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RESUMO

As tartarugas marinhas sao répteis com ciclo de vida complexo, marcado por mudancas
ontogenéticas de habitat. Ameacas as tartarugas marinhas sédo diversas e podem variar
de acordo com seu estagio de vida. Assim, a identificacdo e caracterizacdo de suas
populacdes € fundamental para elucidar padrdes de variabilidade e entender como
essas pressdes podem estar afetando as tartarugas marinhas. Nesta tese foram
avaliadas a razdo sexual de tartarugas verdes ao longo de areas de alimentacdo do
Oceano Atlantico Sudoeste (OAS), a origem natal de fémeas e machos dessa espécie,
a presenca de hibridizacdo entre tartarugas marinhas no nordeste do Brasil e se a
diversidade genética de tartarugas verdes tem variado ao longo do tempo no OAS e se
isso se relaciona com a recuperacdo de areas de desova locais. Andlises genéticas
foram realizadas utilizando-se principalmente a regiao controle do DNA mitocondrial
(mtDNA), porém também utilizamos marcadores nucleares e repeticdes curtas do DNA
mitocondrial (MtSTR) a fim de verificar a presenca de estruturacées populacionais nédo
reveladas apenas com mtDNA. Foi observada uma razdo sexual de tartarugas verdes
em favor das fémeas ao longo do OAS e que fémeas e machos que se alimentam no
nordeste do Brasil possuem origem natal levemente diferente. A variacdo genética
temporal na espécie ao longo do OAS nao é perceptivel quando se avalia a regiao
como um todo. Porém, foi possivel observar que a frequéncia dos haplétipos variou ao
longo do tempo tanto no nordeste quanto no sul do Brasil. Também foi detectada a
presenca de hibridizacdo entre quatro espécies de tartarugas marinhas ao longo do
litoral de Alagoas, nordeste do Brasil, além da presenca de um espécime de tartaruga
de pente com um haplétipo tipico de areas de desova do Indo-Pacifico. Esses
resultados contribuem para a caracterizacdo genética das tartarugas marinhas no OAS,
além de discutir questdes ecolbgicas importantes como a presenca de hibridizacao e a
diferenca na producdo de fémeas e machos por diferentes areas de desova e como
esses processos podem ser acentuados frente as mudancas climaticas e outras
pressdes atuais.

Palavras-chave: Variabilidade genética. DNA mitocondrial. Aumento de temperatura.

Brasil. Hibridizagao.



ABSTRACT

Sea turtles are reptiles with complex life cycles, marked by ontogenetic habitat shifts.
They are under a wide range of threats that vary according to their life stage. Thus, the
identification and characterization of sea turtle populations is fundamental to clarify
variability patterns and how these anthropic pressures can affect these species. The
main goals of this study were to evaluate green turtle sex ratios along feeding grounds in
the Southwest Atlantic Ocean (SWA), to investigate natal origins of female and male
green turtles, to assess the hybridization process among sea turtles from northeastern
Brazil and to evaluate temporal variation in green turtle genetic diversity along the SWA
and if this variation is related to the recovery of local nesting sites. The control region of
the mitochondrial DNA was employed for most genetic analyses, but nuclear loci and
mitochondrial short tandem repeats (MtSTR) were also used to assess population
structure. Green turtle sex ratios along the SWA were female-skewed and females and
males that feed along the coast of northeastern Brazil have slightly divergent natal
origins. Temporal variation on green turtle genetic diversity along the SWA was not
noticeable. However, it was possible to observe temporal variation in haplotype
frequency and natal origins when analysing data from northeastern and southern Brazil
independently. Hybridization was observed among four sea turtle species along the
coast of Alagoas, northeastern Brazil. Furthermore, a hawksbill specimen had a
haplotype typical from Indo-Pacific nesting sites. This study contributes to sea turtle
genetic characterization in the SWA and debates important subjects with ecological
implications such as the presence of hybridization in sea turtle populations and varying
female and male outputs in local nesting sites. Understanding and monitoring these
processes is essential to evaluate how sea turtle populations will respond to ongoing

environmental pressures, such as climate change and other anthropic threats.

Keywords: Genetic variability. Mitochondrial DNA. Rising temperatures. Brazil.
Hybridization
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1 APRESENTACAO

As tartarugas marinhas fazem parte de um grupo de répteis com um complexo
ciclo de vida, caracterizado por um crescimento lento e mudancas ontogenéticas de
hébitat (BOLTEN, 2003). Cinco das setes espécies de tartarugas marinhas; Caretta
caretta (tartaruga cabecuda), Chelonia mydas (tartaruga verde), Dermochelys coriacea
(tartaruga de couro), Eretmochelys imbricata (tartaruga de pente) e Lepidochelys
olivacea (tartaruga oliva); possuem ampla distribuicdo, podendo ser encontradas em
todo o globo, principalmente em regides tropicais e subtropicais (BOLTEN, 2003). As
duas espécies remanescentes, Lepidochelys kempii e Natator depressus, em geral
possuem distribuicdo mais restrita, sendo encontradas principalmente no golfo do
México e no litoral Australiano, respectivamente (LIMPUS, 2007; MARQUEZ, 2001).

Atualmente, todas as espécies se encontram sob algum grau de ameaca de
acordo com Unido Internacional para a Conservacdo da Natureza (IUCN), exceto por N.
depressus, que se encontra sob a classificacdo de deficiéncia de dados (IUCN, 2022).
Apesar de serem historicamente exploradas em diversas fases da vida, desde a coleta
de ovos até a caca de tartarugas adultas; varias acdes de protecdo ao redor do mundo
tém contribuido para a recuperacédo e manutencéo das populacdes remanescentes (e.g.
MARCOVALDI; MARCOVALDI, 1999; WEBER et al., 2014). Algumas areas de desova
tém permanecido estaveis (ALMEIDA et al., 2011), enquanto outras tém apresentado
um crescimento significativo, apesar de ainda representarem apenas uma parte do seu
tamanho populacional original (CATRY et al., 2009; WEBER et al., 2014).

Ainda assim, mudancgas no ambiente natural decorrentes de atividades humanas
tém ameacado as populacdes de tartarugas marinhas ao redor do mundo. Mudancas
climaticas, pesca incidental, ocupacédo desordenada do ambiente costeiro, poluicdo dos
ambientes costeiro e marinho, sdo apenas algumas das ameacas as tartarugas
marinhas atualmente (FUENTES et al.,, 2010; FUENTES; LIMPUS; HAMANN, 2011;
SANTOS; MACHOVSKY-CAPUSKA; ANDRADES, 2021). Como consequéncia desse

cenario, a identificacdo e caracterizacdo das populacdes remanescentes dessas
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espécies se faz cada vez mais necessaria, principalmente em areas que apresentam
risco potencial para essas populacdes, como é o caso do Oceano Atlantico Sudoeste
(OAS) (WALLACE et al., 2010). Com excec¢ao de L. kempii e N. depressus, todas as
outras espécies de tartarugas marinhas ocorrem no OAS. E possivel encontrar areas de
nidificacdo e alimentacdo dessas espécies na regido e varios estudos apontam a
conexdo do OAS com outras regides do Atlantico (LUSCHI et al., 1998; NARO-MACIEL
et al., 2012; PROIETTI et al., 2014). Além disso, a frequéncia de hibridizagdo entre
tartarugas marinhas em algumas areas do OAS, particularmente no litoral do Brasil, é
maior do que em outras regiées do mundo (BRITO et al., 2020; LARA-RUIZ et al., 2006;
REIS; SOARES; LOBO-HAJDU, 2010). Dessa maneira, 0 continuo monitoramento
dessas areas e da dinAmica populacional de tartarugas marinhas na regido é essencial

para guiar futuros estudos e medidas de conservacdo adequadas para essas especies.

Esta tese discute um pouco das tematicas expostas acima com um foco nas
tartarugas marinhas do OAS. Primeiramente, esses temas sao discutidos com mais
detalhes na secdo de revisdo de literatura. Apos, seguem-se trés capitulos que
abordam a diversidade genética e conservacdo de tartarugas marinhas no OAS. No
primeiro capitulo discute-se a razdo sexual de tartarugas verdes em areas de
alimentacdo no OAS bem como a origem natal de fémeas e machos da espécie em
uma éarea de alimentacdo no estado de Alagoas, nordeste do Brasil. No segundo
capitulo, discute-se a hibridizacdo entre espécies de tartarugas marinhas em areas de
nidificacdo e alimentacdo também em Alagoas. No terceiro capitulo é abordada a
diferenciacdo genética entre tartarugas verdes provenientes de areas de alimentacao
de Alagoas e do estado do Parand, sul do Brasil, bem como a variacdo temporal na
diversidade genética da espécie no OAS e como ela se relaciona com a recuperacao de

areas de desova da regiao.

O primeiro capitulo encontra-se publicado no periodico ICES Journal of Marine
Science (https://doi.org/10.1093/icesjms/fsab093). O segundo capitulo esta publicado
no periodico Marine Biology (https://doi.org/10.1007/s00227-022-04168-y) e o terceiro
estd sendo preparado para submissdo no mesmo periédico. Por fim, apds os trés
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capitulos principais da tese, segue-se uma sec¢ao de discussao geral e conclusdes. Os
trés capitulos principais estdo formatados segundo as normas das revistas citadas
acima, enquanto o restante da tese esta formatado de acordo com as normas do
Programa de Pds-graduacdo em Diversidade Biolégica e Conservacdo nos Tropicos
(PPG-DIBICT) e da Universidade Federal de Alagoas (UFAL).
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2 REVISAO DA LITERATURA

2.1 Aspectos bioldgicos basicos das tartarugas marinhas

Atualmente, existem sete espécies conhecidas de tartarugas marinhas: Caretta
caretta (Linnaeus, 1758); Chelonia mydas (Linnaeus, 1758), Dermochelys coriacea
(Vandelli, 1761); Eretmochelys imbricata (Linnaeus, 1766), Lepidochelys kempii
Garman, 1980; Lepidochelys olivacea (Eschscholtz, 1829) e Natator depressus
(Garman, 1980). Duas dessas espécies, L. kempii e N. depressus, possuem distribuicdo
geralmente mais restrita; sendo a primeira majoritariamente restrita ao golfo do México
e a costa leste dos Estados Unidos da América (MARQUEZ, 2001), enquanto a
segunda é majoritariamente restrita a aguas Australianas (LIMPUS, 2007). As outras
espécies possuem distribuicdo cosmopolita, sendo encontradas em aguas tropicais e
subtropicais de todo o globo (BOLTEN, 2003).

As tartarugas marinhas possuem um ciclo de vida complexo que frequentemente
envolve mudancas ontogenéticas de habitat (BOLTEN, 2003). Historicamente, pouco se
sabia sobre a fase inicial da vida das tartarugas marinhas, como Carr (1967) escreveu
“Where do little sea turtles go, and how do they live after they leave the nesting beach?”.
Muito se descobriu depois que Carr fez essas perguntas e o principio da elucidacdo do
mistério dos “anos perdidos” se deu com o proprio Carr (1967). A hipétese sugerida por
ele foi a de que, durante essa fase de vida, as tartarugas marinhas permanecem na
superficie de zonas oceanicas, geralmente associadas a campos de sargaco. Varios
relatos de pescadores que encontraram pequenas tartarugas nessas areas foram
registrados (e.g. CARR, 1967), o que ajudava a sustentar a hipétese de Carr. Estudos
posteriores, principalmente baseados em telemetria por satélite e is6topos estaveis,
vieram a confirmar essa hipotese e esclarecer ainda mais a dindmica migratéria dos
filhotes recém eclodidos (ARTHUR; BOYLE; LIMPUS, 2008; MANSFIELD et al., 2014,
REICH; BJORNDAL; BOLTEN, 2007).



15

Atualmente, aceita-se a existéncia de trés padrdes principais no ciclo de vida das
tartarugas marinhas (BOLTEN, 2003). No primeiro deles, a fase juvenil de
desenvolvimento e a fase adulta do ciclo de vida dos individuos é restrita as zonas
neriticas (zonas proximas a costa com profundidade em geral menor que 200m), esse
padrdao € observado apenas em N. depressus. No segundo padrdo, logo apds a
emergéncia dos ovos, 0S juvenis migram para zonas oceanicas onde se desenvolvem
por alguns anos, posteriormente migrando para zonas neriticas para completar seu
desenvolvimento, esse padrdo pode ser observado em C. caretta, C. mydas, E.
imbricata e L. kempii. No ultimo padrdo, observado em D. coriacea e L. olivacea, o
desenvolvimento dos individuos ocorre inteiramente nas zonas oceanicas (Fig. 1;
BOLTEN, 2003).

As areas de desenvolvimento e alimentacdo podem se localizar proximas as
areas de desova ou podem estar separadas por até milhares de quilébmetros. Quando
alcancam a maturidade sexual, fémeas e machos adultos migram periodicamente das
areas de alimentacdo para os sitios reprodutivos, que geralmente se localizam em
regides costeiras préximas a seus sitios de nidificacdo (PLOTKIN, 2003). Tartarugas
marinhas apresentam fidelidade tanto aos sitios reprodutivos quanto aos de nidificacédo
(filopatria), ou seja, machos e fémeas geralmente se reproduzem nas mesmas areas e
as fémeas da espécie nidificam na mesma regido em que nasceram (CARR, 1967;
LOHMANN ET AL., 2013). Apd6s o periodo de acasalamento, os machos retornam aos
sitios de alimentacdo enquanto as fémeas nadam até a praia para depositar 0s ovos
(HAMANN; LIMPUS; OWEN, 2003; MORTIMER; CARR, 1987). O intervalo entre cada
temporada acasalamento para fémeas gira em torno de dois a quatro anos, enquanto
machos podem acasalar mais frequentemente (MORTIMER; CARR, 1987; PLOTKIN,
2003).
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Figura 1 — Diferentes padrdes de ciclo de vida encontrados em tartarugas marinhas, de

acordo com Bolten, 2003.
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Devido as caracteristicas filopatricas das tartarugas marinhas, as areas de desova
dessas espécies tendem a ser geneticamente estruturadas, uma vez que elas tendem a se
reproduzir na mesma regido onde nasceram (ENCALADA et al.,, 1996; NARO-MACIEL et
al., 2014). Entretanto, ao contrario do que acontece nas areas de desova, as areas de
alimentacdo podem receber individuos de diversas areas de desova diferentes, compondo
0 que é conhecido como estoque misto. Nessas areas ha ocorréncia ndo s6 de individuos
de diversas origens natais, mas também de classes etéarias distintas. Nesse sentido, dados
moleculares se tornaram uma ferramenta Util para investigar a conexao entre essas areas e
as possiveis rotas de migracdo que as tartarugas marinhas utilizam, uma vez que é
possivel estimar a origem natal de individuos em um estoque misto a partir da analise de
seu DNA mitocondrial devido as caracteristicas filopatricas das fémeas dessas
espécies(e.g. BOWEN et al., 1995; NARO-MACIEL et al., 2014; SHAMBLIN et al., 2012).

2.2 Marcadores moleculares no estudo da estrutura populacional de tartarugas
marinhas

A estrutura genética das tartarugas marinhas tem sido estudada desde o final da
década de 1980 e comeco da década de 1990 (BOWEN et al., 1992; BOWEN;
MEYLANT; AVISE, 1989; BOWEN; NELSON; AVISE, 1993). Em tartarugas verdes,
uma ampla amostragem das areas de desova da espécie no mundo encontrou Varios
agrupamentos genéticos utilizando dados de polimorfismos de comprimento de
fragmentos de restricdo (RFLPs) e forneceu suporte molecular para a hip6tese de
filopatria em tartarugas marinhas (BOWEN et al., 1992). Porém, por conta da baixa
resolucdo de dados de RFLPs, a estruturacéo genética ndo pode ser avaliada em uma
escala mais fina. A partir dai estudos subsequentes comecaram a empregar dados de
sequéncias de nucleotideos para estudar a genética de populacdes das tartarugas
marinhas, primeiramente com o gene mitocondrial citocromo b (BOWEN; NELSON;
AVISE, 1993), e posteriormente com a regido controle do DNA mitocondrial (ALLARD et
al., 1994; ENCALADA et al., 1996; LAHANAS et al., 1994).

A regido controle do DNA mitocondrial (inicialmente um fragmento de ~400 pares

de base) foi utilizada em diversos estudos e se tornou a principal fonte de comparacao
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para estudos subsequentes (BASS; LAGUEUX; BOWEN, 1998; BJORNDAL et al.,
2006; LAHANAS et al., 1998; LUKE et al., 2004; NARO-MACIEL et al., 2007). Com o
crescente numero de estudos utilizando a regido controle, o centro de pesquisa Archie
Carr Center for Sea Turtle Research, na Universidade da Florida, organizou uma lista
para tartarugas verdes e tartarugas cabecudas, as duas espécies mais estudadas, com
uma nomenclatura padrao para todos os haplétipos conhecidos para esse fragmento do
DNA mitocondrial a fim de evitar possiveis duplicacdes e confusdes nas publicacdes
(https://accstr.ufl.edu/resources/mtdna-sequences/). Novos primers  (iniciadores)
também foram desenvolvidos visando amplificar uma regido maior da regido controle
(~800 pares de base, ABREU-GROBOIS et al., 2006). A medida que novos estudos
passaram a utilizar esse fragmento mais longo, novas estruturacdes genéticas
passaram a ser identificadas (e.g. JORDAO et al., 2015; NARO-MACIEL et al., 2012;
SHAMBLIN et al., 2015).

Outros marcadores moleculares tém ganhado espaco nos ultimos anos. Por
exemplo, repeticdes curtas em tandem (do inglés Short Tandem Repeats, STR) e
polimorfismos de nucleotideo Unico (do inglés Single Nucleotide Polymorphisms, SNP)
tém conseguido detectar uma estrutura populacional ndo observada anteriormente
(SHAMBLIN et al., 2015, 2017; TIKOCHINSKI et al., 2012). Da mesma maneira,
microssatélites nucleares também em sido desenvolvidos (CARRERAS et al., 2007;
FITZSIMMONS; MORITZ; MOORE, 1995; SHAMBLIN et al., 2009). No entanto, alguns
estudos tém mostrado que, apesar de exibirem alta estruturacdo genética (BAGDA,;
BARDAKCI; TURKOZAN, 2012; NARO-MACIEL et al., 2014), eles tém revelado menos
estruturacdo do que marcadores mitocondriais (e.g. FITZSIMMONS et al., 1997; NARO-
MACIEL et al., 2014). Mais recentemente, técnicas de sequenciamento de nova
geracdo, como ddRAD, também tém ajudado a elucidar a estruturacdo populacional
nessas espécies (ARANTES et al., 2020). Ainda assim, a regido controle do DNA
mitocondrial continua sendo o marcador molecular mais utilizado em genética de

populacdes de tartarugas marinhas.
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2.3 Ameacas as tartarugas marinhas

Os desafios para as tartarugas marinhas comecam cedo no seu ciclo de vida.
Ainda no seu estagio embrionario, estdo suscetiveis a predadores naturais que utilizam
ovos de tartarugas marinhas como fonte de alimento; aves marinhas, crustaceos,
pequenos mamiferos e algumas vezes até plantas fazem parte desse grupo
(HEITHAUS, 2013). Seu pequeno tamanho corporal apés a emergéncia dos ovos
também as deixa vulneraveis durante todo o seu percurso até o oceano (SANTOS et
al., 2016; STEWART; WYNEKEN, 2004). Consequentemente, apenas uma pequena
parte dos individuos que emergem dos ovos consegue atingir a fase adulta (FRAZER,
1986).

Além dos desafios naturais, elas também tém que lidar com os desafios impostos
pela presenca humana. O avanco da urbanizacdo em ambientes costeiros promove a
diminuicdo da faixa de areia disponivel para desovas das tartarugas marinhas e
pisoteamento dos ninhos, além da poluicdo luminosa que desnorteia os filhotes recém
emergidos (COLMAN et al., 2020; SALMON, 2003; TRUSCOTT; BOOTH; LIMPUS,
2017). A eclosao dos filhotes geralmente ocorre no periodo noturno, e um dos principais
guias para os filhotes é a luz da lua que reflete sobre o oceano, que os direciona
diretamente para as aguas marinhas (SALMON, 2003). Porém, com a iluminacdo
artificial presente nas areas litoraneas, muitas vezes é possivel encontrar filhotes de
tartarugas marinhas migrando em direcdo a essas luzes, em direcdo oposta ao oceano
(TRUSCOTT; BOOTH; LIMPUS, 2017).

Ao chegar ao oceano, as tartarugas marinhas passam a enfrentar uma gama
diferente de desafios. Entre eles, a pesca incidental é frequentemente apontada como
um dos principais fatores de mortalidade de tartarugas marinhas, e tanto a pesca
industrial quanto a artesanal desempenham um papel nesse cenario (LEWISON et al.,
2004). Porém, ainda é dificil tracar qual a real amplitude do impacto da pesca incidental
nas populagdes de tartarugas marinhas por conta da dificuldade em realizar medicdes

precisas da quantidade e da causa da mortalidade dos animais (LEWISON et al., 2004).
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Devido a isso, embora o numero de estudos na area tenha aumentado nas ultimas
décadas (LEWISON et al., 2014; WALLACE et al.,, 2013), esse impacto ainda é
subestimado (para uma revisdo sobre o assunto ver WALLACE et al., 2010b). Uma
melhor compreenséo sobre a distribuicdo, habitos alimentares e rotas migratorias das
populacdes de tartarugas marinhas € essencial para reducdo da mortalidade desses
animais, uma vez que as taxas de pesca incidental geralmente sdo mais altas em areas
onde h& sobreposicdo de atividades pesqueiras e alta concentracdo de tartarugas
marinhas (WALLACE et al., 2010b)

Apesar da pesca incidental ser considerada como a principal ameaca as
tartarugas marinhas (WALLACE et al., 2010b), outras ameagas emergentes comecgaram
a surgir juntamente com o avanco da industrializacdo. Atualmente, os efeitos das
mudancas climaticas, derivadas principalmente de acdes antrépicas, tém sido
amplamente debatidos e estudados levando ao desenvolvimento de estimativas de
como essas mudancas irdo afetar o planeta (IPCC, 2021). A constante emissdo de
gases causadores de um efeito estufa no planeta tem causado grande preocupacéao e é
responsavel por um iminente aumento da temperatura global (IPCC, 2021). O aumento
da temperatura pode afetar as tartarugas marinhas de diversas maneiras, desde a
mudanca de habitats 6timos para alimentacdo e migracdo devido a mudancas na
temperatura nos oceanos, até alteracées na razéo sexual de determinadas populacdes
(DAVENPORT, 1997). Todas as espécies de tartarugas marinhas tém o sexo
determinado por temperatura, onde cada espécie apresenta uma temperatura pivotal,
isto é, uma temperatura Otima onde a geracado de fémeas e machos tem probabilidade
igual (DAVENPORT, 1997). Temperaturas de incubagdo acima dessa temperatura
O0tima geram mais fémeas e temperaturas mais baixas, mais machos. Atualmente,
varias populacdes ja exibem uma razdo sexual em favor de fémeas (HAYS; MAZARIS;
SCHOFIELD, 2014). Esse cenario tende a se intensificar ainda mais com o aumento da
temperatura nas praias de nidificacdo (FUENTES; LIMPUS; HAMANN, 2011).

Apesar de ser o foco de varios estudos recentes, os efeitos desse processo de

7

feminizagdo na dindmica populacional das espécies ainda ndo € totalmente claro
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(MITCHELL; JANZEN, 2010). Além do aumento da temperatura nas praias, outros
fatores abiodticos e bidticos também devem ser levados em consideracdo e podem
ajudar a mitigar os efeitos negativos dessa elevagédo da temperatura. Por exemplo, a
presenca de vegetacdo nas praias bem como a coloracdo da areia podem amenizar a
temperatura de incubacdo dos ovos, afetando assim a razdo sexual de determinadas
areas de desova (PATRICIO et al., 2019). Da mesma forma, a maior frequéncia de
acasalamento dos machos de tartarugas marinhas, que podem acasalar com varias
fémeas em uma mesma temporada reprodutiva e em temporadas sucessivas, pode
compensar a maior abundancia de fémeas na populacdo (HAYS et al., 2017; HAYS;
MAZARIS; SCHOFIELD, 2014). Ainda assim, o aumento exacerbado da temperatura
em determinadas regidbes pode causar um aumento na mortalidade dos filhotes
daquelas areas de desova (DAVENPORT, 1997; HOWARD; BELL; PIKE, 2014). Dessa
maneira, areas de desova que produzem machos sdo cada vez mais importantes para
dindmica populacional da espécie, uma vez que a tendéncia atual aponta para um

aumento na producéo de fémeas e na mortalidade de filhotes nas areas de desova.

Outra consequéncia das mudancas climaticas € o aumento do nivel do mar, que
juntamente com o avanco da urbanizacdo nas zonas costeiras, ameaca ecossistemas
litorAneos nas préximas décadas (IPCC, 2021). Uma consequéncia direta desse
processo para tartarugas marinhas é a inundacdo cada vez mais frequente de ninhos,
além da diminuicdo da area disponivel para nidificacdo (FUENTES et al., 2010). Isso
pode gerar uma maior concentracdo de fémeas nas areas de praia remanescentes, 0
gue pode aumentar as chances de pisoteamento dos ninhos bem como a destruicdo de
ninhos por outras fémeas durante as temporadas reprodutivas (FUENTES et al., 2010).
A diminuicdo das areas disponiveis para nidificacdo também pode gerar maior
sobreposicao das atividades de reproducéo e nidificacédo entre espécies distintas, o que
pode aumentar as chances de eventos de hibridizac&o, que ja sdo comuns em areas
com alta sobreposi¢cdo em atividades reprodutivas no Brasil (LARA-RUIZ et al., 2006;
REIS; SOARES; LOBO-HAJDU, 2010).
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Ainda é incerto, no entanto, como as tartarugas marinhas irdo se adaptar a essas
alteracbes ambientais. Mudancas na disponibilidade de hbitats para nidificacdo irdo
possivelmente demandar uma adaptacdo comportamental em um periodo de tempo
relativamente curto (HAWKES et al., 2009). Os efeitos da mudanca de temperatura de
superficie dos oceanos também podem alterar suas areas de alimentacdo devido a
ocupacdo preferencial do hébitat de acordo com a temperatura (WITT et al., 2010).
Além disso, a mudanca nas temperaturas dos oceanos também pode afetar outras
espécies animais e vegetais que fazem parte da sua cadeia alimentar, afetando, por
consequéncia, sua distribuicdo devido a mudancas na disponibilidade de alimento
(HAWKES et al., 2009).

Concomitantemente com as mudangas climéticas, outras ameagas de origem
antropica se fazem cada vez mais presentes com o avanco da urbanizacéo e ocupacéo
dos ambientes costeiros. Duas das principais ameacas decorrentes desses fatores
incluem a poluicdo por plastico e a fibropapilomatose, ambas relacionadas a poluigdo
dos ambientes marinhos (AGUIRRE; LUTZ, 2004; NELMS et al., 2016). A poluicao por
plastico ja afeta milhares de espécies no mundo nos mais variados grupos animais
(SANTOS; MACHOVSKY-CAPUSKA; ANDRADES, 2021). O grande aporte de plasticos
nos oceanos gera uma grande disponibilidade desse material no ambiente (GEYER;
JAMBECK; LAW, 2017), o que se traduz em uma maior probabilidade de interagéo das
tartarugas com itens plasticos. Casos de emaranhamento e ingestdo sdo comuns e
representam um grande problema, uma vez que podem interferir no desenvolvimento
adequado dos individuos (RIZZI et al., 2019; RODRIGUEZ et al., 2022). Por exemplo,
itens plasticos podem apresentar caracteristicas fisico-quimicas que se assemelham
aguelas de presas das tartarugas, o que as faz consumir esses materiais ja que ha uma
grande abundancia deles no ambiente e os mesmos ndo apresentam resisténcia
(SANTOS; MACHOVSKY-CAPUSKA; ANDRADES, 2021). Esse comportamento pode
ser nocivo para saude das tartarugas uma vez que os itens plasticos ndo apresentam
nenhum valor nutricional e podem gerar complicagbes como obstru¢cdo do trato

gastrointestinal, desnutricdo e eventualmente a morte (NELMS et al., 2016).
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A fibropapilomatose por sua vez, se trata de uma doenca viral caracterizada pela
presenca de tumores externos e/ou internos. A presenca e localizacdo desses tumores
pode variar de individuo para individuo e pode ter associagdo com fatores ecolégicos e
genéticos (AGUIRRE; LUTZ, 2004; ROSSI et al.,, 2016). Dependendo da localizacéo
desses tumores no corpo dos individuos, eles podem interferir na movimentacgéao, visao,
alimentacdo, ou mesmo no funcionamento de 6rgdos internos, o que pode afetar a
habilidade dos individuos de interagir com o ambiente (ROSSI et al., 2016). Embora, as
causas da fibropapilomatose ndo sejam totalmente claras, estudos recentes tém
ajudado a elucidar os mecanismos de infeccdo e transmissao da doenca (e.g. FARREL
et al., 2021; YETSKO et al., 2021), que pode também estar associada a poluicdo de
ambientes marinhos (JONES et al., 2016; SANTOS et al., 2010).

Apesar da grande amplitude das ameacas as tartarugas marinhas, o
desenvolvimento de medidas de conservacdo adequadas é dificultado pelo seu
complexo ciclo de vida e recorrentes migracdes entre diferentes habitats, que podem
muitas vezes estar separados por milhares de quildmetros (LUSCHI et al., 2003). Zonas
de monitoramento mais restritas chamadas Unidades Regionais de Manejo (do inglés
Regional Management Units, RMUs) foram entdo sugeridas a fim de prover uma melhor
avaliacdo do status populacional bem como das ameacas a um nivel regional, o que
poderia ajudar a melhorar a efetividade das a¢des de manejo (WALLACE et al., 2010a).
Entre as RMUs no Oceano Atlantico, a RMU do Oceano Atlantico Sudoeste (OAS) foi
considerada de alto risco para tartarugas marinhas (WALLACE et al., 2011), o que a

destaca como uma area prioritaria para conservagao nessa regiao.

2.4 Tartarugas marinhas no Oceano Atlantico Sudoeste

Atualmente, cinco espécies de tartarugas marinhas podem ser encontradas no
OAS: tartaruga cabecuda, tartaruga verde, tartaruga de couro, tartaruga de pente e
tartaruga oliva. Areas de desova dessas espécies na regido se espalham pelo litoral
continental e ilhas oceanicas (MARCOVALDI; MARCOVALDI, 1999). A tartaruga verde

possui areas de desova principalmente nas ilhas oceanicas de Trindade, Fernando de
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Noronha e Atol das Rocas, porém as desovas também podem acontecer no litoral
continental em menor propor¢cdo (ALMEIDA et al., 2011; BJORNDAL et al., 2006).
Areas de desova das outras espécies estdo localizadas principalmente no continente. A
tartaruga cabecuda desova entre os estados do Rio de Janeiro e Espirito Santo, no
sudeste do Brasil, e entre Bahia e Sergipe no nordeste do Brasil, tendo o litoral norte da
Bahia como sua principal area de desova (MARCOVALDI; CHALOUPKA, 2007; REIS;
SOARES; LOBO-HAJDU, 2010). As principais areas de desova da tartaruga de pente
sao no litoral norte da Bahia e no litoral sul do Rio Grande do Norte (MARCOVALDI et
al., 2007), enquanto areas de desova da tartaruga oliva se concentram principalmente
entre o litoral norte da Bahia e sul de Alagoas (SILVA et al., 2007). Por fim, areas de
desova da tartaruga de couro podem ser encontradas principalmente no litoral norte do
estado do Espirito Santo (COLMAN et al., 2019; THOME et al., 2007).

Areas de desova de tartarugas verdes apresentam uma clara estruturacéo entre
as regides norte e sul do oceano Atlantico (ENCALADA et al., 1996; NARO-MACIEL et
al., 2014), tendo uma composi¢cao mista na regido da América Central (NARO-MACIEL
et al.,, 2014). No OAS, as areas de desova também apresentam certo grau de
estruturacdo, embora o haplétipo CM-A8 (considerando o fragmento curto da regido
controle do DNA mitocondrial), mais comum na regido, esteja presente em maior
frequéncia em todas as areas (BJORNDAL et al.,, 2006). Considerando o fragmento
longo da regido controle, o haplétipo CM-A8 pode ser subdividido em cinco haplétipos
(subvariantes CM-A8.1-CM-A8.5) distintos. As tartarugas cabecudas das areas de
desova no litoral norte da Bahia, Sergipe, Rio de Janeiro e Espirito Santo; apresentaram
até o momento apenas trés haplétipos distintos (CC-A4, CC-A24 e CC-A25), dos quais
o haplétipo mais frequente é o CC-A4, representando mais de 86% dos individuos
analisados até o momento (REIS et al., 2010). Este haplétipo, pode ser subdividido em
outros quatro considerando o fragmento longo da regido controle (subvariantes CC-
A4.1-CC-A4.4). Da mesma forma, apenas trés haplotipos (Dcl.1, Dc3.1 e Dcl13.1) séao
encontrados em &reas de desova da tartaruga de couro na regido, mesmo

considerando o fragmento longo (VARGAS et al., 2019). Trés haplétipos ja foram
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registrados nas areas de desova da tartaruga oliva, Lo67, LoX3 e LoX4 (BOWEN et al.,
1998; Vilaca et al., 2022). Nas areas de desova da tartaruga de pente, quatro haplétipos
podem ser encontrados (Ei-A01, Ei-A32, Ei-A61 e Ei-A62), sendo o haplétipo Ei-A01 o
mais frequente (ARANTES; VARGAS; SANTOS, 2020).

Areas de alimentacdo dessas espécies no OAS ocorrem ao longo de todo o
litoral da América do Sul e recebem individuos de diversas areas de desova de todo o
Atlantico (e.g. NARO-MACIEL et al., 2012; PROIETTI et al., 2014a; PROSDOCIMI et
al., 2012). Areas de alimentacdo de tartarugas verdes recebem individuos
principalmente da llha de Ascensdo, uma das maiores areas de desova do Atlantico
Sul, e também de &reas de desova no caribe (NARO-MACIEL et al., 2012; PROIETTI et
al., 2012). A llha de Trindade abriga a maior area de desova da espécie no OAS, porém
0 numero de ninhos por temporada chega a ser até quatro vezes menor do que em
Ascensdo (ALMEIDA et al., 2011; MEDEIROS et al., 2022). Como consequéncia, sua
influéncia na composi¢cédo de individuos nas areas de alimentagdo da regido € mais
perceptivel apenas em regides geograficamente mais proximas, no sul do Brasil
(PROIETTI et al., 2012). Contribuicdes da area de desova de Guiné Bissau também sao
notaveis (JORDAO et al., 2015; NARO-MACIEL et al., 2012), embora em menor
proporcdo (mas veja capitulo 1). Contudo, areas de desova no litoral Africano do
Oceano Atlantico ainda sdo pouco conhecidas, portanto a contribuicdo dessas areas
para a composicao de individuos nas areas de alimentacdo do OAS pode vir a mudar a

medida em que essas areas sejam mais bem estudadas.

A diversidade genética de tartarugas cabecudas em suas areas de alimentacéo
indica que a maior parte dos individuos tém origem em areas de desova locais, o que é
indicado principalmente pela alta frequéncia do haplétipo CC-A4, que é exclusivo de
areas de desova Brasileiras (REIS et al., 2010). Devidos a seus habitos oceanicos,
estudos em areas de alimentacdo das tartarugas de couro e oliva sdo escassos. As
areas de alimentacdo da tartaruga de pente no OAS em geral recebem individuos

principalmente de areas de desova locais (Bahia e Rio Grande do Norte), embora
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haplétipos encontrados em areas de desova Africanas também ja tenham sido
observados (PROIETTI et al., 2014a).

O avanco de estudos sobre a diversidade genética das espécies de tartarugas
marinhas no OAS também revelou uma alta taxa de hibridizacdo na regido (e.g. LARA-
RUIZ et al., 2006; REIS; SOARES; LOBO-HAJDU, 2010), ao contrario do que se
encontra em outras regiées do mundo (BRITO et al., 2020). No OAS é possivel
observar uma alta taxa de hibridizacdo entre a tartaruga cabecuda e a tartaruga de
pente e entre tartaruga cabecuda e tartaruga oliva (LARA-RUIZ et al., 2006; REIS et al.,
2010). Hibridos entre a tartaruga cabecuda e a tartaruga de pente podem ser
encontrados principalmente no litoral norte do estado da Bahia, nordeste do Brasil,
regido que representa a principal area de desova para as duas espécies e onde as
taxas de hibridizacdo chegam até 42% da populacado ja analisada (LARA-RUIZ et al.,
2006; SOARES et al., 2018). Onde, a maior parte dos hibridos possui caracteristicas
morfologicas da tartaruga de pente e DNA mitocondrial da tartaruga cabecuda (LARA-
RUIZ et al., 2006). J& hibridos de tartaruga cabecuda e tartaruga oliva sdo mais
frequentes no litoral do estado de Sergipe, também no nordeste Brasileiro, onde a taxa
de hibridizacdo registrada entre as duas espécies chega a 27% da populacéo
analisada, onde os individuos apresentaram morfologia de tartaruga cabecuda e DNA
mitocondrial de tartaruga oliva (REIS; SOARES; LOBO-HAJDU, 2010). Essas duas
regides apresentam ampla sobreposicdo espacial e temporal entre atividades
reprodutivas dessas espécies, 0 que propicia uma maior interacdo entre elas,
favorecendo a hibridizacéo (LARA-RUIZ et al., 2006).
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Figura 2 — Areas de desova e alimentacdo no Oceano Atlantico Sudoeste com registros de
individuos hibridos. Cc — Caretta caretta, Cm — Chelonia mydas, Ei — Eretmochelys imbricata,
Lo — Lepidochelys olivacea. ABR — Arquipélago de Abrolhos, ARG — Argentina, BA — Bahia, CE
— Ceard, ES — Espirito Santo, RS — Rio Grande do Sul, SE — Sergipe, URU — Uruguai.
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Como consequéncia da alta taxa de hibridizacdo nessas areas de desova, varios
hibridos também ja foram registrados em areas de alimentacdo dessas espécies, desde
o litoral do estado do Ceara até a Argentina (BRITO et al., 2020). Consequéncias
dessas altas taxas de hibridizagdo no OAS ainda ndo s&o totalmente claras, porém o
perfil genético dos hibridos indica que eles se mantém férteis e podem se reproduzir
também com as espécies parentais (PROIETTI et al., 2014b; VILACA et al., 2021). A
taxa de emergéncia de filhotes é levemente menor entre hibridos, mas nao difere

significativamente das espécies parentais (SOARES et al., 2017). Da mesma maneira, a
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viabilidade de hibridos e individuos puros parece nao diferir significativamente
(SOARES et al., 2018). Por outro lado, alguns hibridos morfologicamente identificados
como uma espécie parental parecem adotar padrbes migratérios da outra espécie
(PROIETTI et al., 2014b).

Com o avanco da urbanizacdo em areas litoraneas e os efeitos das mudancas
climaticas na distribuicdo das tartarugas marinhas (FUENTES et al.,, 2010), o
monitoramento constante das areas de nidificacdo e alimentacao é fundamental para
entender como essas espécies estdo sendo afetadas por esses fatores. De fato, no
Brasil a identificac&o e caracterizacdo dessas areas quanto a sua distribuicdo espacial e
diversidade genética sao diretrizes do plano de acao para a conservacgao das tartarugas
marinhas (ICMBIO, 2017). Identificar e caracterizar a diversidade genética dessas areas
€ essencial para entender as conexdes entre elas, padrdes de migracdo e a dinamica
populacional dessas espécies. Isso € de particular importancia no litoral do OAS,
especialmente no Brasil, tendo em vista a alta frequéncia de hibridizacdo na regiédo
(BRITO et al., 2020). Assim, estudos nessas tematicas sdo importantes para elaboracao
de estratégias de conservacdo adequadas, especialmente em espécies com habitos
altamente migratérios, como é o caso das tartarugas marinhas, que podem estar sob
uma ampla gama de ameacas (HAWKES et al., 2009; NELMS et al., 2016; WALLACE
et al., 2013).
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3 CAPITULO 1

SEX RATIOS AND NATAL ORIGINS OF GREEN TURTLES FROM FEEDING
GROUNDS IN THE SOUTHWEST ATLANTIC OCEAN?

Jodo Paulo Felix Augusto de Almeida, Robson Guimaraes dos Santos, Tami Mott

Abstract

Potential effects of climate change on living species are a widely debated topic. Species
with temperature-dependent sex determination can be particularly impacted by warmer
temperatures because unbalanced sex ratios could threaten population viability. In sea
turtles, sex ratio estimates have highlighted the potential feminization of current
populations, which tends to increase since warmer temperatures would generate more
females. Here, we evaluated temporal variation in sex ratios of green turtles from
feeding grounds of the Southwest Atlantic Ocean (SWA) using data from a seven-year
time frame, from 2010 to 2016. We also evaluated natal origins of female and male
green turtles from SWA based on mitochondrial DNA. Sex ratios of juvenile and adult
green turtles were generally female-skewed across collection years. We identified 11
haplotypes in northeast SWA, and haplotype composition of females and males was
slightly different. Likewise, estimated natal origins of females and males were divergent.
Ascension Island was estimated to be the main source of females while Guinea Bissau
was estimated to be the main source of males. Studies evaluating natal origins of
females and males independently are rare, this study provides one of the first

assessments of the kind for green turtles in the SWA.

Keywords: Brazil, Chelonia mydas, population genetics, sea turtles, warming

temperatures
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3.1 Introduction

Marine ecosystems have been historically transformed by human activities; no
area in the world is unaffected and many are strongly impacted by multiple threats
(Halpern et al., 2008). As a result, marine wildlife populations have been deeply affected
both at local and global scales (McCauley et al., 2015). In addition to a widespread
habitat degradation and overexploitation, climate change will likely accelerate population
declines in the next decades (Harnick et al., 2012). Although a pattern of historical
decline is shared among marine animals (Lotze et al., 2006), species susceptibility to

anthropogenic threats may vary.

The impact of this rapidly changing world on migratory species such as sea turtles
might be aggravated by aspects of their biology (Robinson et al., 2009). Sea turtles are
long-lived animals with a life cycle characterized by multiple habitats shifts, including
direct land use during nesting activities, which increases their vulnerability (McCauley et
al., 2015). Additionally, sea turtles tend to use the same reproduction sites across
mating seasons and females tend to nest on the same beaches they were born
(philopatry), which can make them bound to potentially threatened areas (Hamann et al.,
2013). They also have temperature-dependent sex determination (TSD), where warmer
incubation temperatures generate more females (Hamann et al., 2013). Thus, rising
temperatures at nesting beaches can potentially affect sex ratios, which could eventually

compromise population viability (Laloé et al., 2016).

Understanding sex ratio variations is key to comprehend sea turtle population
dynamics, especially in a world threatened by climate change. However, determining
sex of individuals is logistically difficult and cannot always be determined through
morphology (Wibbels, 2003). Because of these limitations, most of the information on
sex ratio available for sea turtles is based on indirect methods, such as measuring of
sand and nest temperatures (e.g. Godfrey et al., 1996; Laloé et al., 2016, 2020). So far,
sex ratios at nesting sites (NS) around the globe are usually female-skewed, especially

in warmer beaches where females can represent over 90% of new hatchlings (e.qg.
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Godley et al., 2002; Hays et al., 2014). Only a few NSs are reported to have unbiased or
male-biased sex ratios (e.g. Esteban et al., 2016; Patricio et al., 2017b; Laloé et al.,
2020).

Sex ratios in feeding grounds (FG) are more difficult to access, but they can also
provide important information about population dynamics of sea turtles (e.g. Casale et
al., 2006; Maffucci et al., 2013). While assessments of NSs provide sex ratios of
hatchlings on specific nesting seasons; FGs harbour individuals of different age classes,
which allows the investigation of sex ratios on a wider temporal spectrum (Maffucci et
al., 2013). Furthermore, because of the philopatric behaviour of females, a genetic
structure can usually be detected in the matrilineal inherited mitochondrial DNA
(mtDNA). This genetic structure can be used to trace natal origins of individuals found in
FGs. Hence, when the sex of individuals in FGs is known, it is possible to estimate natal
origins of females and males independently and thus help to investigate sex ratios in

local NSs.

Recently, Jensen et al. (2018) used genetic data of individuals with known sex to
investigate sex ratio of green turtles, Chelonia mydas (Linnaeus, 1758), using samples
from FGs in the Great Barrier Reef (GBR), Australia. They found that sex ratio of green
turtles from the northern GBR, one of the largest nesting areas for green turtles in the
world, was highly female-skewed (Jensen et al., 2018). This result raises concerns
about other green turtle nesting sites, but also demonstrates the usefulness of using

data from FGs to investigate local sex ratios.

The Southwest Atlantic Ocean (SWA) is an important region for green turtles,
harbouring two of the main NSs in the Atlantic (Ascension Island and Surinam) and it is
considered to have high levels of threat to sea turtles (Wallace et al., 2011). Until now,
genetic studies of green turtles in the SWA using individuals with known sex are scarce.
Studying population genetics of females and males independently can provide important
information on population dynamics and help to identify male-producing NSs in the

region, which are increasingly important due to the current trend of feminization of
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populations (Hays et al.,, 2014). The identification of NSs that produce mainly or
exclusively females is also important to help understand local environmental conditions
surrounding extremely skewed sex ratios. This information can be valuable to planning
conservation strategies that take into consideration the effects of climate change on

green turtle populations (Laloé et al., 2020).

Here, we compile historical data of green turtles from FGs in the SWA and
discuss spatiotemporal variations in sex ratios. Additionally, we evaluate genetic data
and determine natal origins of sexed specimens of an FG in north-eastern SWA. Our
main goals were to evaluate temporal changes in female-male proportions as well as to
determine genetic composition of green turtles from north-eastern SWA in order to
answer the following questions: i) did sex ratios in the SWA change in the recent years?;
ii) is there geographic variation in sex ratios within the SWA? iii) are there differences in
natal origins of female and male green turtles feeding in north-eastern SWA? And if so,

could that be an indicative of biased sex ratios at source NSs?

3.2 Materials and Methods

3.2.1 Feeding grounds sex ratios

Data from stranded green turtles were obtained from beach monitoring projects
performed between 2010 and 2016 in FGs of two geographical regions in north-eastern
and one in south-eastern Brazil (Fig. 1). These projects were established by the Instituto
Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis (IBAMA) as a
measure to evaluate environmental impact during the implementation of activities that
might alter the surrounding natural environment. Feeding grounds in north-eastern coast
encompassed five states and are henceforth denominated Northeast 1 (along the coast
of Ceara and Rio Grande do Norte States) and Northeast 2 (along the coast of Alagoas,
Sergipe and Bahia States). Feeding grounds in south-eastern, henceforth Southeast,

encompassed the coast of Espirito Santo State (Fig. 1, Supplementary Table S1). In
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total, we used 3465 records with information on location, date, sex (determined through

gonadal inspection) and curved carapace length (CCL) of each stranded specimen.
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Figure 1. Green turtle sampling included in this study. Areas in gray represent feeding grounds included in
sex ratio analyses. Area in black denotes feeding ground included for genetic analyses. White polygons
indicate nesting sites used as possible sources in genetic analyses. Feeding grounds: AL — Alagoas, BA —
Bahia, CE — Ceara, ES — Espirito Santo, RN — Rio Grande do Norte, SE — Sergipe. Nesting sites: Al —
Ascension Island, AV — Aves lIsland, BK — Bioko, CB — Cuba, CR — Costa Rica, FL — Florida, FN —
Fernando de Noronha, GB — Guinea Bissau, MX — Mexico, RA — Rocas Atoll, STP — Sdo Tomé and
Principe, SU — Surinam, TR — Trindade Island.

We evaluated sex ratio variations throughout collection years by estimating mean
sex ratio among all FGs within each year and applying a Pearson chi-squared test.
Subsequently, as we did not detect differences in sex ratios throughout the years (see
results), we combined the data from different collection years and grouped females and
males into three size classes: juveniles recently recruited to the neritic zone (CCL <40

cm), older juveniles (CCL 40.1-90 cm) and adults (CCL >90 cm). Sizes of recently
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recruited juveniles were determined conservatively based on the approximate CCL of
the smallest individuals recorded in different FGs in the Atlantic (19—-36 cm; Goshe et al.,
2010; Lenz et al., 2017; Reich et al., 2007). As estimated growth rates of South Atlantic
green turtles with CCL between 30-39.9 cm is around 3.89cm per year (Lenz et al.,
2017), we expect that individuals with CCL <40 cm had been recruited to the neritic
zone only over the past few years. Size of adults was determined based on information
of the smallest nesting females at Trindade NS (around 90 cm; Almeida et al., 2011).

Data from age estimation and growth rates indicate that green turtles in the
Atlantic are usually two to seven years old when they recruit to the neritic zone and over
30 years old when they reach sexual maturity (Goshe et al., 2010; Lenz et al., 2017).
Thus, by grouping our samples within these three size classes we should have sex ratio
estimates for recent years (specimens with CCL <40 cm), for around seven to 30 years
(specimens with CCL 40.1-90 cm) and for over 30 years (specimens with CCL >90 cm).
It is important to highlight that the size classes we used are not definitive and that the
size at which green turtles recruit to neritic zones or reach sexual maturity might vary in

different regions (Goshe et al., 2010).

We estimated mean sex ratio in the SWA for each size class using data from all
FGs. We then evaluated differences in sex ratios among size classes using a chi-square
goodness of fit test. Finally, we tested if sex ratio within each FG differed from the
estimated mean sex ratio for the SWA for each size class also using chi-squared
goodness of fit tests. All analyses were performed using the software R 3.5.1 and the

native package stats (R Core Team, 2018).

3.2.2 Genetic composition and natal origins of female and male green turtles

For molecular analyses, we used muscle samples from 146 specimens (CCL 23—
115 cm), of which 89 were from females and 57 were from males. Samples were
collected from stranded green turtles found along the coast of Alagoas State between

May 2018 and March 2020, covering approximately 230 km of coastline in north-eastern
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Brazil (Fig. 1). All specimens were dead, which allowed sex determination through direct

inspection of the gonads. Samples were stored in ethanol 92% and kept at -18°C.

Total genomic DNA was extracted using phenol-chloroform method (Sambrook et
al., 1989), and a fragment of approximately 800 base pairs (bp) of the mitochondrial
control region was amplified through 25 pl polymerase chain reactions using the primers
LCM15382 and H950 (Abreu-Grobois et al., 2006). Reactions consisted of 20.8 pl of
1XMaster Mix PCR Buffer with 0.4 mM of each dNTP and 3 mM of MgCI2, 1.0 pl of each
primer (10pmol); 2 yl of DNA template (>20ng/ul) and 0.2 ul of Tag DNA polymerase
(5U/ul). Amplifications were performed as follows: initial denaturation at 94°C for 7 min
followed by 35-40 cycles of denaturation at 94°C for 30 sec, annealing at 57°C for 30
sec, extending at 72°C for 1 min and a final extending at 72°C for 5—7 min. Posteriorly,
samples were purified with sodium acetate and isopropanol to remove PCR residuals

and sequenced in both directions using Sanger sequencing.

DNA sequences were submitted to the BLAST tool at GenBank database to
check for contamination and subsequently edited using BioEdit 7.0.5.3 (Hall, 2011).
Sequences were aligned using MAFFT 7.310 (Katoh and Standley, 2013), and trimmed
to a 490bp fragment for better comparison with nesting sites. Haplotypes were identified
based on the Archie Carr Center for Sea Turtle Research haplotype database
(https://accstr.ufl.edu/). Haplotype (h) and nucleotide (611) diversities were estimated
using DnaSP 5.10 (Librado and Rozas, 2009), and haplotypes relationships were
evaluated with median-joining haplotype networks (Bandelt et al., 1999) reconstructed
with Network 10.1 (https://www.fluxus-engineering.com). Genetic differentiation between
females and males was evaluated using an Analysis of Molecular Variance (AMOVA)
with 10 000 permutations implemented in Arlequin 3.5.2.2 (Excoffier and Lischer, 2010).

Natal origins of female and male green turtles were estimated independently
based on many-to-one mixed stock analyses (MSA), which allows to determine the
relative contribution of multiple sources (NSs) to a single mixed population (FG) based

on frequency and relative proportions of haplotypes using Bayesian methods (Pella and
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Masuda, 2001). Data from the following nesting sites were used: Florida and Mexico
(Encalada et al., 1996), Aves Island and Surinam (Bjorndal et al., 2006; Shamblin et al.,
2012); Ascension Island (Formia et al., 2007); Costa Rica (Bjorndal et al., 2005); Cuba
(Ruiz-Urquiola et al., 2010); Guinea Bissau (Patricio et al., 2017a); Rocas Atoll,
Fernando de Noronha and Trindade Island (Bjorndal et al., 2006); Sdo Tomé and
Principe and Bioko (Formia et al., 2006). Data from Rocas Atoll and Fernando de
Noronha were pooled because of the small sample size and because these two NSs are

geographically close and genetically similar (Bjorndal et al., 2006).

We performed MSA analyses using females and males independently. First, we
used the size of each NS (MSAL1), based on the number of nesting females, as a prior
for the analyses (see Supplementary Table S2; also Seminoff et al., 2015). Second, we
considered equal weights for all NSs (MSA2), i.e. without the effect of size of NS.
Analyses were performed using BAYES (Pella and Masuda, 2001), with 12 chains per
run (equal to the number of sources [NSs]) and 50 000 iterations per chain. As default,
half of these iterations were discarded as burn-in. Chains convergence was checked
using the Gelman-Rubin criterion, considering that convergence has been achieved if

values were below 1.2 (Gelman and Rubin, 1992).

3.3 Results

3.3.1 Feeding grounds sex ratios

From the 3465 records of stranded green turtles, 2630 were females and 835
were males (for a detailed description see Supplementary Table S1). Sex ratios in the
SWA across collection years were similar, with slightly lower proportions of females in
2015 and 2016 (Fig. 2). Variation observed among years was not significant (X2 =
10.318, p = 0.112). Comparison of sex ratios among size classes revealed that sex
ratios of recently recruited (mean 3.10F:1M) and older juveniles (mean 3.27F:1M) were

similar and did not differ significantly (X2 = 0.976, p = 0.323). Sex ratio of adults was



45

slightly less female-biased (mean 3.03F:1M), but also did not differ significantly from
recently recruited (X2 = 0.097, p = 0.7545) or older juveniles (X2 = 0.658, p = 0.417).

When we compared sex ratios within each FG to mean sex ratios estimated for
the SWA for each size class, we found that in recently recruited juveniles sex ratios were
not different from the average value for the SWA in Northeast 2 (X2 = 0.891, p = 0.345)
and Southeast (X2 = 1.958, p = 0.161), but in Northeast 1 there were fewer females than
average (X2 = 8.199, p = 0.004; Fig 3). The number of older juvenile females was
significantly higher than the expected in Northeast 1 (X2 = 6.036, p = 0.014),
10.825, p = 0.001) and no different from the
0.210). The number of adult females was no
different from the expected in Northeast 1 (X2 = 3.746, p = 0.053), but lower in
Northeast 2 (X2 = 13.531, p = 0.0002, Fig 3). We did not compare proportion of females

significantly lower in Northeast 2 (X2

average in Southeast (X2 = 1.566, p

in the Southeast to the SWA because of the low number of adults in this region (five

females and five males).
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Figure 2. Proportion of female green turtles in Southwest Atlantic Ocean feeding grounds between 2010
and 2016, based on 3,465 records.
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Figure 3. Proportions of female green turtle in Southwestern Atlantic Ocean feeding grounds according to
size classes. Dashed light gray, dark gray and black lines indicates mean proportion of females in recently

recruited juveniles, older juveniles and adults in the SWA, respectively.

3.3.2 Genetic composition and natal origins of female and male green turtles

We identified eleven haplotypes, of which nine were found in females and seven
in males. Five haplotypes were shared between females and males (Fig. 4,
Supplementary Table S2). The most common haplotype was CM-A8, 76.4% of females
and 64.9% of males, followed by CM-A5, 10.1% of females and 24.5% of males.
Nucleotide and haplotype diversities were slightly larger in males (6 = 0.00234
+0.00058, h = 0.502 +0.062) than in females (6™ = 0.00127 +0.00023, h = 0.389
+0.063). The AMOVA analysis indicated that most genetic variation was within females
and males (95.83%), but variation between them was still significant (FST = 0.0417, p =
0.017). We obtained the longer fragment of the control region (~800 bp) from 106 of 146
specimens and only found more than one variant haplotype among CM-A8 samples:
CM-A8.1 (48 females, 28 males), CM-A8.2 (two females) and CM-A8.3 (one male). A full

list of long haplotypes is provided in supplementary Table S3.
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Figure 4. Haplotype networks of female and male green turtles from Alagoas feeding ground, based on

490bp of the control region of the mitochondrial DNA.

Mixed-stock analyses considering the number of nesting females (MSA1)
estimated slightly different natal origins for females and males (Table 1). Ascension
Island was the main contributor to the composition of females (62.28%), while Guinea
Bissau contributed the most to the composition of males (40.28%). Guinea Bissau was
the second highest contributor to the composition of females (25.44%), followed by
Surinam (8.83%). For males, Ascension Island (30.44%) and Surinam (23.26%) also
had large contributions. All other NSs contributed with less than 5% for both females and
males (Table 1). When considering equally weighted priors (MSA2), contributions of NSs
were similar to MSA1, Ascension Island and Guinea Bissau contributed the most to the
composition of females (53.83% and 25.93%, respectively) and males (20.90% and

37.33%, respectively).
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Table 1. Mixed-stock analyses of female and male green turtles from Alagoas feeding ground. Analyses
were performed using size of nesting sites as prior (MSA1l) and equal weights priors (MSA2).
Contributions of nesting sites are in % and 2.5% and 97.5% confidence intervals are in parenthesis.
Nesting sites with the highest contribution are in bold in each MSA.

Females Males
Stock
MSA1 MSA2 MSA1 MSA2
Florida 0.05(0-058)  0.11(0-1.16)  0.11(0-129)  0.29 (0-2.94)
Mexico 0.13(0-1.28)  0.10(0-1.07) 026 (0-251)  0.22 (0-2.31)
CostaRica  070(0-327)  0.10(0-1.06)  2.19 (0.01-7.97)  0.38 (0-3.54)
Avesisland  1.38(0-1243)  4.38(0-15.11)  2.88(0-28.85)  10.97 (0-34.31)
Surinam 8.83 (0-17.17) 583 (0-1620)  23.26 (0-38.43) 15,57 (0-37.30)
Rocas/Noronha  0.03 (0) 1.13 (0-11.68) 0.17 (0) 4.23 (0-26.04)
Trindade Island ~ 1.06 (0-15.60)  6.22 (0-2895)  0.19(0-2.14)  1.36 (0-11.79)
CuneaBiesay 2576 2593(127-  4028(594-  3733(3.28-
55.47) 56.36) 68.31) 67.13)
Bioko 0.08(0-0.02)  1.80(0-18.38)  0.18(0-0.07)  7.55 (0-77.74)
Séopmgsea”d 0.01 (0) 0.43 (0-4.35) 0.02 (0) 0.95 (0-10)
Cuba 0.01(0-0.05)  0.10(0-0.98) 003 (0-0.15)  0.27 (0-2.73)
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3.4 Discussion

3.4.1 Feeding grounds sex ratios

Sex ratios in SWA feeding grounds were generally female-skewed (Fig. 3), which
is in line with most reported sex ratios for green turtles worldwide (Hays et al., 2014).
There was no significant change in sex ratios throughout collection years, suggesting
that proportion of females and males have been somewhat constant in the SWA in
recent years. Sex ratios of green turtles in the SWA have been historically investigated
through the evaluation of nesting beach temperatures within or between nesting
seasons (e.g. Broderick et al., 2001; Godley et al., 2002). Studies are mainly focused on
two major NSs, Ascension and Surinam (Mrosovsky et al., 1984; Godfrey et al., 1996;
Godley et al., 2002). Sex ratios in Ascension have been repeatedly reported as female-
skewed (Godley et al., 2002, Pintus et al., 2009) and this NS is usually reported as the
main contributor to the composition of individuals in FGs in the SWA (e.g. Naro-Maciel et
al., 2012; Proietti et al., 2012). Thus, we would expect that this high prevalence of
females would be reflected in the composition of individuals in FGs. Our results support
this observation, as the proportion of females generally exceeded 70%. Nevertheless,
implementation of genetic analyses is still required to corroborate natal origins of these

individuals.

Sex ratio of adult green turtles in SWA FGs was slightly less female-biased
(2.97F:1M), but not significantly different from juveniles. However, FGs in Northeast 2,
exhibited a noticeable lower proportion of adult females (Fig. 3). As green turtles in the
Atlantic usually take 30-40 years to reach sexual maturity (Goshe et al.,, 2010), the
similarity between juveniles and adults sex ratios could indicate that female output in
local NSs have been constantly high in the recent decades. This result is in agreement
with some studies that indicate that female-biased sex ratios were predominant during
the last decades in the largest NS in SWA, Ascension Island (Godley et al., 2002; Pintus
et al., 2009). However, other extrinsic factors, such as different migration periodicity and

differential death rates in female and male adults, could also be playing a role in sex



50

ratio variation between juveniles and adults (Maffucci et al., 2013). Furthermore, the
cause of death in stranded turtles is not always possible to determine accurately, making
it difficult to determine if local factors such as fisheries and pollution could bias our

results by having distinct impacts in females and males or even juveniles and adults.

3.4.2 Genetic composition and natal origins of female and male green turtles

Haplotype composition of females and males was slightly divergent, but the most
common haplotypes were CM-A8 and CM-A5, similarly to what is found in other FGs in
the SWA (Naro-Maciel et al., 2012; Proietti et al., 2012; Prosdocimi et al., 2012). Nesting
sites in the South Atlantic also exhibit a high prevalence of CM-A8 (e.g. Naro-Maciel et
al., 2014; Patricio et al., 2017a), while CM-A5 is more frequently found in NS closer to
the Caribbean (Shamblin et al., 2012). The occurrence of two specimens with the
haplotype CM-A42 is also noteworthy, since Guinea Bissau is the only NS to which this
haplotype was reported so far (Patricio et al., 2017a), and the presence of this haplotype
might have influenced MSA results. Considering the longer fragments, the predominant
variant of the CM-A8 (N = 79) haplotype was CM-A8.1 (96.2%, N = 76, 48 females and
28 males), similar to what was found in Rocas Atoll, Fernando de Noronha and Trindade
Island NSs (Shamblin et al., 2015), all in the SWA, as well as Guinea Bissau (Patricio et
al., 2017a). Likewise, the predominant variant of the CM-A5 (N = 14) haplotype was CM-
A5.1 (100%, ten females and four males), which is also the primary variant of this

haplotype in Suriname, Aves Island and Costa Rica NSs (Shamblin et al., 2012).

Relative contributions of NSs to our study area were slightly divergent between
female and male green turtles (Table 1). Considering the size of NSs (MSA1), the major
contributors to female composition were Ascension Island and Guinea Bissau. The
situation was inverted for males, with Guinea Bissau as the highest contributor followed
by Ascension lIsland (Table 1). While Ascension is usually reported as the major
contributor to the composition of individuals in FGs in the SWA, contributions of Guinea
Bissau are usually considered unlikely. Data from satellite tracking, tag return and

particle dispersion suggest that green turtles from Guinea Bissau most likely feed on
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coastal areas of west Africa (Godley et al., 2010). However, contributions of Guinea
Bissau can still be substantial in some cases (Naro-Maciel et al., 2007; Proietti et al.,
2012). A recent report estimated that foraging aggregations in north-eastern Brazil could
receive up to 25% contribution from Guinea Bissau in foraging-centric MSAs (Patricio et
al., 2017a). This finding reinforces that individuals from this NS could reach Alagoas FG
as well. Additionally, data from hawksbill turtles, Eretmochelys imbricata (Linnaeus,
1766), also support transatlantic migration from African NSs to FGs in north-eastern
Brazil (Proietti et al., 2014).

Our results using both weighted (MSA1) and equal priors (MSA2) support a high
contribution of Guinea Bissau to the composition of individuals, particularly males, in our
study area. These results are also in agreement with estimates of balanced sex ratios in
this NS (Rebelo et al., 2012; Patricio et al., 2017b), where environmental conditions
seem to contribute to cooler nest temperatures and consequently to a higher proportion
of male hatchlings when compared to other NSs (see Patricio et al., 2019 for a detailed
discussion). In contrast, sex ratios in Ascension Island have been reported to be female-
skewed, with estimations varying between 54.2% and 99.6% of females, depending on
the specific beach (Godley et al., 2002). This is reflected in the contributions of this NS
to the composition of females in our study area, which were high in both MSA1 and
MSA2 (Table 1).

Contributions from Surinam to the composition of females and males were also
large (9.26% and 23.26%, respectively), which is agreement with reports from other FGs
(Naro-Maciel et al., 2012; Proietti et al., 2012). Nevertheless, the noticeably greater
incidence of males from this NS is noteworthy and it may be a result of the large relative
proportion of CM-A5 haplotype in male samples (24.5%) since this haplotype is
predominant in Surinam (Bjorndal et al., 2006; Shamblin et al., 2012). Sex ratios in
Surinam have also been reported to be slightly more balanced (68.4%) in relation to
some of the largest female-biased beaches in Ascension Island, although it can vary
throughout the same nesting season (Godfrey et al., 1996). Our results are concordant

with a larger output of males from this NS and seem to reinforce the hypothesis that
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Surinam could be an important source of males for green turtle FGs in the SWA,

although more studies are still needed.

Male-producing NSs are sparsely scattered around the globe and most NSs of
green and other sea turtles usually exhibit a prevalence of females (for a detailed
discussion see Hays et al., 2014). In fact, one of the largest green turtle NS in the world,
the northern Great Barrier Reef, was recently revealed to be producing over 86.8%
females for the past two decades due to increased sand temperatures (Jensen et al.,
2018). This raises concerns about population status and sea turtles’ response to climate
change (Laloé et al., 2020), particularly on beaches where eggs are already incubated
above the pivotal temperature, and where effects of a warming climate can be even
more accentuated. With the imminent rise of global temperatures which, under different
scenarios, can increase over 2.0°C above current temperatures until 2100 according to
data from the Intergovernmental Panel on Climate Change (IPCC, 2014), production of
females in sea turtle NSs is expected to rise as well, which may promote the

feminization of some populations (Hays et al., 2014; Jensen et al., 2018).

The extent to which this feminization process would affect sea turtle populations
is still not completely clear (Hays et al., 2017). Undoubtedly, factors like extremely high
incubation temperatures and changes in sea surface temperature will likely affect
population dynamics of sea turtles (Hamman et al., 2013). However, some studies
suggest that the higher reproduction frequency of males and higher availability of
nesting females could, to a certain degree, compensate for female-skewed primary sex
ratios, at least while complete feminization is not reached (Hays et al., 2017; Tomillo and
Spotila, 2020). Additionally, local environmental features such as the presence of
vegetation and sand colour seem to play a role on the regulation of nest temperatures

(Patricio et al., 2019) and can be valuable tools for management of populations.

Finally, besides the direct effect of rising temperatures on sex determination of
sea turtles, a warming climate also poses other challenges, such as: i) the sea level rise,

which can compromise nesting activities by reducing the total area available for nests; ii)
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increased frequency of lethal incubation temperatures and iii) changes in sea surface
temperature and ocean pH that can also affect sea turtles and associated marine
communities, such as coral reefs (Fuentes et al., 2010; Hoegh-Guldberg et al., 2019).
Moreover, other anthropogenic pressures, such as pollution of marine and coastal
environments, must also be taken into account as they can act synergistically as threats
to sea turtle populations (Fuentes et al., 2011). Thus, conservation actions that include
identification and protection of male-producing rookeries, protection of coastal
environments and ultimately direct management of nests could help mitigate some of

these harmful effects.

3.5 Concluding remarks

Studies distinguishing female and male sea turtles are rare, because determining
the sex of individuals is not always possible. Yet, these studies provide insights on
current population dynamics and help developing efficient conservation plans (Jensen et
al., 2018). Here, we provided a spatiotemporal evaluation of green turtle sex ratios in
FGs in the SWA revealing that a general pattern of female-biased sex ratios has likely

been prevalent during the last decades.

We also provided the first independent evaluation of natal origins of female and
male green turtles from a feeding ground in the SWA. We were able to detect slightly
divergent natal origins in females and males and found a high influence of Guinea
Bissau supporting previously proposed transatlantic migrations from this NS in Africa to
FGs in the SWA. Furthermore, a prevalence of males from Guinea Bissau and Surinam
highlighted the importance of these sites from a conservation standpoint. Nevertheless,
more data are still needed to shed more light on the implications of climate change on

population dynamics of green turtles.

3.6 Supplementary material

The following supplementary material is available at ICESIJMS online:

Supplementary file including tables S1-S3 with data regarding composition of female
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and male green turtles in feeding grounds sampled in the study, haplotypes of Alagoas
feeding ground and nesting sites included in the analyses and long haplotypes from

samples of Alagoas feeding ground.
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4 CAPITULO 2

HYBRIDIZATION AND GENETIC CHARACTERIZATION OF SEA TURTLES IN
ALAGOAS, NORTHEASTERN BRAZIL?

Jodo P. F. A. Almeida, Oscar K. L. Marques, Tami Mott, Robson G. Santos

Abstract

Sea turtles are migratory species with wide geographical distributions, usually spanning
multiple countries. This characteristic, along with their complex life cycle, makes sea
turtle conservation challenging. In Brazil, continued monitoring and recent studies have
advanced the knowledge of sea turtle genetic composition and population structure.
Some of these studies have shown that hybridization is highly frequent in certain regions
along the Brazilian coast, despite being relatively rare globally. Here we investigate the
hybridization and genetic diversity of sea turtles in nesting and feeding grounds in the
state of Alagoas, northeastern Brazil, using the control region of mitochondrial DNA and
three nuclear loci. We were able to identify hybrids between four sea turtle species, but
mainly between Caretta caretta and Eretmochelys imbricata and C. caretta and
Lepidochelys olivacea. Most hybrids were readily identified using morphology and
mitochondrial DNA, but some were only detected with nuclear DNA. Apart from hybrids,
the genetic profile of each species was congruent with previous studies in Brazil.
However, one stranded E. imbricata had a haplotype (Ei-IP17) and nuclear allele
typically found in the Indo-Pacific, suggesting long distance migration for this species.
Our results indicate that hybridization events might be even more geographically spread
along the coast of Brazil and provide evidence of the connection between E. imbricata

from the Atlantic and Indo-Pacific Ocean basins.

Keywords: Population genetics, hawksbills, loggerheads, olive ridleys, green turtles,
hybrids
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4.1 Introduction

Sea turtles are migratory species with complex life cycles. Five of the seven sea
turtle species have wide distributions across different regions of the globe with distinctive
habitat changes throughout their lifespan (Bolten, 2003). This migratory behavior can
make conservation planning challenging, particularly when sea turtle movement patterns
span different countries, thereby requiring collaborative conservation efforts (Wallace et
al. 2010). To address this challenge and guide conservation planning at smaller scales,
regional management units (RMUs) have been suggested for sea turtles based on
distributional and ecological data (Wallace et al. 2010). Among these RMUs, the
Southwest Atlantic Ocean (SWA) exhibited considerable threat levels for sea turtle
populations (Wallace et al. 2011). Nevertheless, recent studies have reported population
recovery at some nesting sites in the region, likely due to continuing conservation efforts

in recent decades (Marcovaldi et al. 2007; Colman et al. 2019).

In Brazil, efforts on sea turtle conservation have been historically conducted by
TAMAR institute (Marcovaldi and Marcovaldi 1999). Additionally, a National Action Plan
for Sea Turtle Conservation (PAN Tartarugas Marinhas) was established by the
Brazilian government in 2010 and it is currently in its second phase (ICMBio 2017).
Research priorities established by the PAN Tartatrugas Marinhas include the
identification and monitoring of nesting and feeding grounds of the five sea turtle species
known to occur along the Brazilian coast: Caretta caretta (loggerhead turtles), Chelonia
mydas (green turtles), Dermochelys coriacea (leatherback turtles), Eretmochelys
imbricata (hawksbill turtles) and Lepidochelys olivacea (olive ridley turtles) (Marcovaldi
et al. 2007), as well as the evaluation of genetic profiles, population dynamics and
hybridization between these species (ICMBio 2017). Research on sea turtle genetic
diversity in nesting and feeding grounds in Brazil has increased in recent years (Reis et
al. 2010b; Naro-Maciel et al. 2012; Proietti et al. 2014a; Jordao et al. 2015; Vargas et al.
2019). Some studies have reported a high hybridization frequency in a few nesting sites

in northeastern Brazil (Lara-Ruiz et al. 2006; Reis et al. 2010a) however, this seems to
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be rare in sea turtle populations worldwide (Brito et al. 2020). In Brazil, hybridization
rates can reach up to 42% between hawksbills and loggerheads on the coast of the
state of Bahia (Lara-Ruiz et al. 2006), and 27% between loggerheads and olive ridleys

on the coast of the state of Sergipe (Reis et al. 2010a).

A high hybridization rate in wild populations may lead to several evolutionary
outcomes, including the enhancement of genetic diversity and adaptative divergence
(Abbott et al. 2013). However, it can also compromise small populations by limiting their
growth rate through the production of inviable offspring (Todesco et al. 2016). The
consequences of these processes in sea turtles are not yet completely understood, but a
few studies have observed some differences in behavior and reproductive success
between hybrids and parental species (Proietti et al. 2014b; Soares et al. 2017; Arantes
et al. 2020a). For instance, while the clutch size of loggerhead and hawksbill hybrids has
been reported as intermediate, emergence success was lower in hybrids (Soares et al.
2017; Arantes et al. 2020a). Likewise, post-emergence behavior can also be slightly
divergent. Some hybrids, morphologically identified as one parental species, may adopt
the migration patterns of the other (Proietti et al. 2014b). Furthermore, these hybrids are
not likely to be completely inviable since genetic studies using mitochondrial DNA
(mtDNA) and nuclear DNA (nDNA) have detected crosses between F1 hybrids and
parental species (e.g., Vilaca et al. 2012; Brito et al. 2020; Arantes et al. 2020c).

Factors promoting this high hybridization frequency in Brazil require further
investigation, but the broad spatial and temporal overlapping in sea turtle breeding
activities, particularly in northeastern Brazil, certainly favors hybridization (Vilaga et al.
2012). Loggerhead and hawksbill breeding activities overlap along the northern coast of
Bahia (Fig. 1), which is the largest nesting site for both species in the SWA (Lara-Ruiz et
al. 2006, Marcovaldi et al. 2007). Loggerhead nests extend north along the coast of
Sergipe State, where they now coincide with olive ridley nests and several hybrids
between the two species have been reported in this area (Reis et al. 2010a). Olive ridley
nests extend to the southern coast of Alagoas State, where loggerhead nests become

sparse, but still occur.
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The coast of Alagoas is an important area for sea turtles, harboring extensive
coral reefs that act as feeding and development grounds. Currently, five sea turtle
species can be found in this region: loggerheads, green turtles, hawksbills, leatherbacks
and olive ridleys; although leatherback sightings are rare (Oliveira et al. 2016; Bonfim et
al., 2022). Olive ridley nests are frequent in the southernmost portion of Alagoas, while
nests of the other species are present throughout the coast of this state. Green turtle
nests are rare, but this species uses the coast of Alagoas as a feeding ground
extensively. Furthermore, satellite tracking studies have shown that hawksbills and
loggerheads from Bahia, as well as olive ridleys from Sergipe nesting sites, usually feed
in Alagoas or pass through the region while migrating to northern feeding grounds (Fig.
1A, Marcovaldi et al. 2012).

These conditions may enable interactions among sea turtle species in Alagoas,
facilitating hybridization, but so far only one stranded hybrid (between a hawksbill and
loggerhead) has been reported in the region (Brito et al. 2020). Based on the conditions
presented above, our hypothesis is that the presence of hybrids in the region is highly
possible. Therefore, our main goal was to assess hybridization among sea turtle species

occurring along the coast of Alagoas using morphology, mtDNA and nDNA data.

4.2 Methods

We used 53 muscle samples collected along the coast of Alagoas (Fig. 1B) by the
Instituto Biota de Conservacdo between May 2019 and April 2021. Samples were taken
from stranded turtles, as well as from hatchlings found dead after emergence events.
Our sampling focused mainly on hawksbills and loggerheads as more nest samples
were available for these species, but we also included olive ridley and green turtle
samples for comparative purposes. Twenty-four samples were taken from turtles that
were morphologically identified as hawksbills (15 hatchlings and nine stranded turtles),
23 from loggerheads (14 hatchlings and nine stranded turtles), three from olive ridleys
(one hatchling and two stranded turtles) and three from green turtles (all stranded

turtles). The morphology of stranded turtles and hatchlings was assessed in the field
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upon sample collection by staff of Instituto Biota de Conservacdo and hatchling
morphology was also examined in the laboratory. Species were morphologically
identified through the examination of scutes on the carapace, inframarginal scutes on
the plastron and prefrontal scales on the head (Pritchard and Mortimer, 1999). Each

hatchling sample was collected from a different nest.

87 O;D'W 55°0'0W 4 OI‘D'W Kl D"Q'W
=z = =z
gl s, \r\r,h} {i C A 3
g i \ £
#, fu’u}hx N \
| S )
: ;
\;L: S5¥) J
7 X
2 T
{7
o )
| U5 \ \ g
g1 W ! 8
/H
" ’
"
AN %
/ 7 T
A ¢ 3 I
~_ ¢ L )}
~ J'( T_\ {
» N ) o »
gl { I I £
s | E - i /f g
[\ h{ = -
by \ i Olive ridleys nests
. — y - Loggerheads nests
| ¢ ~ = Hawksbills nests
| ( Olive ridleys
i j /-1‘,_/} migration pathways
[/ Loggerheads
% { / migration pathways
2 (7 R y 0 250 500 750km == Hawksbills £
H A 1 Q f y&j} — migration patways 8
b 87 U]U'W 55°0'0°W 43 U"D'W kil D"D"W °
Erh ‘?‘D'W 26 13"0'W 34 Hii ow
v -
Nt /
f
/
& / &
27 / rs
e, r e g
\
A - 4 \U’ﬁ = )
/ = & ¢
$ N .
v " T
L N
B~
2 { N -4 o
24 N . EY He
B (" \W & H
|
B! ~ ;’s"?
\ S
- e
{ ==y
)] Y
| -
e P
{ yd
@ \ @
& S / L&
z 1\\ / % Nests s
B { ’,/ 50 100 s A Stranded turtles
M /

I1ETW

44BOW

Figure 1. Approximate distribution of the main nesting sites and movement pathways of loggerhead,
hawksbill and olive ridley turtles on the coast of the SWA (A). Solid lines indicate nesting sites and dashed
lines indicate movement pathways based on satellite tracking studies (Marcovaldi et al. 2010, 2012;
Santos et al. 2019; Soares et al. 2021). Sea turtles sampling along the coast of Alagoas State, SWA (B).
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Total genomic DNA was extracted using the phenol-chloroform method
(Sambrook et al. 1989), and a fragment of 621 base pairs (bp) of the mtDNA control
region was recovered through polymerase chain reaction (PCR) using the primers
LCM15382 and H950 (Abreu-Gobrois et al. 2006). To better evaluate putative hybrids
we also employed three nuclear loci: the oocyte maturation factor mos (CMOS) using
the primers LIZ-CMOS and HCMOS-III (Kearney and Stuart 2004) and two anonymous
loci, 3061 and 109472 using the primers described by Arantes et al. (2020c). We chose
these nuclear loci because they have been shown to present informative variability
between loggerhead, hawksbill and olive ridley sea turtles (Vilaca et al 2012; Arantes et
al. 2020c). In addition to the primers we used, for the CMOS fragment, we also ran tests
with primers developed for sea turtles. We ultimately chose these primers because they
provided higher amplification success. We then aligned our CMOS sequences with
sequences from GenBank, generated with primers developed for sea turtles, to make
sure the fragments overlapped. The CMOS fragment was approximately 550bp while
3061 and 109472 were approximately 320bp each. While mtDNA was sequenced for all
samples, nDNA was only amplified for a subset of samples. This subset included all
hybrids identified through morphology and mtDNA (see results) and a few
representatives of each species (confirmed by morphology and mtDNA) for comparative
purposes (Online Resource 1). PCR reactions consisted of 20.8 ul of 1XMaster Mix PCR
Buffer with 0.4mM of each dNTP and 3mM of MgCI2, 1.0 pl of each primer (10 pmol);
0.2 ul of Tag DNA polymerase (5 U/ul) and 2 ul of DNA template (10—-100 ng/ul). Control
region fragments were amplified using the following conditions: initial denaturation at
94°C for 7 min followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 50°C
for 30 s, extension at 72°C for 1 min and a final extension at 72°C for 5 min. Nuclear loci
fragments were amplified using the same protocol, except for 109472 annealing
temperature which was 58°C. Negative controls were included to check for
contamination. Successfully amplified samples were purified with isopropanol and

sequenced through Sanger sequencing using the forward primer.
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All sequences were checked for contamination using the BLAST tool in GenBank
and for some samples we repeated DNA extraction, PCR and sequencing to double
check our results. We edited the sequences using Bioedit v7.1.3.0 (Hall 1999) and
aligned them with MAFFT v7 using the L-INS-i algorithm (Katoh and Standley 2013).
Mitochondrial haplotypes were identified using the Archie Carr Center for Sea Turtle
Research database (https://accstr.ufl.edu/resources/mtdna-sequences/) and nuclear
sequences were identified using the GenBank database
(https://www.ncbi.nim.nih.gov/genbank/). Nuclear alleles were reconstructed using the
PHASE algorithm implemented in DNAsp v5 (Librado and Rozas 2009). For the
purposes of this study, we considered a specimen to be a hybrid when it had the
morphology of one species and mtDNA or nDNA of a different species. Additionally, we
used nDNA to perform an assignment analysis to determine the most likely association
and generation of hybrids. We performed this analysis using three different species
pairs: hawksbills and loggerheads, loggerheads and olive ridleys, and hawksbills and
olive ridleys. The remaining species were not considered because of their small sample
size (see results and Online Resource 1). The analysis was performed using snapclust
as implemented in the R package adegenet (Jombart 2008, R Core Team 2021). For
each analysis, we set the number of expected clusters to two (k=2), indicated the
presence of hybrids between each species pair (hybrids=TRUE) and specified the
hybridization coefficient for F1 and first-generation backcross (hybrid.coef = ¢(.5, .25)).

All other parameters were run as default.

4.3 Results

Overall, it was possible to identify all specimens based on the morphological
characteristics of each species. However, some specimens were degraded or exhibited
morphological characteristics of more than one species (see detailed results below).
Mitochondrial haplotypes of all 53 samples were successfully identified according to the
Archie Carr Center database, meaning that no new haplotypes were found (Online

resource 1). Amplification of nDNA was less effective than mtDNA, particularly for
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stranded turtles, likely due to the lower abundance of nDNA coupled with sample
degradation caused by long environmental exposure. Consequently, we were only able
to recover one locus for most samples (Online Resource 1). In total, we identified nine
hybrids out of 53 samples, three (5.6%) with only one source of evidence (weakly
supported) and six (11.3%) with more than one source of evidence (strongly supported).
Five hybrids were hatchlings from local nests and four were stranded turtles (Table 1).

Details on hybridization and overall genetic characterization are given below.

4.3.1 Hybridization

We identified four hybrids from nest samples based solely on morphology and
MtDNA. One sample was a hatchling identified as a hawksbill (T6R40), which had the
CC-A4 haplotype, typical of loggerheads. The three remaining hybrids (T4R14, T9R1-
2019 and MIR1) had loggerhead morphology and the haplotype-F, unique to olive
ridleys. Specimen T9R1-2019 was from an olive ridley nest but exhibited malformations
and asymmetry of lateral scute counts, five on the right side and seven on the left side
(Online resource 2). Regarding the nuclear dataset, we successfully recovered
sequences from the three analyzed loci for all four hybrids. The hawksbill x loggerhead
hybrid (T6R40) had alleles of both species at the 3061 and 109472 loci, but only
hawksbill alleles at CMOS. One of the three loggerhead x olive ridley hybrids (T9R1-
2019) only had olive ridley alleles at the three nuclear loci. The second (T4R14) only had
loggerhead alleles at 3061, but alleles of both parental species at 109472 and CMOS.
The last sample (MIR1) only had loggerhead alleles at 3061 and CMOS, and alleles of
both species at 109472.

Using nDNA, we were also able to identify one more hybrid from nests (T9R1-
2020), not detected with mtDNA or morphology. The new hybrid had hawksbill
morphology and mtDNA (Ei-BR16) but exhibited an olive ridley allele at the 109472
locus while having only hawksbill alleles at 3061 and CMOS (Table 1). This specimen
was classified as a hybrid with weak evidence because it had a single olive ridley allele,

while morphology and all other genetic evidence indicated that it was a hawksbill.
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Nevertheless, this specimen also exhibited dorsal scute malformations (Online resource
2). Membership probabilities of nest hybrids indicated that T6R40 was likely an F1
hybrid (46.9%), T4R14 was likely a loggerhead (41.8%) or a backcross of a F1 hybrid
and a loggerhead (40.4%), MIR1 likely a loggerhead (58.1%) and that T9R1-19 was
likely an olive ridley (75.6%, Fig. 2). Membership probabilities of T9R1-2020 were higher
for hawksbills (55.8%) and for a backcross between an F1 hybrid and a hawksbill
(35.7%, Fig. 2).

Among stranded turtles, one of the four hybrids was identified as a hawksbill
(T4T363), but had the loggerhead CC-A4 haplotype. The second hybrid had loggerhead
morphology, and the CM-A8 haplotype (T5T279), typical of green turtles. The third
hybrid had green turtle morphology and the CC-A4 haplotype (T4T8) from loggerheads.
The last hybrid (T3T68) was only identified by nDNA. While this specimen had hawksbill
morphology and mtDNA, it presented a loggerhead allele at CMOS. Nuclear data from
the other hybrids revealed that the hawksbill x loggerhead hybrid (T4T363) only had
hawksbill alleles at 3061. One green turtle x loggerhead hybrid (T5T279) only had
loggerhead alleles at both 3061 and CMOS loci, while the other sample (T4T8) also only
had loggerhead alleles at CMOS (Online Resource 1).

Membership probabilities of T3T68 and T4T363 were higher for loggerheads
(42.5%) and hawksbills (52.9%), respectively (Fig. 2). Membership probabilities of green
turtle x loggerhead hybrids were not estimated due to the low recovery of green turtle

alleles.
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4.3.2 Genetic characterization

Except for the five hybrids, all remaining nest samples (n=25) exhibited
haplotypes from their respective species. Eleven hatchlings, identified as hawksbills,
exhibited the EiAO1 haplotype, one had the Ei-BR16 haplotype and one had the Ei-BR10
haplotype, all typical of the species. All 11 non-hybrid loggerhead hatchlings had the
CC-A4 haplotype, typical of the species. The single hatchling identified as olive ridley
had the haplotype-F, which is also unique to this species (Online Resource 1). All non-
hybrid samples evaluated for 3061 (total N=16), 109472 (total N=11) and CMOS (total
N=6) had alleles compatible with their morphological identifications (Online Resource 1).

The eight stranded turtles with hawksbill morphology had haplotypes typical of the
species: Ei-A01 (4), Ei-BR10 (2), Ei-BR16 (1) and Ei-IP17 (1). The latter is commonly
found in hawksbills from Indo-Pacific nesting sites in the Seychelles Islands and Chagos
archipelago. To corroborate the identification of this sample, we performed DNA
extraction, PCR and sequencing a second time and the same haplotype was recovered.
All eight non-hybrid stranded turtles identified as loggerheads had the CC-A4 haplotype,
characteristic of this species. The two turtles identified as olive ridley had the haplotype-
F and the two green turtles had the CM-A8 haplotype, both unique to each species
(Online Resource 1).

4.4 Discussion

In this study, we contribute to the current knowledge on sea turtle hybridization in
the SWA. Here, we found hybrids among four sea turtle species: loggerheads,
hawksbills, green turtles and olive ridleys. We also expanded sampling on loggerheads
and hawksbills in understudied nesting areas in Alagoas and observed that the genetic
profile of these species is very similar to what is found in other nesting sites in the SWA
(Lara-Ruiz et al. 2006; Reis et al. 2010b). Remarkably, we observed a hawksbill
haplotype typical of the Indo-Pacific in the Alagoas feeding ground. This is not the first

time an Indo-Pacific haplotype has been observed in the Atlantic, which reinforces the
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connection between these regions (Arantes et al. 2020b). Below we discuss these topics

in detail.

4.4.1 Hybridization

Hybrids among sea turtle species have already been reported in the SWA (Fig.
3), where loggerhead x hawksbill and loggerhead x olive ridley hybrids are particularly
more frequent (Lara-Ruiz et al. 2006; Reis et al. 2010a; Proietti et al. 2014a; Brito et al.
2020). Although the causes for the high hybridization frequency between these species
are still not completely clear, the temporal and spatial overlapping of their breeding
activities likely facilitates this process (Reis et al. 2010a). While breeding activities of
these species are still understudied in Alagoas, it is possible to find nests of these three
species along the coast of this state (Oliveira et al. 2016), which may facilitate
hybridization between them. In fact, all hybrids between loggerheads and olive ridleys
(3) found here were from nests. All of these samples had loggerhead morphology and
olive ridley mtDNA, the same pattern observed in hybrids from Sergipe nesting site (Reis
et al. 2010a). The two remaining hybrids from Alagoas nests had hawksbill morphology.
One had loggerhead mtDNA (CC-A4, T6R40), the same pattern found in most hybrids
from Bahia (Lara-Ruiz et al. 2006), and the other had an olive ridley allele in the 109472
nuclear locus (T9R1-2020). Hybridization between hawksbills and olive ridleys have
been reported in the SWA before, but this appears to be much less frequent (Lara-Ruiz
et al. 2006; Brito et al. 2020). Nuclear data from nest samples also revealed that these
hybrids are likely F1 or backcrosses with parental species (Fig. 2), which indicates that

hybridization may be an ongoing process in the region.

Among the stranded turtle hybrids, two had hawksbill morphology. One specimen
had loggerhead mtDNA (T4T363) while the other (T3T68) had loggerhead nDNA that
matched an Indo-Pacific loggerhead allele (as did its hawksbill mtDNA). The only other
hybrid previously reported from Alagoas was a hybrid between these species, a
stranded turtle with hawksbill morphology and loggerhead mtDNA (CC-A4) (Brito et al.
2020). However, both species use the Alagoas coastline as both feeding and
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reproductive grounds, thus it is difficult to determine how these stranded specimens
were using this area. It is plausible that the T4T363 specimen could have originated
from the Bahia nesting site, since a particularly high frequency of hawksbill x loggerhead
hybrids have been reported there (Lara-Ruiz et al. 2006) and individuals from this
nesting site are also reported to migrate through Alagoas (Marcovaldi et al. 2012). On
the other hand, the loggerhead Indo-Pacific allele we found in the T3T68 specimen,
seems to reinforce that this specimen was indeed from that region (see detailed

discussion below).

70°30W 58°30'W 46°30'W 34°30'W
L 1 I 1

2°30N
1
T
2°30N

9°30'S
‘
z
®
T
9°30'S

ABR (BA)
L ]

21°30'S
1
T
21°30'S

33°30'S
!
T
33°30'S

@®EixCc
Cexlo

250 500 750km ) CcxCm
@®EixLo

T T T T
70°30W 58°30'W 46°30'W 34°30'W

Figure 3. Known reports of sea turtle hybrids in the Southwest Atlantic Ocean. ARG — Argentina, URU —
Uruguay, Brazilian States: AL Alagoas, BA Bahia, ABR Abrolhos Archipelago, Bahia, CE Ceara, RS Rio
Grande do Sul, SE Sergipe. Source of hybrid records: Brito et al. (2020): AL, BA, CE, ES, RS, URU; Karl
et al. (1995): BA,; Lara-Ruiz et al. (2006): BA; Proietti et al. (2014b): CE, RS; Prosdocimi et al. (2014):
ARG; Reis et al. (2010a): SE; This study: AL.
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The remaining stranded hybrids (2) identified through mtDNA were crosses
between green and loggerhead turtles. Hybrids between these species are less common
in the SWA, probably due to the low overlapping in their nesting activities. While
loggerhead nests are mainly found on the Brazilian mainland coast, green turtle nests
are mostly concentrated on oceanic islands, such as Rocas Atoll and Trindade, and are
sparse on continental areas within the SWA (Marcovaldi and Marcovaldi 1999;
Marcovaldi and Chaloupka 2007). Nevertheless, some green turtle nests can be found
along the Brazilian coast, mainly in the northern region of Bahia, the main nesting site
for loggerheads in Brazil (Lara-Ruiz et al. 2006). So, it is plausible that this region is the

probable origin of these hybrids.

Understanding the role hybrids play in sea turtle population structure is
particularly important given their status as threatened species (IUCN 2022), especially
when we take climate change effects into consideration. Many sea turtle populations are
already reported to have strong female bias (Hays et al. 2014; Jensen et al. 2018),
which tends to be even more exacerbated with the predicted rise of global temperatures
(IPCC 2021). Higher nesting beach temperatures could not only promote higher female
output, and consequently higher female proportions in natural populations, but also
increase hatchling mortality (Hays et al. 2017). Furthermore, the decrease in beaches
available for nesting due to sea level rise and coastal urbanization can potentially cause
shifts in habitat use (Fuentes et al. 2010, 2011), which can promote further overlapping
of breeding and nesting activities of these species. If these environmental and
anthropogenic factors act synergistically, we may likely observe an increase in
hybridization frequency over time. Thus, the continuous monitoring of ecological and

genetic aspects of these populations is fundamental.

The use of a multilocus approach to investigate hybridization in these populations
has been shown to be essential for improving our understanding of the hybridization
process (Vilaca et al. 2012; Brito et al. 2020; Arantes et al. 2020c). Here, we were only
able to use three nDNA loci, which precludes us from reaching more conclusive results,

particularly on hybrid generation. The lower success rate in the amplification of these
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loci in stranded specimens, likely due to sample deterioration, also limited our
interpretation of these data. The use of nonspecific primers for the CMOS gene also
warrants caution in the interpretation of these data. However, all but one allele observed
in this locus have been identified before using sea turtle primers. Only one hybrid was
defined by CMOS data, all other hybrids can be identified using mtDNA or the other two
NDNA loci (Table 1, Online Resource 1). Despite these limitations, the inclusion of nDNA
allowed us to identify hybrids that would otherwise not have been observed solely using
mtDNA and morphology. Nevertheless, as suggested by previous studies, a better
comprehension of hybrid ecology is required to understand how this high hybridization
frequency along the Brazilian coast can affect population dynamics (Vilaca et al. 2012;
Arantes et al. 2020c).

Studies on the spatial distribution of nesting and feeding grounds, as well as
genetic diversity are initial in Alagoas. Consequently, information on breeding periodicity,
sex ratios and comprehensive genetic characterizations are still unavailable.
Nevertheless, sex ratio studies on loggerhead and hawksbill turtles nesting on the
Brazilian coast indicate high female bias (Marcovaldi et al. 1997; Godfrey et al. 1999),
thus it is likely that future studies would reveal a similar pattern for Alagoas. Therefore,
constant monitoring of this population, regarding shifts in habitat use and population
parameters, is extremely important in order to better understand the consequences of

hybridization and thereby, improve conservation actions.

4.4.2 Genetic characterization

The genetic diversity of hawksbill and loggerhead nests in the study area was
similar to other reproductive areas in the SWA. The CC-A4 haplotype, observed in all
non-hybrid loggerhead nests (11), is widely found in loggerhead nesting sites in Brazil
(Reis et al. 2010b). Likewise, among the three haplotypes we identified in non-hybrid
hawksbill nests (14), the Ei-A01 is widely distributed throughout feeding grounds in the
SWA and in the two major hawksbill nesting sites in Brazil: Bahia and Rio Grande do
Norte (Proietti et al. 2014a; Simdes et al. 2021). The two other haplotypes, Ei-BR16 and
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Ei-BR10, are both exclusive to Brazilian nesting sites (Lara-Ruiz et al. 2006).
Additionally, the single olive ridley nest sample had the haplotype-F, which is the only
haplotype observed for olive ridleys in the SWA to date (Bowen et al. 1997).

We observed that all stranded loggerheads (9) had the same CC-A4 haplotype
found in the nests. As mentioned above, this haplotype is the most commonly observed
in loggerhead nesting and feeding sites in Brazil and is also exclusive to this region
(Reis et al. 2010b). This low haplotype diversity is also in accordance with previous
studies and the presence of this exclusive Brazilian haplotype reinforces that the
specimens analyzed here likely originated from Brazilian nesting sites (Reis et al.
2010b). We observed a similar genetic profile in stranded hawksbills with haplotypes
commonly found in Brazilian nesting sites: Ei-BR10 (2), Ei-BR16 (1) and Ei-A01 (1)
(Lara-Ruiz et al. 2006; Proietti et al. 2014a; Simdes et al. 2021). Finally, the presence of
the Ei-IP17 haplotype was surprising since this haplotype is only found in Indo-Pacific

nesting sites (Vargas et al. 2016), implications of which are discussed below.

In general, the genetic profile we observed for both species suggests that feeding
grounds are mostly occupied by individuals from local nesting sites. Satellite tracking
studies also suggest that the study area is within a migratory corridor for loggerheads
and hawksbills migrating from their main nesting area in Bahia to feeding grounds
farther north, being also the final destination for some of these individuals (Marcovaldi et
al. 2010, 2012).

The occurrence of the Ei-IP17 haplotype among our stranded samples was
a surprising and novel result, since this haplotype is typical for Indo-Pacific nesting sites
in the Seychelles Islands and Chagos Archipelago (Vargas et al. 2016), suggesting a
connection between the Atlantic and Indo-Pacific Oceans. To our knowledge, this is the
first time the Ei-IP17 haplotype has been reported in an Atlantic feeding ground. Two
other Indo-Pacific haplotypes, Ei-IP16 and EI-IP33, have been previously reported in
feeding grounds in Fernando de Noronha and Ascension Island (Fig. 4, Arantes et al.
2020b). Additionally, three orphan haplotypes (Ei-A49, Ei-A70 and Ei-A75) observed in
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the Atlantic feeding grounds of Ascension Island, Fernando de Noronha, Cape Verde
and Principe Island, group together with haplotypes from the Indo-Pacific (Arantes et al.
2020b). The same occurs with the EATL haplotype observed in the Principe Island
nesting site in Africa (Monzén-Arguello et al. 2011; Arantes et al. 2020b).

Haplotype sharing between Atlantic and Indo-Pacific Oceans can also be seen in
loggerhead, green and leatherback turtles (Dutton et al. 1999; Bourjea et al. 2007;
Shamblin et al. 2014), and migrations in both directions through southern Africa have
been suggested. For instance, the CM-A8 haplotype, widely found in green turtle nesting
sites in the Atlantic, can also be found in the Mozambique nesting site (Bourjea et al.
2007), a similar pattern to that of the loggerhead CC-A2 haplotype (Shamblin et al.
2014). Loggerhead haplotypes from the Indo-Pacific have also been observed in the
Atlantic, suggesting that westward migrations may also occur (Shamblin et al. 2014).
Colonization of the Atlantic by olive ridleys is suggested to have occurred through
southern Africa (Bowen et al. 1997). Likewise, haplotype sharing between hawksbill
nesting sites in Principe Island and in the Indo-Pacific led Monzon-Arguello et al. (2011)
to suggest the colonization of this east African nesting site by hawksbill migrants from
the Indo-Pacific. Thus, although it seems plausible that the Ei-IP17 haplotype found here
could have originated directly from the Indo-Pacific, we cannot disregard putative
unsampled nesting sites in east Africa as a possible origin, since hawksbill haplotypes

from such sites have already been found in SWA feeding grounds (Proietti et al. 2014a).

The hawksbill sample analyzed here was from a juvenile male (curved carapace
length of 42.1cm), which could indicate an occasional incursion. We also observed Indo-
Pacific alleles in the CMOS locus of seven additional hawksbill, loggerhead and olive
ridley samples (Online Resource 1). Due to the generally slower evolutionary rates of
nuclear genes, these alleles may have persisted at low frequencies in Atlantic sea turtle
populations after their separation from Indo-Pacific lineages. On the other hand, this
may evidence that at least some gene flow between Atlantic and Indo-Pacific sea turtles

still exists. Nevertheless, wider sampling of feeding and nesting grounds in the Atlantic is
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required to help elucidate hawksbill and other sea turtle population structure and

migration pathways.
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Figure 4. Known occurrences of hawksbill Indo-Pacific haplotypes in south Atlantic feeding and nesting

sites. Star denotes the study site in the state of Alagoas, northeastern Brazil.

4.5 Concluding remarks

Although relatively rare in sea turtles, hybridization seem to be very common in
Brazilian nesting and feeding grounds (Lara-Ruiz et al. 2006; Brito et al. 2020, our
study). Although our total sample size was relatively small, we were still able to detect
hybrids in Alagoas nests, as well as in stranded animals (11.3% of our total sampling),
including putative crosses between hybrids and parental species. This suggests that
hybridization events may be common in the region, as seen in other sites in the SWA,
such as Sergipe and Bahia (Lara-Ruiz et al. 2006; Reis et al. 2010a). Most hybrids were
readily identified using only morphology and mtDNA, however the use of nuclear data

revealed new hybrids that would otherwise remain unidentified, which highlights the
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importance of using an integrative approach when studying hybridization (Vilaca et al.
2012; Brito et al. 2020).

The use of mMtDNA and nDNA also revealed a possible connection between
feeding grounds in the study area and nesting sites in the Indo-Pacific. Understanding
these connections and migratory pathways is essential to the development of
appropriate conservation strategies and is one of the main priorities in sea turtle
research (Hamann et al. 2010). Although a more comprehensive research effort is
required to clarify the connections between sea turtles in the Atlantic and Indo-Pacific,
our findings represent the fifth hawksbill locality in the South Atlantic with Indo-Pacific

haplotypes (Arantes et al. 2020b), reinforcing the connection between these regions.
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5 CAPITULO 3

TEMPORAL VARIATION ON THE GENETIC DIVERSITY OF GREEN TURTLES
FROM THE SOUTHWEST ATLANTIC OCEAN

Abstract

Green turtles are migratory animals with a complex life cycle, which makes them
vulnerable to a wide range of threats. Despite being historically exploited, continuous
conservation efforts are resulting in the recovery of some nesting populations. The
recovery, and consequent output increase, of different nesting populations can affect the
composition of individuals in feeding grounds since these areas harbour individuals from
different nesting sites. In this study we evaluate temporal variations in the genetic
composition of feeding grounds in the Southwestern Atlantic Ocean (SWA) to investigate
if the recovery of nesting sites in the Atlantic Ocean, particularly Ascension Island, is
influencing the composition of individuals in the region. We used the control region of the
mitochondrial DNA and mitochondrial short tandem repeats to perform spatial and
temporal analyses using samples collected along the SWA in two temporal periods ten
years apart. Spatial and temporal genetic variations in the region were not significant.
Likewise, estimated natal origins remained similar between the time periods analyzed,
with small variations. However, there was significant temporal variation in genetic
diversity when considering only the northermost feeding grounds in the SWA, likely
related to an increase in the frequency of the CM-A8 haplotype, common in Ascension
Island. These results suggest that the genetic diversity in SWA feeding grounds have
remained somewhat similar in recent years. However, the constant monitoring of these
sites as well as the characterization of new sites are essential to create a strong

baseline and understand genetic diversity trends of SWA green turtles.

Keywords: Green turtles, feeding grounds, nesting sites, population recovery
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5.1 Introduction

Green turtles (Chelonia mydas) are slow growing, long-lived and migratory
animals, with a complex life cycle characterized by ontogenetic habitat shifts. Their life
history encompasses different ecosystems from terrestrial habitats (nesting sites) to
open ocean, as well as a diversity of coastal foraging habitats (Bolten 2003). Adults
migrate between foraging grounds and breeding areas, which can be thousands of
kilometers apart (Plotkin 2003), and exhibit natal philopatry to nesting beaches (Bowen
and Karl 2007). As a result, there is a considerable genetic structure among nesting
sites (Bjorndal et al. 2006; Naro-Maciel et al. 2014). In contrast, feeding grounds are
commonly mixed stocks, harbouring individuals from several different nesting sites
(Naro-Maciel et al. 2007, 2012; Proietti et al. 2012; Prosdocimi et al. 2012).

Because of this complex life cycle, green turtles are usually under multiple threats
according to the environments they go through (Wallace 2010). They have been
historically exploited, and currently anthropic threats such as climate change, pollution of
marine environments and habitat degradation still threaten green turtle populations
(Fuentes et al. 2011). Nevertheless, some nesting sites are recovering as a result of
continuous conservation efforts (e.g. Catry et al. 2009; Weber et al. 2014). Because of
the connection between nesting and feeding grounds, differential recovery of nesting
sites can likely alter the composition of individuals at feeding grounds. For instance, a
green turtle feeding ground in Lac Bay, Boinare, in the Caribbean have shown an
increase in the proportion of individuals from local recovering nesting sites over a ten-
year time span as revealed by variations on local genetic diversity based on

mitochondrial DNA analyses (van der Zee et al. 2019).

Some nesting sites in the South Atlantic, such as Ascension Island and Guinea
Bissau have grown significantly during the last decades (Catry et al. 2009; Weber et al.
2014), while others such as Trindade Island are reported to be stable (Medeiros et al.
2022). Ascension Island has been historically reported as the highest contributor to the

composition of green turtles in feeding grounds along the coast of Southwest Atlantic
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(SWA) (Naro-Maciel et al. 2012; Prosdocimi et al. 2012). With the rising number of
nesting females in this nesting site, contributions of Ascension to local foraging grounds
could become even greater. A likely consequence of Ascension Island green turtle
nesting growth is that the influence of smaller nesting sites such as Trindade Island
could become harder to detect since the number of individuals from this area would be
proportionally lower, which could result in variations on the genetic diversity over time.
Therefore, our main goal was to evaluate if the recovery of green turtles nesting sites in
the Atlantic has influenced the genetic diversity at foraging grounds in the Southwestern
Atlantic.

5.2 Methods

We used muscle and skin samples collected from green turtles found stranded
along the coast of Alagoas (between May 2018 and January 2021) and Parana
(between January 2018 and November 2021) (Fig. 1). We used samples from these
localities because they represent northern and southern distribution of green turtles
feeding grounds in the SWA and might different responses to the differential recovery of
local nesting sites. Since most green turtles in southern foraging grounds are smaller
than 60cm (Barata et al. 2011), we chose this size class as a threshold in sample
selection in order to avoid bias caused by migrants from southern to northern foraging
grounds. In total, we used 213 samples, of which 140 were from Alagoas (CCL 23-
59.2cm) and 73 were from Parana (CCL 31-57.3cm). Among samples from Alagoas,

100 were from Almeida et al. (2021), and 40 were newly sequenced for this study.

Total genomic DNA was extracted using phenol-chloroform (Sambrook et al.
1989). We amplified the short fragment of the control region of the mitochondrial DNA
(493pb) for all samples. For a subset of these samples (49 from Alagoas and 47 from
Parana), we amplified a longer mtDNA fragment (840pb), including the longer fragment
of the control region as well as four mitochondrial short tandem repeats (mtSTR) as
described in Tikochinski et al. (2012). Control region fragments were amplified using the
primers LCM15382 and H950 (Abreu-Grobrois et al. 2006) and mtSTRs were amplified
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using the primers CMD1 and CMDS5 (Tikochinski et al. 2012). We conducted 25 ul
polymerase chain reactions, consisting in 20.8 ul of 1XMaster Mix PCR Buffer with 0.4
mM of each dNTP and 3 mM of MgCI2, 1.0 ml of each primer (10 pmol); 2 pl of DNA
template (>20 ng/ml); and 0.2 pl of Tag DNA polymerase (5 U/ml). We amplified the
control region fragments using the following protocol: initial denaturation at 94°C for 7
min followed by 35-40 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 30
s, extending at 72°C for 1 min and a final extending at 72°C for 7 min. Mitochondrial
STRs were amplified with the same protocol but with a 56°C annealing temperature. We
checked for successful amplifications using a 1% agarose gel and samples successfully
amplified were purified with isopropanol to remove PCR residuals and sequenced with
the forward primer (short control region fragment and mtSTRs) or both primers (long

control region fragment) using Sanger sequencing at ACTGene Analises Moleculares.

Sequences were edited with Bioedit 7.2.5 (Hall 1999) and aligned with MAFFT
online service (Katoh et al. 2019). We identified haplotypes using the Archie Carr Center
for Sea Turtles Research (https://accstr.ufl.edu/resources/mtdna-sequences/) and
categorized mtSTRs by counting the “AT” repeats in each of the four loci we analyzed.
Thus, each individual sample was represented by a four-digit code as described in
Tikochinski et al. (2012). Haplotype and nucleotide diversities were assessed using
DNAsp v6.12 (Rozas et al. 2017). We tested for population divergence between Alagoas
and Parand using an analysis of molecular variance (AMOVA) with 10,000 permutations
as implemented in Arlequin v3.5.2.2 (Excoffier and Lischer 2010). We performed this
analysis in two different ways. Firstly, we used the shorter fragment of the control region,
which allowed the inclusion of a larger number of samples. Secondly, we used the

longer fragment of the control region plus mtSTRs.
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Figure 1. Southwest Atlantic Ocean feeding grounds sampled in this study. Literature data are from Naro-
Maciel et al. (2012), Proietti et al. (2012) and Almeida et al. (2021). Colours indicate marine ecoregions by
Spaldin et al. 2007, Tropical Southwestern Atlantic in orange and Warm Temperate Southwestern Atlantic
in purple.

We assessed temporal variation in genetic composition on the SWA also using
two approaches. First, we pooled together our data from Alagoas and Parana as
representative of current genetic composition and compared these data to data collected
ten to 15 years ago along the Southwest Atlantic Ocean (total N=743), mainly the
Brazilian coast (Naro-Maciel et al. 2012; Proietti et al. 2012). Second, we considered
northern and southern feeding grounds independently, according to the marine
provinces of Tropical Southwestern Atlantic (TSA, N=341) and Warm Temperate
Southwestern Atlantic (WTSA, N=402) (Spalding et al. 2007). To test for genetic

differences between time periods, we used AMOVA analyses as mentioned above.
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Natal origins of green turtles were estimated using the same groupings described
above, first the SWA as a whole and then TSA and WTSA independently. Analyses
were carried out through many-to-one mixed stock analysis (MSA; Pella and Masuda
2001). We used 12 nesting sites in the Atlantic Ocean as putative sources of individuals
(Table S1). We performed the analyses using BAYES (Pella and Masuda 2001), with 12
chains per run (equal to the number of sources) and 50,000 iterations per chain,
discarding half of these iterations as burn-in. Convergence of the runs was checked
using the Gelman-Rubin criterion, considering values below 1.2 as adequate, as
indicated in the software manual. We used the number of nesting females at each

nesting site as a prior in the analyses (Table S1).

5.3 Results

Considering the new samples from Alagoas and Parana (short fragment), we
identified 12 different haplotypes in Alagoas, of which the most frequent were CM-A8
(68%), CM-A5 (20%) and CM-A9 (3%). We also identified a previously undescribed
haplotype, H1. Using the CM-A8 haplotype (GenBank accession number Z50130) as
reference, the new haplotype has a transition, G to A, at position 89. Among Parana
samples, we identified ten haplotypes, of which CM-A8 (58%), CM-A5 (25%) and CM-A9
(6%) were also the most frequent. Haplotype and nucleotide diversities were higher in
Parand (Hd = 0.611, m = 0.00253) compared to Alagoas (Hd = 0.491, = 0.00193).
Considering the longer fragment of the control region plus mtSTRs, we identified a total
of 23 haplotypes in Alagoas and 21 in Parana. AMOVA results using the shorter
fragment of the control region or the longer fragment plus mtSTRs revealed no genetic
structure between Alagoas and Parana (Fst = -0.005, P = 0.645 and Fst = 0.001, P =
0.338; respectively).

Proportion of haplotypes in the SWA as a whole (N=213) was similar between the
two sampling periods. We identified 14 different haplotypes currently (2018-2021), of
which the most frequent were CM-A8 (64.8%), CM-A5 (21.6%) and CM-A9 (4.2%). The
haplotypes CM-A8 (61.5%), CM-A5 (22.6%) and CM-A9 (4.1%) were also the most
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frequent in the 2003-2008 sampling period (N=530). Accordingly, AMOVA analysis
revealed no genetic differentiation between the two sampling periods (Fst = -0.00275, p
= 0.98624). When we considered only samples from the southernmost sampling areas
(WTSA), we also observed no genetic differentiation between the two sampling periods
(Fst = -0.00014, p = 0.36297). On the other hand, we observed significant genetic
differentiation when considering only samples from the northernmost sampling areas
(TSA) (Fst = 0.01486, p = 0.03069), even though most genetic variation was within each
group (98.51%).

Natal origins of green turtles were similar considering all data (SWA). Ascension
Island, Surinam, Guinea Bissau and Trindade Island were the nesting sites with highest
contributions to the composition of individuals in SWA foraging grounds both in 2003-
2008 (53%, 19%, 12% and 10%, respectively) and 2018-2021 (58%, 16%, 19% and 4%,
respectively). Ascension Island was also the highest contributor when considering past
and current TSA data (60% and 56%, respectively). Surinam was the second highest
contributor using past data (29%), followed by Trindade Island (4%) and Aves Island
(3%). Guinea Bissau was the second highest contributor using current data (28%),
followed by Surinam (12%) and Aves Island (2%). Considering only data from the
WTSA, Ascension Island (62%), Guinea Bissau (16%), Surinam (11%) and Aves Island
(5%) were the highest contributors in the past, while Ascension Island (55%), Surinam

(21%), Trindad Island (15%) and Guinea Bissau (3%) are highest contributors currently
(Fig. 2).

5.4 Discussion

Haplotype frequencies of new samples (Alagoas and Parand) were similar to
what has been reported for the region, with a high frequency of CM-A8 and CM-A5
haplotypes (Naro-Maciel et al. 2012; Proietti et al. 2012; Almeida et al. 2021). We
detected no genetic differentiation between the two regions, even though feeding
grounds in the Atlantic have been reported to be somewhat structured (Naro-Maciel et
al. 2012).
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Figure 2. Mixed stock analysis and proportion of haplotypes of green turtles from Southwest Atlantic
Ocean (A) and two subsets restricted to the Tropical Southwestern Atlantic (B) and the Warm Temperate
Southwestern Atlantic (C), considering past (2003-2008) and current (2018-2021) sampling. Error bars

indicate standard deviation.
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The use of additional markers, such as mtSTRs has been suggested as a tool to
detect deeper genetic variation (Tikochinski et al. 2012; Shamblin et al. 2015; Bradshaw
et al. 2018). We sequenced mtSTRs for a subset of our samples and observed a
considerable increase in the number of haplotypes, but failed to detect genetic structure,
either between Alagoas and Parana or between subvariants of the most common
haplotypes CM-A5 and CM-A8 (Table S2). Although mtSTR data from Trindade Island,
Fernando de Noronha and Rocas Atoll nesting sites is available (Shamblin et al. 2015),
other major nesting sites such as Ascension Island and Guinea Bissau remain to be
sampled. Finer scale analysis of currently known haplotypes could be extremely helpful
to reveal deeper genetic structure between nesting sites and help enhance natal origins
analyses in the region.

This high frequency of CM-A8 and CM-A5 haplotypes was also observed in data
from 2003-2008 and haplotype proportions did not vary greatly between time periods.
The CM-A8 haplotype is extremely common across nesting sites in the South Atlantic,
including Ascension Island, the second biggest nesting site in the region (Formia et al.
2007). Thus, a high frequency of this haplotype in SWA feeding grounds is expected.
The CM-A5 haplotype, on the other hand, is more common in nesting sites near the
Caribbean, such as Surinam and Aves Island (Shamblin et al. 2012). A high frequency
of this haplotype can be observed on feeding grounds near that region, such as Ceara
and Fernando de Noronha (Naro-Maciel et al. 2012). It would make sense that Alagoas
also exhibited a similar pattern due to its proximity to the region. However, we observed
an even higher frequency of this haplotype in Parana, which is more than seven
thousand kilometers away. Besides the genetic evidence (Naro-Maciel et al. 2012;
Jordao et al. 2015), telemetry also indicated that juveniles and subadults green turtles
from the Caribbean migrate to foraging grounds along the Brazilian coast, swimming
against the Guiana and North Brazil currents (Chambault et al. 2018). Once they reach
the northeastern coast of Brazil, they could reach southern foraging grounds with the aid
of the Brazilian current as genetic data from our and other studies indicate (Proietti et al.
2012, Jordao et al. 2015).
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Natal origin analyses corroborated these observations, as Ascension Island and
Surinam had high contribution to the composition of individuals considering all three
sample groupings (Fig. 2). When using data from the whole SWA, contributions of
Ascension lIsland, Surinam, Guinea Bissau and Trindade Island were somewhat
constant between the two time periods analysed (Fig. 2A). However, there was
noticeable variation in TSA and WTSA. Contributions of Surinam to the composition of
individuals in the TSA were visibly lower in 2018-2021. Conversely, contributions of
Guinea Bissau were visibly higher (Fig. 2B). This might be a result of the decreased
proportion of the CM-A5 haplotype, common in the Surinam nesting site (Shamblin et al.
2012). Concomitantly, the increased proportion of the CM-A8 haplotype in the 2018-
2021 sampling may have promoted the increased contributions from Guinea Bissau, as
the overwhelming majority of individuals from there exhibit the CM-A8 haplotype
(Patricio et al. 2017).

Natal origins of samples from the WTSA showed an evident increase in the
contributions from Surinam and Trindade Island in 2018-2021, while contributions from
Guinea Bissau decreased in the same period (Fig. 2C), likely due to the higher
proportion of CM-A5 and CM-A9 haplotypes in the same period. The CM-A9 haplotype
have been reported in the nesting sites of Rocas Atoll, Ascension Island and Trindade
Island, but with a higher frequency on the latter (Bjorndal et al. 2006). Previous studies
also show that contributions from Trindade Island are usually higher to closer feeding
grounds in south Brazil (Naro-Maciel et al. 2012; Proietti et al. 2012), which is in

agreement with our results.

Overall, our results show that there is no clear influence of the recovery of
Ascension Island on the genetic composition of green turtles from SWA feeding
grounds, at least not in the time frame analysed here. Contrary to what was expected,
contributions of Trindade Island to feeding grounds in the WTSA increased, even though
that nesting site have been stable while Ascension have been increasing the number of
nesting females (Medeiros et al. 2022). Thus, we would expect an increase in the

frequency of haplotypes from Ascension Island in foraging grounds in south Brazil while
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haplotypes from Trindade could become less likely to be sampled because their relative
frequency would decline. We did not observe such variation in haplotype frequencies.
Nevertheless, it is worth noting that the CM-A8 haplotype is the most common haplotype
in both nesting sites, which could mask some of those effects since we cannot precisely

determine the natal origin of CM-A8 individuals.

Even though our study indicates no significant temporal variation in haplotypes
proportion in SWA feeding grounds, continuous monitoring is essential to detect
changes in the dynamics of local feeding and nesting grounds. The use of more variable
genetic markers can help to detect finer variations on genetic diversity and improve the
genetic characterization of known populations, which can be highly useful to improve
natal origins estimation. Studies describing the genetic diversity of new feeding grounds
or expanding the knowledge on known feeding and nesting grounds also help to create

a stronger baseline that allow future studies to detect genetic variability more precisely.
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6 Discussao geral e conclusdes

Cinco das sete espécies de tartarugas marinhas ocorrem no Oceano Atlantico
Sudoeste (OAS). Todas essas espécies encontram-se sob algum grau de ameaca,
segundo a Unido Internacional para a Conservag¢do da Natureza (IUCN, 2022). Devido
a isso, a identificacdo e caracterizacédo de areas de desova e alimentacao de tartarugas
marinhas na regido é fundamental para melhorar cada vez mais a elucidacdo da
dindmica populacional dessas espécies e entender como elas podem responder a
ameacas atuais e futuras (FUENTES; LIMPUS; HAMANN, 2011). Nos estudos
desenvolvidos nessa tese, procuramos entender alguns aspectos da diversidade

genética e conservacao das tartarugas marinhas do OAS.

Observamos que a razao sexual de tartarugas verdes em areas de alimentacdo
da regido é enviesada em favor das fémeas, onde ha cerca de trés fémeas para cada
macho. Essa tendéncia ja foi relatada em outras regides do mundo (HAYS; MAZARIS;
SCHOFIELD, 2014), e levanta discussdes sobre uma possivel feminilizacdo das
populacbes, tendo em vista as mudancas climaticas e um provavel aumento na
producdo de fémeas em éareas de desova ao redor do mundo (JENSEN et al., 2018).
Ainda assim, essa razdo sexual é menor do que o observado em varias areas de
desova, onde a producdo de fémeas pode chegar a mais de 90% (HAYS; MAZARIS;
SCHOFIELD, 2014), o que sugere que algumas areas de desova ainda mantém uma
producdo mais equilibrada de fémeas e machos (e.g. PATRICIO et al. 2017). Assim, a
avaliacdo de areas de desova e alimentacdo com relacdo a sua razao sexual se faz
cada vez mais necessaria, em todas as espécies de tartarugas marinhas, para o
direcionamento de medidas de conservacdo adequadas a fim de que a viabilidade
populacional dessas espécies possa ser mantida. Nesse sentido, a avaliagdo de dados
genéticos de fémeas e machos em areas de alimentag&o pode ajudar a identificar areas
de desova que estejam potencialmente gerando mais fémeas ou mais machos
(JENSEN et al., 2018).
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A avaliacdo desses dados para a area de alimentacdo de Alagoas, nordeste do
Brasil, revelou uma variacdo entre a origem natal de fémeas e machos. As analises
indicaram que a maior parte das fémeas que se alimentam na regido sao provenientes
da area de desova da llha de Ascensao, enquanto a maior parte dos machos provém da
area de desova de Guiné Bissau, no litoral Africano. Esse resultado foi congruente com
as andlises de razdo sexual dessas éareas, que indicam que Ascensdo tem uma
producdo de fémeas mais acentuada, enquanto Guiné Bissau tem uma producdo mais
equilibrada entre os dois sexos (GODLEY et al., 2002; PATRICIO et al., 2019). A area
de desova de Suriname também apresentou alta contribuicdo para a composicdo de
machos na regido. Apesar de ser necessario cautela na interpretacdo dos resultados
devido a limitacdo das analises, essa avaliacdo se mostra util ndo s6 para corroborar as
analises locais de razdo sexual como também para identificar a conectividade da area
de alimentacdo de Alagoas com as areas de desova da regido com relacédo as fémeas e

machos da espécie.

A analise de outras espécies de tartarugas marinhas no litoral de Alagoas
também revelou a presenca de hibridizacéo entre quatro espécies: tartaruga de pente e
tartaruga cabecuda, tartaruga de pente e tartaruga oliva, tartaruga cabecuda e tartaruga
oliva e, por fim, tartaruga verde e tartaruga cabecuda. Foram identificados espécimes
hibridos tanto em areas de desova quanto de alimentacdo em Alagoas. Isso sugere que
esse processo estd acontecendo ndo so entre tartarugas que se reproduzem na regiao,
mas também entre aquelas que se reproduzem em outras areas e migram para se
alimentar no litoral do estado. A alta frequéncia de hibridizacdo entre tartarugas
marinhas no litoral Brasileiro € marcante, principalmente ao longo do litoral dos estados
da Bahia e Sergipe (LARA-RUIZ et al., 2006; REIS; SOARES; LOBO-HAJDU, 2010).
Nosso estudo amplia o numero de areas com registro de hibridizacdo e ressalta a
importancia da ampliacdo dessa avaliagdo para outras regibes. O monitoramento
dessas areas com registro de hibridizacdo também é importante para entendermos
melhor os efeitos desse processo na dinamica populacional das espécies e como

pressbes atuais, como ocupacao desordenada do ambiente costeiro e mudancas
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climaticas, podem afetar a frequéncia de hibridizacdo nessas regides. Isso é de extrema
relevancia uma vez que estudos recentes tém demonstrado que hibridos e espécies
parentais parecem exibir sobreposicao ecoldgica e parecem também se tornar inviaveis
a partir da segunda geracéao (SOARES et al., 2021; VILACA et al., 2022). Isso evidencia
a necessidade do monitoramento continuo desse processo no litoral brasileiro, a fim de
avaliar com mais clareza a amplitude da ocorréncia de hibridos na regido e como a
frequéncia de hibridos pode mudar no futuro e se isso pode vir a afetar a viabilidade das

populacdes dessas espécies na regido de maneira significativa.

Também foi possivel detectar um espécime de tartaruga de pente com um
haplétipo tipico do Indo-Pacifico na area de alimentagdo de Alagoas. E precipitado
afirmar que esse espécime migrou diretamente daquela regido, porém nao € a primeira
vez que um haplétipo do Indo-Pacifico é registrado em areas de alimentacdo no
Atlantico (ARANTES; VARGAS; SANTOS, 2020), o que reforca a conexao entre essas
duas regides. Esse padrao de migracdo e ocupacdo de habitats que transcendem os
limites geogréficos de paises e continentes € um desafio para a conservacao nao sé da
tartaruga de pente, mas das tartarugas marinhas em geral. Isso demanda a
coordenacao entre diferentes paises, uma vez que a protecdo do habitat que essas
espécies ocupam em um pais, ndo necessariamente garante a protecdo daquela
populacdo se os habitats que os individuos daquela populacdo ocupam em outras

regides estiverem sob constante ameaca (WALLACE et al., 2011).

Por fim, foi avaliada a variacdo temporal na diversidade genética de tartarugas
verdes em areas de alimentagédo do OAS. N&o foi observada uma mudanca significativa
na proporcéo de hapldtipos quando consideramos o OAS como um todo. Porém, foram
encontradas variagcdes genéticas nas areas de alimentacdo quando os dados foram
analisados de maneira mais regionalizada. A alta frequéncia do haplétipo CM-A5 no sul
do Brasil é digna de nota, uma vez que esse haplotipo € mais comum em areas de
desova do Caribe e os individuos tém que nadar ativamente contracorrente para
atingirem areas de alimentacdo no litoral Brasileiro (CHAMBAULT et al., 2018). A
alteracdo na frequéncia de haplotipos nas populagfes de tartarugas marinhas pode ser
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um indicador da deplecao ou recuperacado de areas de desova locais (VAN DER ZEE et
al., 2019). O monitoramento das espécies é essencial para esclarecer esses processos
e avaliar possiveis perdas de diversidade genética e o status populacional das
espécies. Além disso, a implementacdo de marcadores moleculares variaveis e de uma
abordagem integrativa é crucial para a elucidacdo de padrdes de estruturacéo
populacional, que muitas vezes podem ser mascarados por haplétipos que séo
altamente difundidos nas populacdes. A utilizacdo de dados nucleares e de repeticdes
curtas do DNA mitocondrial (mtSTR) ajudou a revelar uma maior variabilidade nos
dados analisados nessa tese, que nao seria observada apenas com o uso da regiao
controle do DNA mitocondrial, o marcador molecular mais utilizado em estudos com
tartarugas marinhas. Assim, estudos futuros que foquem nessa abordagem certamente
poderdo revelar padrdes de estruturacdo ainda ndo observados e contribuir para a

conservacgao das espécies de tartarugas marinhas.
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Table S1. Female and male green turtles recorded stranded in Brazilian feeding grounds between 2010 and 2016.

Northeastl

Northeast2

Southeast

Yeer Females Males Females Males Females Males
2010 - - 84 23 31 14
2011 81 26 122 21 204 80
2012 145 42 219 71 260 56
2013 186 45 167 45 59 4
2014 231 61 159 67 92 24
2015 176 57 78 43 - 1
2016 211 74 122 79 4 2
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Table S2. Haplotypes of green turtles found in Alagoas foraging ground and Nesting sites used in this study. Number of
nesting females are from Seminoff et al., 2015. Full references can be found in the main text reference list. Al — Ascension
Island, AV — Aves Island, BK — Bioko, CB — Cuba, CR — Costa Rica, FL — Florida, FN — Fernando de Noronha, GB —
Guinea Bissau, MX — Mexico, RA — Rocas Atoll, STP — Sdo Tomé and Principe, SU — Suriname, TR — Trindade Island. | —
Encalada et al., 1996; Il — Bjorndal et al., 2005; Il — Bjorndal et al., 2006; IV — Shamblin et al., 2012; V — Formia et al.,
2006; VI — Formia et al., 2007; VIII — Patricio et al., 2017.

Alagoas FG Rookeries

Haplotype

Females Males FL MX CR AV SuU RA/FN Al TR GB BK STP CB

CMA1 - - 11 7 - -

CMA2 - - 1 - - -

CMA3 - 1 12 5 395 5 1 - - - - - - 16

CMA4 - - - - 1 -

CMAS 9 14 - 1 32 62 55
CMAG 2

CMA7 - - - - - - 1

CMAS8 68 37 - - - - - 50 204 67 170 45 17

CMA9 5 - - - - -

CMA10 1 1 - - - -

CMA11 - - - - - -

CMA12 - - - - - -

CMA15 - - -

CMA16 - - -

1

1
CMAl7 - - - 2 - -
CMA18 - - - 3

CMA20 - - - - 2 -




110

CMA21 - - - - 3 - - - - - - - - -

CMA23 1 - - - - - - -

1
CMA24 - - - ; ] - ] ] 7
CMA25 - - - - ] - i 3 1

CMA27 - - - - - - - - - - - - -

CMA28 - - - - - - - - - - - - -

CMA32 - 1 - - - - - 1 1 4 ] ) i ]
CMA33 - - ] - ] ; - ) } 1

CMAS5 - - - - - - - - - - - -

CMA37 - - - - - - - - - - - -

1

CMA36 - - - - - - - - - - - - 3 -
1
2

CMAS8 - - - - - - - - - - - -

CMA39

1
CMA42 1 1 - - - - - - - - 1 - - -

CMA44 - - - - - - - -

1
CMA45 - - - - - - - - 1 ) i i ) ]
CMA46 1 - - - - ; ] ] 2

CMA48 - - - - - - ] - - i _ i i 5

CMA50 - - - - ] ; ; i 1 ) ] . ] ;

CMA56 - - - - - - - - - - - - -

CMAS7 - - - - - - - - - - - - -

Total N 89 57 24 20 433 67 59 69 245 99 171 50 26 28

Nesting

females - - 8,322 24,330 131,751 2,833 13,067 345 13,417 2,016 30,125 850 376 2,226

Source -
haplotype
data

This This
study study

v I, v 1] VI 1] VIiI Vv Vv VII
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Table S3. Haplotypes of 106 specimens of Chelonia mydas from Alagoas feeding ground based on ~800bp of the mtDNA
control region.

Haplotype Females Males

CMA5.1 4 10
CMAG6.1 1 2
CMAS8.1 48 28
CMA8.2 2 -
CMAS8.3 - 1
CMA9.1 4 -
CMA10.1 1 1
CMA23.1 1 -
CMA32.1 - 1
CMA42.1 1 1
Total 62 44
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Table S1. Sea turtles sampled in Alagoas. Samples in bold indicate hybrids. nDNA haplotype names refer to Arantes et al. (2020c).

nE:r?Ibder Type Morphology mtDNA NDNA
3061 109472 CMOS
Eretmochelys Eretmochelys imbricata Eretmochelys imbricata haplotype 5
Eretmochelys imbricata haplotype 5 / Eretmochelys JF415101 / Eretmochelys imbricata
T7R13 nest imbricata Ei-A01 haplotype 1 imbricata haplotype 6 Pacific isolate FJ039966
Caretta
Caretta caretta
T7R14 nest caretta CC-A4.2 haplotype 2 Caretta caretta haplotype 1
Eretmochelys Eretmochelys imbricata Eretmochelys imbricata haplotype 10
Eretmochelys imbricata haplotype 4 / Eretmochelys JF415106 / Eretmochelys imbricata
T7R18 nest imbricata Ei-A01 haplotype 1 imbricata haplotype 5 Pacific isolate FJ039966
Caretta
Caretta caretta Caretta caretta haplotype 1/
T8R6 nest caretta CC-A4.1 haplotype 2 Caretta caretta haplotype 2
Caretta
Caretta caretta
T8R7 nest caretta CC-A4.2 haplotype 2 Caretta caretta haplotype 1
Caretta
T8R14 nest caretta CC-A4.1
Caretta
T8R20 nest caretta CC-A4.2
Eretmochelys
Eretmochelys imbricata
T8R33 nest imbricata Ei-A01 haplotype 1
Eretmochelys
T8R37 nest imbricata Ei-BR16
Caretta
Caretta caretta
TIR6 nest caretta CC-Ad.1 haplotype 2
Eretmochelys Eretmochelys
TI9R8 nest imbricata Ei-A01 imbricata




haplotype 1
Eretmochelys
Eretmochelys imbricata
T8R38 nest imbricata Ei-A01 haplotype 1
Caretta
Caretta caretta
T8R4 nest caretta CC-A4 haplotype 2
Eretmochelys Eretmochelys imbricata
Eretmochelys imbricata haplotype 5 / Lepidochelys Eretmochelys imbricata haplotype 3
T9R1/20 nest imbricata Ei-BR16 haplotype 1 olivacea haplotype 3 JF415099
Eretmochelys
T6R86 nest imbricata Ei-BR10
Caretta
T7R19 nest caretta CC-A4.2
Caretta
Caretta caretta
T7R10 nest caretta CC-A4.2 haplotype 2 Caretta caretta haplotype 1
Caretta
Caretta caretta
T8R15 nest caretta CC-A4.2 haplotype 2 Caretta caretta haplotype 2
Caretta
T7R5 nest caretta CC-A4
Eretmochelys
T1R5/21 nest imbricata Ei-A01
Lepidochelys
Lepidochelys olivacea Lepidochelys olivacea
T4R47 nest olivacea haplotypeF haplotype 4 haplotype 3 Lepidochelys olivacea
Caretta Caretta caretta haplotype 1/
Caretta caretta Lepidochelys olivacea
MIR1 nest caretta haplotypeF haplotype 2 haplotype 3 Caretta caretta Pacific isolate FJ009023
Eretmochelys Eretmochelys imbricata haplotype 5
Eretmochelys imbricata Eretmochelys imbricata JF415101 / Eretmochelys imbricata
T4R56 nest imbricata Ei-A01 haplotype 1 haplotype 5 haplotype 3 JF415099
TI9R1/19 nest Caretta haplotypeF | Lepidochelys Lepidochelys olivacea Lepidochelys olivacea Pacific isolate
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caretta olivacea haplotype 3 FJ039980
haplotype 4
Eretmochelys
imbricata
haplotype 1/
Caretta Eretmochelys imbricata Eretmochelys imbricata haplotype 5
Eretmochelys caretta haplotype 4 OR 6 / Caretta JF415101 / Eretmochelys imbricata
T6R40 nest imbricata CC-A4.2 haplotype 2 caretta haplotype 1 haplotype 3 JF415099
Eretmochelys
T6R84 nest imbricata Ei-A01
Eretmochelys
T1R5/19 nest imbricata Ei-A01
Caretta Caretta caretta haplotype 1/ Caretta caretta Atlantic isolate
Caretta caretta Lepidochelys olivacea FJ009030 / Lepidochelys olivacea
T4R14 nest caretta haplotypeF haplotype 2 haplotype 3 Pacific isolate FJ039980
Eretmochelys
T4R66 nest imbricata Ei-A01
Eretmochelys
T4R109 nest imbricata Ei-A01
Eretmochelys
T2T13/20 | strand imbricata Ei-A01
Eretmochelys
T4T166 strand imbricata Ei-A01
Eretmochelys
T8T348 strand imbricata Ei-A01
Eretmochelys
T8T350 strand imbricata Ei-A01
Eretmochelys
T6T155 strand imbricata Ei-BR16
Eretmochelys
T1T10 strand imbricata Ei-BR10
Eretmochelys
T6T4 strand imbricata Ei-BR10
Eretmochelys Eretmochelys imbricata haplotype 5
T3T68 strand imbricata Ei-1IP17 JF415101 / Caretta caretta Pacific
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isolate FJ009023

Lepidochelys
T1T59 strand olivacea haplotypeF
Lepidochelys Lepidochelys olivacea
T4T29 strand olivacea haplotypeF haplotype 3
Caretta
T3T8/20 strand caretta CC-A4
Caretta
T2T20/20 | strand caretta CC-A4
Caretta
T2T65 strand caretta CC-A4
Caretta
T4T90 strand caretta CC-A4
Caretta
T4T182 strand caretta CC-A4
Caretta caretta Atlantic isolate
Chelonia FJ009030 / Caretta caretta Pacific
TAT8 strand mydas CC-A4 isolate FJ009023
Caretta
T4T100 strand caretta CC-A4
Eretmochelys
Eretmochelys imbricata
T4T363 strand imbricata CC-A4 haplotype 1
Caretta
T4T389 strand caretta CC-A4
Caretta
T3T74/20 | strand caretta CC-A4
Caretta Caretta caretta Atlantic isolate
Caretta caretta FJ009030 / Caretta caretta Pacific
T5T279 strand caretta CM-A8 haplotype 2 isolate FJ009023
Chelonia Chelonia mydas haplotype
T9T183/20 | strand mydas CM-A8 12
Chelonia
T8T8/20 | strand mydas CM-A8
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Figure S1. Hatchlings from Alagoas identified as hybrids in this study. T4R14 (a, b),
T6R40 (c, d), TO9R1-2019 (e, f), T9R1-2020 (g, h), MIR1 (i, j). Black bars indicate

10mm.
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Figure S2. Stranded turtles from Alagoas identified as hybrids in this study. T5T279
(a, b), T4T363 (c, d), TAT8 (e, f), T3T68 (g, h). Black bars indicate 100mm. Photos
by Instituto Biota de Conservacéo.
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Table S1. Haplotypes of green turtles found in Alagoas foraging ground and Nesting sites used in this study. Number of nesting
females are from Seminoff et al., 2015. Full references can be found in the main text reference list. Al — Ascension Island, AV —
Aves lIsland, BK — Bioko, CB — Cuba, CR — Costa Rica, FL — Florida, FN — Fernando de Noronha, GB — Guinea Bissau, MX —
Mexico, RA — Rocas Atoll, STP — S&o Tomé and Principe, SU — Suriname, TR — Trindade Island. | — Encalada et al., 1996; Il —
Bjorndal et al., 2005; Ill — Bjorndal et al., 2006; IV — Shamblin et al., 2012; V — Formia et al., 2006; VI — Formia et al., 2007; VIII —
Patricio et al., 2017.

Feeding grounds

Haplotype (2018-2021) Rookeries
Alagoas  Parana FL MX CR AV SuU RA/FN Al TR GB BK STP CB
CMALlL - 1 11 7 - - - - - - - - - 3
CMA2 - - 1
CMA3 1 - 12 5 395 5 1 - - - - - - 16
CMA4 - - - - 1
CMAS5 28 18 - 1 32 62 55 - - - - - 1
CMAG 4 1 - - - - 2 - 11 - - 5
CMA7 - - - - - - 1
CMA8 96 42 - - - - - 50 204 67 170 45 17
CMA9 5 4 - 7 9 19
CMA10 2 2 - 2 5
CMA1l - - - 1 1
CMA12 - - - 5
CMA15 - - - 1
CMA16 - - - 1
CMA17 - - - 2
CMA18 - - - 3

CMA20 - - - - 2
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CMA21 - - - - 3 - - - - - - - - -

CMA23 1

CMA24 -

CMA25 - - ; - ] ] ] 3

CMA27 - - - - - - - - - - - - -

CMAZ28 - - - - - - - - - - - - -

CMA32 - 2 - - - - - 1 1 4 - i i )
CMA33 - - - - ] - ] ) ) 1

CMAS5 - - - - - - - - - - - -

CMA37 - - - - - - - - - - - -

1

CMA36 - - - - - - - - - - - - 3 -
1
2

CMAS8 - - - - - - - - - - - -

CMA39 1 - - - - - - - 1 - - - - -

CMA42 - - - - - - - - ; ; 1 ] ] ;

CMA44 - - - - - - - -

1
CMA45 - 1 - - - - - ] 1 ] i _ ] ]
CMA46 1 - ] ] - ] ) ; 5

CMA48 - - - - - - - - ; ; i i ] 5

CMA50 - - - - ] - - i 1 ) ) ] ] ]

CMA56 - - - - - - - - - - - - -

CMAS7 - - - - - - - - - - - - -

Total N 139 73 24 20 433 67 59 69 245 99 171 50 26 28

Nesting

females - - 8,322 24,330 131,751 2,833 13,067 345 13,417 2,016 30,125 850 376 2,226

Source -
haplotype
data

This This

study study I I Il v I, Iv 1] Vi Il VIiI \% \% i




Table S2. Haplotypes of green turtles from Alagoas and Parana feeding grounds for the 2018-2021 sampling.

Source Sample ID Locality | Size CCL (cm) | mtDNA_short | mtDNA long | mtSTR _combination
This study CEM246132 Parana | 37.6 CMA32 CMA32.1 6-12-4-4
This study CEM179072 Parand | 36.4 CMAS8 CMAS8.1 7-12-4-4
This study CEM231761 Parana | 35.4 CMA1 CMA1.1 7-12-4-4
This study CEM234881 Parand | 33.4 CMAS5 CMA5S.1 6-12-4-4
This study CEM237187 Parana | 30.9 CMAS8 CMAS8.1 7-11-4-4
This study CEM166390 Parand | 46.6 CMAS8 CMAS8.1 7-13-4-4
This study UFP3659 Parand | 36.3 CMAS5 CMA5S.1 7-12-4-4
This study CEM178344 Parana | 50.3 CMAS8 CMAS8.1 7-13-4-4
This study CEM221919 Parand | 30.9 CMAS8 CMAS8.1 8-14-4-4
This study CEM174559 Parana | 38.1 CMAbS CMA5.1 7-15-4-4
This study CEM111677 Parand | 49.5 CMAS8 CMAS8.1 7-11-4-4
This study CEM178008 Parana | 36.7 CMAS8 CMAS8.1
This study CEM230912 Parana | 35.8 CMA8 CMAS8.1 8-14-4-4
This study CEM234014 Parand | 37.7 CMAS8 CMAS8.1 7-16-4-4
This study CEM228272 Parana |36.1 CMAS8 CMAS8.1 8-11-4-4
This study CEM230915 Parand | 35 CMAS8 CMAS8.1 7-12-4-4
This study CEMO084198 Parana |31.8 CMA8 CMAS8.1 8-13-4-4
This study CEM216116 Parand | 57.3 CMAS8 CMAS8.1
This study CEM180600 Parana | 31 CMAS8 CMAS8.1 7-12-4-4
This study CEM183851 Parana |48 CMAS8 CMAS8.1 5-12-4-4
This study CEM159204 Parand | 38.4 CMAS5 CMA5.1
This study CEM125331 Parand | 39 CMA5 CMA5.1
This study CEM178761 Parand | 39.8 CMAS8 CMAS8.1 7-11-4-4
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This study CEM115031 Parand | 36 CMAS5 CMA5S.1
This study CEM185391 Parana | 37 CMAS8 CMAS8.1 6-16-4-4
This study CEM253387 Parand | 45.2 CMA8 CMAS8.1 7-12-4-4
This study CEMO065774 Parana | 47.8 CMA9 CMA9.1 7-12-4-4
This study CEM159202 Parana | 49.7 CMAG6 -
This study CEM159259 Parand | 37.7 CMAS8 CMAS8.1
This study CEM114847 Parana |47.3 CMAS8 CMAS8.1 7-12-4-4
This study CEM178778 Parand | 32.8 CMAS8 CMAS8.1
This study CEMO076436 Parana | 35 CMA8 -
This study CEM245371 Parand | 31.2 CMA5 -
This study UFP3432 Parand | 33.5 CMAS8 CMAS8.1
This study CEM235226 Parana | 35 CMAS8 CMAS8.1 7-12-4-4
This study CEM203772 Parand | 32.8 CMAS8 CMAS8.1 7-12-4-4
This study CEM186275 Parana |36.1 CMA5 CMA5.1 7-12-4-4
This study CEM166112 Parand | 32.2 CMAS8 CMAS8.1 7-12-4-4
This study CEM169615 Parana |31.4 CMA5 CMA5.1 6-12-4-4
This study CEM170079 Parana |34.5 CMA9 CMA9.1 7-12-4-4
This study CEM171526 Parand | 38.5 CMAS8 CMAS8.1 8-13-4-4
This study CEM164604 Parana | 38.7 CMA24 CMA24.1 7-12-4-4
This study CEM159081 Parand | 35.5 CMA10 CMA10.1 7-12-4-4
This study CEM125337 Parana |40.2 CMA8 CMAS8.1 8-10-4-4
This study CEM135360 Parand | 35.6 CMA10 CMA10.1 7-12-4-4
This study CEM101264 Parana | 39.8 CMA32 CMA32.1 7-12-4-4
This study CEM159121 Paranad | 33.2 CMA8 CMAS8.1
This study CEM159066 Parand | 36.1 CMA45 CMA45.1 5-13-4-4
This study CEM157970 Parand | 39 CMA5 CMA5.1 7-11-4-4
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This study CEM172168 Parana |36.9 CMA5 CMA5.1 7-12-4-4
This study CEM106437 Parand | 54.5 CMAS5 CMAS.1 7-11-4-4
This study CEM185945 Parana |45 CMAS8 CMAS8.1 7-12-4-4
This study CEM185390 Parana | 45 CMAS8 CMAS8.1 8-12-4-4
This study CEM214604 Parana | 45 CMA23 -
This study CEM144799 Parana |53.2 CMA9 CMA9.1 7-13-4-4
This study CEM231013 Parana | 36 CMAS8 CMAS8.1 7-12-4-4
This study CEM234341 Parana |35.4 CMAS8 CMA8.1
This study CEM76660 Parana | 31.5 CMAbS CMA5.1 7-12-4-4
This study CEM79414 Parana |50 CMAS8 CMA8.1 7-11-4-4
This study CEM237331 Parana |34 CMAS8 CMA8.1 6-13-4-4
This study CEM245254 Parana | 34.5 CMAS8 CMAS8.1 7-11-4-4
This study CEM169267 Parana |45.2 CMAS8 CMA8.1 7-12-4-4
This study CEM159063 Parana |48 CMA5 CMA5.1 7-12-4-4
This study CEM172034 Parana | 38.7 CMA5 CMA5.1 6-12-4-4
This study CEM172061 Parana |35 CMA8 CMAS8.1 7-12-4-4
This study CEM179075 Parana |39 CMA8 CMAS8.1 7-12-4-4
This study T9T302 Alagoas | 37 CMA8 -
This study T2T48/20 Alagoas | 36.5 CMAS8 -
This study T2T45/20 Alagoas | 38.5 CMA8 -
Almeida et al., 2021 T4T99 Alagoas | 34.9 CMA8 -
This study T4T173 Alagoas | 37.4 CMAS8 -
This study CEM125295 Parana | 37.9 CMAS8 CMAS8.1 7-15-4-4
This study CEM102273 Parana | 34.3 CMAS8 CMAS8.1
This study CEM125338 Parana | 37.2 CMA5 -
This study CEM159190 Parana | 34.5 CMA9 CMA9.1
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This study CEM166177 Parana |32 CMA5 -
This study CEM166681 Parana | 39.3 CMAS8 -
This study CEM101221 Parana | 33.2 CMAS5 -
Almeida et al., 2021 T1T110 Alagoas | 37.2 CMAS8 CMAS8.1 7-16-4-4
Almeida et al., 2021 T7T12 Alagoas | 45 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T7T124 Alagoas | 43 CMA5 - 8-11-4-4
Almeida et al., 2021 T4T223 Alagoas | 27.5 CMAS8 CMAS8.1 7-13-4-4
Almeida et al., 2021 T2T121 Alagoas | 52 CMAS8 CMA8.1 7-12-4-4
Almeida et al., 2021 T5T78 Alagoas | 40.3 CMAS8 CMAS8.1 7-16-4-4
Almeida et al., 2021 T7T85 Alagoas | 37.3 CMAS8 CMA8.1 7-12-4-4
Almeida et al., 2021 T4T181 Alagoas | 43.5 CMAS8 CMA8.1 7-11-4-4
Almeida et al., 2021 T3T37 Alagoas | 36.5 CMAbS - 6-12-4-4
Almeida et al., 2021 T7T59 Alagoas |42.3 CMAS8 CMA8.1 8-16-4-4
Almeida et al., 2021 T4T228 Alagoas | 44.5 CMAS8 CMAS8.1 7-11-4-4
This study T4T219 Alagoas | 38.1 CMA8 - 3-13-4-4
Almeida et al., 2021 T7T734 Alagoas | 47.3 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T4T139 Alagoas | 46.4 CMAS8 CMAS8.1 6-13-4-4
Almeida et al., 2021 T3T5 Alagoas | 39 CMA8 - 7-13-4-4
Almeida et al., 2021 T3T81 Alagoas | 44 CMAS8 CMAS8.1 6-16-4-4
Almeida et al., 2021 T7T9 Alagoas | 43.4 CMA5 CMA5.1 7-12-4-4
Almeida et al., 2021 T2T8 Alagoas | 48.6 CMAS8 CMAS8.1 7-12-4-4
This study T9T111 Alagoas | 38.5 CMAS8 - 7-13-4-4
Almeida et al., 2021 T5T9 Alagoas | 48.5 CMAS8 CMAS8.1 6-12-4-4
Almeida et al., 2021 T5T179 Alagoas | 40 CMAS8 CMAS8.1
Almeida et al., 2021 T8T105 Alagoas | 47.8 CMAS8 - 7-15-4-4
Almeida et al., 2021 T8T195 Alagoas | 34.3 CMA8 CMAS8.3 7-11-4-4
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Almeida et al., 2021 T4T98 Alagoas |51.3 CMAS8 CMA8.1 7-11-4-4
Almeida et al., 2021 T5T149 Alagoas |42.3 CMAS8 CMAS8.1 7-13-4-4
Almeida et al., 2021 T8T84 Alagoas | 39.5 CMA5 - 7-12-4-4
Almeida et al., 2021 T8T59 Alagoas | 35.4 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T3T124 Alagoas | 50 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T5T148 Alagoas | 47.2 CMA9 CMA9.1 7-12-4-4
Almeida et al., 2021 T8T70 Alagoas | 40 CMAS8 CMAS8.1 6-12-4-4
Almeida et al., 2021 T3T125 Alagoas | 35.5 CMA8 - 7-11-4-4
Almeida et al., 2021 T3T101 Alagoas | 38 CMA9 CMA9.1 7-12-4-4
Almeida et al., 2021 T8T53 Alagoas |51.3 CMAS8 CMA8.1 7-12-4-4
Almeida et al., 2021 T9T284 Alagoas | 47 CMAS8 CMA8.1 7-15-4-4
Almeida et al., 2021 T5T123 Alagoas | 51.7 CMAS8 CMAS8.1 8-11-5-5
Almeida et al., 2021 T8T48 Alagoas | 38.2 CMAS8 CMA8.1 7-12-4-4
Almeida et al., 2021 T4T54 Alagoas | 40 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T1T39 Alagoas | 45.5 CMA5 CMA5.1 6-12-4-4
Almeida et al., 2021 T1T45 Alagoas | 39.8 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T1T15 Alagoas | 35.2 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T1T56 Alagoas |40.1 CMA5 CMA5.1 6-12-4-4
Almeida et al., 2021 T1T76 Alagoas | 36.3 CMA9 CMA9.1 7-13-4-4
Almeida et al., 2021 T1T85 Alagoas |41.5 CMAS8 CMAS8.1 6-17-4-4
Almeida et al., 2021 T1T122 Alagoas |49.1 CMA10 CMA10.1 7-13-4-4
Almeida et al., 2021 T1T23 Alagoas | 38.1 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T2T123 Alagoas | 53.2 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T3T113 Alagoas | 46 CMAS8 CMAS8.1 7-13-4-4
New
This study T4T252 Alagoas | 45.3 New haplotype haplotype 7-12-4-4
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Almeida et al., 2021 T4T278 Alagoas | 52.2 CMA8 CMAS8.1
Almeida et al., 2021 T1T81 Alagoas | 36.1 CMAS8 CMAS8.1
Almeida et al., 2021 T1T37 Alagoas | 31.4 CMAS8 CMAS8.1 7-13-4-4
Almeida et al., 2021 T1T107 Alagoas | 49.8 CMA5 CMA5.1 5-13-4-4
Almeida et al., 2021 T9T315 Alagoas | 55 CMAS8 CMAS8.1 8-12-4-4
Almeida et al., 2021 T2T103 Alagoas | 46 CMAS8 CMA8.1 8-12-4-4
Almeida et al., 2021 T2T104 Alagoas |53 CMAS5 CMAS.1
Almeida et al., 2021 T5T158 Alagoas |41 CMAS8 CMA8.1 7-12-4-4
Almeida et al., 2021 T7T134 Alagoas | 52 CMAS8 CMAS8.1 5-15-4-4
Almeida et al., 2021 T9T318 Alagoas | 36.5 CMAS8 CMA8.2 7-11-4-4
Almeida et al., 2021 TA4T227 Alagoas | 39.8 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T8T126 Alagoas |41 CMAS8 CMAS8.1 7-12-4-4
Almeida et al., 2021 T9T158 Alagoas | 25 CMAS8 CMA8.1 8-11-4-4
Almeida et al., 2021 T3T134 Alagoas | 50 CMAS8 - -
Almeida et al., 2021 | T1T48 /2018 | Alagoas | 38.1 CMA8 - -
Almeida et al., 2021 | T1T78 /2018 Alagoas | 43.5 CMAG6 CMAG6.1 -
Almeida et al., 2021 | T2T11 /2018 Alagoas | 47.5 CMA23 CMA23.1 -
Almeida et al., 2021 | T2T91 /2018 | Alagoas |42.2 CMA5 - -
Almeida et al., 2021 | T1T4 /2018 Alagoas | 38.4 CMAS8 - -
Almeida et al., 2021 | T1T46 /2018 | Alagoas |52.5 CMA5 - -
Almeida et al., 2021 | T1T121 /2018 | Alagoas | 39.4 CMAS8 - -
Almeida et al., 2021 | T2T6 /2018 Alagoas |51.6 CMAS8 CMAS8.1 -
Almeida et al., 2021 | T2T51/2018 | Alagoas |49.1 CMAS8 - -
Almeida et al., 2021 | T2T85/2018 | Alagoas |57.5 CMA5 - -
Almeida et al., 2021 | T2T96 /2018 | Alagoas |43.2 CMAS8 - -
Almeida et al., 2021 | T3T66 /2018 | Alagoas |58 CMA8 - -
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Almeida et al., 2021 | T3T108 /2018 | Alagoas | 46.4 CMA8 -
Almeida et al., 2021 | T3T116 /2018 | Alagoas | 38.5 CMAS8 CMAS8.1
Almeida et al., 2021 | T3T121 /2018 | Alagoas |54 CMA3 -
Almeida et al., 2021 | T4T244 /2018 | Alagoas | 56.7 CMAS8 CMAS8.1
Almeida et al., 2021 | T4T37 /2018 | Alagoas |50.8 CMA46 -
Almeida et al., 2021 | T4T175 /2018 | Alagoas | 53.7 CMA8 -
Almeida et al., 2021 | T5T16 /2018 | Alagoas | 37.2 CMAS8 -
Almeida et al., 2021 | T6T36 /2018 | Alagoas |23 CMAG6 -
Almeida et al., 2021 | T7T10/2018 | Alagoas |57.3 CMAbS -
Almeida et al., 2021 | T7T61 /2018 | Alagoas |52.3 CMA8 -
Almeida et al., 2021 | T5T6 /2018 Alagoas | 54 CMA8 -
Almeida et al., 2021 | T5T67 /2018 | Alagoas | 44.6 CMAS8 -
Almeida et al., 2021 | T5T114 /2018 | Alagoas | 59.2 CMA5 -
Almeida et al., 2021 | T5T115/2018 | Alagoas |59 CMAS8 CMAS8.1
Almeida et al., 2021 | T5T157 /2018 | Alagoas |59 CMAS8 CMAS8.1
Almeida et al., 2021 | T6T26 /2018 | Alagoas |42.3 CMA9 -
Almeida et al., 2021 | T7T166 /2018 | Alagoas | 44 CMA5 -
Almeida et al., 2021 | T8T190 /2018 | Alagoas |52 CMA39 -
Almeida et al., 2021 | T9T42 /2018 | Alagoas |52.2 CMAS8 CMAS8.1
Almeida et al., 2021 | T9T48 /2018 | Alagoas | 38 CMA8 -
Almeida et al., 2021 | T9T76 /2018 | Alagoas | 37 CMA8 -
Almeida et al., 2021 | T3T47 /2018 | Alagoas |55.5 CMA5 CMA5.1
Almeida et al., 2021 | T4T164 /2018 | Alagoas |50.3 CMAG CMAG6.1
Almeida et al., 2021 | T4T169 /2018 | Alagoas | 35.7 CMAS8 CMAS8.1
Almeida et al., 2021 | T4T235 /2018 | Alagoas |58.5 CMAG CMAG6.1
Almeida et al., 2021 | T3T65/2018 | Alagoas |49.5 CMA8 CMAS8.1
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Almeida et al., 2021 | T3T109 /2018 | Alagoas |50.7 CMAS8 CMA8.1
Almeida et al., 2021 | T3T123 /2018 | Alagoas | 33 CMAS8 CMAS8.1
This study T1T5/2021 Alagoas | 36 CMA5 -
This study T1T34/2020 Alagoas | 38.5 CMAS8 -
This study T4T84 Alagoas | 36.5 CMA5 -
This study T4T285 Alagoas | 29.8 CMA8 -
This study T7T58 Alagoas | 38.4 CMA8 -
This study T8T14 Alagoas | 37 CMA8 -
This study T8T179 Alagoas | 37 CMAS8 -
This study T1T18 Alagoas | 43.5 CMA5 -
This study T1T20 Alagoas | 41.3 CMA5 -
This study T1T30 Alagoas | 55.3 CMA5 -
This study T1T116 Alagoas | 40.3 CMA8 -
This study T1T201 Alagoas | 47.5 CMAS8 -
This study T2T38 Alagoas | 42.6 CMA5 -
This study T2T50 Alagoas | 40.5 CMAS8 -
This study T2T55 Alagoas | 41.5 CMA5 -
This study T2T81 Alagoas | 59.7 CMA8 -
This study T2T86 Alagoas | 57.1 CMAS8 -
This study T2T211 Alagoas |41 CMA8 -
This study T2T212 Alagoas | 44 CMAS5 -
This study T3T71/2020 Alagoas |57.5 CMA5 -
This study T3T72/2020 Alagoas |43 CMAS8 -
This study T1T45/2020 Alagoas | 33.5 CMA5 -
This study T3T7/2020 Alagoas | 33.2 CMA5 -
This study T4T137/2020 | Alagoas | 54.3 CMAS5 -
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This study T1T207 Alagoas | 44 CMA8 - -
This study T2T185 Alagoas | 56 CMA5 - -
This study T3T49/2020 Alagoas | 56 CMA8 - -
This study T1T48/2020 Alagoas | 56 CMA9 - -
This study T2T761/2020 Alagoas | 60 CMAS8 - -
This study T2T68/2020 Alagoas | 58.5 CMA8 - -
This study T3T13/2020 Alagoas | 45 CMA10 - -
This study T1T35/2020 Alagoas | 45 CMA8 - -
This study T3T63/2020 Alagoas | 58 CMAS8 - -
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