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Abstract Mitochondrial (mt) DNA control region se-
quences were analyzed for 249 Atlantic and Mediterra-
nean loggerhead turtles (Caretta caretta Linnaeus, 1758)
to elucidate nesting population structure and phylo-
geographic patterns. Ten haplotypes were resolved
among individuals sampled between 1987 and 1993,
from ten major loggerhead nesting areas in the region.
Two distinct phylogenetic lineages were distinguished,
separated by an average of 5.1% sequence divergence.
Haplotype frequency comparisons between pairs of

populations showed signi®cant di�erentiation between
most regional nesting aggregates and revealed six de-
mographically independent groups, corresponding to
nesting beaches from: (1) North Carolina, South Caro-
lina, Georgia and northeast Florida, USA; (2) southern
Florida, USA; (3) northwest Florida, USA; (4) Quintana
Roo, Mexico; (5) Bahia, Brazil; and (6) Peloponnesus
Island, Greece. The distribution of mtDNA haplotypes
is consistent with a natal homing scenario, in which
nesting colonies separated by a few hundred kilometers
represent isolated reproductive aggregates. However, a
strong exception to this pattern was observed in the ®rst
group de®ned by mtDNA data (North Carolina to
northeast Florida), which included samples from four
nesting locations spread across thousands of kilometers
of coastline. These locations were characterized by a
single haplotype in 104 out of 105 samples, providing
inadequate resolution of population divisions. In view of
the subdivisions observed elsewhere, we attribute the
lack of di�erentiation between North Carolina and
northeast Florida to recent colonization of these warm
temperate coastlines (after the Wisconsin glaciation) not
to ongoing gene ¯ow among spatially distinct nesting
locations. The relationships among observed haplotypes
suggest a biogeographic scenario de®ned by climate,
natal homing, and rare dispersal events. The rede®ned
relationships among nesting aggregations in the western
Atlantic region (southeastern USA and adjacent Mexi-
co) prompt a reconsideration of management strategies
for nesting populations and corresponding habitats in
this region.

Introduction

The loggerhead turtle (Caretta caretta) is distributed
globally along tropical and subtropical latitudes but has
a more temperate distribution than other cheloniid sea
turtles (Pritchard and Trebbau 1984). Within the At-
lantic region, the southeastern USA hosts the largest
loggerhead nesting concentrations, comprising approxi-
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mately 90% of the reproductive e�ort in this ocean basin
(estimated from numbers provided by Murphy and
Hopkins 1984; Meylan et al. 1995). Nesting beaches in
Quintana Roo, Mexico and Bahia, Brazil support
additional nesting habitat, with about 300 and 400
nesting females per year, respectively (Zurita et al. 1993;
M. Marcovaldi, personal communication), and Kip-
arissia Bay, Greece, represents one of the largest rook-
eries in the Mediterranean, with about 300 nesting
females per year (Margaritoulis 1988).

As with other species of sea turtles, the loggerhead
life cycle consists of developmental stages which are
segregated spatially and temporally. Juveniles are be-
lieved to spend their ®rst few years drifting passively in
ocean current systems or in ¯oating sargassum rafts
(Carr 1986; Bolten et al. 1998). Advanced juveniles
subsequently shift to coastal feeding habitats (Carr
1987). After reaching sexual maturity (some 20 to
30 years later; Frazer and Ehrhart 1985; Klinger and
Musick 1995), adult females undertake reproductive
migrations spanning hundreds or thousands of kilome-
ters (Meylan 1982). Tagging data indicate that most
females migrate to the same nesting beaches in succes-
sive breeding seasons (Bjorndal et al. 1983), prompting
several researchers to suggest that loggerhead turtles
return to nest on their natal beach (Bowen et al. 1993a).
Mark and recapture studies cannot, however, distin-
guish whether their site ®delity is the result of natal
homing behavior or social imprinting (see Owens et al.
1982). Under the natal homing scenario, loggerhead
hatchlings imprint on their natal beaches, and the adult
females subsequently return to these beaches to lay eggs.
Under the social facilitation scenario, ®rst-time breeders
follow experienced females to nesting beaches and im-
print on that beach for successive nesting e�orts. Al-
though both hypotheses explain the strong site ®delity
indicated by the tagging data, natal homing predicts
genetic partitions between nesting loggerhead aggrega-
tions, while the social facilitation model would produce
a homogeneous gene pool among regional nesting pop-
ulations.

Previous sea turtle genetic surveys have successfully
employed mitochondrial (mt) DNA polymorphisms to
assess population partitions and the possibility of female

natal homing among several marine turtles, including
green turtles, Chelonia mydas (Bowen et al. 1992; Allard
et al. 1994; Lahanas et al. 1994; Norman et al. 1994;
Encalada et al. 1996), hawksbill turtles, Eretmochelys
imbricata (Broderick et al. 1994; Bass et al. 1996),
leatherback turtles, Dermochelys coriacea (Dutton
1995), and loggerhead turtles, Caretta caretta (Bowen
et al. 1993a, 1994). These studies found varied levels of
population subdivision among species, and similarly
diverse degrees of intraspeci®c natal homing behavior.
In the case of the loggerhead turtle in the southeastern
USA, previous molecular studies (Bowen et al. 1993a)
con®rmed distinctions, based on morphology and epi-
biota (Stoneburner et al. 1980; Caine 1986), between
nesting populations in Florida and Georgia/South Car-
olina. A Mediterranean (Greek) colony was also found
to be demographically distinct from West Atlantic
nesting colonies (Bowen et al. 1993a). This earlier survey
did not include the entire range of loggerhead nesting in
the Northwest Atlantic, and was hampered to some
extent by the low haplotype diversity observed with re-
striction fragment length polymorphisms (RFLPs).

In the present study we assess the population genetic
composition of Atlantic and Mediterranean loggerhead
turtle nesting colonies through the analysis of sequences
from the control region of the mtDNA, a region which
yielded an approximate sixfold greater resolution than
RFLPs in a green turtle survey (Encalada et al. 1996).
The increased resolution, and more thorough sampling
across the loggerhead geographic range, provide a more
detailed understanding of population structure of At-
lantic and Mediterranean nesting aggregates. A related
goal is to determine whether the relationships among
mtDNA haplotypes provide a phylogeographic scenario
that can account for the colonization of loggerhead
maternal lineages in the region.

This research can provide two substantial advances in
sea turtle conservation. First, earlier work established
that widely separated nesting colonies were genetically
distinct, but could not resolve the geographic limits of
individual nesting populations (Schroth et al. 1996). The
more detailed survey conducted here is intended to de-
®ne geographic partitions among management units,
especially for the cluster of nesting beaches in the

Table 1 Caretta caretta. Polymorphic sites in mtDNA control region sequences of Atlantic loggerhead turtles. Dashes denote instances of
insertion/deletion events

Halotype Sites:
32 35 37 51 53 63 96 104 161 162 188 210 230 244 246

A T G T T T A A A C G G C C G C
B C A C C ± G A G T A G T T A T
C C A C C ± G A G T A A T T A T
D T G T T T A A A C A G C C A C
E C A C C ± G A G T A G T T A T
F C A C C ± G A G T A G T T A T
G C A C C ± G A G T A G T T A T
H C A C C ± G A G C A G T T A T
I C A C T ± G G G T A G T T A T
J C A C C ± G A G T A G T T A T
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southeastern USA. Second, rookery-speci®c mtDNA
markers can be used to determine the origin of sea tur-
tles in distant feeding locations (Bowen et al. 1995;
Bolten et al. 1998). In cases where oceanic or coastal
feeding aggregates are susceptible to ®shery mortality,
the value of this information is readily apparent. Wild-
life managers need to know which nesting populations
are reduced by commercial ®sheries, and a relatively
complete rookery survey is the essential foundation for
genetic studies of feeding-ground composition.

Materials and methods

Samples from 249 Caretta caretta (Linnaeus, 1758) individuals
were collected between 1987 and 1993 from ten major loggerhead
nesting aggregates throughout the Atlantic Ocean and Mediterra-
nean Sea. Locations sampled were Quintana Roo, Mexico
(n � 20); Bahia, Brazil (n � 11); Kiparissia Bay, Peloponnesus
Island, Greece (n � 21); and seven nesting areas in the south-
eastern USA. The latter samples were collected from North Car-
olina: Bald Head Island (n � 8), Cape Lookout (n � 9), Topsail
Beach (n � 8), Camp Lejuene (n � 2), and Caswell Beach
(n � 1); South Carolina: Cape Romain (n � 20); Georgia:
Cumberland Island and Little Cumberland Island (n � 43);
northeast Florida (NEFL): Amelia Island (n � 12), Jacksonville
Beach (n � 1) and Guana River area (n � 1); southeast Florida
(SEFL): Melbourne Beach (n � 6), Hutchinson Island (n � 9)
and Port Everglades (n � 10); southwest Florida (SWFL): Key
Island (n � 15) and Sarasota County (n � 10); and northwest
Florida (NWFL): Eglin Air Force Base (n � 21), Panama City
(n � 1), Apalachicola (n � 1), Tyndall Beach (n � 7), and areas
adjacent to St. George and St. Joseph (n � 12). All samples from
Greece, South Carolina, Georgia, and some of the samples from SE
and SW Florida are the same as those used by Bowen et al. (1993a)
in RFLP analyses.

Most samples consisted of two eggs or one hatchling from each
nest (procedures described by Bowen et al. 1993a). Mexican sam-
ples consisted of blood obtained from the dorsal cervical sinus of
nesting females or hatchlings (following the procedure of Owens
and Ruiz 1980). Whole genomic DNA was isolated from tissue or
blood samples by a series of phenol/chloroform extractions fol-
lowing a protocol modi®ed from Hillis et al. (1996). Genomic DNA
was subsequently resuspended in 1´ TE bu�er. A mtDNA region
including 391 nucleotide sites from the control region was PCR-
ampli®ed (Innis et al. 1990) using biotinylated primers CR-1 (5¢-
TTG TAC ATC TAC TTA TTT ACC AC-3¢) and CR-2 (5¢-GTA
CGT ACA AGT AAA ACT ACC GTA TGC C-3¢) (Norman et al.
1994). These oligonucleotides included a universal M13 primer
extension to facilitate sequencing via a dye-primer procedure (see
below). Ampli®ed double-stranded PCR products were puri®ed

using Dynal streptavidin-coated magnetic particles (Dynal, Swe-
den) and denatured with 0.2 N NaOH. Throughout the PCR am-
pli®cation procedures, negative control (template-free) reactions
were conducted to detect and guard against contamination. Single-
stranded products were sequenced at the DNA Sequencing Core
Laboratory of the University of Florida in a robotic workstation
(Applied Biosystems Model 800) using ¯uorescently labelled uni-
versal M13 primers. The strand complementary to the biotinylated
strand was sequenced. Dideoxy-terminated reaction products were
separated and analyzed in an automated sequencer (Applied Bio-
systems Model 373A), and sequences were scored directly from the
chromatogram output. All samples were sequenced using forward
primers. Reverse sequences were obtained for representative sam-
ples to con®rm each haplotype designation.

Sequences were aligned by eye and/or using the SeqEd editor
provided with the automated sequencer 373A (Applied Biosys-
tems). Haplotypes were assigned letter codes and were joined by
hand into a parsimony network. Estimates of nucleotide sequence
divergence ( p-values) were calculated using the Jukes±Cantor
method (Jukes and Cantor 1969); haplotype (h) and nucleotide
(p) diversities were estimated by the method of Nei (1987, Eqs. 8.4
and 10.5, respectively). Relationships between the observed
mtDNA genotypes were assessed by the neighbor-joining algorithm
(Saitou and Nei 1987) available in the program MEGA (Kumar
et al. 1993), with bootstrapping (100 replicates).

To compare haplotype frequencies between pairs of popula-
tions, a chi-squared test of independence (Sokal and Rohlf 1981)
was used with the Monte Carlo randomization method (Ro� and
Bentzen 1989) in the program CHIRXC (Zaykin and Pudovkin
1993). The program AMOVA (analysis of molecular variance;
Exco�er et al. 1992) was used to assess the proportion of genetic
variation within and among nesting colonies.

Estimates of gene ¯ow between pairs of colonies (Nm) were
calculated from the Gst analog in AMOVA (Ust), using the equation
Nm � 0.5 (1/Gst ) 1) (Takahata and Palumbi 1985; Nei 1987).
Mean migration rate across all rookeries was calculated by the
private allele method (Slatkin 1985; Barton and Slatkin 1986),
using the equation of Slatkin and Barton (1989).

Results

The mtDNA control region sequences were aligned for
380 bp. Twenty-six polymorphic sites were detected,
consisting of 21 transitions, no transversions, and ®ve
deletions/insertions (indels; Table 1). Four of the ®ve
indels involved single sites and one involved a 6-bp seg-
ment (sites 355±360). Site 358 contained both a transition
(A ! G) and an indel. The indels were treated as single
mutation events throughout this analysis. Only one in-
stance of suspected homoplasy was observed. In this

259 294 312 314 315 317 321 327 355 356 357 358 359 360 363

A ± A A T A A C ± ± ± ± ± ± A
G G A G C G A T G C A A G T A
G G A G C G A T G C A A G T A
A ± A A T A A C ± ± ± ± ± ± A
G G A G C G A T G C A A G T ±
G G A G C G ± T G C A A G T A
G G G G C G A T G C A A G T A
G G A G C G A T G C A A G T A
G G A G C G A T G C A A G T A
G G A G C G A T G C A G G T A
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case, haplotypes separated by 20 to 22 polymorphisms
(haplotypes D and A versus haplotype I in Fig. 1) con-
tained a C ! T transition at site 51 (see Table 1).

Ten mtDNA haplotypes were distinguished among
the 249 samples (Table 2). Sequences are archived in
GenBank (Accession Numbers AJ001074±AJ001083).
When arranged into an unrooted parsimony network,
the observed haplotypes group into two distinct clusters:
(1) B, C, E, F, G, H, I, J versus (2) A, D (Fig. 1). The
two groups were separated by 17 mutation steps, and
haplotypes within each group di�ered by a maximum of
three and two mutations, respectively. This arrangement
was con®rmed by neighbor-joining analysis, with boot-
strap support distinguishing these two groups at the
100% level. The mean sequence divergence between the
two clusters, p � 0.05, is comparable to the deepest
known separation of green turtles (distinguishing At-
lantic versus Paci®c lineages: p � 0.04; Encalada 1995),
and is about seven times higher than the sequence di-
vergence observed for green turtles within the Atlantic/
Mediterranean basin: p � 0.008 (Encalada et al. 1996).
The sequence divergence observed with this data set
(control region sequences) is approximately six times
higher than that produced by the RFLP survey over the
entire mitochondrial genome (Bowen et al. 1993a). This

ratio is almost identical to that found in a comparison of
control region sequences and RFLP data in Atlantic
green turtles (Encalada et al. 1996), and is similar to that
found in control region sequence versus RFLP com-
parisons for Paci®c green turtles (eightfold increase;
Norman et al. 1994).

Two haplotypes, A and B, accounted for 88% of the
individuals (Table 2; Fig. 2), but the distribution of
haplotypes still showed a strong geographic component.
Within the southeastern USA (inset in Fig. 2), haplotype
B was observed at 48% frequency in southern Florida
(SEFL and SWFL), 9.5% in NW Florida, and 1% in
NE Florida, Georgia, North and South Carolina. On the
other hand, haplotype A was observed at 100% fre-
quency in North and South Carolina, 98% in Georgia,
100% in NE Florida, 81% in NW Florida, but at only
44% in southern Florida (SE and SW combined).
Haplotype frequencies between pairs of locales in the
southeastern USA showed signi®cant di�erences in 10 of
21 comparisons (Table 3). The instances where genotype
frequencies were not signi®cantly di�erent involved ad-
jacent areas: (1) NE Florida, Georgia, South Carolina,
North Carolina (hereafter referred to as the NEFL/NC
samples); and (2) SE and SW Florida (hereafter referred
to as southern FL samples). Since the sample locations
within each one of these two groups were indistin-
guishable, these were combined in subsequent analyses.
Pair-wise comparisons between NW Florida and the
NEFL/NC colonies showed nonsigni®cant or borderline
signi®cant P-values for two of the four comparisons
(P � 0.051 and P � 0.091; Table 3), but a comparison
of the combined NEFL/NC samples and NW Florida,
was highly signi®cant (v2 � 17:53, P � 0.000). This
di�erence, and the signi®cant genetic distinction of NW
Florida from southern Florida (its nearest neighbor), as
well as NW Florida's geographic separation from the
northeastern nesting locations, prompt consideration of
NW Florida as an independent population unit. We
conclude that loggerhead colonies within the south-
eastern USA are comprised of at least three genetic units
corresponding to (1) northeastern Florida to North
Carolina (NEFL/NC); (2) southern Florida (SW and SE
Florida); and (3) NW Florida (Panhandle region),

Fig. 1 Caretta caretta. Unrooted parsimony network of ten Atlantic
and Mediterranean haplotypes. Letters correspond to haplotypes
presented in Tables 1 and 2. Mutation steps distinguishing haplotypes
are represented by line divisions along branches. Haplotypes H and D
are separated by 17 mutations at sites 32, 35, 37, 51, 53, 63, 104, 210,
230, 246, 259, 294, 314, 315, 317, 327, and the 6-bp indel (sites 355±
360). The asterisk beside site 51 designates an instance of assumed
homoplasy

Table 2 Caretta caretta. Distribution of mtDNA haplotypes for Atlantic and Mediterranean loggerhead turtles

Haplotype NW
Florida

SW
Florida

SE
Florida

NE
Florida

Georgia South
Carolina

North
Carolina

Mexico Greece Brazil

A 34 10 12 14 42 20 28
B 4 12 12 1 11 19
C 2 2 2
D 11
E 1
F 2
G 2 1
H 1
I 1
J 5

Total 42 25 25 14 43 20 28 20 21 11
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among which there is restricted female-mediated gene
¯ow (Table 3).

Genotype frequency comparisons between Mexico
and all other colonies show signi®cant chi-square values,
thus distinguishing the Mexican population as a separate
genetic and demographic unit. The Brazilian sample was
®xed for one mtDNA genotype (haplotype D), which
was observed only in this region. Although the Medi-
terranean sample shared haplotype B with rookeries in
the northwestern Atlantic, signi®cant chi-squared values
distinguished Greece from all other Atlantic colonies
(Table 3). Distinction among these nesting areas was
also re¯ected in the AMOVA, which attributed 64% of
the total variation to di�erences among the six geneti-
cally de®ned nesting populations (U � 0:638). Estimates
of migration among these six population units were low:
average Nm � 0:3 based on the distribution of private
alleles (Nm � 1:1 using Ust to estimate gene ¯ow). Levels
of mtDNA diversity within nesting colonies are shown
in Table 4. Overall haplotype and nucleotide diversity
were h � 0:67 and p � 0:023, respectively. These values
are comparable but slightly lower than those reported
for Atlantic hawksbill and green sea turtles (Bass et al.
1996; Encalada et al. 1996).

Discussion

Population structure

The present mtDNA survey indicates that nesting log-
gerheads from the surveyed region are divided into at
least six demographically independent cohorts, corre-
sponding to the nesting areas of: (1) NE Florida to
North Carolina, USA; (2) southern Florida, USA; (3)
NW Florida, USA; (4) Quintana Roo, Mexico; (5)
Bahia, Brazil; and (6) Kiparissia Bay, Greece. The dis-
tinction between southern Florida and NEFL/NC
samples corroborates the earlier mtDNA restriction
analysis study (Bowen et al. 1993a), which found a
separation between Georgia/South Carolina and south-
ern Florida nesting areas. Although the present study
encompasses the vast majority of the known loggerhead
nesting aggregates in the Atlantic Ocean and Mediter-
ranean Sea (together, the regions surveyed account for
�35 000 to 40 000 nesting females; Murphy and Hopkins
1984), recent evidence indicates additional population
units along the coasts of Greece and Turkey (Schroth
et al. 1996), and the recent discovery of a loggerhead
rookery in Libya raises the possibility of another pop-
ulation unit in the southern Mediterranean (Venizelos
1996). Small but signi®cant nesting aggregates are also
known from the Bahamas, Cuba, and western Africa
(Dodd 1988). Furthermore, the low mtDNA diversity in

Fig. 2 Caretta caretta. Sample locations of ten nesting areas. Pie
charts designate the frequency of haplotypes in each location (see
Table 2). Inset: sample locations in the southeastern USA
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nesting individuals from NE Florida to North Carolina
provides inadequate resolution for detecting population
divisions. It is likely that additional demographic par-
titions exist within this region.

The sampling design of the present study, which ex-
panded earlier geographic surveys to include samples
from North Carolina, NE and NW Florida, and Mexico
(as well as larger sample sizes for previously analyzed
populations), allows a ®ner resolution of the phylogeo-
graphic discontinuity between the NEFL/NC and
southern Florida nesting areas; this break evidently ex-
ists in the region between Cape Canaveral and Jack-
sonville, Florida. The location of this phylogeographic
break along the coast of Florida is concordant with two
other lines of evidence: (a) ®eld studies indicate relatively
continuous loggerhead nesting along the southern coast
of Florida from Dade to Brevard Counties, with a
seemingly sharp decrease in nest density at Cape Ca-
naveral; and (b) similar phylogeographic separations
have been found for a number of coastal organisms
(Avise 1992; Karl and Avise 1992; Lamb and Avise
1992).

The population structure found in the present survey
is in apparent agreement with the predominant pattern
revealed by long-term tagging studies, i.e., most nesting
females return to the same nesting beaches in successive
nesting seasons, but tag returns also indicate a low in-
cidence of relocation between nesting populations
(Bjorndal et al. 1983; Dodd 1988). For example, out of
thousands of loggerhead turtles tagged in the south-
eastern USA, a handful of turtles originally found
nesting in Georgia were recaptured nesting in southern
Florida (see Bowen et al. 1993a). The transfer of a few
loggerhead turtles between nesting locales is perhaps
re¯ected in the overall higher estimates of migration
rates between pairs of loggerhead rookeries than be-
tween Atlantic green turtle rookeries (Encalada et al.
1996; present study, Table 3). While natal homing be-
havior predominates, these rare relocations might indi-
cate an ability to colonize newly opened nesting habitats
over longer evolutionary time scales, and/or a condition
of nonequilibrium resulting from recent colonization
events (see below).
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Table 4 Caretta caretta. Haplotype (h) and nuclotide (p) diversities
for Atlantic and Mediterranean loggerhead turtles (NEFL/NC
NEFlorida, Georgia, South Carolina, North Carolina)

Population Haplotype
diversity (h)

Nucleotide
diversity (p)

NEFL/NC 0.04 0.0019
NW Florida 0.44 0.0200
South Florida 0.59 0.0294
Mexico 0.65 0.0028
Greece 0.18 0.0000
Brazil 0.00 0.0000

Total 0.67 0.0230
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Evolutionary history of Atlantic
and Mediterranean loggerhead nesting colonies

The habitat requirements of this poikilothermic marine
reptile indicate that the recent evolutionary history of
Atlantic and Mediterranean loggerhead colonies is
strongly linked to the climatic and geological history of
the region. Although the distribution of loggerhead
nesting extends into the temperate zones, viable nesting
conditions require temperatures above 25 °C for suc-
cessful incubation. Thus, nesting habitats in North
Carolina, South Carolina, Georgia, northern Florida
and the Mediterranean were probably not occupied
during glacial episodes including the Wisconsin glacial
period, which ended approximately 10 000 years BP.
Subsequently, at times of glacial retreats (interglacial
periods), new nesting and feeding habitat opened, al-
lowing colonization into higher latitudes. Based on the
mtDNA haplotype distributions and phylogeny, we
advance the following colonization scenario.

During periods of glacial maxima of the Pleistocene,
loggerhead lineages could have been maintained in re-
gions of climatic stability along tropical equatorial lati-
tudes. Subsequently, during interglacial periods, with the
expansion of viable loggerhead nesting and feeding
habitats into higher latitudes, an equatorial lineage
(precursor of haplotype A) may have colonized northern
latitudes (for example into Caribbean localities).
Haplotype A is mentioned here because of its close re-
lationship with haplotype D (the only haplotype ob-
served in the tropical South Atlantic), as indicated in the
parsimony network (Fig. 1). From this area, consequent
colonizations may have occurred in a northerly direction
along both sides of the Florida peninsula: (1) along the
east coast of Florida, and (2) along the west coast into
the Gulf of Mexico. One possible outcome of this col-
onization pathway would be decreasing haplotype di-
versity in recently colonized (more northerly) nesting
areas, as haplotypes were sorted through a series of
colonization bottlenecks. The low diversity of NEFL/
NC rookeries is consistent with this expectation (Ta-
ble 4). A separate transplantation of haplotypes (pre-
cursors of haplotype B) into the West Atlantic could
also have occurred; based on the phylogeny of Indo-
Paci®c and Atlantic haplotypes, Bowen et al. (1994)
suggest that precursors of haplotype B might have been
of recent Indo-Paci®c ancestry, and could have invaded
the Atlantic via southern Africa. Colonization into the
Mediterranean Sea was most likely accomplished within
the last 10 000 years (after the Wisconsin glaciation), and
included the transplantation of haplotype B observed in
southern Florida and Yucatan. The widespread distri-
bution of this haplotype illustrates the propensity of
Caretta caretta for occasional long-distance coloniza-
tion.

An unusual feature of these loggerhead mtDNA data
is that the most divergent haplotypes (haplotypes A and
B, Fig. 1) are present in turtles that nest on the same
West Atlantic beaches. Using a provisional molecular

clock of 0.2 to 0.4% divergence per million years cali-
brated for the testudines (Avise et al. 1992; Bowen et al.
1993b), and taking into account the approximate sixfold
increase in resolution evident in the control region se-
quence data, the two primary Atlantic/Mediterranean
loggerhead mtDNA lineages coalesce at around 2.1 to
4.2 million years ago. The distribution of haplotypes
suggests that loggerhead turtles are active colonizers
over relatively short evolutionary periods. Dispersal,
natal homing behavior, climatic, and geological factors
all have discernible roles in shaping the phylogeography
of loggerhead turtles in the Atlantic basin and Medi-
terranean Sea.

Conservation implications

A major component of management programs for the
protection of endangered and threatened species is the
ability to determine the level of isolation among geo-
graphically separated populations. Thus, signi®cant
haplotype frequency di�erences among populations can
aid in de®ning management units (MUs), and in iden-
tifying the appropriate geographic scale for monitoring
(Moritz 1994). In the case of the loggerhead turtle,
the signi®cant haplotype frequency di�erences among
Atlantic/Mediterranean nesting aggregates indicate that
at least six independent management units can be re-
solved for conservation purposes (it is likely that at least
a few additional MUs exist in the Mediterranean, Brazil,
and in the region between northern Florida and North
Carolina). As is the case with other species of sea turtles,
genetic separations imply demographic partitions by
which nesting populations will persist or perish without
signi®cant input from other nesting aggregates (Avise
1995). In other words, while females are able to colonize
appropriate habitats over evolutionary time scales, over
the shorter ecological time frames relevant to wildlife
management, strong natal homing behavior apparently
precludes depleted rookeries from being replenished by
immigration from other extant colonies.

The present study has de®ned the genetic demo-
graphic composition of loggerhead nesting populations
in the Atlantic/Mediterranean system. This is of partic-
ular relevance for regional management given the geo-
graphic scale of loggerhead nesting in the southeastern
USA (which may represent the second largest logger-
head nesting aggregate in the world). Throughout this
region, it has not been possible to resolve population
units by any other than genetic means (morphological,
environmental, etc.). Notwithstanding the possibility of
further population subdivisions in geographic areas of
suspected recent evolutionary origin (NEFL/NC re-
gion), the genetic partitions observed with mtDNA al-
low a relatively precise de®nition of management units
which otherwise might have gone undetected. For ex-
ample, the NE Florida nesting aggregation is a�liated
with the Georgia, South Carolina, North Carolina
population, not with other Florida populations. Not
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surprisingly, sea turtle nesting populations do not rec-
ognize political boundaries.

It is anticipated that the data presented here will have
several applications in the resolution of loggerhead mi-
gration patterns and life cycles. In particular, these data
can be used to resolve the composition of feeding areas
(Sears et al. 1995; Bowen et al. 1996). Wildlife managers
know that loggerhead turtles are killed in oceanic and
coastal ®sheries, but generally do not know which
rookeries are impacted by this mortality. The genetic
markers generated in this study can be used to identify
rookery cohorts on distant feeding grounds and thereby
to assess the impact of commercial ®sheries on logger-
head turtles (Bolten et al. 1998). Finally, a thorough
understanding of loggerhead population structure ne-
cessitates the investigation of the paternal input for this
species. Male loggerheads are known to migrate to
courting grounds near nesting rookeries but little else is
known about their reproductive behavior. Do males also
exhibit natal site ®delity? Studies based on maternally
inherited mtDNA should be complemented with the
analysis of nuclear loci (anonymous loci or microsatel-
lites) to elucidate the complete population structure of
Atlantic loggerhead turtles.

Acknowledgements We gratefully acknowledge D. Atentio,
M. Camhi, R. Carthy, P. CastanÄ eda, C. Coogan, M. Du�y,
L. Ehrhart, R. Ferris, L. Fisher, A. Foley, R. Herrera, S. Hopkins-
Murphy, S.A. Karl, L. Letson, G. Marcovaldi, M. Marcovaldi,
D. Margaritoulis, A.B. Meylan, R. Mezich, J. Mitchell, B. Prezas,
J.I. Richardson, S. Shea, J. Thome, and M. Zacks-Karl, for valu-
able ®eld assistance in collecting samples. We thank J.C. Avise,
J. Frazier, C.J. Limpus, W. Witzell, and L. Ogren for valuable
consultation and advice. For logistical support we acknowledge
R. Ferl, M. Harris, J.A. Hu�, R. Klinger, W.S. Nelson, the Bro-
ward County Environmental Quality Control Board, the Florida
Department of Natural Resources, the Georgia Department of
Natural Resources, the National Marine Fisheries Service, the U.S.
Fish and Wildlife Service, Florida Cooperative Fish and Wildlife
Research Unit (Research Work Order 115), the Sea Turtle Pro-
tection Society of Greece, the South Carolina Dept. of Natural
Resources, the U.S. Air Force, Projeto Tartaruga Marinha (TA-
MAR; Brazil), and E. Almira, S. Shanker, E. Rupp at the ICBR
DNA Sequencing Core at the University of Florida. This research
was supported by the U.S. Fish and Wildlife Service and the Na-
tional Science Foundation.

References

Allard MW,Miyamoto MM, Bjorndal KA, Bolten AB, Bowen BW
(1994) Support for natal homing in green turtles from mito-
chondrial DNA sequences. Copeia 1994: 34±41

Avise JC (1992) Molecular population structure and the biogeo-
graphic history of a regional fauna; a case history with lessons
for conservation biology. Oikos 63: 62±76

Avise JC (1995) Mitochondrial DNA polymorphism and a con-
nection between genetics and demography of relevance to
conservation. Conserv Biol 9: 686±690

Avise JC, Bowen BW, Lamb T, Meylan AB, Bermingham E (1992)
Mitochondrial DNA evolution at a turtle's pace: evidence for
low genetic variability and reduced microevolutionary rate in
the testudines. Molec Biol Evolut 9: 457±473

Barton NH, Slatkin M (1986) A quasi-equilibrium theory of the
distribution of rare alleles in a subdivided population. Heredity
56: 409±415

Bass AL, Good DA, Bjorndal KA, Richardson JI, Hillis Z-M,
Horrocks J, Bowen BW (1996) Testing models of female mi-
gratory behavior and population structure in the Caribbean
hawksbill turtle, Eretmochelys imbricata, with mtDNA control
region sequences. Molec Ecol 5: 321±328

Bjorndal KA, Meylan AB, Turner, BJ (1983) Sea turtle nesting at
Melbourne Beach, Florida. I. Size, growth, and reproductive
biology. Biol Conserv 26: 65±77

Bolten AB, Bjorndal KA, Martins HR, Dellinger T, Biscoito MJ,
Encalada SE, Bowen BW (1998) Transatlantic developmental
migrations of loggerhead sea turtles demonstrated by mtDNA
sequence analysis. Ecol Applic (in press)

Bowen BW, Abreu-Grobois FA, Balazs GH, Kamezaki N, Limpus
CJ, Ferl RJ (1995) Trans-Paci®c migrations of the loggerhead
turtle (Caretta caretta) demonstrated with mitochondrial DNA
markers. Proc natn Acad Sci USA 92: 3731±3734

Bowen BW, Avise JC, Richardson JI, Meylan AB, Margaritoulis
D, Hopkins-Murphy SR (1993a) Population structure of log-
gerhead turtles (Caretta caretta) in the northwestern Atlantic
Ocean and Mediterranean Sea. Conserv Biol 7: 834±844

Bowen BW, Bass AL, Garcia-Rodriguez A, Bolten AB, Diez CE,
Van Dam R, Bjorndal KA, Miyamoto MM, Ferl RJ (1996)
Origin of hawksbill turtles (Eretmochelys imbricata) in a Ca-
ribbean feeding area, as indicated by mtDNA sequence analy-
sis. Ecol Applic 6: 566±572

Bowen BW, Kamezaki N, Limpus CJ, Hughes GR, Meylan AB,
Avise JC (1994) Global phylogeography of the loggerhead
turtle (Caretta caretta) as indicated by mitochondrial DNA
haplotypes. Evolution 48: 1820±1828

Bowen BW, Meylan AB, Ross JP, Limpus CJ, Balazs GH, Avise
JC (1992) Global population structure and natural history of
the green turtle (Chelonia mydas) in terms of matriarchal phy-
logeny. Evolution 46: 865±881

Bowen BW, Nelson WS, Avise JC (1993b) A molecular phylogeny
for marine turtles: trait mapping, rate assessment, and conser-
vation relevance. Proc natn Acad Sci USA 90: 5574±5577

Broderick D, Moritz C, Miller DJ, Guinea M, Prince RJ, Limpus
CJ (1994) Genetic studies of the hawksbill turtle (Eretmochelys
imbricata): evidence for multiple stocks in Australian waters.
Pacif Conserv Biol 1: 123±131

Caine EA (1986) Carapace epibionts of nesting loggerhead sea
turtles: Atlantic coast of USA. J exp mar Biol Ecol 95: 15±26

Carr A (1986) Rips, FADS, and little loggerheads. BioSci 36: 92±100
Carr A (1987) New perspectives on the pelagic stage of sea turtle

development. Conserv Biol 1: 103±121
Dodd CK Jr (1988) Synopsis of the biological data on the log-

gerhead sea turtle Caretta caretta (Linnaeus, 1758). US Fish
Wildl Serv biol Rep 88: 1±110

Dutton PH (1995) Molecular evolution of the sea turtles with
special reference to the leatherback, Dermochelys coriacea.
Ph.D. Dissertation, Texas A&M University, College Station,
Texas

Encalada SE (1995) Phylogeography and conservation genetics of
the green turtle (Chelonia mydas) in the Atlantic Ocean and
Mediterranean Sea. M.S. Thesis, University of Florida,
Gainesville, Florida

Encalada SE, Lahanas PN, Bolten AB, Bjorndal KA, Miyamoto
MM, Bowen BW (1996) Phylogeography and population
structure of the Atlantic and Mediterranean green turtle (Che-
lonia mydas): a mitochondrial DNA control region sequence
assessment. Molec Ecol 5: 473±483

Exco�er L, Smouse PE, Quattro JM (1992) Analysis of molecular
variance inferred from metric distances among DNA haplo-
types: application to human mitochondrial DNA restriction
data. Genetics 131: 479±491

Frazer NB, Ehrhart LM (1985) Preliminary growth models for
green, Chelonia mydas, and loggerhead, Caretta caretta, turtles
in the wild. Copeia 1985: 73±79

Hillis DM, Mable BK, Larson A, Davis SK, Zimmer EA (1996)
Nucleic acids. IV. Sequencing and cloning. In: Hillis DM,
Mable BK, Moritz C (eds) Molecular systematics, 2nd edn.
Sinauer Associates, Sunderland, Massachusetts, pp 321±384

574



Innis MA, Gelfand DH, Sninsky JJ, White TJ (1990) PCR proto-
cols: a guide to methods and applications. Academic Press, San
Diego

Jukes TH, Cantor CR (1969) Evolution of protein molecules. In:
Munro HN (ed) Mammalian protein metabolism. Academic
Press, New York, pp 21±132

Karl SA, Avise JC (1992) Balancing selection at allozyme loci in
oysters; implications from nuclear RFLPs. Science 256: 100±102

Klinger RC, Musick JA (1995) Age and growth of loggerhead
turtles (Caretta caretta) from Chesapeake Bay. Copeia 1995:
204±209

Kumar S, Tamura K, Nei M (1993) MEGA: molecular evolu-
tionary genetics analysis, Ver. 1.01. Pennsylvania State Uni-
versity, University Park

Lahanas PN, Miyamoto MM, Bjorndal KA, Bolten AB (1994)
Molecular evolution and population genetics of greater Carib-
bean green turtles (Chelonia mydas) as inferred from mito-
chondrial DNA control region sequences. Genetica 95: 57±67

Lamb T, Avise JC (1992) Molecular and population genetic aspects
of mitochondrial DNA variability in the diamondback terrapin,
Malaclemys terrapin. J Hered 83: 262±269

Margaritoulis D (1988) Nesting of the loggerhead sea turtle, Car-
etta caretta, on the shores of Kiparissia Bay, Greece. Mesogee
48: 59±65 (cited after Bowen et al. 1993a)

Meylan AB (1982) Sea turtle migration-evidence from tag returns.
In: Bjorndal KA (ed) Biology and conservation of sea turtles.
Smithsonian Institution Press, Washington DC, pp 91±100

Meylan AB, Schroeder B, Mosier A (1995) Sea turtle nesting ac-
tivity in the state of Florida 1979±1992. Florida Marine Re-
search Publications Number 52. Florida Marine Research
Institute, St. Petersburg, Florida

Moritz C (1994) Applications of mitochondrial DNA analysis in
conservation: a critical review. Molec Ecol 3: 401±411

Murphy TM, Hopkins R (1984) Aerial and ground surveys of
marine turtle nesting beaches in the southeast region. U.S.
Report No. NA83-GA-C-00021, National Marine Fisheries
Service, Southeast Fisheries Center, Miami, Florida

Nei M (1987) Molecular evolutionary genetics. Columbia Univer-
sity Press, New York

Norman JA, Moritz C, Limpus CJ (1994) Mitochondrial DNA
control region polymorphisms: genetic markers for ecological
studies of marine turtles. Molec Ecol 3: 363±373

Owens DW, Grassman MA, Hendrickson JR (1982) The imprint-
ing hypothesis and sea turtle reproduction. Herpetologica 38:
124±135

Owens DW, Ruiz GW (1980) New methods of obtaining blood and
cerebrospinal ¯uid from marine turtles. Herpetologica 36: 17±
20

Pritchard PCH, Trebbau P (1984) The turtles of Venezuela. Con-
tributions in Herpetology 2, Society for the Study of Amphib-
ians and Reptiles, FundacioÂ n de Internados Rurales, Caracas,
Venezuela

Ro� DA, Bentzen P (1989) The statistical analysis of mitochondrial
DNA polymorphisms: v2 and the problem of small samples.
Molec Biol Evolut 6: 539±545

Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Molec Biol
Evolut 4: 406±425

Schroth W, Streit B, Schierwater B (1996) Evolutionary handicap
for turtles. Nature, Lond 384: 521±522

Sears CJ, Bowen BW, Chapman RW, Galloway SB, Hopkins-
Murphy SR, Woodley CM (1995) Demographic composition of
the feeding population of juvenile loggerhead sea turtles (Car-
etta caretta) o� Charleston, South Carolina: evidence from
mitochondrial DNA markers. Mar Biol 123: 869±874

Slatkin M (1985) Rare alleles as indicators of gene ¯ow. Evolution
39: 53±65

Slatkin M, Barton NH (1989) A comparison of three indirect
methods for estimating average levels of gene ¯ow. Evolution
43: 1349±1368

Sokal RR, Rohlf FJ (1981) Biometry, 2nd edn. W. H. Freeman and
Co., San Francisco

Stoneburner DL, Nicora MN, Blood ER (1980) Heavy metals in
loggerhead sea turtle eggs (Caretta caretta): evidence to support
the hypothesis that demes exist in the western Atlantic popu-
lation. J Herpetol 14: 171±175

Takahata N, Palumbi SR (1985) Extranuclear di�erentiation and
gene ¯ow in the ®nite island model. Genetics 109: 441±457

Venizelos L (1996) Mediterranean loggerheads are thriving in
Libya. Mar Turtle Newsl 72: p 2

Zaykin DV, Pudovkin AI (1993) Two programs to estimate sig-
ni®cance of v2 values using pseudo-probability tests. J Hered
84: p 152

Zurita JC, Herrera R, Prezas B (1993) Tortugas marinas del Ca-
ribe. In: Salazar-Vallejo SI, GonzaÂ lez NE (eds) Biodiversidad
Marina y Costera de MeÂ xico. Com Nal Biodiversidad y CIQ-
RO, MeÂ xico City, pp 735±750

575


