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ABSTRACT. — Genetic markers are often used to designate population units for management and
conservation, but widespread sharing of mitochondrial DNA control-region haplotypes defined
from short (< 500 base-pair [bp]) sequences often limits inferences of population connectivity in
marine turtles. Haplotype CM-AS8, defined from 490-bp sequences, dominated the haplotype
profiles of the 3 major green turtle (Chelonia mydas) rookeries in Brazil. Previous analyses based
on 490-bp haplotypes did not detect differentiation between the northern rookeries of Atol das
Rocas and Fernando de Norohna, but did indicate differentiation of the northern rookeries from
Trindade Island in the south. We reexamined the stock structure of the Brazilian green turtle
rookeries using 817-bp control region and mitochondrial short tandem repeat (mtSTR) sequences.
Nine 490-bp haplotypes were subdivided into 41 haplotypes by combining 817-bp and mtSTR
sequences. Eight of the 14 CM-AS turtles from Fernando de Noronha carried mtSTR haplotypes
that were not detected in the larger rookeries. Pairwise exact tests indicated that the northern
Brazilian green turtle rookeries of the Rocas Atoll and Fernando de Noronha are discrete
populations with respect to female natal homing. Moreover, several apparently endemic markers
in the 3 Brazilian green turtle nesting populations should improve resolution of future mixed-
stock analyses. Comparable data are needed from green turtle rookeries in the central and eastern

Atlantic to assess structure and connectivity at the ocean basin scale.

Kty Worps. — mtSTR; mtVNTR; mitochondrial repeat; stock structure; Chelonia mydas

Defining population units is a fundamental aspect of
spatial ecology and wildlife conservation but can be
hindered by the dispersal capability of many marine
organisms. In some highly migratory species, such as
cetaceans, marine turtles, and some sharks, natal philo-
patry to breeding sites can be used to define population
boundaries for monitoring and management purposes
(Hoelzel 1998; Hueter et al. 2005; Jensen et al. 2013). In
marine turtles, the scale of this natal neighborhood may
vary across species and even among different populations
within a species (Bowen and Karl 2007). Characterizing
the site specificity of natal homing is important for
contextualizing trend data, understanding demographic
processes, and ensuring adequate protection for breeding
populations that are discrete with respect to female
recruitment. Another fundamental aspect of conservation
biology is knowledge of the spatial ecology of individuals

representing discrete populations throughout their life
cycle, which involves extensive dispersal, developmental
and seasonal migrations, and ontogenetic shifts in marine
turtles (Bolten 2003).

Resolving population boundaries and migratory
connectivity have been highlighted as critical research
priorities for marine turtles globally (Hamann et al. 2010).
Genetic tools have proven invaluable in defining
population structure and exploring the migratory connec-
tivity of breeding and nonbreeding habitats for marine
turtles (Jensen et al. 2013). However, despite these
seminal contributions from genetic studies in resolving
marine turtle natural history, poor marker resolution has
limited inference of demographic and migratory connec-
tivity at the regional scale in some cases (Formia et al.
2006). Widespread sharing of haplotypes defined by short
control-region sequences is a common pattern in all
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marine turtle species with cosmopolitan distributions
(Bowen and Karl 2007). For example, green turtle
(Chelonia mydas) haplotype CM-A8 (defined from 490
base-pair [bp] sequences) accounted for 65%—-100% of
sampled females from rookeries spanning the South
Atlantic from Brazil to western Africa (Encalada et al.
1996; Bjorndal et al. 2006; Formia et al. 2006, 2007) as
well as Europa in the Southwest Indian Ocean (Bourjea
et al. 2007). Determining whether this haplotype sharing
represents historical genetic signature or contemporary
connectivity is important for informing management and
clarifying demographic processes.

The majority of green turtle nesting in the Southwest
Atlantic occurs on 3 Brazilian oceanic islands (Fig. 1).
Trindade Island (TI), 1200 km off the coast of Espirito
Santo, hosts the largest rookery of approximately 1000
females annually (Almeida et al. 2011). The Rocas Atoll
(RA) rookery off the coast of Rio Grande do Norte in
northeastern Brazil is approximately an order of magnitude
smaller than TI (Bellini et al. 2012). The Fernando de
Noronha Archipelago (FN), which lies 150 km east of the
Rocas Atoll, hosts the smallest remnant nesting population
of < 100 nesting females; this population was nearly
extirpated by heavy human exploitation prior to legal
protection (Bellini and Sanches 1996). Haplotype CM-A8
accounted for 68%, 68 %, and 88% of the females sampled
at the 3 rookeries, respectively. Analysis based on 490-bp
haplotypes indicated differentiation between TI and the
northern rookeries but did not detect structure between RA
and FN (Bjorndal et al. 2006). Although both RA and FN
are United Nations Educational, Scientific and Cultural
Organization World Heritage Sites and protected nesting
habitats, the primary foraging sites for juveniles and
nonbreeding adults from these nesting populations are not
known. Fishery bycatch in artisanal gillnets represents
a significant anthropogenic threat facing this species in
Brazil (Lépez-Barrera et al. 2012). Moreover, marine
turtle harvest is still permitted in some territories in the
Greater Caribbean region (Humber et al. 2014), so
potential threats are not likely to be evenly distributed
across foraging habitats in the western Atlantic. Therefore,
determining whether RA and FN are discrete nesting
populations with respect to female recruitment, and better
resolving the foraging distribution of individuals repre-
senting these rookeries, are important for contextualizing
monitoring and recovery.

Additional genetic markers have increased inference
of stock structure in cases of widespread haplotype
sharing. In Atlantic leatherback turtles, rookeries that
were not differentiated based on mtDNA were distin-
guished using microsatellites (Dutton et al. 2013).
However, sex-biased dispersal and/or migration-mediated
gene flow that occurs during periods of population
admixture have limited the utility of nuclear markers in
defining fine-scale female recruitment patterns in some
cases (Bowen and Karl 2007). Microsatellite-based
pairwise comparisons indicated significant differentiation

Figure 1. Minimum spanning network depicting control-region
haplotypes. Area of the circles is proportional to the number of
individuals detected with each haplotype. Stars indicate loca-
tions of the 3 major Brazilian green turtle rookeries: TI,
Trindade Island (white); RA, Rocas Atoll (gray); FN, Fernando
de Noronha (black).

among the major western Atlantic green turtle rookeries,
including TT and RA (Naro-Maciel et al. 2014). However
Bayesian clustering analysis indicated a primary bi-
furcation between South Atlantic and Caribbean rookeries
(Naro-Maciel et al. 2014), suggesting weak structure
within each region and limited resolution for assignment
tests at fine scales. Deeper sequencing of the mitogenome
has revealed population informative variation in green
turtles and other marine turtle species (LeRoux et al.
2012; Shamblin et al. 2012, 2014; Dutton et al. 2014). A
ubiquitous 490-bp control-region haplotype in Mediterra-
nean green turtles was subdivided into 33 different
haplotypes through sequencing of a mitochondrial short
tandem repeat (mtSTR) array (Tikochinski et al. 2012).
Several haplotypes present among individuals stranded
along the Israeli coast were absent in the Israeli rookery,
implying that structure occurred among rookeries com-
prising the Mediterranean green turtle aggregation
(Tikochinski et al. 2012). In the present study, we applied
the mtSTR marker along with expanded control-region
sequences to reassess the genetic diversity and structure in
Brazil’s green turtle rookeries. The primary objectives
were to 1) determine whether RA and FN represent
discrete populations with respect to female natal homing,
and 2) test whether informative variation occurs among
rookeries that could improve resolution of future mixed
stock analyses (MSA).

METHODS

We reanalyzed rookery samples previously charac-
terized for 490-bp control-region haplotypes representing
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the 3 primary green turtle nesting sites in Brazil: TI
(n =99), RA (n = 37), and FN (n = 16; Bjorndal et al.
2006). We used primers LCM 15382 and H950 to amplify
an 817-bp fragment of the mitochondrial control region
(Abreu-Grobois et al. 2006). PCR reactions were carried
out in 20-pl volumes containing 10 mM Tris, pH 8.4; 50
mM KCl, 0.5 uM of each primer, 1.5 mM MgCl,, 0.2 mM
dNTPs, 0.5 U of Tag DNA polymerase, and approxi-
mately 5 ng of genomic DNA. PCR cycling parameters
were as follows: 95°C for 3 min; 35 cycles of 95°C for 30
sec, 55°C for 60 sec, 72°C for 30 sec; and a final
extension of 72°C for 10 min. PCR products were purified
by adding 2 pl of ExoSAP-IT® (USB Corporation) to 7 pl
of the PCR reaction and incubated according to the
manufacturer’s instructions. The mtDNA amplicons were
sequenced using ABI BigDye v3.1 (PE Applied Biosys-
tems) with LCM15382 and an internal primer (Cm1820,
TCACGAGAATAAGCAAC). We amplified the mtSTR
array and sequenced in both directions as previously
described (Tikochinski et al. 2012), except that the
forward PCR primer was also used as the forward
sequencing primer. Negative controls were included in
each batch of PCR amplifications and sequencing
reactions to detect contamination.

We aligned, edited, and compared control region
sequences with previously described haplotypes using the
program Sequencher 4.2 (Gene Codes Corporation).
Sequences were assigned haplotype designations after
nomenclature published on the Archie Carr Center for Sea
Turtle Research Web site (http://accstr.ufl.edu/resources/
mtdna-sequences/). We scored mtSTR haplotypes by
counting the number of “AT” repeats in each of the 4
loci of the array separated by point mutations, such that
each individual was represented by a 4-digit numeral code
(e.g., 7-12-4-4). In cases of heteroplasmy, the individual
was assigned the dominant haplotype based on relative
peak heights, as previously described (Tikochinski et al.
2012). The repeatability and robustness of this marker
was established through biological and technical repli-
cates in Mediterranean green turtles (Tikochinski et al.
2012). Samples producing novel or ambiguous sequences
were subjected to additional rounds of PCR amplification
and sequencing as necessary for verification.

We tested for the presence of population structure
using genetic distance-based pairwise ®gp comparisons,
pairwise exact tests of population differentiation, and
analysis of molecular variance (AMOVA) as implemented
in Arlequin version 3.5 (Excoffier and Lischer 2010). The
10-bp indel in the control region and each stepwise change
in “AT” repeat-unit number were treated as single mutation
events. Because fixation indices were expected to actually
decrease through incorporation of the mtSTR data because
of increased polymorpshim, we examined overall popula-
tion structure as well as structure defined only among
CM-A8 mtSTR variants to gauge whether these markers
actually increased stock resolution. Haplotype diversity
was estimated based on Nei (1987). Significance values for

AMOVA were obtained from 10,000 permutations. Exact
tests of population differentiation were conducted with
100,000 permutations and 10,000 dememorization steps
(Raymond and Rousset 1995). p-values were corrected for
multiple tests using a false discovery rate approach
(Benjamini and Yekutieli 2001).

RESULTS

Comparisons between newly generated 817-bp se-
quences and original 490-bp haplotype data indicated
a discrepancy for one sample originally assigned as novel
haplotype CM-A33. Duplicate iterations of PCR and
sequencing indicated that this individual was actually
carrying haplotype CM-A32 (Supplemental Table 1; see
supplementary material online at http://dx.doi.org/10.
2744/CCB-1152.1.s.1). Alignments of the expanded
control-region sequence revealed a novel single nucleo-
tide polymorphism (SNP) that subdivided CM-AS8 into
two variants, CM-A8.1 and CM-AS8.3 (Supplemental
Table 2). CM-A8.3 accounted for 18% of CM-A8 TI
females but was only detected in a single individual in RA
(4% of CM-AS8) and was absent in the FN sample. No
polymorphism was detected within any of the remaining
490-bp control-region haplotypes, but all CM-A23.1
individuals shared the derived CM-AS8.3 transition
(Fig. 1; Supplemental Table 2).

Twenty-one mtSTR haplotypes were detected with-
out consideration of control-region SNPs, all but one of
which were present among CM-AS8 individuals (Table 1).
The combination of control-region SNPs and mtSTR
variants defined 41 haplotypes, with CM-AS8 variants
accounting for 24 of these (Table 1). Haplotype diversity
defined by the expanded control-region fragment and
mtSTR loci was markedly higher than that of 490-bp
haplotypes (Table 1). FN had the lowest haplotype
diversity when only 490-bp haplotypes were analyzed
(0.233) but had the highest value when complete data
were considered (0.950).

Among the 24 CM-AS8 haplotypes, 7 were shared
between = 2 rookeries, with 4 of these present in all 3
rookeries. Two variants shared among the 3 rookeries
represented the most common haplotypes present in the
Brazilian nesting aggregation, accounting for 47% of
CM-AS individuals. Despite this persistence of haplotype
sharing with the novel sequences, the remaining 17
haplotypes were unique, with 9, 3, and 5 detected
exclusively in TI, RA, and FN, respectively (Table 1).
Of 9 mtSTR haplotypes detected in FN CM-AS8 females,
the 5 unique haplotypes accounted for 57% of sampled
individuals.

When only CM-AS8 variants were considered, neither
genetic-distance-based AMOVA (Ogy = 0.0228, p =
0.0782) nor pairwise ®gr comparisons indicated differenti-
ation (Table 2). However, frequency-based AMOVA
indicated weak structure (Fst = 0.0238, p = 0.0498), and
the RA-FN and TI-FN comparisons were significantly
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Table 1. Distribution of mitochondrial control region (CR) and
mtSTR haplotypes (repeat) in Brazilian green turtle rookeries. TI
= Trindade Island; RA = Rocas Atoll; FN = Fernando de
Noronha; HD = haplotype diversity; SE = standard error; bp =
base pair.

CR Repeat TI RA FN
A8.1 6-12-4-4 2

A8.1 6-13-4-4 6

A8.1 6-16-4-4 1

A8.1 7-11-4-4 9 5 1
A8.1 7-11-4-5 2
A8.1 7-12-4-4 22 12 2
A8.1 7-12-4-5 2
A8.1 7-12-5-4 1
A8.1 7-13-4-4 1 3

A8.1 7-14-4-4 1 1

A8.1 7-15-4-4 1 1 1
A8.1 7-16-4-4 5 1 2
A8.1 7-17-4-4 3

A8.1 8-9-4-4 1

A8.1 8-10-4-4 3

A8.1 8-12-4-4 1
A8.1 8-13-4-4 2

A8.1 8-14-4-4 1

A8.1 8-15-4-4 1

A8.1 8-16-4-4 2
A8.3 7-11-4-4 3 1

A83 7-11-5-4 1

A8.3 7-12-4-4 7

A83 7-16-4-4 1

A9.1 6-12-4-4 3

A9.1 6-13-4-4 1

A9.1 7-11-4-4 3

A9.1 7-12-4-4 11 1

A9.1 7-13-4-4 1

A9.1 8-12-4-4 1

A10.1 7-12-4-4 2

All.l 7-17-4-4 1

Al2.1 7-12-4-4 3

A23.1 7-12-4-4 6

A24.1 7-13-4-4 1

A25.1 7-12-4-4 1 2
A32.1 6-12-4-4 1

A32.1 6-13-4-4 1

A32.1 7-10-4-4 1

A32.1 7-11-4-4 2

A32.1 7-12-4-4 1

n 99 37 16
HD 490 bp 0.504 0.425 0.233
HD SE 0.052 0.099 0.126
HD 817 bp 0.918 0.874 0.950
HD SE + mtSTR 0.016 0.043 0.031

different (Table 2). When all haplotypes were considered,
structure was more evident among the 3 rookeries (AMOVA
®gr = 0.0331, p = 0.0088; AMOVA Fsr = 0.0200, p =
0.0147). Pairwise exact tests indicated significant structure
among all 3 rookeries (Table 2).

DISCUSSION

Previous research based on short (400-500-bp)
mtDNA control-region haplotypes suggested genetic
structuring of global green turtle nesting populations on
the scale of = 500 km (reviewed in Bowen and Karl
2007). Expanded mtDNA sequencing effort revealed
significant structure between RA and FN separated by

Table 2. Pairwise comparisons for Brazilian green turtle
rookeries. Comparisons based only on CM-A8 variants are
above the diagonal. Comparisons based on all haplotypes are
below the diagonal. Pairwise ®gt values are without parenthe-
ses. Values in parentheses are p-values for pairwise exact tests.
* indicates significant values after false discovery rate correction
for multiple tests. TI = Trindade Island; RA = Rocas Atoll; FN
= Fernando de Noronha.

TI RA FN

0.0508 (0.0009%)
0.0586 (0.0058%)

TI —0.0016 (0.0709)
RA 0.0150 (0.0034%)

FN 0.0637* (0.0001*)  0.0527* (0.0151%*)

only 150 km, indicating that these rookeries are discrete
populations with respect to female natal homing.
Application of these markers in additional nesting sites
is required to determine whether the finer scale of
population structure detected among Brazilian rookeries
is more universal than previously appreciated given
limitations of marker resolution.

FN had the highest haplotype diversity of the
Brazilian nesting populations despite being the smallest
rookery, congruent with mtDNA haplotype diversity
patterns reported from western Africa green turtle
rookeries (Formia et al. 2006). The Sao Tome rookery,
which hosts < 100 females annually, had much higher
haplotype diversity than Ascension or Poilao, which each
had a nesting population several orders of magnitude
larger. Low haplotype diversity in large rookeries may
reflect rapid expansion following a founder event,
whereas high genetic diversity in small rookeries could
result from admixture via multiple colonization events or
retention of ancestral diversity following a bottleneck
(Allard et al. 1994; Lahanas et al. 1998). Formia et al.
(2006) invoked the latter hypothesis to explain high
haplotype diversity in the Sao Tome rookery. Given the
high representation of apparently endemic mtSTR haplo-
types in the FN rookery, it may also represent the remnant
of a much larger, diverse stock that was severely
overexploited prior to protection. Therefore despite the
relatively small current size of the FN population, this
rookery may harbor important remnant genetic diversity
that could be unique among extant nesting populations.

The recognition that RA and FN host discrete green
turtle populations has important conservation implications
for resolving migratory connectivity. Although both
nesting sites are protected, the distribution of juvenile
developmental habitats and adult foraging sites for these
rookeries remain unresolved. MSA, ocean circulation
modeling, and tag return data suggest that the spatial
ecology of green turtles is determined by the complex
interaction of oceanic dispersal to initial neritic recruitment
sites followed by some degree of natal homing as juveniles
transition through developmental habitats (Bass et al. 2006;
Moncada et al. 2006; Meylan et al. 201 1; Naro-Maciel et al.
2012; Putman and Naro-Maciel 2013). MSA resolution is
often poor for small rookeries relative to larger ones
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because of extensive haplotype sharing (Monzo6n-Argiiello
et al. 2010), and RA assignments have been essentially
evenly distributed across all western Atlantic foraging
aggregations analyzed (Naro-Maciel et al. 2012).

Ocean circulation modeling suggested markedly
different trajectories for hatchlings departing from the
northern Brazilian rookeries relative to TI, with a large
percentage of the former distributed northward into the
Greater Caribbean region and the latter southward along
the Brazilian coast (Putman and Naro-Maciel 2013).
Marine turtle harvest is still permitted in several territories
of the Greater Caribbean (Humber et al. 2014), whereas
Brazilian law prohibits direct take (Marcovaldi et al.
2005). Under such a scenario, juveniles from the smaller
northern Brazilian rookeries would be at higher risk if
they remain at Caribbean foraging sites as they reach
large juvenile and subadult size classes.

Despite increased resolution of stock structure revealed
through use of the mtSTR loci, these markers do have some
limitations that should be considered. The high diversity of
mtSTR haplotypes present within each of the common
control-region haplotypes suggests faster turnover for the
mtSTR loci relative to point mutations in the control region.
If the mutation rate exceeds the rate of genetic drift, high
levels of homoplasy may prevent genetic differentiation even
in the absence of gene flow (Lunt et al. 1998). The lack of
differentiation between TI and RA CM-A8 mtSTR frequen-
ciesin this study may have resulted from haplotype saturation
through homoplasy. This presumably high mutation rate also
makes it difficult to infer historical processes because of
uncertainties in defining ancestral haplotype states and
linkages among haplotypes. Given the increased poly-
morphism uncovered through use of mtSTR markers, larger
rookery sample sizes will be required in future studies to
produce robust baseline frequencies for mixed stock
analyses. Even with demonstration of demographic isolation
among the Brazilian rookeries, deeper sampling of the RA
and FN rookeries could reduce variance around rookery
contribution estimates in mixed stock analyses.

Application of the markers identified in the present
study in Atlantic foraging aggregations should better
resolve the distribution of juveniles from the northern
rookeries, particularly the smaller, remnant FN rookery.
Comparable data are needed from green turtle nesting
populations in the central and eastern Atlantic, as well as
the Southwest Indian Ocean, to fully realize the potential
for increased stock resolution and provide more complete
baseline data for MSA. Resolving population structure
and migratory connectivity have been identified as critical
research priorities for marine turtle conservation globally
(Hamann et al. 2010), and this study has demonstrated the
efficacy of using the mtSTR array to improve resolution
of population structure in Southwest Atlantic green
turtles. Sequencing of the mtSTR array in other green
turtle nesting populations and foraging aggregations is
needed to determine its utility for increased resolution of
stock structure and mixed stock analysis.
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