
fevo-09-704838 August 2, 2021 Time: 14:53 # 1

ORIGINAL RESEARCH
published: 04 August 2021

doi: 10.3389/fevo.2021.704838

Edited by:
Claudio Oliveira,

São Paulo State University, Brazil

Reviewed by:
Julian Walcott,

The University of the West Indies,
Cave Hill, Barbados

Eduardo Cuevas,
CONACYT-Universidad Autónoma del

Carmen, Mexico

*Correspondence:
Thyara Noely Simões

thyara.noely@gmail.com

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Evolutionary and Population Genetics,
a section of the journal

Frontiers in Ecology and Evolution

Received: 12 May 2021
Accepted: 15 July 2021

Published: 04 August 2021

Citation:
Simões TN, Santos EMd,

Santos AS, Gaiotto FA, Costa MA,
Assis ETCdM, Neves VCdS,

Magalhães WMdS, Mascarenhas R,
Bonfim WAG, Neves JN and Solé M

(2021) Low Diversity and Strong
Genetic Structure Between Feeding

and Nesting Areas in Brazil
for the Critically Endangered Hawksbill

Sea Turtle.
Front. Ecol. Evol. 9:704838.

doi: 10.3389/fevo.2021.704838

Low Diversity and Strong Genetic
Structure Between Feeding and
Nesting Areas in Brazil for the
Critically Endangered Hawksbill Sea
Turtle
Thyara Noely Simões1*†, Ednilza Maranhão dos Santos2†, Alesandro Souza Santos1†,
Fernanda Amato Gaiotto1†, Marco Antônio Costa1†,
Elza Thaynara Cardoso de Menezes Assis1, Vivian Chimendes da Silva Neves3,
Werlanne Mendes de Santana Magalhães4, Rita Mascarenhas5,
Waltyane Alves Gomes Bonfim6, Juliede Nonato Neves7 and Mirco Solé1,8†

1 Department of Biological Sciences, Universidade Estadual de Santa Cruz/UESC, Ilhéus, Brazil, 2 Department of Biological
Sciences, Universidade Federal Rural de Pernambuco/UFRPE, Recife, Brazil, 3 Non-Governmental Organization (NGO)
Ecoassociados, Ipojuca, Brazil, 4 Instituto Tartarugas do Delta - ITD, Serviço Social do Comércio (SESC) Praia, Luis Correia,
Brazil, 5 Associação Guajiru, Ciência, Educação e Meio Ambiente, Cabedelo, Brazil, 6 Instituto Biota de Conservação,
Maceió, Brazil, 7 Projeto Amiga Tartaruga - PAT Ecosmar, Porto Seguro, Brazil, 8 Herpetology Section, Zoologisches
Forschungsmuseum Alexander Koenig, Bonn, Germany

Marine turtle nesting areas are characterized by receiving several females every year.
The species Eretmochelys imbricata, known as hawksbill turtle is listed as Critically
Endangered by the IUCN, and has been the target of studies on genetic structure
and population diversity in nesting areas. Therefore, this study aimed to analyze the
genetic diversity and haplotype composition of populations sampled in nesting areas
from the coast of northeastern Brazil based on the mtDNA D-loop region. We used
genetic information and compared it with data from feeding areas available in public
databases. We recorded a total of six exclusive haplotypes in the nesting areas and
27 exclusive haplotypes for the feeding areas. The H_1 haplotype was shared in all
nesting areas. The turtles of these regions had a low diversity and a genetic structure
composed of five divergent groups separating the reproductive areas from the ones
of feeding areas. Positive and significant geographical distance relationships were also
recorded with FST values (r = 0.2302, p = 0.007). Our results revealed that hawksbill
turtles from reproductive areas comprise a single population that needs management
strategies to protect the threatened species, in addition to providing information that
contributes to future actions for the species conservation.

Keywords: hawksbill turtle, mtDNA, haplotypes, population structure, Brazil, Eretmochelys imbricata

INTRODUCTION

Five species of sea turtles are distributed along the Brazilian coastline and all of them have been
categorized under some level of extinction threat (Santos et al., 2013). Among them, the hawksbill
sea turtle Eretmochelys imbricata (Linnaeus, 1766) is classified as Critically Endangered (IUCN,
2008). The species E. imbricata has a circumglobally distribution in tropical and subtropical waters
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in the Atlantic, Indian and Pacific Oceans (Pritchard and
Mortimer, 1999; LeRoux et al., 2012). Previous research revealed
that the populations of E. imbricata are concentrated mainly in
the Eastern Atlantic Ocean and the Caribbean (Marcovaldi et al.,
2007; Vilaça et al., 2013). Mexico, for example, is considered the
country hosting the largest nesting population of this species in
the Atlantic, in addition to several areas along the coast that are
used as feeding areas (Garduño-Andrade et al., 1999; Labastida-
Estrada et al., 2019). Hawksbill turtles feed preferentially on
sponges, and like other sea turtles, they have a life cycle with a
migratory habit between rookeries and feeding areas and show
philopatric behavior (Wallace et al., 2010; Putman et al., 2014).

Philopatry, defined as the tendency of females to return to
natal areas around the beaches they were hatched, supposes
that nesting areas have specific genetic information of maternal
inheritance, derived from mitochondrial DNA (mtDNA) (Bowen
and Karl, 2007), resulting in a genetically structured population
that can be considered as a Management Unit (Moritz, 1994).
In general, molecular studies are being increasingly applied
in analyses of genetic diversity and structure in the areas of
reproduction, phylogenetic relationships, migratory behavior and
composition in the feeding areas and, in philopatry of sea turtles
worldwide (Bolten et al., 1998; Bowen et al., 2005; Bjorndal
and Bolten, 2008; Joseph et al., 2016; Vargas et al., 2016). In
this context, the use of molecular markers such as mtDNA
(control/D-loop region) stands out for being efficient in assessing
the genetic structure among reproductive areas (Jensen et al.,
2013; López-Barrera et al., 2016; Reis and Goldberg, 2017). Most
studies on mtDNA used few bases for sequencing (∼300 bp), but
in view of the need to obtain more detailed information about the
detection of variation and population structure, longer sequences
are being applied for this species (Troëng et al., 2005; LeRoux
et al., 2012; Nishizawa et al., 2016; Arantes et al., 2020).

Many research has recorded important nesting and feeding
areas for E. imbricata in Brazil. However, few genetic analyses
have been carried out with mtDNA in these areas, with only a
few studies for nesting areas in the states of Bahia, Sergipe, Rio
Grande do Norte, and Ceará. For feeding areas genetic studies are
restricted to São Pedro and São Paulo Archipelago, Fernando de
Noronha Archipelago, Abrolhos National Marine Park, and some
regions of southern Brazil (Bass et al., 1996; Bass, 1999; Lara-Ruiz
et al., 2006; Vilaça et al., 2013; Proietti et al., 2014).

Although such research on the Brazilian coast exists, the
genetic characterization of nesting areas of E. imbricata will
be essential to understand the distribution and dynamics of
the Brazilian haplotypes, in addition to contributing additional
information on the genetic profile of nesting areas in the country
(Proietti et al., 2014). In addition, reproductive records for the
species are increasing in areas not considered as conservation
priorities and such information can expand knowledge about
the biology of these animals for conservation purposes (Vilaça
et al., 2013). Thus, aiming to increase the knowledge, this study
used mtDNA to analyze the genetic diversity of E. imbricata
their nesting beaches (states of Piauí, Rio Grande do Norte,
Paraíba, Pernambuco, Alagoas, and southern Bahia), in addition
to evaluating the genetic structure and comparing haplotype
sequences between the nesting and feeding areas of this species.

MATERIALS AND METHODS

Study Area and Data Collection
The study was carried out on beaches located on the coast
of northeastern Brazil, which stand out for having sea turtle
nesting activity, including E. imbricata nests. This coastline is
characterized by the presence of sand strips, formation of inlets,
some have coral reefs and sandstones, and the vast majority
are urban beaches that are under the influence of tourism and
anthropic activities (Santana et al., 2009; Moura et al., 2012; Costa
et al., 2016; Melo, 2016).

Six nesting areas of E. imbricata located in the states
of Piauí (PI_BRA), Alagoas (Al_BRA), Bahia (BA_BRA), Rio
Grande do Norte (RN_BRA), Pernambuco (PE_BRA), and
Paraíba (PB_BRA) (Figure 1 and Supplementary Table 1)
were sampled between 2017 and 2018. Daily monitoring was
conducted in each area to record nesting by E. imbricata
females, and to preserve all nests during the incubation period
until emergence of the hatchlings. After emergence, random
tissue samples were collected for DNA extraction from 3 to 5
dead hatchlings/embryos from approximately 20 nests. Tissue
fragments measuring approximately 3 mm were obtained with
a disposable scalpel from dead hatchlings/embryos from each
nest. As it was not possible to tag all females that laid the
sampled nests, we only collected tissue samples from nests that
hatched in a period of 10 days to avoid double sampling nesting
females, as E. imbricata has an internesting period between 12
and 15 days (Santos et al., 2013). Subsequently the material
was placed in microtubes containing absolute alcohol (Proietti
et al., 2014), and then transferred to the laboratory and stored
at −20◦C until molecular analyses were performed. Samples
were taken under license SISBIO/ICMBIO n◦ 56974 and were
conducted in accordance with the Ethical Principles of Animal
Experimentation adopted by the Ethics Committee on the Use of
Animals—CEUA/UESC under n◦ 038/16.

Subsequently, we conducted a research of mtDNA haplotype
sequences for E. imbricata in foraging areas in the GenBank
database. Nine areas were included in this study (Atol
das Rocas—AR_BRA; Fernando de Noronha—FN_BRA; Costa
Rica—CR; Mexico—MEX; Malaysia—MAS; Caribbean—CAR;
Australia—AUS; Puerto Rico—PUR; Israel—ISR) (Figure 1
and Supplementary Tables 2, 3). The criteria used to select
the DNA sequences of the species in the Genbank database
were restricted to feeding areas only, to haplotype sequencing
exclusively in the D-Loop region of mtDNA and to those
that had above 700 bp (Supplementary Table 3). Data
that did not meet these requirements were not included in
our study due to non-compatibility with survey data for
statistical analyses.

Sample Processing
The obtained samples were digested with proteinase K (20 mg
ml) in a lysis buffer and incubated overnight at 37◦C until
complete digestion (Proietti et al., 2014). DNA extraction was
performed using the Easy-DNA Kit (Invitrogen) following
the manufacturer’s protocol. The ∼830 bp fragments of the
mtDNA D-loop region were amplified by PCR using primers
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FIGURE 1 | Map showing the location of the 15 populations of Eretmochelys imbricata evaluated and the spatial distribution of the 33 haplotypes recorded in the
study. Each color represents a haplotype, the thickness being proportional to its frequency in each population. (A) Costa Rica—CR; Mexico—MEX;
Caribbean—CAR; Puerto Rico—PUR. (B) Bahia—BA_BRA; Alagoas—AL_BRA; Pernambuco—PE_BRA; Paraíba—PB_BRA; Rio Grande do Norte—RN_BRA;
Piaui—PI_BRA; Atol das Rocas—AR_BRA; Fernando de Noronha—FN_BRA. Location of Protection Areas: Costa dos Corais Environmental Protection Area
(CCEPA); Barra do Rio Mamanguape Environmental Protection Area (BRMEPA); Delta Parnaíba Environmental Protection Area (DPEPA). (C) Australia—AUS;
Malaysia—MAS; Israel—ISR.

H950 (5′-GTCTCGGATTTAGGGGGTTTG-3′) and LCM15382
(5′-GCTTAACCCTAAAGCATTGG-3′) (Abreu-Grobois et al.,
2006). Amplification was performed in a total volume of 13
µl, containing 5–15 ng of DNA, 10x buffer, 2,25 mM of each
deoxynucleotide triphosphate (dNTP), 50 mM of MgCl2, 10
µM of each primer, 0.2 U Taq polymerase. The PCR reactions
followed the conditions described by Tabib et al. (2011). Then,
the PCR product was purified using ExoSAP-IT R©, following
the manufacturer’s protocol. Sequencing was performed by ABI
PRISM R© 3500 capillary electrophoresis, using the reverse and
forward primers. The final sequences were analyzed and aligned
using the BIOEDIT 7.0.9.0 software (Hall, 1999).

Research with endangered species is occasionally more
restricted in relation to the collection of biological samples from
live animals, so after DNA extraction and purification some
samples had to be discarded, as they were degraded since they
were obtained from dead hatchlings of E. imbricata.

Data Analysis
To estimate the genetic diversity from nesting and feeding
areas, nucleotide diversity (π), haplotypic diversity (h) and the
number of haplotypes were calculated using the DNAsp v5
program (Librado and Rozas, 2009). The relationships between
haplotypes and how they are spatially distributed were analyzed
by a haplotype network using the median-joining method
implemented in the Network 4.613 program (Bandelt et al., 1999).
For the genetic structure between populations, the FST (fixation
index) was calculated using the DNAsp v5 program (Librado and
Rozas, 2009). The FST values were used in the heatmap analysis
with the populations under study and the number of groups
in the heatmap was established using the hierarchical clustering
algorithm with Euclidean distance and the average method using
the heatmaply package (Galili et al., 2017) in R software (R Core
Team, 2020). The “heatmap” is a graphical representation of the
data. However the software enabled us to graphically represent
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the data frequency associated with the cluster analysis at the same
time (for more details, see Galili et al., 2017). Then, to assess
whether the geographical distance (km) influenced the FST values
obtained among the populations, a Mantel test was performed
(Mantel, 1967), using the ecodista package (Goslee and Urban,
2007) in R software (R Core Team, 2020).

RESULTS

The 15 areas analyzed (six reproductive and nine feeding areas)
revealed a total of 33 haplotypes for E. imbricata, highlighting the
largest number (13) found in Puerto Rico (PUR), these were also
registered in the literature for beaches in Mexico, Brazil, Florida,
Caribbean and Cuba (Blumenthal et al., 2009; Richardson et al.,
2009; Vilaça et al., 2013; Wood et al., 2013; Gorham et al.,
2014; Proietti et al., 2014; Cazabon-Mannette et al., 2016; Pérez-
Bermúdez et al., 2017; Labastida-Estrada et al., 2019). Of the 33
haplotypes, six are exclusive to the nesting areas and the other 27
exclusive to the feeding areas (Figures 1, 2 and Supplementary
Table 1). The most frequent haplotypes in the nesting areas were
H_1 (82.35%) followed by H_2 (10.29%), whereas in the feeding
areas it were haplotypes H_10 (22.64%) and H_11 (11.32%)
(Figure 1 and Supplementary Table 1).

As for haplotypic diversity (h), the nesting areas had a
variation from h = 0.00 (PI_BRA) to h = 0.50 (BA_BRA), and
the nucleotide diversity (π) varied from π = 0.00 (PI_BRA) to
π = 0.279 (PE_BRA). In feeding areas, MEX showed the lowest
diversity (h = 0.00) while the highest indexes were registered
in MAS and AUS (h = 1.00 and h = 0.933, respectively),
the nucleotide diversity varied between π = 0.00 (MEX) and
π = 0.037 (AR_BRA) (Table 1).

Regarding the spatial distribution of haplotypes (H), H_1
was shared between all nesting areas, similar to the EiA01
haplotype recorded for Brazil (Vilaça et al., 2013; Arantes
et al., 2020). H_10 (FN_BRA, CAR, PUR) and H_11 (FN_BRA,
MEX, AUS) were shared by three areas. Our data also
showed that haplotypes H_2 (PB_BRA and AL_BRA), H_5
(BA_BRA and RN_BRA), H_8 (AR_BRA and CAR), H_9
(AR_BRA and PUR), and H_12 (CR, AUS) were shared by
two areas simultaneously (Figures 1, 2). Exclusive haplotypes
were registered in nine of the 15 sampled areas, with emphasis
on PUR with 11 exclusive haplotypes (Figures 1, 2). This
location mainly hosts haplotypes EiA01, EiA09, and EiA11
(Velez-Zuazo et al., 2008). Thus, the haplotype network
showed that E. imbricata haplotypes in the nesting areas
were more related to each other than the ones on feeding
areas (Figure 2).

FIGURE 2 | Haplotype network showing the relationships between the 33 haplotypes recorded in the 15 populations of Eretmochelys imbricata. Each circle
corresponds to a haplotype, the size being proportional to its frequency. The colors represent the occurrence of haplotypes in the evaluated populations and the
small black circles represent the mutational steps. Nesting áreas: Piauí—PI_BRA; Alagoas—AL_BRA; Bahia—BA_BRA; Rio Grande do Norte—RN_BRA;
Pernambuco—PE_BRA; Paraíba—PB_BRA. Feeding áreas: Atol das Rocas—AR_BRA; Fernando de Noronha—FN_BRA; Costa Rica—CR; Mexico—MEX;
Malaysia—MAS; Caribbean—CAR; Australia—AUS; Puerto Rico—PUR; Israel—ISR.
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TABLE 1 | Estimates of genetic diversity in the 14 evaluated populations of
Eretmochelys imbricata.

Population N◦ Haplotype diversity (h) Nucleotide diversity (π)

PI_BRA 4 0 0

PB_BRA 27 0.373 0.279

PE_BRA 13 0.153 0.000

BA_BRA 4 0.500 0.001

AL_BRA 11 0.472 0.243

RN_BRA 9 0.222 0.000

FN_BRA 4 0.833 0.029

AR_BRA 3 0.660 0.037

ISR 3 0.666 0.001

MEX 3 0 0

MAS 4 1 0.017

CAR 4 0.833 0.036

AUS 6 0.933 0.003

PUR 25 0.883 0.009

Total estimates 120 0.768 0.418

Regarding the genetic structure, the heatmap analysis based
on the FST values showed that 15 sampled areas formed five
divergent groups (Figure 3 and Supplementary Figure 1). The
first group was formed by the nesting areas (BA_BRA; AL_BRA;
PE_BRA; PB_BRA; RN_BRA; PI_BRA) and the other groups
were restricted to the species’ feeding areas, from which we can
highlight two main groups: The first gathering the FN_BRA,
CAR, and AR_BRA, and the second by MAS; AUS and MEX
(Figure 3). Subsequently, a positive and significant relationship
between geographic distance and FST values was demonstrated
through the Mantel test (r = 0.2302, p = 0.007) (Figure 4).

DISCUSSION

Our work revealed that nesting areas of E. imbricata along
the Brazilian coast show low haplotypic diversity, with the
presence of exclusive haplotypes. In addition, our data revealed
that nesting areas were formed by only a single genetic group,
differing from the other genetic groups in feeding areas. Thus, we
demonstrated that the evaluated rookeries were made up of only
six haplotypes, all of which were registered exclusively for these
areas. Thus, these areas are genetically unique, highlighting their
importance for preserving the genetic pool of the endangered
species (Santos et al., 2013; Vilaça et al., 2013; Arantes et al., 2020).

We registered six exclusive haplotypes of E. imbricata
for nesting areas and 27 exclusive haplotypes found in the
feeding areas. The predominance of exclusive haplotypes is not
uncommon for the hawksbill sea turtle, as Reece et al. (2005) and
Labastida-Estrada et al. (2019) also reported restricted haplotypes
in Mexico and the Caribbean, as well as Vilaça et al. (2013)
recorded haplotype EiA01 being exclusive to the states of Rio
Grande do Norte, Ceará, Sergipe, and Bahia, highlighting that
this fact may be related to the high degree of female philopatry,
that is, fidelity to the places of origin to nidificate (natal homing)
(Almeida et al., 2011; Lohmann et al., 2013). Although the
presence of exclusive haplotypes is common for the species, it
is worth mentioning that the nesting areas consisted of only six

haplotypes and that all were exclusive, showing the importance
of these areas for the species.

The nesting areas of hawksbill sea turtles were characterized
with low haplotypic diversity (ranging from h = 0.00 to h = 0.50),
when compared to other reproductive areas in northeastern
Brazil, such as Arembepe (h = 0.725), Praia do Forte (h = 0.649)
and Sauípe (h = 0.643), as well as being low compared to Islands
in the Persian Gulf (h = 0.770 and h = 0.640), the Caribbean
(h = 0.642), and the Malaysian (h = 0.3072 and h = 0.679)
(Lara-Ruiz et al., 2006; Tabib et al., 2011; Revuelta et al., 2012;
Nishizawa et al., 2016). However, there were similarities to the
indices previously found for the species in Mexico (h = 0.225 and
h = 0.454) (Labastida-Estrada et al., 2019). Although caution is
required in interpreting our results, given the small number of
individuals sampled inherent to the limitations of working with
a critically endangered species, our results show a pattern similar
to other results reported in the literature that used larger samples
(Tabib et al., 2011; Revuelta et al., 2012; Proietti et al., 2014;
Labastida-Estrada et al., 2019). In addition, when we consider
the diversity of nucleotides, we observe a pattern similar to that
found by Labastida-Estrada et al. (2019) (ranging from π = 0.0005
to π = 0.0006) in nesting areas in Mexico. In general, these data
emphasize that the haplotypic and nucleotide diversity recorded
in our study is low for the nesting areas of the species, but is
within the ranges reported for some studies in the literature.
Thus, considering that genetic diversity is essential for species
persistence over time (Vilaça et al., 2013), as well as the Brazilian
nesting areas, especially the large colonies of Bahia and Rio
Grande do Norte, which strongly contribute to the formation of
populations of E. imbricata (Vilaça et al., 2013), allied to the fact
that it is an endangered species, which suffers great anthropic
pressures such as egg collection, illegal fishing, loss of habitat
due to disorderly constructions on beaches, vehicular traffic,
and garbage ingestion (da Silva et al., 2015), we highlight the
importance of these reproduction areas for species maintenance
from a genetic perspective. Therefore, we emphasize the demand,
to increase protected areas, especially the nesting and hatchling
regions of these animals, since these areas showed low genetic
diversity. One suggestion would be to expand the protected areas
that are close to Conservation Units (UCs), such as nesting areas
in the state of Pernambuco that are not part of the Costa dos
Corais Environmental Protection Area (APA) and in the state of
Paraíba with the APA of Barra do Rio Mamanguape. Most APAs
cover relatively small stretches of beach, and according to the
nesting data obtained in this study it is evident that a large part
is beyond the limits of protection. In addition, it is noteworthy
that the studied areas, although they do not present many nests
compared to the large reproductive areas, demonstrated to be
closely related to other populations of E. imbricata in Brazil
(Vilaça et al., 2013; Proietti et al., 2014). Thus, with the expansion
of the APAs, beaches where reproduction takes place will be
better protected disciplining the fishing activity and disorderly
occupation and ensuring the sustainability of the resources that
are important for the ecosystem and survival of the species.
Greater restrictions are required for those nesting areas that are
already part of UCs, mainly during the reproduction of these
animals, as in the APA of Delta do Parnaíba/PI and APA Costa
dos Corais in Alagoas (Figure 1).
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FIGURE 3 | Heatmap of the 14 sampling areas of Eretmochelys imbricata with cluster analysis with Euclidean distance and cluster average method based on FST

values. The lines with different colors in the cluster, indicate the five groups identified. Piauí—PI_BRA; Alagoas—AL_BRA; Bahia—BA_BRA; Rio Grande do
Norte—RN_BRA; Pernambuco—PE_BRA; Paraíba—PB_BRA; Atol das Rocas—AR_BRA; Fernando de Noronha—FN_BRA; Costa Rica—CR; Mexico—MEX;
Malaysia—MAS; Caribbean—CAR; Australia—AUS; Puerto Rico—PUR; Israel—ISR.

FIGURE 4 | FST values obtained and geographical dissimilarity measure between the 14 populations of Eretmochelys imbricata, with Mantel test (r = 0.2302,
p = 0.007). FF, Feeding area X Feeding area; NF, Feeding area X Nesting area; NN, Nesting area X Nesting area.

Frontiers in Ecology and Evolution | www.frontiersin.org 6 August 2021 | Volume 9 | Article 704838

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-704838 August 2, 2021 Time: 14:53 # 7

Simões et al. Genetic Structure the Hawksbill Turtle

The Haplotypic (h) and nucleotidic (π) diversity of the
analyzed feeding areas showed high values following the patterns
described in the literature (Lara-Ruiz et al., 2006; Monzón-
Arguello et al., 2010; Proietti et al., 2014). Previous studies
suggest that sea turtle populations close to warm ocean currents
have greater diversity of haplotypes (Bass et al., 2006), since the
dispersion of these animals can occur through those currents
(Luschi et al., 2003). An example of this is the Fernando de
Noronha Archipelago, which due to the influence of the South
Equatorial current (north and south of Brazil) has a higher
genetic diversity (Vilaça et al., 2013; Proietti et al., 2014).
In this context, ocean currents which occur in the Atol das
Rocas (AR_BRA) archipelago could be considered a possible
explanation for the high genetic diversity in this area. At the
same time, Caribbean currents with temporal variations can also
contribute to the high diversity in Puerto Rico (PUR) and the
Caribbean (CAR) (Blumenthal et al., 2009). As for the diversity
of Australia (AUS) and Malaysia (MAS), we believe that they
are receiving contributions from the Monsoon Drift and south
equatorial currents, however, future studies are needed to test
this hypothesis.

When evaluating the spatial distribution of the haplotypes,
we observed the sharing of some haplotypes between the
nesting areas, such as, for example, H_1 and H_2. This result
indicates that, although the sea turtles demonstrate an affinity
to reproductive areas, there is a possibility of migrating to
nearby areas for nesting (Bowen and Karl, 2007). Furthermore,
the proximity and the strong relationship between haplotypes
suggest that these areas behave as a single population from the
genetic perspective, as demonstrated in the cluster analysis. In
addition, it is important to highlight, the fact that there is no
sharing of haplotypes between nesting and feeding areas. On
the other hand, it is noteworthy that the feeding areas share
haplotypes with different frequencies. This pattern may reflect
the migration of juvenile individuals from different reproductive
places or, due to the migration of individuals after reproduction
(Reis et al., 2010; Jensen et al., 2013). It is also important to
emphasize that the migration process between the different
feeding areas may be under the influence of ocean currents
(Luschi et al., 2003; Prosdocimi et al., 2015). Colonization
of Atlantic feeding areas happened due to ocean currents
from north to south (Encalada et al., 1998; Prosdocimi et al.,
2015), and we suggest that the same might have happened for
Fernando de Noronha (FN_BRA), CAR, MEX, and PUR, which
represented the highest frequencies of the H_10 and H_11
haplotypes in the haplotypic network being similar to the EiA01,
EiA02, EiA11, EiA41, and EiA43 haplotypes that have also been
reported with high frequencies in these countries (Velez-Zuazo
et al., 2008; Vilaça et al., 2013; Cazabon-Mannette et al., 2016;
Labastida-Estrada et al., 2019; Arantes et al., 2020). It is also
worth noting that changes in ocean conditions, such as water
temperature, geographic distance, and physical barriers can
influence the dispersal of these animals (Bowen and Karl, 2007;
Boyle et al., 2009; Prosdocimi et al., 2015). However, future
studies of turtles in feeding areas close to the analyzed nesting
areas are necessary to better understand this relationship.

Barriers such as the Amazon Barrier that separates Brazil from
the Caribbean, the Central Atlantic Barrier that separates the

Americas from Africa and the Benguela Barrier located in the
south of the Atlantic (separating the Atlantic Ocean from the
Indian Ocean) (Rocha et al., 2005, 2007; Hahn, 2011), may be the
reason for the isolation of one group in South America, another
in Central America and three more in the Indian Ocean. Such
events do not seem to be rare for the species, as according to
Reece et al. (2005) the turtles of Mexico were isolated from the
Caribbean after historical processes during the Pleistocene. In
this sense, although there is a pattern of genetic differentiation
by geographical distance, as revealed by the Mantel test, it is
important to note that these aforementioned factors can also
influence the genetic structure of the species. Besides that, it is
important to consider that this pattern of genetic structure may
also be associated with other factors, such as changes in ocean
conditions; water temperature and ocean currents (Bowen and
Karl, 2007; Boyle et al., 2009; Prosdocimi et al., 2015).

Our results provide novel genetic information for some
nesting areas of E. imbricata in Brazil. Although there are
studies of the species in the country that highlight two
important reproduction areas (Vilaça et al., 2013), our data is
complementary and reveals that the areas analyzed are composed
of a single population (gene pool) with low genetic diversity
and exclusive to these locations. Such information can be
considered an advance in knowledge about the genetic structure
of E. imbricata not yet obtained for Brazil, in addition to
contributing to conservation purposes worldwide. Furthermore,
the genetic structure of these populations may be a response
to the presence of some geographic isolations. Our research
suggests that the nesting areas make up a Management Unit
that requires a specific management plan for the maintenance
of the species. Anthropic factors caused by the development of
these locations and local tourism are likely to be threatening
the habitat of hawksbill sea turtle populations. Our results also
provide unprecedented genetic data relevant to the actions for the
conservation of sea turtles.
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