of methods and subsequently stored at — 70 °C. Muscle
samples were either preserved in 70-90% alcohol or frozen.
The size of individuals was measured according to the
Standard Curved Carapace Length method (Pritchard et al.
1983). Sex and reproductive status were recorded when pos-
sible according to the following procedure. Males were
determined by external morphology. Large individuals of
2 70 cm, the minimum nesting female size in Greece
(Margaritoulis 1982), with tail length from carapace tip to
tail tip greater than 15 cm were assumed to be males. When
tail length was greater than 20 ecm the individual was
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assumed to be an adult male. Adult females were only
determined when internal examination of mature follicles
was possible, e.g. when slaughtered turtles were observed.

DNA extraction, PCR amplification and sequencing

Total DNA was extracted from blood by the rapid proce-
dure of Fitzsimmons et al. (1995) and from other tissue sam-
ples by standard phenol-chloroform protocol. American,
Greek and Cyprus nesting samples as well as a fishery
sample from the western basin were previously analysed
by sequencing a 420 bp fragment encompassing the 3' end
of the tRNA“™ gene and the 5' part of the cytochrome b
gene, using Hpall-RFLP (Laurent et al. 1993). This analysis
distinguished two divergent maternal lineages A and C.
Lineage A haplotype was shared by both American and
Mediterranean nesting populations, while lineage C was
only found in nesting rookeries of the USA. We then ana-
lysed control region polymorphisms of the following sam-
ples: Mediterranean nesting areas, fishery samples of the
eastern basin, and American nesting individuals with hap-
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Fig.1 Loggerhead turtle sample locations of nesting and fishery areas in the Mediterranean. The southeastern basin nesting area is a com-
bination of small nesting beaches samples from Israel, Libya and Italy (Lampedusa Island) (Table 1). Estimates of loggerhead population
sizes (nesting females per year) are compiled from a bibliography. Locations of drifting longline fishery bycatch are represented by solid
squares, whereas bottom-trawl fishery bycatch are represented by solid stars.

lotype A, as the primary aims of our study were to differen-
tiate Mediterranean from Atlantic stocks and to estimate
population structure within the Mediterranean. PCR
amplification of the 5' part (L strand) of the control region
was obtained with primer L15926 (Kocher et al. 1989) and
the HDCM1 primer (Allard et al. 1994). A H1074 primer
was designed from sequence alignment within the anneal-
ing zone of primer L1091 (Kocher et al. 1989) in the 125
rRNA gene to amplify the 3' part, producing single-sized
products with interindividual length polymorphism.
Finally, primers HCD8 and LCD9 were designed for the
investigation of a repetitive region, and L71 and H599 were
designed to amplify variable 520-526 bp fragments (Fig. 2).
The 5' to 3' sequences of the primers were as follows:
HCD8, 5-GCATCTGCAGTGCCGTGCTTTGTGATA-3
LCDY, 5-CACCTCGAGTACACCCAACTAACCAAAC-3,
L71, 5-TGCCCAACAGAATAATATCCATAAT-3; H599,
5-TGCACGGCCAATCATTTTGAACGTAG-3.

PCR amplifications were performed in a 50 uL reaction
volume containing 2 units of Tag polymerase, 1x PCR
Buffer II (Perkin Elmer, Norwalk), 2.5 mm MgCl,, 0.2 mMm
of ANTP, 0.2 uM each primersand 10-500 ng of genomic
DNA. For each pair of primers an optimal PCR tempera-
ture profile was determined. For one typical example,
primers HCD8 and LCDY, the amplification conditions

were as follows: 30 cycles of 94 °C for 1 min, 65 °C for
1 min and extension at 72 °C for 1 min; a final extension
reaction of 10 min at 72 °C was always added. Control
reactions contained no template DNA. PCR product sizes
were visualized by agarose gel electrophoresis and ethid-
ium bromide staining; molecular weights were estimated
by comparison to the ®-x 174 marker.

For sequencing, double-stranded PCR products were
purified by centrifugation with a QIAquick protocol (QIA-
GEN). Templates were cycle sequenced with each of the
PCR primers using the Perkin Elmer GeneAmp PCR system
9600 and FS Dye Terminator ready mix reaction kit. Excess
dye-labelled ddNTPs were removed from cycle sequencing
reactions using Quick spin G50 columns (Boehringer
Mannheim). The purified labelled extension products were
analysed using Applied Biosystems automated DNA
sequencers. Each sample was sequenced in both directions
to eliminate ambiguous positions, leading to final
sequences of 452 or 458 bp in length (Fig. 2). To assure accu-
racy, new haplotypes were amplified and sequenced twice.

Data analysis

Multiple sequence alignments were accomplished both
by eye and using the Sea View editor (Galtier et al. 1996).
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ACAARAGCACGGCACTGAAGATGCCAAGATGGGTAAACACACA

Fig. 2 Sequence of the loggerhead Caretta
caretta control region and its flanking
tRNA genes. The sequence shown is the
light strand. A1 is a sequence haplotype of
maternal lineage A, whereas C1 is a
sequence haplotype of maternal lineage C.
Sequences analysed with PCR primers
L71/H599 are in bold. Dots below the top
sequence indicate the same nucleotide,
hyphens indicate insertions/deletions, and
TATATTATAT represents the repetitive
region shown with two arbitrary repeats.
Primer-binding sites are shown above the
sequence (see text for sequences). HCDM1
is from Allard et al. (1994); TCR5 and TCR6
are from Norman et al. (1994). GenBank
Accession no. of sequence haplotypes Al
and C1 are 135254 and L35255. L35255 has
an error, G in position 173 must be A (see
Table 2).

Haplotype frequencies among nesting areas were com-
pared by means of Fisher’s exact test. Coefficients of dif-
ferentiation ®gy (F-statistic analogue) were calculated
using the program amova (Excoffier et al. 1992). Molecular
variance components and ®-statistics were estimated
with haplotype frequencies alone, i.e. haplotypes were
considered as equidistant, and tested by a nonparametric
permutational procedure under the null distribution of
the variance components (and ®-values) from 9999 ran-
dom permutations of the original squared distance
matrix. Pairwise ®gp enabled us to estimate the average
gene flow per generation between nesting populations
(Nm), which is the product of the effective population size
N and the migration rate m, using the equilibrium rela-
tionship for haploid data: Fsr =1/(2Nm + 1).

Assessment of loggerhead stock composition in fishery
bycatch was carried out on the basis of haplotype fre-
quency differences between baseline (nesting areas) and
mixture samples (fishery areas) by using maximum likeli-
hood (ML) analysis (Pella & Milner 1987; Masuda et al.
1991; Xu et al. 1994). As the size of the baseline samples
was relatively small with regard to mixture samples, we
preferred using an unconditional approach with the pro-
gram UCON (Masuda et al. 1991), which permits the base-
line haplotype relative frequencies with the mixture

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 15291542

samples to be adjusted (the conditional approach does not
allow this adjustment). Precision of stock composition
estimates for sampling error was determined by two pro-
cedures provided by ucoN (Masuda et al. 1991). Standard
deviations were calculated by the ‘jacknife” option which
only accounted for sampling error from the mixture,
whereas 95% confidence limits were obtained by boot-
strap resampling (500 times) of both baseline and mixture
samples with replacement to generate a null random dis-
tribution of computed stock composition. Three stock
composition analyses were performed. (i) USA vs.
Mediterranean stock, by assuming that the Atlantic stock
is only composed of Florida and Georgia/Carolina popu-
lations, which represent the largest regional nesting areas
in the Atlantic by far, and are the closest to the
Mediterranean. For this analysis we used a recent mtDNA
survey of the American populations (SW/SE Florida and
NEFL/NC) which is based on a larger sample size
(Encalada et al. 1998). ML analysis was performed by
analysing frequencies of haplotypes from the two distinct
maternal lineages A and C. (ii) Atlantic vs. Mediterranean
stock; individuals from pelagic habitats around the
Azores, which were recently surveyed for mtDNA haplo-
type frequencies by Bolten et al. (1998), were used as a
baseline sample for the Atlantic stock. This sample is
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assumed to be representative for the pelagic immature
developmental movement of all western Atlantic rook-
eries. The location is in the eastern part of the ocean cur-
rent gyre systems, and is not influenced by the Canary
current which may receive individuals endemic to
Mediterranean swimming out of the Mediterranean. ML
analysis was also performed with maternal lineage fre-
quencies. (iii) Within-Mediterranean stocks by analysing
control region haplotype frequencies; individuals in mix-
ture samples with haplotypes not found in nesting areas
were removed from the analysis.

Results

General organization and variability of the loggerhead
control region

Figure 2 presents the first complete mtDNA control region
sequence of a reptile. The loggerhead control region
varies in length from = 1230 to = 1630 bp, and contains the
main conserved domains; these are the three CSBs and the
TAS putative sequences, and a repetitive region with a
microsatellite TATAT element at the 3' end (Fig. 2). Unlike
other vertebrates studied to date, loggerheads have an AT
repetitive sequence.

Length of the repetitive region in 42 individuals ranged
from 300 to 700 bp, with heteroplasmy in three cases, but
this polymorphism did not enable nesting populations to
be distinguished. However, these markers probably allow
individual mtDNA fingerprint and population structure

analysis at a local level, such as between adjacent nesting
beaches. Similar uses of mtDNA control region variability
have already been noted in other vertebrate species
(Wilkinson & Chapman 1991; Wenink et al. 1994).
Sequence variation analysis distinguished the two
divergent maternal lineages A and C previously revealed
by cytochrome b sequence analysis (Laurent ef al. 1993),
and by random RFLP analysis (Bowen et al. 1993). The
control region shows no short hypervariable sequences in
the right domain near the repeated sequences, as is the
case, for example, in shrews (Fumagalli 1995). Within-lin-
eage variation was only detected in the middle third part
of the control region (Fig. 2). Finally, this portion, which
matches that of previous studies on marine turtles (Allard
et al. 1994; Norman et al. 1994; Bowen et al. 1995; Bass et al.
1996; Encalada et al. 1996; Schroth et al. 1996), was chosen
to generate sequences of 452 and 458 bp in length (Fig. 2),
which are slightly longer than those in previous studies.
Among 259 individuals, 35 polymorphic sites were
observed defining 11 haplotypes (Table 2). Differences
between haplotypes were either transitions (43 nucleotide
sites) or deletions/insertions (nine sites). A collection of
33 individuals was surveyed for both cytochrome b and
control  region sequence polymorphism. Three
cytochrome b haplotypes were found by examining a
420 bp fragment, while five were found for the control
region (849 nucleotides screened). Both regions provided
the same number of haplotypes per number of
nucleotides. Within lineages (more closely related
sequences), the observed divergence in the cytochrome b

Table 2 Polymorphic sites observed among 259 individuals at 459 positions. Haplotype Al is the reference (- is deletion/insertion).

Sequence numbering begins at the 5' end of the control region (Fig. 2)

Position 111111122222233

4 4 6 6 7 80 2 79 2 6 0 2 2 236 6 6 7 2.2 6
2 5 1 3 3 86 9 12 8 00 59 4 2 4 7 56 8 9 0 0 8 3
Haplotype
Al CACC-GGAGATAGTT TGGAGCGTGCAAGTCGGA
A2 G
A3 A
A4 T G
AS G
A6 G C
A7 G T
A8 A
C1 TGTTTA A C G CcC C A - ATAC - - - - - - A AG
C2 TGTTTA A C G Cc C A - ATAC - - - - - -TAAG
C3 TGTTTAA A C Cc C A - ATAC - - - - - -TAAG

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 1529-1542
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gene ranged from 0 to 0.24% and was similar to that found
in the control region. Among lineages, the observed diver-
gence was between 0.95 and 1.19% for the cytochrome b
gene vs. 4.61% for the control region. This indicates that
the control region evolves about four times faster than the
cytochrome b gene.

Population structure

An analysis of molecular variance based on variation
partitioning into an American group (Georgia/Carolina
and Florida samples), and a Mediterranean group (con-
taining all other samples) (Table 1), attributed 41%
(Per = 0.412; P < 0.0001) of the total genetic variation to
among groups. This analysis shows a significant and sub-
stantial divergence between the American and the
Mediterranean regional nesting areas, indicating two dif-
ferent stocks of loggerheads. Within the Mediterranean,
33% (®gr = 0.331; P < 0.0001) of the total variation was
accounted for by differences among nesting area sam-
ples, indicating a considerable population structuring.
However, this is mainly a result of the Turkish area,
which holds a nesting population genetically distinct
from the others (Table 3). Indeed, the nesting areas of
Greece, Cyprus and the southeastern basin were geneti-
cally indistinguishable (Table 3), and were combined in
a subsequent analysis. Estimates of interpopulation
matriarchal gene flow Nm, i.e. number of reproductively
successful migrant individuals per generation, ranged
from 0 to 2.3 between American and Mediterranean

populations, whereas estimates among Mediterranean
populations ranged from 0.75 to 2.02 (Table 3).

Stock composition

In the western and eastern Mediterranean drifting long-
line bycatch, the proportion of individuals with lineage C
haplotypes (endemic to west Atlantic nesting colonies)
was 22 and 23%, respectively. This is in marked contrast
with Tunisian, Egyptian and Turkish bottom-trawl fishery
samples where these haplotypes were not observed
(Table 1). In the western basin contribution of
Mediterranean stock to drifting longline fisheries was
53%, whereas contributions of the American populations
were estimated at 45% from Florida and 2% from the
Georgia/Carolina assemblage. In the eastern basin,
Mediterranean stock was estimated at 51%, and 47% from
Florida and 2% from the Georgia/Carolina assemblage
(Table 4). In the bottom-trawl bycatch from Tunisia and
Egypt, Mediterranean stock contribution was estimated
at 100% (Table 4). In the second ML analysis the
Mediterranean stock was compared with the whole
Atlantic stock and its contribution in drifting longline
fisheries was estimated at 55% in the western basin and
53% (+ 12 SD) in the eastern basin. Contribution to
bottom-trawl] fisheries was 100% (Table 4). Based on these
findings, we assumed that only Mediterranean popula-
tions contribute to bycatch from bottom-trawl fisheries.
Comparisons of haplotype frequencies between Tunisian
and Egyptian bottom-trawl fisheries samples showed a

Table 3 Pairwise haplotype frequency comparisons among nesting areas. Above the diagonal, Fisher’s exact test and ®g; with signifi-

cance; below the diagonal, Nm

Carolina Georgia/Carolina  Florida Greece Cyprus Turkey Southeastern basin
Georgia/Carolina - P<0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001
0.587 0.940 1.00 0.720 1.00
P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001
Florida 0.35 - P=0.0332 P=0.0002 P=0.0003 P=0.0089
NS 0.366 0.178 0.260
P <0.0001 P <0.0001 P=0.0027
Greece 0.03 - NS P=0.0136 NS
NS 0.198 NS
P=0.0237
Cyprus 0.00 0.87 - P<0.0001 NS
0.399 NS
P <0.0001
Turkey 0.19 2.3 2.02 0.75 - P=0.0025
0.302
P <0.0001
Southeastern basin 0.00 1.42 1.15 -

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 15291542
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Table 4 Stock composition in Mediterranean fishery areas based on UCON. SD was calculated using the jacknife method, whereas 95% confidence intervals (CI) were calculated with

bootstrap resampling (see the Materials and methods)

Bottom trawl fisheries

Drifting longline fisheries

Eastern

Western

SD 95% CI

Egypt

SD 95% CI

Tunisia

95% CI

SD

Mediterranean

95% CI

SD

Mediterranean

Stock analysis

0.00-0.00
0.00-0.00
1.00-1.00

0.00
00
00

0.00

0.00
0.00
1.00

0.00-0.00
0.00-0.00
1.00-1.00

00
00
00

0.

0.00
0.00
1.00

0.00-0.08
0.28-0.58
0.34-0.71

0.00
0.13
0.13

0.02

0.00-0.07
0.26-0.57
0.36-0.73

0.00
0.12

0.02
0.45
0.53
0.45
0.55

1. USA Georgia/Carolina

0.

0.

0.47
0.

USA Florida

0.

0.

51

0.12

Mediterranean
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3. Turkey

slight but significant substructuring among samples
(Psp = 0.083; P = 0.0234), indicating that each fishery is
impacting differently on different loggerhead popula-
tions. We conducted a third ML analysis, considering two
stocks within the Mediterranean, the Turkish and the
combined Greek, southeastern basin, and Cyprus one.
No contribution was made by the Turkish stock to the
distant Tunisian fishery; however, it contributed some
25% to the closer Egyptian fishery (Table 4).

These findings clearly indicate that the Mediterranean
pelagic habitat, sampled by drifting longline fisheries, is
utilized by distant populations both from within and out-
side the Mediterranean. This is in marked contrast to the
benthic areas exploited by bottom-trawl fisheries that are
only used by regional turtle populations.

Inputs for population dynamics analysis

Stock compositions were related to size class data to
assess the impact of fisheries on populations. Individuals
caught by drifting longlines were small and medium
immatures with a proportion of adults close to zero
(Fig. 3a,b). In the western Mediterranean sample, indi-
viduals had a mean size of 47.4 cm (range: 27.6-69.0;
SD =10.35; N = 62) (Fig. 3a), and of 45.9 cm in the eastern
Mediterranean (range: 33.0-75.5; SD=7.45; N =53)
(Fig. 3b). The proportion of large individuals (= 70 cm)
captured was low. Only one large individual was
collected; it had a short tail, but because it was not inter-
nally investigated it could not be sexed. On the other
hand, loggerheads caught in bottom-trawl fisheries were
medium and large immatures and adults (Fig. 3c,d). In
the Tunisian sample, individuals had a mean size of
61.3 cm (range: 32.3-91.8; SD = 15.14; N = 80) with a pro-
portion of large individuals of 35.0% (Fig. 3c). Of seven
males detected, six were adults. Although no individuals
were internally examined, and sexed as adult females,
the total proportion of adults was 7.5%. In the Egyptian
fishery, body mean size was 67.0 cm (range: 49.4-86.3;
SD = 9.54; N = 27) and large individual index was 37.0%
(Fig. 3d). Of the 10 large individuals (= 70 cm) collected
(Fig. 3d), only six were sexed: four of these were adult
males and two were adult females. The proportion of
adults was 22.2%.

Individuals endemic to west Atlantic nesting colonies
with haplotype C observed in the Mediterranean had a
mean size of 48.6 cm (range: 29.7-65.0; SD = 8.31; N = 34),
while the mean size for haplotype A individuals from
both Mediterranean and Atlantic stocks was 51.4 cm
(range: 23.0-90.0; SD = 14.78; N = 165). The difference is
not significant (Kolmogorov—-Smirnov two-sample test);
however, no large individuals (= 70 cm) were found in lin-
eage C. This represents a significant difference with the
proportion of large individuals of lineage A (15.1%)

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 1529-1542
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(Fisher’s exact test, P = 0.006), indicating that individuals
from western Atlantic nesting colonies entering the
Mediterranean do not grow to a large size in the
Mediterranean.

Discussion

Population structure

This study provides the first rigorous estimate of mtDNA
haplotype frequencies of the Mediterranean loggerhead
population. The data confirm previous findings (Bowen
et al. 1993; Laurent et al. 1993) that the Mediterranean pop-
ulation constitutes an endemic breeding population and
represents a functionally independent stock, which has
diverged in mtDNA genotypes as a result of low levels of
contemporary female-based gene flow with Atlantic pop-
ulations. This is consistent with other studies on inter-
regional loggerhead population structure (Bowen ef al.
1993; Bowen et al. 1994). Furthermore, as no western hap-
lotype C was found in the 25 large individuals (= 70 cm)
(including at least nine identified adult males), Atlantic
males seem not to breed in the Mediterranean, which
causes a low male-based gene flow between the Atlantic
and the Mediterranean. This highlights the functional
independence of the Mediterranean loggerhead breeding
population.

Our mtDNA data demonstrate that the Turkish
colonies are genetically distinct from the others in the
Mediterranean, indicating that Turkey holds an inde-
pendent population unit. Lack of genetic divergence
among the other nesting areas (Cyprus, Greece and the
southeastern basin) does not necessarily imply panmixia
because potential differences may have stayed unde-
tected due to sample size limitations or lack of resolution
of the marker. Indeed, some haplotypes observed in
marine areas have not yet been assigned an origin
(Table 1). This is the case, for example, for haplotype A5,
which was found in both pelagic and benthic areas in
five different individuals (Table 1). This haplotype was
not observed in a recent mtDNA haplotype frequency
survey of western Atlantic nesting areas, nor in another
Greek sample from Peloponnesus (Encalada et al. 1998),
nor from pelagic habitats in the eastern Atlantic (Bolten
et al. 1998). This strongly suggests that haplotype A5
may be endemic to Libya, and is also consistent with a
large rookery in Libya, not yet fully genetically investi-
gated. The absence of this haplotype in the Libyan nest-
ing area sample may be due to the small sample size
(n = 7). Furthermore, the significant differences in the
size of nesting females from the different nesting areas of
Cyprus, Greece and Libya (Laurent et al. 1995; Broderick
& Godley 1996) strongly support a population structur-
ing. Together, these findings suggest that all the nesting
areas possess independent population units. Within
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nesting areas it is likely that population differentiation
among adjacent nesting sites occurs, as this was recently
shown for different nesting sites in Turkey by means of
analysis of both mitochondrial and nuclear markers
(Schroth et al. 1996).

Stock composition in Mediterranean marine areas

Our ML analyses focused on the Mediterranean stock
contribution in fishery bycatch and were based on the
lineage C haplotype frequency in order to increase
precision of contribution estimates for subsequent
population dynamics analyses. The proportion of this
haplotype was recently found to be 99.00% (N = 105) in
Georgia/Carolina and 44.00% (N = 50) in south Florida
(Encalada et al. 1998); western Atlantic colonies recently
shown to be the primary sources of juveniles loggerhead
in pelagic habitats of eastern Atlantic around the Azores
and Madeira (Bolten et al. 1998). In these two eastern
Atlantic zones, located in the current path of transatlantic
developmental loggerhead migration before reaching
Gibraltar strait, the proportion of the lineage C haplotype
was found to be 49.36% (N = 79) and 51.90% (N = 52),
respectively. In contrast, in the Mediterranean nesting
aggregate the frequency of this haplotype is equal to zero
(N = 92) (Table 1). This was subsequently confirmed in
Mediterranean benthic habitats (N = 58) (Table 1). On the
basis of this high haplotype frequency difference, contri-
bution of the transatlantic developmental migration to the
pelagic habitat of the western and eastern Mediterranean
was estimated to be 45 and 47%, respectively (Table 4),
which is lower than previously believed (Carr 1987), but
confirms a previous hypothesis (Laurent 1990b).

When assuming in our first stock composition analysis
that the Atlantic stock is only composed of northwestern
Atlantic rookeries we did not take into consideration the
other haplotypes, and other Atlantic colonies which may
make very small contributions to Mediterranean pelagic
habitats. For example, some of the haplotypes found in
pelagic habitats may be from Mexico or other USA rook-
eries, e.g. haplotypes A4 and A7 (Table 1). However, hap-
lotypes J and C originally found and considered as
endemic to Mexico and to Florida, respectively (Bolten
et al. 1998; Encalada et al. 1998), were also observed in
Greek and Turkish nesting areas, respectively (haplotype
A2, A3; Table 1). This shows that small haplotype fre-
quencies should be used with caution in mixture sam-
ples. If both Mediterranean and Atlantic nesting areas
could be surveyed completely for control region haplo-
types, more detailed stock composition analyses could be
conducted. This would be carried out by using small
haplotype frequencies and without removing informa-
tive individuals with haplotypes not found in nesting
areas from the mixtures samples.
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Drifting longline fisheries
Western Mediterranean
Sample size = 62
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Fig. 3 Size class distribution of
loggerhead turtles in fishery bycatch.
Key: 70 cm = smallest nesting female in
Greece; 4 cm = hatchling size in the
Mediterranean.
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Population management

Our stock composition assessment demonstrates that all
captures from bottom-trawl fisheries and more than half
of the captures from drifting longline fisheries derive
from the Mediterranean stock. This totally modifies our
estimation of the Mediterranean loggerhead nesting pop-
ulation size. Indeed, these populations were thought to be
small and most of the individuals caught by fisheries in
the western Mediterranean were considered to originate
from the Atlantic (Carr 1987, Groombridge 1990). This
regional stock contribution to fishery bycatch is consistent
with a recent holistic estimate based on more detailed
investigations of previously neglected nesting areas, e.g.
in northern Cyprus (Broderick & Godley 1996), and espe-
cially the recent discovery of a large loggerhead rookery
in Libya (Laurent et al. 1995, 1997).

Fisheries-related mortality of loggerhead turtles in the
Mediterranean is probably substantial. Although the
effect of these fisheries on turtle population dynamics
needs to be accurately quantified using demographic
models, our stock composition assessment is explicit in
itself. If long-term conservation of Mediterranean logger-
head turtle populations is to be ensured, sea turtle conser-
vation regulations are urgently needed for the
Mediterranean fisheries. For the Mediterranean marine
environment, one of the most important conservation
issues is to manage fishing activity in a way to obtain sus-
tainable exploitation of resources on the one hand, and
environmental protection of nontarget species on the
other hand. There is an urgent need for the European
Community and the wider Mediterranean community as
a whole to make policies for resource management, and
for the environment, more coherent.

The particular mtDNA haplotype divergence of the
Turkish loggerhead population defines this nesting

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 15291542
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population as a management unit (MU) (Moritz 1994),
and our stock composition analysis suggests that large
immature and adult stages of this MU might be predomi-
nantly harvested by Egyptian fisheries. Our DNA data do
not allow MUs for the other nesting areas to be defined,
although the existence of such MUs is indicated by the
significant differences in the size of nesting females. It
would therefore be unwise to base a policy on the moni-
toring of one nesting site only, i.e. Zakynthos (Greece).
Each Mediterranean nesting population should be man-
aged separately at all life-history stages by considering
small immature stages of these populations as sharing
pelagic habitats throughout the Mediterranean (and pos-
sibly the eastern Atlantic), while large immatures and
adults have distinct and more localized benthic feeding
habitats in the eastern basin. These habitats need to be
accurately identified in further studies using both
mtDNA and nuclear markers.

Ecological shift in the loggerhead life cycle

The present work has shown that loggerheads from the
Atlantic stock enter Mediterranean pelagic habitats, but
do not recruit to benthic habitats in the region (at least
during autumn, winter and spring). The simplest inter-
pretation is that an ecological shift in the loggerhead life
cycle occurs during an immature stage which occupies
both habitats (see the Results). The life cycle of the logger-
head has been considered as having two immature life-
history phases: an early nursery oceanic pelagic phase of
hatchlings, posthatchlings and small immature stages,
followed by a benthic subadult phase reaching maturity
in shallow coastal waters (Carr 1982, 1987; Limpus et al.
1994a). Our data give an insight into this shift and sug-
gest that it may be induced by a strong behavioural com-
ponent (in addition to ecological factors), and that the
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limited dispersal behaviour of females (Table 3) is
already determined at the immature pelagic phase. Such
findings strengthen the evidence regarding the major
role of natal philopatry in the determination of female
dispersal.

Hatchlings and posthatchlings in the Mediterranean
are only rarely observed in neritic waters, indicating that
they effectively enter an oceanic phase after leaving nest-
ing beaches. Larger individuals are caught by longline
fisheries in western and eastern Mediterranean pelagic
areas (De Metrio et al. 1983; Caminas 1988; Aguilar et al.
1995; Panou et al. 1996). Capture per unit effort of long-
line fishing is higher during summer in the western
Mediterranean (Caminas 1988; Caminas & De La Serna
1995) with only a low incidence of loggerhead bycatch in
this area during winter (Caminas & De La Serna 1995).
Immature stages are known to enter shallow coastal
waters off France during summer, where they are cap-
tured by bottom trawlers and coastal trammel nets
(Delaugerre 1987; Laurent 1991; Laurent et al. 1996).
Larger loggerheads are caught in the eastern basin
(Laurent et al. 1996) by bottom-traw] fisheries, at least
during winter, as is the case in Tunisia (Laurent et al.
1990, 1996; Bradai 1992), in Lakonikos bay (Greece)
(Margaritoulis et al. 1992), in Iskenderun Bay (Turkey)
(Laurent et al. 1996; Orug et al. 1997), in Egypt (Laurent
et al. 1996), and probably in the northern Adriatic (Lazar
& Tvrtkovic 1995). Dietary analysis has indicated that
loggerheads caught during winter in South Tunisian
waters actively feed on benthic invertebrates, mostly gas-
tropods, hermit crabs, holothurians, lamellibranchs and
sponges (Laurent & Lescure 1994). Together, these data
suggest that immature turtles do not recruit to the ben-
thic phase in one step from the strict oceanic pelagic
phase, but progressively from a later flexible neritic
stage. In this phase, individuals would feed on pelagic
prey most of the time, but would also be able to faculta-
tively switch to feeding on benthic prey in coastal waters.
Support for this hypothesis also comes from the record of
four tagged immatures originally caught by longlines
and subsequently, 1 year later, captured by small coastal
fisheries in French Mediterranean waters (Argano et al.
1992; R. Argano et al. unpublished data). Captures of
Atlantic loggerheads by bottom fisheries around
Lampedusa (Table 1) could also be explained by such a
behavioural flexibility.
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