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The green turtle, Chelonia mydas, like other species of marine turtles, shows great migratory displacement be-
tween its nesting and feeding grounds. In an attempt to characterize the southernmost feeding grounds of
this species, mtDNA sequence variation of green turtle aggregations in Argentinean waters was studied to
elucidate genetic variation and infer possible origins. The goal of the present study is contemplated within
the main purpose of the PRICTMA (Regional Program for Sea Turtle Research in Conservation of Argentina)
and the Network ASO-Tortugas (Red Atlantico Sur Occidental-Tortugas) which are dedicated to promoting
conservation studies in marine turtles in the region. A 486-bp fragment of the mitochondrial DNA control re-
gion was sequenced from 93 samples of incidentally caught juveniles from 2004 to 2007, revealing 9 haplo-
types. Nucleotide and haplotype diversity were similar to those detected in other Brazilian feeding grounds
(Ubatuba and Atol das Rocas/Fernando de Noronha). Analysis of molecular variance (AMOVA) indicated sig-
nificant genetic differentiation among 9 western Atlantic feeding grounds for which data is currently avail-
able, suggesting variable contributions from different nesting colonies (Fsy=0.29, P<10~%; dsr=0.55,
P<10~%). Mitochondrial DNA haplotype distributions revealed significant heterogeneity among feeding
grounds (X?: 804.84, P<10~%). A pairwise analysis revealed that most western Atlantic feeding grounds
are genetically differentiated. The weighted and unweighted mixed stock analyses suggests that green turtles
at Argentinean feeding grounds originate mainly in the Ascension Island rookery, with less contribution from
rookeries in Suriname, Aves Island and Trindade Island.

The present results improve our knowledge of the population structure and migration patterns of the Atlantic
green turtle, and inform conservation measures on feeding grounds, which may be thousands of kilometers
away from the nesting colonies. This information is required to further government efforts for this endan-
gered species.
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1. Introduction Musick and Limpus, 1997; Plotkin, 2003). These features, along with

other traits such as differential gene flow patterns between males

Marine turtles have complex life cycles. During their life span, they
use different habitats such as nesting grounds, neritic and oceanic
feeding grounds, which are frequently separated by thousands of ki-
lometers (Bolten, 2003a,b; Musick and Limpus, 1997). Adult females
are philopatric to their natal beach (Allard et al., 1994; Bass et al.,
2006; Bowen et al., 2004; FitzSimmons et al., 1997a; Heppel et al.,
2003; Roberts et al., 2004), whereas turtles from multiple breeding
populations converge on feeding grounds, habitats where they
spend most of their lives (Encalada et al., 1996; Lahanas et al., 1998;
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and females and population overlap during migrations, generate a
complex population structure that has profound implications for
their management and conservation (Bowen et al., 2005; Encalada
et al,, 1996). For these reasons, interpreting the patterns of variation
based on different molecular markers has been one of the most chal-
lenging aspects of research dedicated to understanding the popula-
tion structure and migratory patterns of marine turtles (Avise,
2004; Bass and Witzell, 2000; Bowen et al., 1992, 2004; FitzSimmons
et al,, 1997a,b; Karl et al., 1992; Lahanas et al., 1994; Norman et al.,
1994; Pella and Milner, 1987).

Structure among Atlantic populations of the green turtle (Chelonia
mydas) (Linneo, 1758) has been widely studied (see Bjorndal et al,
2006; Bowen et al., 1992; Encalada et al., 1996; Karl et al., 1992). This
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species, catalogued as endangered by the International Union for Con-
servation of Nature (IUCN) (IUCN, 2009; Seminoff and Abreu-Grobois,
2007), is distributed from North Carolina (USA) to Argentina (Epperly
et al,, 1995; Gonzalez Carman et al., 2011) in the West Atlantic, and
also occurs in the East Atlantic and the Indo-Pacific (Bagley, 2003;
Bass et al., 2006; Bowen et al., 1992; Formia et al., 2007; Kamezaki
and Matsui, 1995). The main Atlantic rookeries are on Ascension Island,
Aves Island, Trindade Island, Costa Rica and Suriname, among others
(Bjorndal et al., 2005, 2006; Bowen et al., 1992; Encalada et al., 1996;
Formia et al,, 2006, 2007; Godley et al., 2001; Kaska, 2000; Schulz,
1975) (see Fig. 1). Phylogeographic analyses indicate the existence of
two evolutionarily significant units (ESUs) (sensu Moritz, 1994), one
in the Indian Ocean and the other in the Atlantic Ocean, which show
high levels of genetic divergence and reciprocal monophyly at the mito-
chondrial DNA (mtDNA) level (Bourjea et al., 2007; Formia et al., 2006).
Nesting colonies in the Atlantic Ocean are genetically differentiated
based on mtDNA haplotypes (Bass et al., 2004; Bjorndal et al., 2005;
Encalada et al., 1996; Formia et al., 2006, 2007).

Feeding grounds in the western Atlantic have been identified in the
United States (Bass and Witzell, 2000; Bass et al., 2006), the Caribbean
(Bassetal.,, 1998; Lahanas et al., 1998; Luke et al., 2004 ), Brazil (Bjorndal
et al,, 2006; Naro-Maciel et al., 2007), Uruguay (L6pez-Mendilaharsu
et al,, 2006) and Argentina (Gonzalez Carman et al., 2011). The ability
to differentiate among nesting colonies based on mtDNA haplotype fre-
quencies has enabled the determination of nesting sources for turtles

sampled on feeding grounds. Genetic analyses have only been carried
out on some identified feeding grounds from North Carolina (Bass
et al., 2006), Bahamas (Lahanas et al., 1998), Nicaragua (Bass et al.,
1998), Florida (Bass and Witzell, 2000), Barbados (Luke et al., 2004)
and Brazil (Bjorndal et al., 2006; Naro-Maciel et al., 2007). To date, no
genetic analyses have been performed on populations inhabiting the
southernmost boundary of green turtle distribution in the western
Atlantic.

Buenos Aires has two important feeding and development
grounds of green turtles: the Rio de la Plata and El Rincén estuaries
(Gonzalez Carman et al., 2011). In both estuaries, economically im-
portant activities occur which affect turtle survival, including trans-
portation, tourism, fishing and discharge of domestic and industrial
wastes (Mianzan et al., 2001) affecting turtle survival.

Recently, the PRICTMA (Regional Program for Sea Turtle Research
in Conservation of Argentina) and the Network ASO-Tortugas (Red
Atlantico Sur Occidental-Tortugas) have proposed recommendations
for conservation of marine turtles in the southwestern Atlantic. With-
in the scope of these regional programs, the goal of the present study
is to use molecular tools to characterize the origin of the green turtles
feeding in Buenos Aires (Argentina) the southernmost Atlantic feed-
ing grounds of this species; improving our understanding of popula-
tion structure and migration on in the Atlantic green turtle. The
estimation of the degree to which the different nesting colonies are
represented in the studying area is required to conduct conservation
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Fig. 1. The map actually shows the nesting populations throughout the Atlantic (east and west) and only the feeding grounds in the western Atlantic. Rio de la Plata (RP) and El
Rincén (ER) estuaries are located in Buenos Aires Province (BA), Argentina (symbolized by stars). References and abbreviations for other feeding grounds (indicated by circles)
and nesting colonies, considered possible sources of turtles feeding at BA (indicated by triangles) are as follows: Bahamas (BH; Lahanas et al., 1998), Nicaragua (NI; Bass et al.,
1998), Florida (FL; Bass and Witzell, 2000 and Encalada et al., 1996), Barbados (BB; Luke et al., 2004), North Carolina (NC; Bass et al., 2006), Ubatuba (UB); Almofala (AL)
(Naro-Maciel et al., 2007) Fernando de Noronha (FN) and Atol das Rocas (AR) (Bjorndal et al., 2006 and Encalada et al., 1996). Aves Island, Venezuela (AV): Matapica, Suriname
(SU): Quintana Roo, Mexico (MX) (Encalada et al., 1996); Lara Bay, Cyprus (CY; Encalada et al., 1996; Kaska, 2000); Tortuguero, Costa Rica (CR; Bjorndal et al., 2005; Encalada
et al., 1996); Ascension Island, UK (Al); Poilad, Guinea Bissau (GB; Encalada et al., 1996; Formia et al., 2007); Bioko Island, Equatorial Guinea (BI); Sad Tomé (ST; Formia et al.,
2006); Trinidade Island, Brazil (TI; Bjorndal et al., 2006). Arrows represent oceanic currents: Gulf Stream (GSC), Antilles (AC), Florida (FC), North Equatorial Current (NEC),
South Equatorial Current (SEC), South Equatorial Counter Current (SECC), Guiana Current (GC), Brazil Current (BrC), Malvinas Current (MC), South Atlantic Current (SAC) and Ben-

guela Current (BeC).
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actions in Buenos Aires where substantial anthropogenic pressures
will finally have a negative impact on green turtle nesting colonies
thousands of kilometers away.

Our specific objectives were: i) to characterize genetic diversity
among green turtles on the Buenos Aires feeding grounds ii) to esti-
mate the contribution of nesting colonies on southernmost feeding
areas iii) to analyze genetic differentiation among western Atlantic
feeding grounds, and iv) to analyze the impact of the present genetic
analysis on conservation.

2. Materials and methods
2.1. Study area

The Buenos Aires province contains two important estuaries sepa-
rated by 630 km (measured as linear distance) where sea turtle feeding
takes place. The Rio de la Plata estuary (RP) is located between 34°00’-
36°10’S and 55°00'-58°10’W and covers an area of 38,800 km? drain-
ing a 3,170,000 km? basin (Guerrero, 1998; Mianzan et al., 2001).The
second estuary is El Rincén (ER), situated in the south of the Buenos
Aires province between 38°42’-39°26'S and 62°28'-61°40 W draining
a 2300 km? basin (Guerrero, 1998) (Fig. 1).

2.2. Sample collection

A total of 93 green turtles were sampled by PRICTMA between 2004
and 2007. Turtles came from by catch in coastal fisheries (76%) and
from stranding (24%) occurring in RP (n=78) and ER (n=15). All sam-
pled turtles were previously identified as juveniles based on size classi-
fication described by Bolten (1999) (Gonzalez Carman et al., 2011). The
mean curved carapace length (CCL) for sampled individuals was
38.1 cm44.45s.d. (range: 26.6-56 cm). Muscle and skin samples in
dead individuals and blood and skin samples in live turtles were collect-
ed using standard protocols (Dutton, 1996).

2.3. Laboratory procedures

Genetic techniques — Skin and muscle samples were preserved in
90% ethanol; blood samples were collected in 20% ethylenediamine-
tetraacetic acid (EDTA). All samples were stored at —4 °C. A DNeasy
Tissue Kit was used for DNA extractions, following the manufacturer's
instructions for animal tissues (Qiagen Inc.).

A 486 bp mtDNA control region fragment was amplified in both
directions using primers LTCM1 and HDCM1 described by Allard et
al. (1994). Polymerase chain reaction (PCR) (1.5 mM MgCL,, 1x PCR
Buffer, 200 uM each dNTPS, 0.5 pM each primer, 0.6 U Taq, 1 ul tem-
plate DNA and H,O to a total volume of 50 pl) was carried out under
the following conditions: 3 min at 94 °C, 35 cycles of 45 s at 94 °C,
30 s at 50 °C and 1.5 min at 72 °C, followed by 10 min at 72 °C, using
a MGW Biotech Primus PCR System. The samples were sequenced on
an ABI 3130XL (Applied Biosystems) using the sequencing service of
the Facultad de Ciencias Exactas y Naturales (Universidad de Buenos
Aires, Argentina).

2.4. Data analysis

Sequences were edited and aligned using the Bioedit V 7.0 (Hall,
1999) and Clustal programs (Higgins and Sharp, 1988). Polymorphic
sites were identified using GENALEX 6 (Peakall and Smouse, 2006).
Mitochondrial haplotypes were classified according to the standard-
ized designation provided by the Marine Turtle Sequences website
maintained by the Archie Carr Center for Sea Turtle Research at the
University of Florida (ACCSTR — http://accstr.ufl.edu/genetics.html).

Haplotype (h) and nucleotide diversity () (Nei, 1987) were cal-
culated for each of the feeding ground (RP and ER) and for the entire
Buenos Aires coast. Analysis of molecular variance (AMOVA) (Excoffier

et al, 2005), incorporating both Fsy (using haplotypes frequencies
only) and dst (using Kimura 2P genetic distances (Kimura, 1980)),
was used to investigate genetic structuring within and among feeding
grounds. We reconstructed phylogenetic relationships among haplo-
types in the studied feeding grounds using a median-joining network
using the program NETWORK v.4.5.0.0 (Bandelt et al., 1999).

We included the sequence data in a broader analysis of western
Atlantic feeding grounds studied at present. We divided all previously
described western Atlantic feeding grounds into northwestern Atlantic
and southwestern Atlantic groups. The former includes Bahamas (BH);
Nicaragua (NI); Florida (FL); Barbados (BB) and North Carolina (NC).
The latter group includes the four Brazilian populations (Almofala (AL),
Ubatuba (UB), Atol das Rocas (AR) and, Fernando de Noronha (FN)). Be-
cause haplotype frequencies at the two nearby feeding grounds of AR
and FN (Fig. 1) were not significantly different (Bjorndal et al., 2006),
they were combined for further analyses. The RP and ER feeding grounds
analyzed here were also combined for additional analyses because they
did not exhibit significant heterogeneity at mtDNA level (see results).
The complete data set analyzed here, namely Buenos Aires (BA), was
classified with the southwestern populations for analysis (Fig. 1 and
the references therein).

AMOVA based on Fst and dst was also conducted to analyze the
pattern of haplotype distribution among all studied western Atlantic
feeding grounds (all published data and the present paper). Genetic
differentiation between all western Atlantic feeding grounds was per-
formed using pairwise comparisons. The statistical significance of Fst
and dsy values was tested by 5000 permutations.

All AMOVAs mentioned above were conducted using ARLEQUIN
v3.11 program (Excoffier et al., 2005).

The comparisons of diversity genetic indices (haplotype and nu-
cleotide diversity) among northwestern Atlantic and southwestern
Atlantic feeding grounds, were performed through non-parametric
tests (Kruskal Wallis ANOVA). Relationships among western Atlantic
feeding grounds were represented by unweighted pair grouping method
based on arithmetical mean (UPGMA) phenograms on the basis of pair-
wise Fstand dsr values and by multidimensional scaling (MDS) based on
dgr values. The last two analyses were performed using the STATISTICA
program (Statistica Statsoft Inc., 1996).

The extent of geographical heterogeneity in mitochondrial haplo-
type frequency distribution was further assessed through Monte
Carlo simulations, as described by Roff and Bentzen (1989) for
mtDNA data. This method compares the extent of heterogeneity
(assessed through chi-squared analysis) in the original data matrix
to that estimated from repeated randomization on the original ma-
trix. This procedure is designed to minimize the effect of small sam-
ples on the validity of the chi-squared test and was conducted in
REAP program (McElroy et al., 1991). Chi-squared statistics have
been shown to have higher power than sequence-based statistics
for detecting population structure (Hudson et al., 1992).

Contributions of nesting colonies to the Buenos Aires (BA) feeding
grounds were assessed through Mixed Stock Analysis (MSA) using
Bayesian methods implemented in the program BAYES (Pella and
Masuda, 2001). Sources used in the MSA belong to 12 Atlantic and
Mediterranean nesting colonies described in the literature to date,
namely: Lara Bay, Cyprus (Cy); Polido, Guinea Bissau (GB); Sdo Tomé
(ST); Bioko Island, Equatorial Guinea (BI); Hutchinson Island, Florida
(FL); Quintana Roo, México (MX): Tortuguero, Costa Rica (CR); Aves Is-
land, Venezuela (AV); Matapica, Suriname (SU); Atol das Rocas, Brazil
(AR) and Fernando de Noronha, Brazil (FN); Ascension Island, UK
(Al); Trindade Island, Brazil (TI) (Table 3; Fig. 1 and the references
therein). The AR and FN nesting colonies (Bjorndal et al., 2006) were
joined for the MSA analysis, because there were no significant differ-
ences of the mtDNA haplotype distribution.

The BAYES program integrates information from the observed data
(nesting colonies and feeding grounds) to estimate relative contribu-
tion of nesting colonies to foraging grounds. The Bayesian approach
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Haplotype frequencies, haplotype diversity and nucleotide diversity in green turtle feeding grounds in the western Atlantic.

Northwestern Atlantic

Southwestern Atlantic

BB NI BH NC FL UB AL AR/FN BA
RP ER
CM-A1 7 2 34 12
CM-A2 2 1
CM-A3 21 54 62 43 43 18
CM-A5 13 6 10 5 3 14 28 5 18 2
CM-A6 3 2 2
CM-A8 14 1 7 83 53 20 48 11
CM-A9 4 3 3 5
CM-A10 3 4 1 1
CM-A15 1
CM-A16 2 1
CM-A17 1
CM-A18 3 2
CM-A19
CM-A20 1
CM-A21 3 1
CM-A22 1 2 1
CM-A24 2 1 1
CM-A26 2
CM-A27 2
CM-A28 3
CM-A32 2 1 2
CM-A39 1
CM-A42 2 2
CM-A44 1 1
CM-A45 1
CM-A46 1 1
CM-A55 1
N 60 60 79 106 62 113 117 32 78 15
No. of haplotypes 8 2 6 12 6 11 13 6 7 4
h 0.773 0.183 0.370 0.729 0.486 0.446 0.716 0.589 0.5691 0.467
(0.027) (0.062) (0.065) (0.030) (0.066) (0.055) (0.030) (0.091) (0.052) (0.148)
m 0.0104 0.0011 0.0065 0.0053 0.0031 0.0020 0.006 0.002 0.002 0.0018
(0.005) (0.001) (0.003) (0.003) (0.002) (0.001) (0.003) (0.001) (0.0015) (0.0015)

h = haplotype diversity, m = nucleotide diversity. N = sample size. Standard deviations are indicated in brackets. References and abbreviations correspond with Fig. 1.

using this program is not biased when sample size is small or by the
presence of rare haplotypes (Pella and Masuda, 2001). Two MSA were
performed, taking into account equal prior probability assigned to
each rookery and considering contribution weighted by population
size. Size estimates of the nesting populations were taken from refer-
ences (Bellini and Sanches, 1996; Bellini et al., 1996; Formia et al.,
2006; Seminoff, 2002, 2004). The analyses were carried out (about
7500 iterations) till Gelman and Rubin diagnostics confirmed conver-
gence of the chains to the desired posterior density, with most shrink
factors near 1.0 and below 1.2. The first halves of the chains were dis-
carded as “burn-in,” and estimates were based on the second halves

Table 2
Genetic differentiation among western Atlantic feeding grounds of the green turtles.

Northwestern Atlantic Southwestern Atlantic

FL BH NC BB NI UB AL AR/FN  BA

FL 0.050 0.035 0324 0.021 0.846 0.640 0.836 0.853
BH 0.039 0.051 0.179 0.015 0.728 0.515 0.672 0.728
NC 0.065 0.168 0228 0.079 0.750 0.559 0.712 0.754
BB 0.131 0.182 0.055 0294 0413 0.168 0322 0413
NI 0.098 0.013 0.244 0.279 0.828 0.616 0.806 0.833
UB 0.529 0.571 0376 0.249 0.649 0.077 0.007 0.013
AL 0305 0341 0.193 0.054 0418 0.081 0.054 0.076
AR/FN 0467 0.534 0.294 0.160 0.651 0.003 0.028 0.013
BA 0472 0518 0322 0.182 0.599 0.011 0.035 0.013

Pairwise dgr values are shown in the upper matrix and pairwise Fsy values are
indicated in the lower matrix. Statistical significance was assessed using 5000
random permutations. Bold type indicates P<0.01. BA includes the samples of ER and
RP. Abbreviations correspond with Fig. 1.

only (Pella and Masuda, 2001). Haplotypes observed on the BA feeding
grounds but not previously identified on nesting colonies were excluded
from the MSA analysis.

To study whether MSA contributions are affected by the size of the
nesting colonies and/or the distance between each nesting colonies
and BA feeding grounds, we used a Spearman non-parametric corre-
lation analysis using the STATISTICA program (Statistica Statsoft
Inc., 1996).

3. Results
3.1. Genetic diversity and haplotype distribution

A fragment of 486 bp, of the 5’ end of the mtDNA control region
was successfully amplified from 93 green turtles from RP and ER estu-
aries (Table 1). Analyses of molecular variance (AMOVA), based on
haplotype frequencies (Fsy= — 0.005, P>0.05) and on haplotype diver-
gence (Psy=—0.11, P>0.05) indicated that there were no significant
differences between the aggregations at both BA estuaries. Similarly,
the analysis of mtDNA haplotype distribution did not detect significant
heterogeneity between both estuaries (X?: 13.54, P=0.13). Samples
from the RP and ER estuaries were combined (Buenos Aires, BA) for fur-
ther analyses.

A total of nine haplotypes, defined by seven variable sites and a 4 bp
insertion/deletion (indel), were detected at the BA feeding grounds
(Table 1, Fig. 2). Haplotype relationships were illustrated in a median-
joining network (Fig. 2). Around the central sequence CM-A8 emerge
branches to other haplotypes most of them separated from CM-A8 by
one or two nucleotide substitutions. The CM-A42 haplotype, which
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Green turtle mtDNA haplotype frequencies from nesting colonies in the western Atlantic.
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GB ST BI FL

MX CR AV SU AR/FN Al TI

CM-A1
CM-A2
CM-A3

11
1
12

CM-A4

CM-A5 1

CM-A6 1 5
CM-A7

CM-A8 70 13 45
CM-A9

CM-A10

CM-A11

CM-A12

CM-A13 25
CM-A14 1
CM-A15

CM-A16

CM-A17

CM-A18

CM-A20

CM-A21

CM-A23

CM-A24

CM-A25

CM-A32

CM-A33

CM-A35

CM-A36

CM-A37

CM-A38

CM-A39

CM-A44

CM-A45

CM-A46

CM-A50

N 26 70 20 50 24
No. of haplotypes 2 1 7 2 3
Distance to BA (km) 12,186 6890 7651 7971 7208
Nesting female 100 2523 90 407 779

N = —

1 11

w

v = NN O
v

204 67

W N ==

—_ g =
—_

[ NS

1
20 433 30 15 69 245 99
7 5 2 3 7 13 7
7248 5917 5874 4790 4296 2387 3220
1587 26,535 267 1814 129 3709 3000

N represents the sample size. References and abbreviations correspond with Fig. 1. The sizes of the nesting colonies are according to Naro-Maciel et al. (2007).

has not been described in any nesting ground to date, is separated by a
4 bp indel from CM-A8 and was found in two individuals from the BA
feeding grounds.

The most common haplotype among BA feeding grounds samples
was CM-A8, occurring in 55% of samples. CMA-5 was the second-most
common haplotype and was found in 18.6% of the samples. Among
nesting colonies, CM-A5 was found most frequently in CR, AV and SU,

CM-A8

Fig. 2. Inferred genealogical relationship among green turtle mtDNA haplotypes from
the BA feeding grounds. The diameter of each circle is proportional to the number of
individuals found for each haplotype. Solid bars indicate inferred single nucleotide sub-
stitutions; the open bar represents a 4 bp insertion/deletion.

whereas CM-A8 was found most frequently in African and Brazilian
rookeries (GB, ST, BI, TI, and AR/FN and Al) (Table 3). The remaining
BA haplotypes were observed at low frequencies (<5%), and were
also encountered in samples from rookeries in TI, AR/FN, Al, GB, ST, BI,
MX, CR, and SU (Table 3).

Haplotype diversity among BA samples was similar to that found
in other southwestern Atlantic feeding grounds (UB and AR/FN), but
lower than that observed in some northwestern Atlantic feeding
grounds (BB and NC) (Table 1). Nucleotide diversity was generally
higher in northwestern Atlantic feeding grounds. The Kruskal-Wallis
test showed that there were significant differences in nucleotide di-
versity between northwestern Atlantic and southwestern Atlantic
feeding grounds (H=6; P=0.01).

3.2. Genetic differentiation among western Atlantic feeding grounds

Haplotype frequencies were significantly different among all
western Atlantic feeding grounds. AMOVA based on haplotype fre-
quencies alone (Fsy=0.29, P<10~ %) and considering divergence be-
tween haplotypes (dsr=0.55, P<10~4) revealed significant genetic
differences among feeding grounds. Mitochondrial DNA analyses
based on haplotype frequencies and genetic distances showed that
29% and 55% (respectively) of the variance could be accounted for
by differences among feeding grounds. Similarly, the analyses of
mtDNA haplotype distributions revealed significant heterogeneity
among locations (X?: 804.84, P<10~%). The pairwise comparisons
among all western Atlantic feeding grounds after applied Bonferroni
correction revealed that 29 out of 36 Fsr pairwise comparisons and
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28 out of 36 dst comparisons were statistically significant after sequen-
tial Bonferroni correction (Table 2). Additionally, feeding grounds in
northwestern Atlantic appear to be more different than feeding grounds
in southwestern region. Pairwise analysis between northwestern feed-
ing grounds demonstrated that almost comparisons except BH-FL and
BH-NI exhibited significant differences. Pairwise comparisons between
southwestern feeding grounds showed that only comparisons between
AL with respect to BA and UB feeding grounds revealed significant ge-
netic heterogeneity.

MDS (stress value=0.00013) and phenogram based on ®dsr ge-
netic distances show the genetic affinities among western Atlantic
feeding grounds (Fig. 3). In the UPGMA phenogram two main clusters
are evident reflecting the relative major geographic distribution of
feeding grounds. One group clustered feeding areas belonging to
southwestern distribution and the other principal cluster assembled
northwestern feeding grounds. The multidimensional scaling analysis
showed again the strongest division between northwestern and
southwestern coasts and demonstrated that northwestern feeding
grounds seem to be more heterogeneous than feeding areas in south-
western Atlantic.

To analyze differences in migration contributions along western
Atlantic coasts, analyses of molecular variance were performed using
data from the two principal clusters in the tree. The AMOVA in

L
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Fig. 3. UPGMA tree (A) and Multidimensional Scaling Analysis (MDS) (B) showing re-
lationships among 9 western Atlantic feeding grounds of green turtle on the basis of
pairwise ®sr values (0.014 was added to each original ®sr value in order to avoid neg-
ative numbers).

southwestern Atlantic indicated significant differences among feeding
grounds (6.10% and 3.9%, respectively), both in cases when genetic dis-
tances were included in the model (dsr: 0.061, P<10~*) and when ge-
netic distances were excluded from the model (Fsr: 0.039, P<10™%).
Genetic differentiation among southwestern Atlantic feeding ground
showed large differentiation between AL and BA as well as between
AL and UB (Table 2).

In the same way, AMOVA based on haplotype frequencies and using
genetic distances showed significant differences among five northwest-
ern feeding grounds (Fsr: 0.137, P<10~*, dgr: 0.146, P<10~%). As evi-
denced in MDS analysis, feeding grounds in northwestern distributions
exhibited more heterogeneity (14% based on Fst and 15% considering
dgr) than feeding grounds in southwestern Atlantic.

3.3. Mixed stock analyses

Mixed stock analysis based on equal prior probability to each
source and taking into account contribution weighted by population
size demonstrated that Al is the main source of the BA feeding grounds
(61% and 60% respectively), with lesser contributions from SU, AV and
TI rookeries (Table 4). The confidence intervals for Al were narrower
and did not encompass zero for both MSA with prior weighted and
non-weighted.

No significant relationships were detected between MSA results and
the size of the nesting colonies as well as the geographic distance from
nesting colonies (r=—0.082 P=0. 80; r=0.52 P=0.09 respectively).

4. Discussion

To protect a migratory species, it is critical to study its rangewide
population structure (Frankham et al, 2002; Heppel et al., 2003).
Several recent studies addressing the genetic composition in green
turtle feeding grounds (mixed-stock) provide useful information
about the spatial pattern of movements and distribution (Bass and
Witzell, 2000; Bass et al., 2006; Bolker et al, 2007; Luke et al.,
2004; Naro-Maciel et al., 2007). Understanding the genetic composi-
tion of feeding grounds allows researchers to track the status of

Table 4
Mixed stock analysis (MSA) of Buenos Aires green turtle control region haplotypes con-
sidering equal priors (1) and contribution weighted by population size (2).

Stock MSA Mean Standard deviation 2.5% Median 97.5%

T 1 0.0743 0.1067 0.0000  0.0105 0.3667
2 0.0922  0.1214 0.0000  0.0276 0.4052
Al 1 0.6140  0.1616 0.2235  0.6562 0.8189
2 0.5839  0.1638 0.1798  0.6174 0.8070
AR 1 0.0226  0.0660 0.0000  0.0001 0.2252
2 0.0214  0.0658 0.0000  0.0000 0.2212
AT 1 0.0047  0.0195 0.0000  0.0000 0.0450
2 0.0044  0.0153 0.0000  0.0000 0.0457
BI 1 0.0172  0.0521 0.0000  0.0000 0.1946
2 0.0315  0.0739 0.0000  0.0000 0.2782
GB 1 0.0357  0.0758 0.0000  0.0002 0.2770
2 0.0184  0.0515 0.0000  0.0000 0.1877
SU 1 0.1293 0.1130 0.0000  0.1599 03117
2 0.1630  0.1198 0.0000  0.1992 0.3517
AV 1 0.0983 0.1061 0.0000  0.0327 0.2868
2 0.0813 0.1056 0.0000  0.0037 0.2927
CR 1 0.0010  0.0033 0.0000  0.0000 0.0101
2 0.0010  0.0035 0.0000  0.0000 0.0103
MX 1 0.0010  0.0034 0.0000  0.0000 0.0096
2 0.0011 0.0038 0.0000  0.0000 0.0110
FL 1 0.0010  0.0037 0.0000  0.0000 0.0109
2 0.0010  0.0037 0.0000  0.0000 0.0104
cY 1 0.0010  0.0033 0.0000  0.0000 0.0101
2 0.0009  0.0032 0.0000  0.0000 0.0097

Mean values are shown with standard deviations. The 2.5% and 97.5% values indicate the
upper and lower bounds of the 95% confidence interval. Abbreviations correspond with
Fig. 1.
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populations, obtain data to support stock assessment analyses, and
provide life cycle information.

This study represents the first attempt to understand the origins of
green turtle feeding grounds in their southernmost Atlantic distribu-
tion. We studied green turtles from two estuaries in the Buenos Aires
province (RP and ER). All genetic differentiation approaches (AMOVAs
through Fst and dst and chi-squared test) demonstrated homogeneity
in haplotype distribution between the two estuaries allowing us to con-
sider them a single group for the purposes of subsequent analyses.
However, the absence of genetic differentiation between estuaries
may be an artifact of small sample size (ER) and should be interpreted
carefully.

We analyzed genetic diversity using mitochondrial control region
sequences, assessing our results in a framework of existing data from
other western Atlantic feeding grounds. As a general factor, nucleotide
diversity was significantly greater in northwestern feeding grounds
than in southwestern feeding aggregations. This result may be
explained by the fact that northwestern feeding ground haplotypes
are more diverse with respect to southwestern feeding areas. In an
early phylogeographic analysis of the Atlantic and Mediterranean nest-
ing grounds of green turtle Encalada et al. (1996) distinguished two
haplotype groups. In northwestern feeding grounds exhibited haplo-
types belonging to two different haplotype clades whereas in south-
western feeding grounds showed most of the haplotypes belonging to
one clade.

Analysis of molecular variation showed that a large proportion of the
variance (29% with Fsr and 55% with dsr) in western Atlantic feeding
grounds could be accounted for by differences among them. Several
studies (including the present paper) have demonstrated through dif-
ferent statistical approaches (Chi-square comparisons; exact-test; Fsr
and dsy pairwise comparisons) that most western Atlantic feeding
grounds are genetically differentiated (Bass and Witzell, 2000; Bass
et al,, 2006; Luke et al., 2004; Naro-Maciel et al., 2007).

Phenogram and MDS analyses demonstrated the existence of two
differentiated feeding ground groups: northwestern and southwest-
ern. Partial AMOVAs revealed higher differences among northwestern
feeding grounds than among southwestern feeding grounds.

Among northwestern feeding grounds, Barbados and North Carolina,
with high indices of genetic diversity and a larger number of contribut-
ing nesting colonies, displayed genetic differentiation with almost pair-
wise comparisons (Tables 1 and 2) (Bass et al., 2006; Luke et al., 2004).
Phenogram and MDS analysis also evidenced that BB is the most differ-
entiated Atlantic feeding ground. Nicaragua and Bahamas feeding
grounds are drawn mainly from the Costa Rica nesting colony (90%
and 80% respectively) and exhibit comparatively lower levels of haplo-
type diversity (Table 1) (Bass et al., 1998; Lahanas et al., 1998). Conse-
quently, pairwise comparisons did not reveal genetic differentiation
between these feeding grounds (Table 2). In agreement, dst phenogram
clustered these feeding areas together. The Florida feeding grounds con-
tained main contributions from Costa Rica (48%) and from the adjacent
Florida nesting colony (37%) and the haplotype diversity was compara-
tively intermediate with respect to other northwestern feeding grounds
(Table 1) (Bass and Witzell, 2000). Juvenile green turtles from Florida
feeding grounds did not differ from a similar juvenile foraging popula-
tion from Bahamas in pairwise comparisons based on Fst and dst. but
differ significantly in Fsy pairwise comparison with respect to the
adult foraging group from Nicaragua (Table 2). The last result may be at-
tributed to the fact that Florida and Nicaragua foraging grounds repre-
sent different development stages of green turtle life span. The
detected differences between haplotype compositions indicate a non-
random distribution of green turtles among northwestern feeding
grounds.

Among southwestern feeding grounds, the Buenos Aires feeding
grounds exhibited indices of genetic diversity comparable to those
detected in Ubatuba and Atol das Rocas/Fernando de Noronha. The
MSA of joint stock presented here suggests that green turtles at

Argentinean feeding grounds originate mainly in the Ascension Island
rookery, with lesser contributions from more distant nesting colonies,
Suriname, Aves Island and Trindade Island (Table 4). Ubatuba and
Atol das Rocas/Fernando de Noronha exhibited relative mixed stock
contributions comparable to those in the Buenos Aires feeding
grounds (Bjorndal et al., 2006; Naro-Maciel et al., 2007). As a result,
pairwise comparisons did not show genetic significant differences
between Buenos Aires with respect to Ubatuba and Atol das Rocas/
Fernando de Noronha (Table 2). However, the limited sample size
of Atol das Rocas/Fernando de Noronha might have affected compar-
isons considering these latter feeding grounds. Within southwestern
feeding grounds, Almofala showed the largest number of contributing
nesting colonies (Ascension Island (43%), Aves Island (18%), Costa
Rica (15%), Suriname (8%) and Trindade (6%)) (Naro-Maciel et al.,
2007) displayed the highest values of haplotype and nucleotide diversi-
ty (Table 1) and exhibited genetic differentiation with respect to Buenos
Aires and Ubatuba. In agreement phenogram and MDS plot tended to
cluster UB-AR/FN-BA whereas AL shows high differentiation. The ob-
served variation pattern denotes, as detected in the northwestern
Atlantic, a nonrandom distribution of green turtles among southwestern
feeding grounds.

Several factors, such as the movements of individuals among feed-
ing grounds, the sizes of nesting colonies, the distance between
breeding and feeding grounds, juvenile natal homing and ocean cur-
rents, have been suggested to explain the composition of feeding
areas (Bass and Witzell, 2000; Bass et al., 2006; Bjorndal and Bolten,
2008; Bolten, 2003b; Broderick et al., 2001; Lahanas et al., 1998;
Luke et al., 2004).

The movements of juvenile green turtles might be invoked to ex-
plain differences between neritic feeding grounds (Bass et al., 2006;
Bjorndal and Bolten, 2008; Witham, 1998). At present, we do not have
data about green turtle movements in Buenos Aires estuaries. Future
home range satellite telemetry studies will improve our understanding
of green turtles in Argentina.

Some studies have analyzed the importance of rookery size or the
distances from feeding ground to candidate nesting colony in the pro-
portional contribution to feeding grounds and the results have differed.
Bass and Witzell (2000) demonstrated that the distance between nest-
ing and feeding grounds was an important factor in the Florida feeding
ground composition. Nesting ground population size has been sug-
gested to show an important role shaping the contribution in both
Bahamas and Nicaragua feeding grounds (Bass et al., 1998, 2006;
Lahanas et al., 1998). Contrariwise, in Barbados, Almofala, Ubatuba
and Buenos Aires there was no significant influence of either size or dis-
tance of the nesting colonies from the feeding grounds on the estimated
contributions of the different nesting colonies to feeding areas (Luke
et al., 2004; Naro-Maciel et al., 2007; the present paper).

It has been suggested that ocean currents have great influence in
shaping green turtle feeding aggregation composition (Bass and Witzell,
2000; Bass et al., 2006; Luke et al., 2004; Naro Maciel et al., 2007).

Some papers proposed the influence of the several ocean currents
(Gulf Stream (GSC), Antilles (AC), Florida (FC) and Equatorial (EC)
Currents) modeling northwestern feeding areas (Bass et al., 2006
and Luke et al,, 2004) (see Fig. 1). It have been invoked that the
high diversity in Barbados and North Carolina with respect to east-
central Florida feeding grounds may be caused by their position rela-
tive to ocean currents (Bass et al., 2006). In particular Barbados feeding
ground composition may be the result of its location with respect to the
coalescence of the North Equatorial and South Equatorial Currents (NEC
and SEC respectively) (Luke et al., 2004) leading to high differentiation
from each of the other Atlantic northwestern feeding grounds.

Ocean currents may also be important factors molding the genetic
composition of juveniles in the Buenos Aires feeding grounds. The
main current flowing toward this area is the Brazilian Current, which
runs north to south along the South American coastline to Argentina.
In turn, the Brazilian Current (BrC) represents the southern branch of
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the South Equatorial Current, whose northern branch flows into the
Caribbean Guiana Current (GC) and toward northern South America
and the Caribbean. The South Equatorial Counter Current (SECC) flows
counter to the SEC, as its name implies, but its effect on the foraging
ground composition may have a seasonal component (Boltovskoy,
1981; Piola and Matano, 2001; Tomczak and Godfrey, 2003) (Fig. 1).

Ascension Island, the main contributor to the BA feeding ground
(61%), is located along the path of the SEC. It is therefore likely that
this current (and its bifurcating branches) plays a major role in dis-
persal of Ascension individuals toward Argentina and other foraging
grounds along the South American coastline. On the other hand, Trini-
dade though geographically closer to Argentina (ca. 3220 km), is far
enough offshore that it is not touched by the SEC or BrC, which may ex-
plain its lower contribution to the BA foraging grounds (7%). The contri-
bution from Suriname (13%) and Aves Island (10%) may be mainly
influenced by the SECC.

The similarity between the Buenos Aires and Ubatuba foraging
grounds, and their differentiation with respect to the other Brasilian
green turtle foraging area in Almofala might also be explained by the in-
fluence of ocean currents on hatchling dispersal. Almofala, for instance,
located in northern Brazil is likely to be influenced by the NEC and the
GC, both of which do not touch southern Brazil and Argentina (Bass
et al,, 2006; Naro-Maciel et al., 2007).

The results presented here suggest that ocean currents may consti-
tute the deciding factor molding the genetic composition of foraging
aggregations in Argentina. The Buenos Aires estuaries may be of partic-
ular importance to sea turtles since they reach these feeding grounds
after extensive developmental migrations (which, in the case of nesting
colonies in the southwestern Atlantic, range from 3000 to 9000 km).

Temporal variation could have a significant effect on estimates of
feeding ground composition (Bass et al., 2006; Bjorndal and Bolten,
2008). However, most analyses conducted on feeding grounds have
only considered samples at one time or samples collected over sever-
al years pooled together for analysis (Bjorndal and Bolten, 2008).
Among the four southwest Atlantic feeding grounds analyzed to
date, only the approach of Naro-Maciel et al. (2007) evaluated tempo-
ral variation. These authors concluded that there was no significant
variation among years in Almofala (AL) and Ubatuba (UB). However,
long term temporal studies in feeding grounds would be useful in an-
alyzing the dynamics of development and feeding areas of the green
turtle.

Despite the number of studies dedicated to detection and charac-
terization of both nesting and feeding areas, important questions re-
main. Several feeding ground studies have detected previously
unidentified haplotypes, suggesting either the presence of unsampled
nesting colonies or the existence of these new haplotypes at low fre-
quencies in previously studied nesting areas (Bass et al., 2006; Luke
et al., 2004; Naro-Maciel et al., 2007). In the present study we
detected the CM-A42 haplotype, which has not been previously de-
scribed from any nesting beach. This haplotype is separated by a 4 bp
indel from the most common haplotype CM-A8 in Buenos Aires and
has also been detected in feeding grounds of Africa (Corisco Bay in
Gabon and the Gulf of Guinea) and Brazil (Almofala) in relatively low
frequencies (0.004, 0.006 and 0.017 respectively) (Formia, 2002;
Naro-Maciel et al., 2007).

Interestingly, feeding grounds reporting the CM-42 haplotype
(Buenos Aires as well as Almofala and west Africa) all exhibited
major contributions from Ascension Island with smaller contributions
from Bioko and Guinea Bissau (Formia, 2002; Naro-Maciel et al.,
2007; this paper). Other haplotypes which may also have been con-
tributed to these feeding grounds by the same rookeries are CM 26
and CM 32. Therefore, one can hypothesize that the detected distribu-
tions of these haplotypes and that of CM-42 are related to the influ-
ence of the same oceanic currents, flowing between the rookeries of
origin and the feeding grounds. In other words, the South Atlantic
gyre including the Benguela Current (BeG), the dominant current in

the eastern South Atlantic (Tomczak and Godfrey, 2003), the SEC and
the BrC, may sweep hatchlings originating from rookeries along their
path, such as Ascension and Bioko Islands. Following this developmen-
tal migration, hatchlings might then recruit to foraging grounds also lo-
cated along the same circular current system, thus effecting dispersal of
haplotypes (Fig. 1). This hypothesis would also suggest putative areas of
haplotype origin (Fig. 1). However, further genetic studies increasing
the sample size of identified nesting colonies as well as detecting new
nesting areas are necessary and can improve our understanding of the
genetic structure of this species in the South Atlantic.

Successful management of migratory species requires an under-
standing of population structure throughout their ranges. Due to the
wide-ranging migrations of the green turtle, long-term international
cooperation in the analysis of both nesting and feeding grounds is es-
sential for protection efforts. Our results represent a considerable
contribution to the study of possible migration routes, and can be uti-
lized to implement mitigation measures and plans for conservation,
not only in nesting colonies but also in development and feeding
areas of this severely threatened species.
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