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Resumo

Estudos sobre a ecologia, migragdes, estrutura das populagdes, e ciclo de vida de
animais marinhos altamente migratorios como tartarugas marinhas, que possuem fases da
vida em locais desconhecidos ou inacessiveis, sdo complexos porém essenciais para
orientar estratégias de conservacdo. Nesta tese, analises da regido controle do DNA
mitocondrial (mtDNA), de correntes superficiais oceanicas (boias de deriva e modelagem
biofisica), e de isotopos estaveis do carbono e nitrogénio, foram realizadas para elucidar
algumas caracteristicas ecoldgicas e populacionais de tartarugas-de-pente (Eretmochelys
imbricata) imaturas em aguas brasileiras. O Arquipélago de Sao Pedro e Sao Paulo (SPSP)
e o Parque Nacional Marinho dos Abrolhos foram identificados como importantes areas de
ocorréncia da espécie e recomendados como locais prioritarios para a sua conservagado e
recuperagdo. Através da andlise do mtDNA, registrou-se, pela primeira vez, a ocorréncia
de hibridos imaturos de tartarugas-de-pente x tartarugas-cabegudas provenientes da area de
desova da Bahia. Estes hibridos foram observados no Ceara e Praia do Cassino (RS), areas
comuns para tartarugas-cabecudas, porém incomuns para tartarugas-de-pente. Modelos de
dispersdo de particulas oceanicas demonstraram que tartarugas hibridas possuem maior
chance de atingirem a regido temperada do sul do Brasil do que tartarugas-de-pente puras.
Sugere-se que, apesar da similaridade morfoldgica com a tartarugas-de-pente, a ecologia
dos hibridos assemelha-se mais as tartarugas-cabecudas. A andlise do mtDNA também
revelou que as tartarugas-de-pente imaturas na costa brasileira apresentam diversidade
haplotipica média (2 = 0.413), estruturacdo populacional fraca entre si, e origens
principalmente a partir das areas de desova nacionais, localizadas no litoral da Bahia e na
Praia de Pipa (RN). Dados de bdias de deriva corroboraram as contribui¢cdes das areas de
desova brasileiras as areas alimentares, com transporte via as Correntes Norte do Brasil e
do Brasil. Por fim, as razdes dos isotopos estaveis do carbono e nitrogénio (3"°C e 8'°N) da
carapaca e pele de tartarugas-de-pente imaturas foram analisadas por Espectrometria de
Massa de Razdes Isotopicas (IRMS) e também por Espectrometria de Massa de fons
Secundérios (SIMS) de secgdes transversais de carapaca. SIMS forneceu andlises com alta
resolugdo espacial, sendo possivel descrever variagdes na historia de vida de tartarugas de
pente incluindo a aparente deteccdo da transicdo entre a fase oceanica (dieta oportunista e
onivora) e costeira (dieta especializada e carnivora). IRMS revelou maiores valores médios

de 8"°C e 8'"°N em pele do que casco. Uma vez que a taxa de renovagio da pele é maior



que a do casco, isto indica que a histéria recente destes animais ¢ caracterizada por uma
dieta baseada em organismos de nivel trofico mais elevado e ocupacdo de habitats mais
proximos da costa. Através da integracdo de diferentes ferramentas de estudo aplicadas as
tartarugas-de-pente, foi possivel obter um melhor entendimento sobre a estrutura das suas
populagdes e ecologia. Estas informagdes poderdo auxiliar tomadores de decisdo na

elaboracdo de estratégias de conservagao desta espécie criticamente ameacada de extingao.

Palavras-chave: tartarugas-de-pente, mtDNA, hibridizagdo, estrutura genética, origens,

dispersdo, is6topos estaveis, mudangas ontogenéticas, dieta, habitat



Abstract

Studying the ecology, migrations population structure and life cycle of highly
migratory marine animals such as sea turtles, which present life phases at unknown or
inaccessible locations, is a complex task but essential for orienting conservation strategies.
In this thesis, analyses of mitochondrial DNA (mtDNA) control region sequences, surface
ocean currents (drifters and biophysical models), and stable isotopes of carbon and
nitrogen were performed in order to elucidate some ecological and population
characteristic of immature hawksbill sea turtles (Eretmochelys imbricata) in Brazilian
waters. The Sdo Pedro and Sdo Paulo Archipelago (SPSP) and the Abrolhos National
Marine Park were identified as important hawksbill occurrence areas, and recommended as
priority areas for the conservation and recovery of this species. Through mtDNA analysis,
the occurrence of immature hawksbill x loggerhead sea turtle hybrids from the Brazilian
rookery of Bahia was observed. These hybrids occurred at Cearé state and Cassino Beach
(RS), which are areas common for loggerheads but uncommon for hawksbills. Dispersal
models of oceanic particles demonstrated that hybrid turtles have a higher chance of
reaching the temperate South Brazil region, when compared to pure hawksbills. It is
suggested that, despite the morphological similarity with hawksbills, hybrids display
ecology more similar to loggerheads. mtDNA analysis also revealed that immature
hawksbills along the Brazilian coast present average haplotype diversities (2 = 0.413),
weak population structure between them, and originate mainly from domestic rookeries
located at Bahia state and Pipa Beach (Rio Grande do Norte state). Drifter data corroborate
contributions mostly from Brazilian rookeries to the feeding grounds, possibly transported
by the North Brazil and Brazil currents. Finally, stable isotope rations of carbon and
nitrogen (8"°C and 8'°N) in the scute and skin of immature hawksbills were analyzed
through Isotope Ratio Mass Spectrometry (IRMS), as well as by Secondary Ion Mass
Spectrometry of carapace transversal cross-sections. SIMS provided high spatial resolution
analysis, allowing description of variations in hawksbill life history, including the apparent
detection of the transition between an opportunistic and carnivorous diet during the
oceanic phase, to a more specialized carnivorous diet at the coastal phase. IRMS analysis
revealed higher mean 8'"°C and §"°N in the skin than in carapace of animals. Since the
renovation rate of skin if faster than scute, this implies that the recent histories of

8



hawksbills are characterized by diets based on higher trophic level prey and the occupation
of habitats closer to the coast. By integrating different study tools applied to hawksbill
turtles, a more thorough understanding of the populations and ecology of these animals
was obtained. Such information can aid decision-makers in elaboration of conservation

strategies of this critically endangered species.

Keywords: hawksbill turtles, mtDNA, hybridization, genetic structure, origins, dispersal,

stable isotopes, ontogenetic changes, diet, habitat



Capitulo 1. Introdugao geral

1.1. As tartarugas marinhas: espécies existentes e fases de vida

As tartarugas marinhas sdo componentes antigos da biodiversidade marinha com
surgimento ha mais de 200 milhdes de anos, e descricdo de mais de 50 géneros e 100
espécies (Pritchard 1997). Atualmente existem sete espécies viventes, divididas em duas
familias e seis géneros. A familia Cheloniidae inclui seis espécies: a tartaruga-cabeguda
Caretta caretta (Linnaeus), verde Chelonia mydas (Linnaeus), de pente Eretmochelys
imbricata (Linnaeus), oliva Lepidochelys olivacea (Eschscholtz), de Kemp Lepidochelys
kempii (Garman) e plana Natator depressus (Garman). A segunda familia,
Dermochelyidae, ¢ composta por apenas uma espécie vivente, a tartaruga-de-couro
Dermochelys coriacea (Vandelli). Excetuando a tartaruga-de-Kemp, restrita ao Golfo do
Meéxico, e a plana, restrita & costa australiana, as tartarugas marinhas apresentam
distribuicdo circumglobal, com alcance latitudinal variando de acordo com a adaptagdo
térmica. Nos extremos térmicos estdo a tartaruga-de-couro, com distribui¢do abrangente e
registro de forrageio em aguas de até 0.4°C (James et al. 2006), e a tartaruga-de-pente, com

distribuicdo mais restrita a dguas tropicais (Meylan 1999).

1.2. Ameacas e estado de conservacio

Atualmente, todas as espécies de tartarugas marinhas sdo classificadas como
ameagadas de extingdo pela IUCN (Unido Internacional de Conservagdo da Natureza), com
diferentes populacdes classificadas de ‘Vulneraveis’ a ‘Criticamente Ameagadas’. Este
estado de conservacao se deve principalmente a sobre-exploracdo histérica de fémeas para
consumo e/ou comercializagdo de seus ovos e carne (Lutcavage et al. 1997). Embora
atualmente as tartarugas marinhas sejam protegidas por lei na maior parte do mundo,
outros fatores incluindo comércio ilegal continuam ameacando as populagdes destes
animais. A crescente e desordenada ocupacdo da costa provoca degradagdo e até perda de
habitats de desova e alimentacdo (Lutcavage et al. 1997). A industrializacdo e constante
crescimento da frota pesqueira mundial vem causando um grande aumento da captura
acidental de tartarugas marinhas, especialmente em redes de arrasto, espera e espinhel
pelagico (Wallace et al. 2010). A polui¢do marinha, principalmente lixo plastico, também ¢
uma grave ameaca: as tartarugas marinhas podem se enredar em materiais descartados de

pesca, ou ingerirem material plastico provocando asfixia, fecalomas (endurecimento de
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fezes no intestino e colon) e/ou falsa sensacdo de saciedade, podendo levar a morte do
animal (Schuyler et al. 2013). Embora algumas populacdes de tartarugas marinhas estejam
em processo de recuperagcdo e crescimento, os fatores citados continuam dificultando a

conservagdo destas espécies.

1.3. A tartaruga-de-pente

1.3.1. Caracteristicas e distribuicdo

As tartarugas-de-pente possuem casco rigido de coloracdo marrom-amarelada com
um padrdo caracteristicamente radial e rajado. As caracteristicas morfoldgicas que a
distinguem das demais espécies sdo: escudos do casco sobrepostos; quatro pares de
escudos laterais; escudo nucal separado do primeiro lateral; escudos marginais com pontas
na parte posterior; trés pares de escudos pos-orbitais; dois escudos pré-frontais; cabeca

o (Pritchard & Mortimer 2000, Wyneken 2001) (Figura 1).

O

alongada; bico longo e fin

2 pares de escamas
pré-frontais

4 pares de
escudos
laterais

Bico longo e fino 3 pares de
escamas
pos-orbitais

- Escudos do casco sobrepostos
- Escudos marginais com pontas

Figura 1. A tartaruga-de-pente: a) imagem subaquatica (foto: Maira Proietti); b) caracteristicas
morfologicas da espécie (adaptado de Pritchard & Mortimer 2000).
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Sua distribuicdo ¢ circumglobal, com ocupagdo latitudinal preferencialmente
tropical e ocasionalmente subtropical/temperada (Leén & Bjorndal 2002) (Figura 2).
Geralmente habitam recifes de corais ou rochosos em aguas costeiras rasas, onde se
alimentam principalmente de animais bentdnicos incrustantes como esponjas, zoantideos e
anémonas (Meylan 1988, Ledn & Bjorndal 2002, Proietti et al. 2012). Acredita-se que esta
espécie contribua para a satde e diversidade recifal por alterar a composi¢ao e distribuicdo
de organismos bentdnicos, permitindo a colonizacdo de locais expostos pela predacdo e
disponibilizando nutrientes e alimento (Ledn & Bjorndal 2002, Wilson et al. 2010). Além
disso, esta espécie comumente apresenta relagdes ecoldgicas com organismos recifais

(Sazima et al. 2004, 2010).

Figura 2. Distribuigdo global das tartarugas-de-pente (fonte: http://www.seaworld.org/animal-
info/info-books/sea-turtle/habitat-&-distribution.htm)

1.3.2. Ciclo de vida

A vida das tartarugas-de-pente, como de todas as tartarugas marinhas, se inicia em
uma praia de desova. Ovos sdo depositados em ninhos na areia e incubados por entre 50 e
60 dias; apds esse periodo os filhotes eclodem, sobem a superficie, e correm
imediatamente até o mar onde nadam continuamente até alcancarem o oceano aberto
(Musick & Limpus 1996). Os pequenos animais permanecem no ambiente pelagico por
alguns anos, onde acredita-se que sejam transportados por correntes ocednicas (Okuyama
et al. 2009, Witherington et al. 2012) e se alimentem oportunisticamente do material

presente na camada epipelagica do oceano (Limpus & Boyle 2008). Devido a dificuldade
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de obtencao de informacodes sobre esta fase de vida, ela é comumente denominada de “anos
perdidos” (Musick & Limpus 1996). Apos atingirem um certo tamanho (entre 20 e 35cm
de comprimento curvilineo da carapaga), os animais recrutam a areas costeiras para
alimentagdo e desenvolvimento (Musick & Limpus 1996). Areas de alimentagio
geralmente contém individuos provindos de diversos estoques reprodutivos, sendo
designadas “estoques mistos” (Bass et al. 2006). Tartarugas-de-pente podem apresentar
fidelidade a 4reas de alimentacdo, com estabelecimento de pequenas areas de vida nessa
fase do ciclo (van Dam & Diez 1998, Scales et al. 2011, Hart et al. 2012). As tartarugas
atingem a maturidade geralmente entre 15 e 40 anos e aproximadamente 88 a 90 cm de
comprimento curvilineo de carapaga (Boulon 1994, Chaloupka & Limpus 1997). Com a
maturidade, iniciam as migragdes reprodutivas, comumente se deslocando por grandes
distancias at¢ uma 4area de reproducdo (Plotkin 2003). Estes animais apresentam
comportamento de filopatria natal, retornando a regido onde nasceram em ciclos
reprodutivos subsequentes (Bass et al. 1996, Bowen & Karl 2007, Lee et al. 2007). A
copula ocorre geralmente em dguas proximas as praias de desova, e as fémeas saem do mar
e sobem a praia para depositar em média 140 ovos por ninho, podendo construir de 2 a 6
ninhos por temporada (Miller 1997). Apds a reprodugdo, os animais retornam para suas
areas de forrageio, onde permanecem de 2 a 3 anos armazenando energias para 0 proximo
ciclo reprodutivo (Plotkin 2003). O ciclo de vida do tipo “ocednico-costeiro” das tartarugas

marinhas estd esquematizado na Figura 3.

13



www.sharkbay.org

Retorno a areas
alimentacio

Fase
costeira

Fase
oceanica

Do ninho ao
mar

Figura 3. Ciclo de vida generalizado das tartarugas marinhas, com descri¢@o das diferentes etapas
das fases ocednica e costeira (fonte: www.sharkbay.org).

1.3.3. Desafios no estudo das tartarugas marinhas

A complexidade do ciclo de vida das tartarugas marinhas, com fases cripticas,
ocupacdo de diferentes habitats, e realizacdo de extensas migra¢des, dificulta seu estudo e
conservagdo. Até algum tempo atrds, grande parte do estudo destes animais era realizada
apenas nas praias de desova, com monitoramento e coleta de dados das fémeas e ninhos
(Bjorndal 2000). Atualmente, as observagdes diretas no habitat marinho, via estudos
subaquaticos, monitoramento da pesca e rastreamento por satélite estdo sendo
crescentemente aplicados para se entender outras fases de vida das tartarugas (Hamann et
al. 2010). Estudos diretos das tartarugas marinhas fornecem informagdes essenciais quanto
a sua biologia, ecologia e comportamento, porém muitas caracteristicas destes animais ndo
sdo detectaveis diretamente. Por exemplo, dados de marcagdo ja haviam evidenciado que
fémeas retornavam fielmente a uma determinada area reprodutiva. Carr (1967) propos que
esta filopatria era natal, enquanto Owens et al. (1962) propuseram a hipotese de facilitagdo
social para explicar o comportamento filopatrico: uma tartaruga inexperiente seguiria outra
com experiéncia de deslocamento até uma area de reprodugado, e ali se fixaria para futuras
temporadas reprodutivas. Devido a impossibilidade de se marcar um filhote recém-nascido
para recuperagdo das marcas décadas depois, estas hipoteses ndo eram diretamente
testaveis. No entanto, elas gerariam predicOes genéticas testdveis: a filopatria natal
resultaria em areas de desova com caracteres genéticos distintos, enquanto a facilitagdo

14



social permitiria maiores fluxos génicos entre areas (Meylan et al. 1990, Bowen et al.
1992). Deste modo, os modelos de filopatria natal e facilitacdo social foram avaliados
indiretamente através da analise do DNA mitocondrial (mtDNA), herdado maternalmente.
Estudos de marca¢do haviam demonstrado que areas de alimentacdo de tartarugas-verdes
no Brasil eram compartilhadas por tartarugas das areas reprodutivas do Suriname e Ilha de
Ascencdo. Apesar deste compartilhamento de 4reas alimentares brasileiras, as analises de
sequencias de mtDNA demonstraram forte diferenciagdo genética entre Suriname e
Ascencao (Bowen et al. 1992), corroborando as expectativas genéticas da filopatria natal e
apoiando este modelo comportamental.

Com o desenvolvimento de novas tecnologias e analises cientificas, métodos
indiretos tém sido consistentemente aplicados para um melhor entendimento das tartarugas
marinhas, com obten¢do de informagdes essenciais para a elaboracdo de estratégias de
conservagdo destas espécies ameagadas. A seguir serdo abordadas metodologias e
informagdes provenientes de trés tipos de andlises indiretas usadas nesta tese: caracteres

genéticos, correntes ocednicas, e is6topos estaveis.

1.3.4. Analise genética aplicada ao estudo de tartarugas marinhas

O acelerado progresso de tecnologias para sequenciamento e genotipagem de DNA
tem expandido rapidamente a abrangéncia de estudos envolvendo andlises genéticas. No
caso das tartarugas marinhas, estudos genéticos (em especial do mtDNA) estdo sendo
crescentemente aplicados e possuem um importante papel na resolucdo de questdes
relevantes a conservacdo destes animais (Jensen et al. 2013). Fatores que podem ser
esclarecidos através da andlise genética incluem: filogenia e sistematica, sistemas
reprodutivos e multipla paternidade, propor¢des sexuais de filhotes e adultos, fluxo génico
e filopatria natal, hibridizacdo, estrutura populacional, e origens de individuos em fases
nao-reprodutivas (Avise 2007, Bowen & Karl 2007, Jensen et al. 2013). Os trés ultimos
fatores, assim como a importancia de seu entendimento para a conservagdo, serdo

abordados neste trabalho.

1.3.4.1. Hibridizacdo
A ocorréncia de hibridizagdo natural entre espécies de tartarugas marinhas da
familia Cheloniidae ja foi registrada em diversos locais, e acredita-se que a inexisténcia de

barreiras reprodutivas (Seminoff et al. 2003) e a compatibilidade cromossdmica entre

15



espécies permita este intercruzamento (Karl et al. 1995). Inicialmente, a descrigdo de
hibridos era baseada em caracteristicas morfoldgicas intermedidrias de duas espécies (e.g.
Wood et al. 1983). Atualmente, marcadores moleculares permitem confirmar e avaliar a
extensdo destes eventos de hibridizacdo (Lara-Ruiz et al. 2006, Vilaga et al. 2012). que
sdo geralmente esporadicos e envolvendo poucos individuos. Porém, no Brasil observa-se
uma frequéncia excepcionalmente alta (46%) de hibridos entre os grupos reprodutivos de
tartarugas-de-pente e tartarugas-cabecudas na costa da Bahia (Lara-Ruiz et al. 2006). As
tartarugas hibridas apresentam morfologia de tartarugas-de-pente, mas analises genéticas
revelaram mtDNA de tartarugas-cabegudas. Apesar de ndo terem estudos quanto a sua
fecundidade, estas fémeas hibridas sdo reprodutivamente vidveis e produzem filhotes
(Lara-Ruiz et al. 2006).

A hibridiza¢ao pode ser um processo natural ou provocada por fatores antropicos
como reducdes populacionais ¢ perda de habitats, podendo levar a extingdo de espécies
raras (Allendorf et al. 2001). No caso das tartarugas marinhas, ainda ndo se sabe se este
processo pode afetar sua aptidao reprodutiva e sobrevivéncia. Maiores investigacdes sao
necessarias para definir se medidas especificas devem ser adotadas no manejo de animais

hibridos.

1.3.4.2. Estrutura populacional

O sucesso de estratégias de conservagao de populagdes depende da manutencao
da diversidade genética a nivel de espécies, populacdes e regides geograficas (e.g. Moritz
& Faith 1998). Populagdes geneticamente diferenciadas devem ser consideradas unidades
de conservacdo e manejo distintas para auxiliar na manutencao desta diversidade (Moritz
1994). Estudos de diferenciacdo entre populagdes de tartarugas marinhas tem sido
realizados principalmente para avaliar o grau de distingdo entre colonias de desova, em
especial de tartarugas-verdes e cabegudas. De modo geral, as areas reprodutivas de todas as
espécies apresentam alto grau de estruturacdo regional com pouco fluxo genético entre
elas, devendo serem consideradas unidades de manejo distintas para a manuten¢do da
diversidade genética (Bowen et al. 1992, 1998, 2005, Karl et al. 1992, Encalada et al.
1996, Dutton et al. 1999, Formia et al. 2006, Bourjea et al. 2007, Leroux et al. 2012). Por
exemplo, areas de desova de tartarugas-verdes no Oceano Atlantico formam quatro
agrupamentos com elevada diferenciacdo genética: um grupo a oeste (Mexico, Costa Rica

e Florida), um central (Ilha Aves, Suriname), um a sul/sudeste (Brasil, Ascencdo e Guiné
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Bissau), e um a leste, no Mediterraneo (Chipre) (Bowen et al. 1992, Encalada et al. 1996).
A andlise de estrutura genética entre populacdes de desova de tartarugas-de-pente no
Atlantico também revelou a presenca de quatro grupos regionais com alto grau de distingdo
genética, com areas localizadas no Golfo do México, Caribe, Brasil e Africa (Leroux et al.
2012). Estudos da estrutura entre agregacdes de tartarugas em areas de alimentacdo sdo
menos comuns, mas também demonstram distingdo entre populagdes regionais, embora em
menor grau que as areas reprodutivas (Bowen & Karl 2007, Blumenthal et al. 2009,
Amorocho et al. 2012, Proietti et al. 2012). Estas agrega¢des em areas de alimentagdo

serdo referidas ao longo da tese como “populacdes de alimentacdo” para simplificagdo.

1.3.4.3. Origens de individuos em fases ndo-reprodutivas

Um grande desafio no estudo das tartarugas marinhas ¢ o entendimento das
conexdes entre suas diferentes fases de vida, como por exemplo a origem natal de
individuos em areas ndo reprodutivas. Devido ao comportamento de filopatria natal de
fémeas e consequente estruturacdo genética entres colonias reprodutivas, diferentes areas
de desova apresentam distintas “assinaturas” de haplotipos do mtDNA (Bowen et al. 1996,
Lahanas et al. 1998). As assinaturas haplotipicas de cada area podem ser usadas para
verificar a relacdo entre populacdes reprodutivas e alimentares através de uma andlise
denominada Anélise de Estoque Misto (Mixed Stock Analysis — MSA). Esta analise utiliza
diferengas e semelhancas nas frequéncias de hapldtipos para estimar, através de um
algoritmo Bayesiano e Cadeias Markov, as contribuicdes de populacdes de desova
(“estoques”) a populacdes alimentares (Pella & Masuda 2001, Bolker et al. 2002). A MSA
foi inicialmente desenvolvida para a avaliacdo de estoques pesqueiros (Pella & Masuda
2001), mas ¢ comumente aplicada ao entendimento de estoques de tartarugas marinhas
(e.g. Bowen et al. 1994, 2007, Bass et al. 2006, Reece et al. 2006, Naro-Maciel et al. 2007,
Blumenthal et al. 2009, Amorocho et al. 2012, Proietti et al. 2012). Existem dois principais
modelos de andlise de estoque: 1) modelo “muitas-a-uma”, em que sdo estimadas as
contribui¢des de diversas areas de desova e uma Unica area alimentar; 2) modelo “muitas-
a-muitas”, em que as contribui¢des de diversas areas de desova sdo estimadas a diversas
areas alimentares, fornecendo um cenario metapopulacional mais completo (Bolker et al.
2007).

A MSA apresenta algumas limita¢des: 1) o marcador mtDNA muitas vezes nao

consegue distinguir precisamente todas as areas de desova, portanto a determinagdo exata
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de uma origem natal muitas vezes ndo ¢ possivel; 2) alguns locais apresentam ntimeros
amostrais pequenos ou moderados, o que pode resultar em amplos intervalos de confianga;
e 3) a analise pressupde que todos os potenciais estoques foram amostrados, porém quando
este ndo se cumpre, hé possibilidade de um animal de uma 4rea alimentar ter originado de
um estoque reprodutivo ndo amostrado (Avise 2007). Apesar destas limitacdes, esta
abordagem genética permite maior entendimento das ligagdes entre populagdes de
alimentagdo e suas origens, € consequentemente do movimento realizado entre elas. Estas
informagdes sdo dificilmente obtidas através de observagdes em campo ou estudos de
marcacao.

Em termos de relevancia para a conservacao, uma importante descoberta obtida
através da MSA foi a confirmagdo de que populagdes alimentares de tartarugas marinhas
sdo geralmente misturas de individuos de diferentes areas de desova (Avise 2007, Bowen
& Karl 2007) (Figura 4). Portanto, apesar da aparente independéncia entre areas de desova,
elas podem ser demograficamente interconectadas nas outras fases de vida; isto significa
que impactos em areas ndo-reprodutivas podem indiretamente impactar multiplas, e muitas
vezes distantes, populagdes reprodutivas (Mortimer et al. 2007). O entendimento do
alcance geografico das tartarugas marinhas ¢ extremamente importante para o
desenvolvimento de planos de conservagdo. Além disso, como estes animais comumente
passam por diferentes fronteiras geopoliticas, a cooperagdo internacional pode ser

fundamental para sua efetiva conservagao (Jensen et al. 2013).
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Figura 4. Modelo tedrico de estoques mistos. Quadrados coloridos representam diferentes areas de
desova e suas diferentes “assinaturas” de mtDNA. Animais nascidos nestas areas se misturam no
ambiente peldgico e ao recrutarem para suas areas de alimentacgdo (areas curvas da costa) formam
“estoques mistos” (Adaptado de Jensen 2010).

Como exemplo da aplicagdo direta da identificagdo de origens natais para o
manejo de animais serd detalhado o caso da tartaruga-de-pente no Caribe. Frente as
drésticas redugdes populacionais desta espécie, seu comércio internacional foi proibido
pela Convengdo sobre o Comércio Internacional das Espécies da Fauna e da Flora
Silvestres Ameagadas de Extincdo (CITES). No entanto, hd diversos interesses na
reabertura do lucrativo comércio internacional de cascos de tartarugas-de-pente. Frente as
peti¢des do governo Cubano para a reabertura deste comércio, foram avaliadas as ligacdes
entre areas de desova e alimentacdo, para verificar se esta exploragdo impactaria outras
areas da regido (Bowen et al. 2007, Mortimer et al. 2007). Através da MSA, Bowen et al.
(2007) verificaram que a exploragdo de tartarugas-de-pente de qualquer 4rea de desova
pode impactar multiplas areas de alimentagdo em 4guas internacionais, e vice-versa. Deste

modo, qualquer na¢do que permita o uso destes animais poderia prejudicar os esforcos de
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conservagao em outros locais. Com base nestes resultados, a CITES continua mantendo a
ilegalidade do comércio internacional de tartarugas-de-pente (Mortimer et al. 2007).

Outra caracteristica interessante da MSA, por ser uma andlise Bayesiana, ¢ a
possibilidade de se inserir informagdes ecologicas prévias como prioris. Dados como
tamanhos populacionais e distdncias entre 4areas de desova e de alimentacdo sdo
comumente aplicados como prioris, baseando-se no pressuposto de que estes fatores
influenciam a composi¢@o de um estoque misto (e.g. Okuyama & Bolker 2005, Blumenthal
et al. 2009, Amorocho et al. 2012, Proietti et al. 2012). Correntes oceédnicas superficiais
também podem ser bons indicadores de como tartarugas marinhas nascidas em uma
determinada area de desova dispersam até areas alimentares, uma vez que as correntes
ocednicas aparentemente influenciam como estes animais se movimentam (Luschi et al.
2003). A combinagdo de caracteristicas genéticas e ecoldgicas € ideal para a obtencdo de

cenarios de conectividade mais completos.

1.3.5. Correntes ocednicas na inferéncia de dispersdo e migracoes

Apoés o nascimento, os filhotes de tartarugas marinhas iniciam uma trajetoria
ocednica que pode se estender por grandes distincias e envolver movimentos
transocednicos. Estes movimentos sdo aparentemente influenciados pelos padrdes de
correntes (Musick & Limpus 1996, Luschi 2013), apesar dos pequenos animais terem
alguma capacidade de resposta a mudancas ambientais para permanecerem em habitats
favoraveis (Lohmann & Lohmann 1996, Cain et al. 2005). A medida que se desenvolvem,
acredita-se que a influéncia das correntes diminua mas ainda ocorra, uma vez que
comparagdes entre trajetorias de animais rastreados por satélite e padrdes de correntes
ocednicas consistentemente demonstram similaridades (Luschi et al. 1998, 2003, Craig et
al. 2004, Lambardi et al. 2008). Portanto, ¢ possivel assumir que as correntes oceanicas
influenciem o padrdo de dispersdo das tartarugas apos o nascimento e em quais locais eles
recrutam apoés a fase pelagica.

Dados de correntes, principalmente obtidos através de boias de deriva
superficiais e modelagem de particulas, podem ser utilizados de modo independente na
inferéncia de padrdes de dispersao de tartarugas (Hamann et al. 2011, Gaspar et al. 2012,
Putman & Naro-Maciel 2013). Podem também serem inseridos diretamente na MSA como
prioris ecologicas (Proietti et al. 2012), ou apenas comparados as origens natais estimadas

geneticamente (Blumenthal et al. 2009, Monzon-Argiiello et al. 2010, Amorocho et al.
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2012). Por exemplo, Blumenthal et al. (2009) descreveram as origens genéticas de
tartarugas-de-pente de areas de alimentagdo caribenhas, e compararam estas origens a um
modelo de dispersdo de particulas. De modo geral, estes autores detectaram significativa
correlacdo entre os perfis genéticos das agregacdes alimentares e os padrdes de
distribuicdo de particulas, identificando um alto grau de mistura na regido mas com alguma
estrutura genética aparentemente determinada por correntes ocednicas. Isto demonstra o
potencial de uma abordagem multidisciplinar para o melhor entendimento da

conectividade de populacdes deste animal migratorio.

1.3.6. Analise de isOtopos estaveis em tartarugas marinhas

1.3.6.1.Isotopos estaveis

A anélise de is6topos estaveis (IE) tem se tornado uma importante ferramenta
em estudos ecologicos, principalmente para a determinacdo de niveis troficos e
identificacdo de fontes alimentares (e.g. Arthur et al. 2008). Is6topos estaveis sdo formas
estaveis e naturais de elementos que apresentam diferentes massas nucleares, o que resulta
em propriedades fisicas que levam a diferentes comportamentos em processos
biogeoquimicos (Rubenstein & Hobson 2004). A analise de IE baseia-se no principio de
que a razao entre isotopos estaveis de elementos (principalmente C, N, S, O, H) nos tecidos
de um consumidor refletird a composi¢do dos itens de sua dieta (Peterson & Fry 1987).
Razdes entre C:'’C e ISN:MN, expressas na notacdo delta §C e 8'°N, sdo as mais
comumente analisadas em estudos ecolégicos. O 8'°N ¢ fracionado metabolicamente, com
o N sendo preferencialmente retido e o "*N excretado, causando um enriquecimento
(aumento do isO6topo mais pesado, i.e. aumento do J) geralmente entre 2 e 5%o do
consumidor em relagdo ao seu alimento (e.g. Figura 5). Com isto, hd& um progressivo
enriquecimento de N com um aumento na cadeia alimentar, tornando o 8N um
indicador util do nivel trofico de um animal (e.g. Peterson & Fry 1987, Post 2002). Por
outro lado, razdes entre isotopos do carbono podem ser usadas como indicativos do habitat
de um animal, com enriquecimento tipicamente entre 0 a 1%o0 da presa ao predador. Em
sistemas marinhos, h4 variagdo do 8"°C entre teias alimentares costeiras e pelagicas, com a
anterior apresentando maiores valores de 8"°C (e.g. Rubenstein & Hobson 2004, Hobson et
al. 2010). O 3"°C de um animal marinho pode indicar também a latitude da cadeia tréfica

da qual fazia parte, uma vez que os valores de 8" °C do fitoplancton tendem a ser mais
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depletos (diminui¢do do is6topo mais pesado, i.e. diminuicdo do 6) em altas latitudes do
que proximo ao equador (Goericke & Fry 1994) (e.g. Figura 6). Acredita-se que este maior
§'3C em locais costeiros e de baixa latitude ocorra devido & menor turbuléncia destas areas,
0 que levaria a uma camada limite mais larga e estagnada do fitoplancton, aumentando a
resisténcia a difusdo do causando maior assimilagdo do "*C (France 1995). Deste modo, os
valores de is6topos de nitrogénio e carbono sdo geralmente analisados conjuntamente para

a obten¢do de informacdes sobre a ecologia trofica e distribuicdo espacial dos organismos.
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Figura 5. Modelo de enriquecimento de '°N em tartarugas marinhas. a) apresentagdo conceitual da
retengio do isotopo pesado "N e maior taxa de excrecio do isotopo leve '*N durante a
digestio/excregdo de uma tartaruga-verde; b) modelo de progressivo enriquecimento do "N ao
longo da cadeia trofica da tartaruga-de-couro (adaptado do livro “The Biology of Sea Turtles, Vol.

).
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Figura 6. Modelo de variagio do 8"C em tartarugas marinhas de acordo com o tipo de habitat.
Tartarugas em baixas latitudes e ambientes costeiros terdo 8'°C mais elevado devido ao maior §"°C
dos produtores primérios; tartarugas em altas latitudes e ambientes ocednicos terio 8°C mais
baixos devido ao menor 8"°C dos produtores primarios.

Os valores de discriminacdo de IE — i.e. diferenca de composicdo isotopica
entre a dieta e os tecidos — variam de acordo com a espécie, idade e tipo de tecido
analisado. Para tartarugas marinhas, esta discriminacao ja foi determinada para estudos de
alguns tecidos de tartarugas-verdes, cabecudas e de couro (Seminoff et al. 2006). O tempo
de residéncia do isotopo (“turnover”) em um determinado tecido, i.e. o tempo que leva
para um sinal anterior ser completamente substituido pelo sinal novo da dieta, também ¢
uma questdo importante na analise de isotopos estaveis (Peterson & Fry 1987, Hobson
1999). Tecidos com maior metabolismo/taxa de renovagdo, como figado ou plasma,
refletem a dieta recente (dias/semanas), enquanto tecidos com menor
metabolismo/renovacdo, como epiderme, penas e carapaca, refletem periodos mais
prolongados da dieta (meses/anos) (Hobson 1999). Deste modo, a analise de IE pode
fornecer informacao integrada de dietas de periodos maiores que estudos tradicionais. Isto
¢ especialmente 1til para organismos migratérios, uma vez que podem reter informacdes

sobre habitats previamente ocupados e permitir inferéncia sobre suas migracdes e origens.
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1.3.6.2. Estudos de dieta, ciclo de vida e origens de tartarugas marinhas

Estudos de dieta de tartarugas marinhas baseiam-se principalmente em
observacgdes diretas, conteido estomacal/esofagico e material fecal (Bjorndal et al., 1991;
Burke et al., 1994; Ledn & Bjorndal, 2002; Reisser et al., 2013). No entando, este tipo de
analise sO representa a alimentacdo recente dos animais, ¢ também pode subestimar
alimentos de digestdo rapida. Com isso, razdes entre IE do carbono (5"°C) e nitrogénio
(8"°N) tem sido determinadas nos tecidos de diversas espécies de tartarugas marinhas.
Andlises de IE ja foram utilizadas no estudo da dieta de tartarugas-cabecudas na costa da
Carolina do Norte, E.U.A. (Wallace et al. 2009) e oeste do Mediterraneo (Revelles et al.
2007); tartarugas-verdes na Califérnia, E.U.A. (Lemons et al. 2011), leste da Australia
(Boyle 2006, Arthur et al. 2009), Japao (Hatase et al. 2006), e Mauritania (Cardona et al.
2009); tartarugas-de-pente no Havai (Graham et al. 2009) e Bahamas (Bjorndal & Bolten
2010); e tartarugas-de-couro na costa leste dos E.U.A. (Dodge et al. 2011). Estes trabalhos
exploram a relacdo de IE entre presa/predador, e diferencas entre tecidos analisados,
regides geograficas e classes de tamanhos. Em alguns casos, estudos revelaram questoes
inéditas sobre os habitos alimentares dos animais. Por exemplo, tartarugas-verdes ndo
necessariamente se encaixam no padrdo comumente aceito de serem neriticas e herbivoras
apds o recrutamento. Andlises de IE revelaram que esta espécie pode apresentar maior
onivoria € ocupar habitats ocednicos mesmo apos atingirem a fase adulta (Hatase et al.
2006, Arthur et al. 2009, Cardona et al. 2009). Isétopos estaveis também evidenciaram
maior dependéncia de habitats de fanerégamas por tartarugas-de-pente do que se
acreditava anteriormente, possivelmente devido ao declinio na qualidade e quantidade de
recifes de coral nos oceanos (Bjorndal & Bolten 2010).

A andlise de IE também tem permitido um melhor entendimento das mudangas
ontogenéticas de dieta e uso de habitat destes animais. Por exemplo, a mudanga de habitat
que ocorre apoOs a fase peldgica de tartarugas-verdes juvenis ¢ acompanhada de uma
alteracdo do seu habito alimentar, passando de uma dieta onivora neustdnica a uma
predominantemente herbivora composta por macroalgas, fanerdgamas e folhas de mangue
(Bjorndal et al. 1991). Reich et al. (2007), Arthur et al. (2008) e Cardona et al. (2009)
demonstraram esta mudanca ontogenética através de andlise de IE na epiderme e carapaca
de tartarugas-verdes, com animais menores e tecidos mais antigos (representando fases

e e . . . . 15 13
mais iniciais dos animais, i.e. seu passado) apresentando maior 6 "N e menor 6 "C do que
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animais maiores e tecidos mais recentes (representando fases atuais dos animais, i.e. seu
presente). McClellan et al. (2010) demonstraram que tartarugas-cabegudas carnivoras
apresentam dicotomia na sua estratégia alimentar de acordo com o ambiente, com animais
neriticos apresentando maiores valores de 8"°N do que animais oceanicos. Vander Zanden
et al. (2010) também observaram um comportamento alimentar bimodal para esta espécie.
Além da importdncia para determinagdo de dieta, nivel trofico e
comportamento alimentar de tartarugas marinhas, assinaturas regionais de IE (“isoscapes”,
Hobson et al. 2010) podem fornecer informacdes de migragdes e origens de animais. Allen
et al. (2013) determinaram as origens de tartarugas-cabecudas capturadas em redes de
deriva no Pacifico leste comparando o 8"°N e 8"°C de individuos de diferentes locais no
Pacifico. Trés principais areas de alimentacdo de tartarugas-cabegudas pos-desova da
Florida foram identificadas por Ceriani et al. (2012) via rastreamento por satélite e analise
de is6topos de N e C. Zbinden et al. (2011) e Seminoff et al. (2012) avaliaram as
migracdes de tartarugas-cabecudas e de couro através de rastreamento por satélite e
is0topos estaveis respectivamente, e encontraram padrdes de migracdes semelhantes com
as duas metodologias. Lopez-Castro et al. (2013) analisaram razdes de isdtopos de carbono
e nitrogénio na carapaca de tartarugas-verdes para caracterizar seis areas de alimentacdo da
fase oceanica, determinando significativa estruturacdo isotOpica entre areas. Assinaturas
regionais de 8"°N ¢ 8"°C podem inclusive serem utilizadas para identificagdo forense da
origem de produtos de tartarugas-de-pente comercializados ilegalmente (Ishibashi et al.
2000). Deste modo, o uso de isotopos estdveis como uma ferramenta adicional para o
entendimento das ligacdes entre regides e populagdes de tartarugas marinhas apresenta

grande potencial.

1.4. Objetivos da tese
Como explanada ao longo deste capitulo, o entendimento da ecologia, migragdes,
populagdes, e ciclo de vida das tartarugas-de-pente ¢ uma tarefa complexa, porém
essencial para orientar estratégias para sua conservacdo. Nesta tese, foram realizadas
analises da regido controle do DNA mitocondrial (mtDNA), de correntes superficiais
ocednicas (boias de deriva e modelagem biofisica), e de isdtopos estaveis do carbono e
nitrogénio de tartarugas-de-pente (Eretmochelys imbricata) imaturas em aguas brasileiras,

com o objetivo de:
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* Avaliar diversidade genética, estrutura populacional e origens natais das
tartarugas-de-pente imaturas em aguas brasileiras;

* Verificar a ocorréncia de individuos imaturos hibridos de Eretmochelys
imbricata x Caretta caretta na costa;

* Detectar mudancgas ontogenéticas de habitat e dieta nos tecidos de tartarugas-

de-pente.
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Capitulo 2. Tartarugas-de-pente imaturas na costa brasileira

Artigo 1: “Immature hawksbill turtles feeding in Brazilian islands”, publicada na Marine

Turtle Newsletter em outubro de 2012.

2.1. Introducao

O litoral brasileiro abriga as duas maiores areas de desova de tartarugas-de-pente
do Atlantico sul: o litoral da Bahia (Marcovaldi et al. 2007) e a Praia de Pipa, RN (Santos
et al. 2013). Estas areas de desova sdo monitoradas pelo Projeto Tamar ICMBio, sendo
foco de diversos estudos reprodutivos, genéticos e comportamentais dos animais. Por outro
lado, pouco se sabe sobre a ecologia de tartarugas-de-pente imaturas na costa, com estudos
restritos as ilhas oceanicas de Fernando de Noronha e Atol das Rocas (Bellini 1996,
Marcovaldi et al. 2000, Vilaca et al. 2013).

No artigo apresentado neste capitulo, foram estudadas tartarugas-de-pente imaturas
em trés locais de alta diversidade no litoral brasileiro: o Arquipélago de Sao Pedro e Sdo
Paulo, o Parque Nacional Marinho de Abrolhos e a Reserva Bioldgica Marinha do
Arvoredo. O Arquipélago de Sao Pedro e Sdo Paulo (SPSP) localiza-se a mais de 1000km
da costa do Rio Grande do Norte, e ¢ composto por ilhas rochosas oceanicas de alta
profundidade que agregam grande diversidade e quantidade de animais marinhos (Hazin et
al. 2009). O Parque Nacional Marinho de Abrolhos esta localizado a aproximadamente
70km da costa da Bahia, e seus rasos recifes coralineos abrigam uma das maiores
diversidades do litoral brasileiro (Werner et al. 2000). A Ilha do Arvoredo, proxima a costa
de Santa Catarina, ¢ a maior ilha da Reserva Bioldgica Marinha do Arvoredo e seus recifes
rochosos temperados ja foram caracterizados como uma importante area de alimentacao de

tartarugas-verdes (Reisser et al. 2013) (ver Figura 7 para localizacdo das areas).
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Figura 7. Localizacdo e imagens aérea dos locais de estudo na costa brasileira.
2.2. Metodologia

Mergulhos em apneia e com cilindro foram realizados nas areas para observacao
subaqudtica e captura de tartarugas marinhas. Para cada observagdo foram registradas:
data, hora, local do mergulho, substrato, tamanho aproximado de carapaga, comportamento
(natagdo, alimentacdo, descanso no fundo, descanso assistido no fundo — tartaruga
descansando embaixo de qualquer estrutura — e associagdes com peixes recifais, e outras
caracteristicas relevantes (adaptado de Houghton et al. 2003). Os comportamentos e perfis
faciais dos animais eram fotografados sempre que possivel. Quando praticavel, as
tartarugas eram capturadas apds a avistagem. Animais capturados eram marcados (marcas
de Inconel fornecidas pelo Projeto Tamar ICMBio), pesados, medidos (comprimento
curvilineo de carapaga — CCC), foto-identificados (Reisser et al. 2008), e amostras de

epiderme e carapaga eram coletadas para analises genéticas e isotdpicas (ver metodologia
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de campo na Figura 8). Apos estes procedimentos, as tartarugas eram imediatamente

liberadas proximo ao local de sua captura.

Figura 8. Metodologia em campo: a) captura; b) medi¢cdo de comprimento e largura de carapaga; c)
marcacdo; d) pesagem; e) coleta de tecido; f) foto-identificagdo por perfil lateral da cabeca; g)
liberagdo do animal.

2.3. Sintese dos resultados

Em um total de 80.1 horas de mergulho conduzidas no Parque Marinho dos
Abrolhos, foram feitas 162 avistagens subaquaticas (2 avistagens/hora de mergulho) e 65
capturas individuais de tartarugas-de-pente. Em SPSP foram realizadas 29.2 horas de
mergulho, 73 avistagens (2.5 avistagens/hora) e 12 capturas individuais. Na Ilha do
Arvoredo, em 235 horas de mergulho, foram feitas 22 observacdes (0.1 avistagens/hora) e
6 capturas de tartarugas-de-pente. O tamanho das tartarugas capturadas variou de 24.5 a
63.0 cm CCC em Abrolhos (média =37.9 cm), de 30 a 75 cm em SPSP (média = 53.7 cm),
e de 30 a 59.5 cm (média = 41.3 cm) na Ilha do Arvoredo. Tamanhos médios de SPSP
foram significativamente maiores em relagdo as outras duas areas (teste-f de Student, p <
0.05). J& os tamanhos médios das tartarugas em Abrolhos e Arvoredo ndo diferiram
significativamente entre si (teste-# de Student, p > 0.05). Devido a elevada abundancia de
tartarugas-de-pente pequenas no Parque de Abrolhos, acredita-se que esta possa ser uma
importante area de recrutamento desta espécie na costa brasileira. Por outro lado, foram
observadas classes de tamanho relativamente grandes em SPSP, indicando que esta éarea ¢
importante para a alimentacdo de individuos maiores, possivelmente devido a sua
proximidade com a regido caribenha, onde se localiza a maioria das areas de desova do

Oceano Atlantico (SWOT 2007).
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Tartarugas-de-pente foram observadas se alimentando em 28.9% (n = 71) das
observagdes, geralmente em areas recifais rasas (profundidades menores que 4 m) em
Abrolhos e no Arvoredo, ¢ em maiores profundidades em SPSP (mais de 8 m). Houve
registro de alimentacdo em todas as horas amostradas (de 0600 as 1900 horas). Os animais
aparentemente procuravam seu alimento enquanto nadavam devagar e proximos ao recife
ou rochas. Em todas as observagdes, os animais selecionavam animais bentonicos
incrustantes em especial zoantideos (Zoanthus sociatus e Palythoa caribaeorum) e
ocasionalmente esponjas.

Comportamento de descanso (20.3% das observagdes, n = 50) também foi
observado ao longo de todo o dia em areas mais profundas. As tartarugas estavam
geralmente descansando a mais de 4m em Abrolhos e no Arvoredo, ¢ a mais de 10 m em
SPSP. Em 70% (n = 35) dos registros de descanso as tartarugas escolheram locais debaixo
de pedras, demonstrando uma preferéncia por descanso assistido.

A frequéncia de outros comportamentos foi de 48% (n = 118) para natagdo e 2.8%
(n = 7) para atividades associadas a peixes de recife. Foi registrada a limpeza do casco ou
pescogo de tartarugas-de-pente por trés diferentes espécies de peixes: o peixe limpador
neon (Elacatinus figaro), em quatro ocasides; a donzelinha endémica Stegastes
sanctipauli, em duas ocasides; € um juvenil de peixe frade (Pomacantus paru), em uma
ocasido. Este tipo de associagdo ja foi registrada para diversas espécies de peixe, incluindo
P. paru (Sazima et al. 2010), mas ¢ o primeiro registro para as espécies E. figaro e S.
sanctipauli.

Através do registro fotografico de perfis faciais foi possivel foto-identificar 31
individuos em 52 ocasides durante mergulhos, demonstrando o potencial da foto-id na
conducdo de estudos populacionais ndo-intrusivos. Intervalos entre a captura inicial de
individuos e sua recaptura (através de foto-id ou nova captura manual) variaram de 1 a 242
dias em SPSP, 1 a 297 dias em Abrolhos, € 367 a 671 no Arvoredo, indicando fidelidade,

ao menos de curto prazo, a estes locais.

2.4. Conclusoes
O Parque Nacional Marinho dos Abrolhos e o Arquipélago de Sao Pedro e Sao
Paulo sdo importantes areas de desenvolvimento para as tartarugas-de-pente, que se

alimentam principalmente de zoantideos nestes locais. O Parque dos Abrolhos ¢ uma
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possivel regido de recrutamento da espécie na costa brasileira, enquanto no SPSP ha
ocorréncia de animais maiores possivelmente devido a proximidade com o Caribe. Os
animais apresentam certa fidelidade a estes locais. Estas duas areas devem ser consideradas
prioritarias para a conservagao e a recuperacao desta espécie na costa brasileira. A Reserva
Biologica Marinha do Arvoredo apresenta pouca ocorréncia de tartarugas-de-pente, porém
¢ notavel a permanéncia de um individuo desta espécie tropical por quase dois anos na
regido, uma vez que no inverno as aguas podem atingir temperaturas abaixo de 13°C. Nas
trés regides, as tartarugas-de-pente se associam com peixes recifais, incluindo uma espécie
j& conhecida por se alimentar de incrustacdes em tartarugas, e duas espécies sem registro

deste tipo de relagao.
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Capitulo 3. Ocorréncia de hibridos imaturos de tartarugas-de-pente x
tartarugas-cabecudas na costa brasileira

Artigo 2: “Hawksbill x loggerhead sea turtle hybrids at Bahia, Brazil: where do their

offspring go?”, em revisao na revista Peer J.

3.1. Introduciao

A hibridizacdo pode ter efeitos positivos, contribuindo para a evolugdo de taxons
(Barton 2001), ou negativos levando a menor aptidao, fertilidade e até extingdo genética de
espécies (Rhymer & Simberloff 1996). No ambiente marinho, a hibridizagao ja foi descrita
para diversos organismos incluindo corais (Willis et al. 2006), mexilhdes (Rawson et al.
1999), peixes (Hubbs 2013), cetaceos (Yazdi 2002, Glover et al. 2013), pinipedes (Kovacs
1997) e tartarugas (Karl et al. 1995). Hibridizacdo natural entre espécies de tartarugas
marinhas da familia Cheloniidae foi relatada para a tartaruga-verde Chelonia mydas x
tartaruga-de-pente Eretmochelys imbricata, cabecuda Caretta caretta x de pente, verde x
cabeguda, cabeguda x oliva Lepidochelys olivacea, e oliva x de pente (Wood et al. 1983,
Conceicao et al. 1990, Karl et al. 1995, Seminoff et al. 2003, James et al. 2004, Lara-Ruiz
et al. 2006, Reis et al. 2010, Vilaga et al. 2012). A possivel esterilidade e menor aptidao
destes hibridos € preocupante, porém as causas e consequéncias exatas desta hibridizagdo
ndo sdo bem compreendidas.

Como comentado no Capitulo 1, no Brasil os grupos reprodutivos de tartarugas-de-
pente e cabecudas apresentam taxas de hibridizacdo excepcionalmente altas (Lara-Ruiz et
al. 2006). As maiores areas de desova de ambas espécies se sobrepdoem ao longo da costa
da Bahia, com aproximadamente 420 tartarugas-de-pente e 1240 cabecudas desovando em
cada temporada (Marcovaldi & Chaloupka 2007, Marcovaldi et al. 2007). A sobreposi¢do
¢ também temporal, com tartarugas-cabecudas desovando de setembro a fevereiro e
tartarugas-de-pente de novembro a margo (Marcovaldi & Chaloupka 2007, Marcovaldi et
al. 2007). Foi demonstrado que 42% de tartarugas fémeas com morfologia de tartarugas-
de-pente apresentavam os haplotipos de mtDNA BR3 e BR4, tipicos de tartarugas-
cabegudas (Lara-Ruiz et al. 2006). Como o mtDNA ¢ herdado maternalmente, a primeira
geracdo (F1) destes hibridos ¢ o cruzamento de tartarugas-cabecudas fémeas e de pente
machos; isto pode indicar um viés de género, uma vez que nenhum animal hibrido com
mtDNA de tartaruga-de-pente foi encontrado (Vilaga & Santos 2013). Este viés tem sido
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atribuido ao maior tamanho da populagdo de tartarugas-cabegudas, e a sobreposi¢cdo
temporal das duas espécies. Como a temporada de tartarugas-de-pente se inicia proximo ao
pico de desova de cabegudas (novembro-dezembro), tartarugas-de-pente machos
encontram grande niimero de fémeas de ambas espécies para a copula. Por outro lado,
quando as tartarugas-de-pente fémeas chegam em maiores nimeros na area, machos de
tartarugas-cabecudas ja copularam e deixaram o local (Vilaca et al. 2012) (Figura 9). As
fémeas hibridas sdo reprodutivamente vidveis e produzem filhotes, possivelmente devido a

um processo continuo de introgressdo (Lara-Ruiz et al. 2006, Vilaga et al. 2012).

Picos de desova no litoral da Bahia

| | Sobreposicdo temporal | |

| | |
Set Noy Fev Mar

. Tartaruga-cabecuda . Tartaruga-de-pente

Figura 9. Picos de desova de tartarugas-cabegudas (curva preta) e tartarugas-de-pente (curva
vermelha) no litoral da Bahia, ilustrando a sobreposi¢do temporal entre as espécies.

Apdés o nascimento, tartarugas-de-pente passam por uma fase de dispersdo
epipeldgica seguida por recrutamento a uma area tropical costeira (Bolten 2003), onde se
alimentam de organismos bentdnicos incrustantes (Ledn & Bjorndal 2002, Proietti et al.
2012). Tartarugas-cabecudas também passam por uma fase inicial de dispersdo mas
possuem maior distribui¢do latitudinal, recrutando as areas costeiras ou ocednicas de zonas
tropicais a temperadas, onde se alimentam de crusticeos, moluscos e peixes (Davenport
1997, Witzell 2002). No Brasil, a distribui¢do de tartarugas-cabegudas imaturas na costa
ndo ¢ bem conhecida, mas esta espécie ¢ frequente em 4guas temperadas da plataforma
continental do Rio Grande do Sul e na Elevagao do Rio Grande, um monte submarino
localizado a aproximadamente 800 km da costa (Bugoni et al. 2003, Monteiro et al. 2006,
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Sales et al. 2008). Areas de alta ocorréncia de tartarugas-de-pente incluem as ilhas
oceanicas do Atol das Rocas, Fernando de Noronha e Sao Pedro e Sao Paulo, e as ilhas
costeiras do Parque Nacional Marinho dos Abrolhos (Marcovaldi et al. 1998, Proietti et al.
2012). A caracterizacdo genética de tartarugas-de-pente nestas areas até hoje foi realizada
somente para o Atol das Rocas e Fernando de Noronha, e somente um individuo hibrido
de tartarugas-de-pente x cabecuda, retrocruzado com uma tartaruga-de-pente (i.e. hibrido
de geracdo >F1) foi encontrado. No entanto, este animal provavelmente se originou do
oeste da Africa, uma vez que apresentava um haplotipo de mtDNA tipico de tartarugas-de-
pente da area de desova de S@o Tomé e Principe (Monzon-Argiiello et al. 2011). Portanto,
apesar da elevada taxa de hibridizagdo entre estas espécies na Bahia, a dispersdo e
recrutamento dos filhotes hibridos ainda ¢ um mistério. Isto se deve possivelmente ao fato
de ser um fendmeno relativamente recente, calculado como aproximadamente 40 anos
(Lara-Ruiz et al. 2006), bem como a limitada investigagdo em areas de alimentacdo de
tartarugas-de-pente e cabecudas.

Um melhor entendimento de como a hibridizacdo afeta a distribuicdo e ecologia
destes animais ¢ fundamental devido a sua elevada ocorréncia na costa do Brasil. Neste
trabalho, o mtDNA de 157 tartarugas imaturas com caracteristicas morfologicas de
tartarugas-de-pente, em locais de ocorréncia alta e ocasional desta espécie na costa do
Brasil, foi caracterizado. Pela primeira vez € reportada a ocorréncia de tartarugas-de-pente
x cabegudas imaturas em aguas brasileiras. Além disso, foi inferida a dispersao de filhotes
nascidos na area de desova da Bahia, através da andlise de modelos de trajetorias de
particulas. Por fim, as implicacdes deste fendmeno para a conservagdo das espécies €

discutida.

3.2. Metodologia
Foi caracterizada a regido controle do mtDNA de 157 tartarugas imaturas,
morfologicamente identificadas como tartarugas-de-pente, de trés areas de alimentagdo
importantes para esta espécie na costa brasileira: o Arquipélago de Sao Pedro e Sdo Paulo
(SPSP; n = 12); o litoral da Bahia (n = 32); e o Parque Nacional Marinho dos Abrolhos (n
= 65). Também foram analisadas amostras de tartarugas-de-pente de trés areas com
ocorréncia esporadica: a Reserva Bioldgica Marinha do Arvoredo (n = 6); o litoral do

Ceard (n = 23); e a Praia do Cassino (n = 19). Amostras foram coletadas de animais
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capturados manualmente através de mergulhos em SPSP, Abrolhos, e Arvoredo, e de
individuos acidentalmente capturados na pesca ou encalhados nas praias do Ceara, Bahia, e

Cassino (Figura 10).
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Figura 10. Areas de estudo e niimero de amostras deste trabalho (pontos pretos) e principais areas
de desova de tartarugas-de-pente da costa brasileira (estrelas vermelhas). A area em vermelho
corresponde a regido onde desovas de tartarugas-de-pente e cabegudas se sobrepdem.

Amostras de tecido foram maceradas e mantidas em tampdo de lise contendo
Proteinase K em estufa a 37°C até sua completa digestdo. DNA foi extraido usando kits de
extracdo (Norgen Biotek) ou método fenol:cloroférmio adaptado de Hillis et al. (1996).
Fragmentos de aproximadamente 850 pb da regido controle do mtDNA foram amplificados
via reacdo em cadeia da polimerase (Polymerase Chain Reaction — PCR) usando os primer
LCM15382/H950 (Abreu-Grobois et al. 2006), nas seguintes condigdes: desnaturacdo de
5’ a 94°C; 36 ciclos de 30" a 94°C, 30’ a 50°C, 1’ a 72°C; extensdo final de 10’ a 72°C.
Kits de purificagdo (Illustra GFX — GE Healthcare) foram usados para purificar os

produtos da PCR, e cada amostra foi sequenciada em ambas as diregdes através de
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eletroforese capilar (Applied Biosystems® 3130 Genetic Analyzer). Sequencias foram
alinhadas, cortadas a 740pb usando o programa Clustal X 2.0 (Larkin et al. 2007), e
classificadas de acordo com o GenBank® e o banco de dados de haplétipos de tartarugas-
de-pente do Oceano Atlantico (A. Abreu-Gobrois, com. pess.).

Modelagem biofisica foi efetuada usando a ferramenta para rastreamento de
particulas ICHTHYOP-3.2 (http://www.previmer.org/en/ichthyop), com metodologia do
modelo descrita em Lett et al. (2008). Campos de velocidade superficial foram extraidos
do modelo global HYbrid Coordinate Ocean Model (HyCOM) com reanalises das saidas
de 1/12° em intervalos didrios (http://hycom.org). Para simular a adveccdo Lagrangiana de
particulas individuais foi usado o esquema numérico de quarta ordem Runge-Kutta no
ICHTHYOP-3.2. As posi¢Oes das particulas virtuais foram calculadas a cada 180 s
(timestep) e salvas (output) a cada 24 h. Particulas foram liberadas a cada cinco dias da
area de desova da Bahia (12-13° S, 37-38° W), de modo proporcional ao nimero mensal
de nascimentos de tartarugas-cabegudas, de pente e hibridas. Particulas foram rastreadas
por trés anos (entre maio de 2009 e junho de 2013) para abranger a fase oceénica destas
tartarugas, de acordo com Putman & He (2013).

A propor¢ao mensal de desovas de tartarugas-cabecudas e morfologicamente “de
pente” (incluindo animais puros e hibridos) foi obtida de Marcovaldi et al. (1999) e
Marcovaldi & Chaloupka (2007). O numero mensal de desovas de animais
morfologicamente identificados como tartarugas-de-pente (Marcovaldi et al. 1999) foi
multiplicado pela porcentagem mensal de tartarugas puras ou hibridas, determinada através
de analise genética (Lara-Ruiz et al. 2006; L. Soares, dados ndo publicados). O periodo de
nascimento de tartarugas-cabecgudas, de pente e hibridas foi entdo calculado somando 60
dias (periodo aproximado de incubagdo; Marcovaldi et al. 1997, Godfrey et al. 1999) aos
periodos de desova estimados. Finalmente, foi analisada a propor¢do de particulas que

dispersou na direcao norte e sul.

3.3. Sintese dos resultados
Dos 157 animais amostrados na costa, quatro eram hibridos de tartarugas-de-pente
x tartarugas-cabecudas. Estes hibridos apresentavam morfologia predominante de
tartarugas-de-pente puras e foram identificados como esta espécie, porém seu hapldtipos

do mtDNA eram caracteristicos de tartarugas-cabegudas (BR3). O BR3 ¢ um dos dois
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haplotipos mais comuns de cabecudas da area de desova da Bahia (Lara-Ruiz et al. 2006),
e foi identificado em uma das 23 amostras do Ceara, no nordeste, e em trés de 19 amostras
da Praia do Cassino, no extremo sul. No Cassino, um hibrido apresentava carapaca com
escudos sobrepostos e laterais serrilhadas, caracteristico de tartarugas-de-pente, mas um
pescogo curto e grosso tipico de cabegudas.

Uma grande propor¢do de particulas dispersou para o sul quando liberadas durante
o pico de nascimento de tartarugas-cabecudas (72%; dezembro — marco), alcancando as
aguas temperadas do Atlantico Sul Ocidental através da Corrente do Brasil. Particulas
liberadas durante o pico de nascimento de animais hibridos (janeiro — abril) demonstraram
um movimento maior na dire¢ao sul (44%) quando comparadas ao pico de tartarugas-de-
pente (37%; fevereiro — maio). Dispersao para o norte foi maior para particulas liberadas
durante a época de pico de tartarugas-de-pente (63%), seguida por hibridas (56%), e por
fim tartarugas-cabecgudas (26%).

3.4. Conclusoes

Neste trabalho, sdo reportados pela primeira vez os destinos de tartarugas hibridas
nascidas na Bahia. Animais imaturos hibridos foram observados em 4reas incomuns para
tartarugas-de-pente, estando ausentes em areas de elevada ocorréncia como Fernando de
Noronha e Abrolhos (presente estudo, Vilaga et al. 2013). Os recifes tropicais de Abrolhos
se localizam proximo a 4rea de desova da Bahia (~80 km), mas nenhum hibrido foi
detectado apesar do nlimero amostral relativamente grande desta area (n = 65). Isto pode
ser uma indicacdo de que apesar da similaridade morfologica com tartarugas-de-pente, o
comportamento dos hibridos ndo ¢ caracteristico desta espécie. A presenca de trés animais
hibridos na Praia do Cassino, local de baixa ocorréncia de tartarugas-de-pente porém
comum para tartarugas-cabecudas, pode ser uma evidéncia de que os hibridos possam estar
adotando a ecologia migratdria de tartarugas-cabegudas. Este tipo de alteragdo ecoldgica
de animais hibridos também ja foi observada por Witzell & Schmid (2003) e Marcovaldi et
al. (2012).

As simulagdes biofisicas demonstraram que a dispersdo de filhotes da Bahia varia
de acordo com a espécie: dispersdo para o sul foi proporcionalmente maior na época de
tartarugas-cabecudas, seguido por hibridas, e menor durante o pico de nascimento de

tartarugas-de-pente. Isto demonstra que, em comparacdo as tartarugas-de-pente puras,
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tartarugas hibridas possuem maior chance de atingirem a regido temperada do sul do
Brasil. Isto pode indicar que os animais hibridos possivelmente adotem caracteristicas de
tartarugas-cabecudas, a partir do momento que entram no oceano. Embora tartarugas-de-
pente puras também produzam filhotes que se dispersam ao sul, estes podem ser limitados
a menores latitudes devido a disponibilidade de alimento e temperatura da agua, enquanto
animais hibridos podem apresentar comportamento mais semelhante as tartarugas-
cabegudas e ter uma distribui¢cdo mais ampla.

As causas desta elevada taxa de hibridizagdo entre tartarugas-de-pente e cabecudas
na drea de desova da Bahia ainda ndo s3o claras, mas podem estar relacionadas aos
declinios populacionais devido as acdes antropicas e tamanhos populacionais desiguais
entre espécies (Lara-Ruiz et al. 2006, Vilaca et al. 2012). Nao se sabe se esta hibridizagado
representa uma ameaca a estes animais, ¢ o fenomeno deve ser melhor investigado para
definir se medidas especiais de manejo devem ser adotadas para a conservagdo destas
populacdes. Colaboragdo internacional pode ser necessdria para esta definicdo, uma vez
que o modelo de particulas demonstra a possibilidade de transporte de filhotes hibridos da
Bahia para 4reas mais distantes como Uruguai, Argentina, costa Oeste da Africa, e Oceano
fndico Ocidental. Maiores estudos genéticos sdo necessarios em éareas de reconhecida e
potencial ocorréncia de hibridos, como por exemplo habitats de tartarugas-cabecudas.
Estes estudos devem combinar o uso de mtDNA com marcadores herdados
biparentalmente para um melhor entendimento da distribuicdo, espécies parentais e
geracdes. Estudos sobre parametros reprodutivos e sobrevivéncia destes animais também
sdo essenciais para avaliar potenciais impactos negativos deste processo. Rastreamento por
satélite, isotopos estaveis e analise de dieta também podem ser usados para confirmar se
seus movimentos e habitos seguem um padrdo especifico, e consequentemente guiar as

estratégias de conservagdo destas populacdes de tartarugas marinhas.
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Capitulo 4. Estrutura genética e origens de tartarugas-de-pente em areas de
alimentagdo na costa brasileira

Artigo 3: “Genetic structure and natal origins of immature hawksbill turtles (Eretmochelys

imbricata) in Brazilian waters”, aceito com revisdes menores na Plos One.

4.1. Introducao

O entendimento da conexdo entre populacdes de tartarugas marinhas, assim como a
dispersdo destes animais de suas 4reas natais até areas de alimentagdo, ¢ uma tarefa
desafiadora porém essencial para a determinacdo de prioridades e definicdo de estratégias
de conservagdao (Avise 2007). Neste contexto, estudos genéticos tem se mostrado
fundamentais na obtengdo de informagdes relevantes quanto a conectividade
interpopulacional, migragdes e origens natais de populagdes alimentares de tartarugas
marinhas (e.g. Bowen et al. 2007, Velez-Zuazo et al. 2008, Blumenthal et al. 2009,
Richardson et al. 2009).

Como explicado no Capitulo 1, areas de alimentagdo sdo estoques mistos
compostos por individuos de diferentes areas de desova (estoques). O DNA mitocondrial
DNA (mtDNA) pode ser utilizado para determinar as conexdes entre estas areas através da
Andlise de Estoque Misto (MSA), destacando-se a metodologia metapopulacional da MSA
“muitos-a-muitos” (Bolker et al. 2007). Acredita-se que fatores como tamanhos
populacionais dos estoques e correntes ocednicas influenciem estas conexdes, e
consequentemente a composicao de areas de alimentacdo. Abordagens multidisciplinares
utilizando informagdes genéticas e oceanograficas estdo sendo aplicadas a inferéncia da
dispersdo e conexdes entre populagdes de tartarugas marinhas, fornecendo um cenério
mais completo destes aspectos (e.g. Blumenthal et al. 2009, Monzén-Argiiello et al. 2010,
Proietti et al. 2012, Putman & Naro-Maciel 2013).

O entendimento das trajetdrias e origens de animais nas suas fases ndo-reprodutivas
¢ importante para determinar se impactos como exploracdo direta, degradacdo de habitats e
captura acidental na pesca podem ser compartilhadas por populacdes aparentemente
independentes, mas que na realidade estdo conectadas (Avise 2007). Como ressaltado no
Capitulo 1, isto ¢ de especial significancia para a tartaruga-de-pente, uma vez que o
comércio de casco desta espécie criticamente ameacada (IUCN 2012) ainda ¢ debatido
pela CITES (Mortimer & Donnelly 2008). Visto que o uso direto e/ou outros impactos em
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uma area poderd afetar individuos de multiplas areas de desova/alimentagdo, efetivas
estratégias de conservagdo ou uso sustentavel devem ser baseadas na conectividade entre
populagdes. Este tipo de estudo € prioritario para esta espécie altamente migratoria e
ameacada (Hamann et al. 2010).

Importantes areas de desova e alimentacdo existem ao longo da costa do Brasil
(Bellini 1996, Marcovaldi et al. 2000, 2007, Proietti et al. 2012, Santos et al. 2013), porém
as conexdes entre elas ainda sdo pouco conhecidas (Vilaga et al. 2013). Neste trabalho esta
lacuna do conhecimento foi diminuida através da caracterizacdo do mtDNA de tartarugas-
de-pente imaturas em cinco agregacdes alimentares brasileiras, com avaliagcdo de estrutura
genética e origens natais. Adicionalmente, foi verificada a influéncia de correntes
ocednicas na conectividade entre areas, através da inferéncia de origens por dados de boias

de deriva superficiais no Oceano Atlantico.

4.2. Metodologia

A metodologia de coleta, campo e laboratorio pode ser vista no item 3.1.2. Neste
trabalho foram utilizadas as mesmas amostras de tartarugas-de-pente descritas na se¢do
anterior, coletadas em Sdo Pedro e Sdo Paulo (SPSP; n = 12); litoral da Bahia (n = 32),
Parque Nacional Marinho dos Abrolhos (n = 65), Reserva Biologica Marinha do Arvoredo
(n = 6), litoral do Ceard (n = 23); e Praia do Cassino (n = 19) (ver Figura 8). As areas do
Arvoredo e Cassino foram agrupadas como “Sul do Brasil” (n = 25) devido ao pequeno
tamanho amostral e distancia geografica das outras areas. Apds a obtengdo de sequencias
da regido controle do mtDNA, estas foram alinhadas, cortadas a 740 pb, e classificadas de
acordo com hapldtipos ja descritos. Os fragmentos de 740 pb foram utilizados para as
analises entre as populacdes alimentares do Brasil, mas para comparagdo com todas as
outras areas de alimentagdo e desova do Oceano Atlantico, foi necessario cortar os
haplotipos até 382 pb (classificagdo original, Bass et al. 1996). O programa de genética
populacional Arlequin 3.5 (Excoffier & Lischer 2010) foi utilizado para verificar
diversidades haplotipicas (%) e nucleotidicas (x) das areas.

A divergéncia genética entre populacdes em dreas de alimentacdo do Atlantico foi
verificada através de F-st e ¢-st, respectivamente, usando apenas frequéncias haplotipicas e
um modelo Tamura-Nei de substituicdo nucleotidica, como determinado através do

programa jModelTest 0.1.1 (Darriba et al. 2012). Além das areas de estudo, as seguintes
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areas de alimentacdo foram incluidas na analise genética: (1) Fernando de Noronha/Atol
das Rocas, Brasil (referido como Noronha, n = 94); (2) Ilha Sao Tomé, Sdo Tomé e
Principe (n = 80); (3) Ilha Boavista, Cabo Verde (n = 28); (4) Ilha Buck, Ilhas Virgens dos
Estados Unidos (n = 69); (5) Ilha Mona, Porto Rico (n = 256); (6) Republica Dominicana
(n =90); (7) Turks e Caicos (n = 38); (8) Bahamas (n = 78); (9) Cuba (n = 210); (10) Ilhas
Cayman (n = 92); (11) Yucatan, México (n = 21); (12) costa do Texas, E.U.A. (n = 42); e
(13) costa da Florida, E.U.A. (n = 106) (Bowen et al. 1996, 2007, Diaz-Fernandez et al.
1999, Velez-Zuazo et al. 2008, Blumenthal et al. 2009, Richardson et al. 2009, Monz6n-
Argiiello et al. 2010, Monzon-Argiiello et al. 2011, Vilaga et al. 2013, Wood et al. 2013).
Andlise de Varidncia Molecular (AMOVA) foi utilizada para verificar estrutura dentro da
bacia oceanica do Atlantico, através do agrupamento de areas de alimentacdo brasileiras,
africanas, caribenhas e do Golfo do México. Para identificar estrutura populacional entre
agrupamentos de 4reas brasileiras, estas foram divididas em dois grupos: areas
influenciadas principalmente pelas correntes Sul Equatorial/Norte do Brasil (SPSP,
Noronha e Ceard) e aquelas influenciadas pela Corrente do Brasil (Bahia, Abrolhos e Sul
do Brasil).

Andlise de estoque misto (MSA) “muitos-a-muitos” foi implementada através do
pacote “mixstock” no programa R (Bolker et al. 2007, R Core Team 2013) para estimar
contribuicdes de areas de desova para as areas de alimentagdo brasileiras (centrada em
areas de alimentacdo — “feeding ground-centric”), assim como os destinos de animais
nascidos nas areas de desova do Brasil (centrada em 4reas de desova — “rookery-centric”).
Para esta andlise metapopulacional foram incluidas todas as areas de alimentagdo do
Atlantico citadas acima (18 areas, n = 1361 individuos), e treze areas de desova (n = 875):
(1) litoral Bahia/Sergipe (referido como Bahia, n = 92); (2) Praia de Pipa (referida como
Pipa, n = 27); (3) Ilha Principe, Sdo Tomé e Principe (n = 20); (4) Barbados (n = 84); (5)
ITha Trois, Guadeloupe (n = 74); (6) Baia Jumby, Antigua e Barbuda (n = 70); (7) Ilha
Buck, Ilhas Virgens dos Estados Unidos (n = 67); (8) Ilha Mona, Porto Rico (n = 93); (9)
Jaragua e Saona, Republica Dominicana (n = 48); (10) Doce Leguas, Cuba (n = 70); (11)
Tortuguero, Coast Rica (n = 60); (12) Pearl Cays, Nicaragua (n = 95); (13) Yucatan e
Quintana Roo, Mexico (n = 73) (Diaz-Fernandez et al. 1999, Troeng et al. 2005, Lara-Ruiz
et al. 2006, Bowen et al. 2007, Velez-Zuazo et al. 2008, Browne et al. 2010, Monzo6n-
Argiiello et al. 2011, Leroux et al. 2012, Carreras et al. 2013). O tamanho populacional
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(niimero estimado de fémeas por temporada reprodutiva) de cada area de desova foram
incluidos na MSA como uma covaridvel ecoldgica, como descrito por Bolker et al. (2007).
Uma Cadeia de Markov para simulagdo de Monte Carlo (MCMC) foi implementada para
cada area de desova, com tamanho de cadeia de 20000, ¢ metade da cadeia descartada
como “burn-in”. Fatores de convergéncia de Gelman-Rubin variaram de 1.0 a 1.04 (média
1.02), indicando convergéncia.

Dados de boias Lagrangianas também foram utilizados para inferir sobre o papel
das correntes superficiais oceanicas na dispersdo dos filhotes, através da metodologia
descrita em Proietti et al. (2012). Para isso, foram obtidos dados de boias disponiveis no
Programa Global de Derivadores da NOAA (www.aoml.noaa. gov/envids/gld). Areas de
tamanho 4° x 4° (latitude e longitude) foram delineadas em volta de todas as areas de
desova consideradas na MSA (n = 13), e foi contado o nimero de boias que passaram por
estas areas e chegaram as areas de alimentacdo da costa brasileira (boias com menos de
trés meses de transmissao foram excluidos). Para simplificagdo, areas de alimentacdo com
padrdes de deriva semelhantes foram agrupadas em regides-alvo: 1) SPSP; 2) Noronha e
Ceard; 3) Bahia, Abrolhos e Sul do Brasil. Com base nestas contagens e as informagdes de
tamanho populacional de éreas de desova (fémeas por estacdo), foi calculada a
probabilidade de que uma tartaruga de uma regido-alvo originou de uma determinada area
de desova (i.e. origens natais), em um contexto Bayesiano, seguindo Proietti et al. (2012).

Finalmente, estimativas de origens natais inferidas por MSA e boias de deriva,
ambas incorporando o tamanho populacional das areas de desova, foram comparadas para
avaliar a influéncia de correntes ocednicas na composicdo de agregacdes alimentares no
Brasil. Para isso, foi feita uma correlagdo via teste de Mantel e uma regressao linear das
proporcdes logaritmicas entre perfis de origens genéticas e oceanograficas, implementadas

com o pacote “vegan” no R (Oksanen et al. 2013, R Core Team 2013).

4.3. Sintese dos resultados
Diversidades haplotipicas (#) das areas de alimentacdo do Atlantico variaram de
0.143 + 0.052 em Principe a 0.761 + 0.035 em Turks e Caicos, com 4 médio de 0.538 +
0.050. Diversidades das areas alimentares brasileiras variaram de 0.215 + 0.052 em
Abrolhos a 0.644 £+ 0.124 em SPSP; 4 médio foi 0.418 + 0.088. Nas areas de estudo foram
encontrados dez haplétipos de 740 pb, com alta ocorréncia (quase 80%) do haplotipo AO1,
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seguido por uma frequéncia de aproximadamente 8% de A62, e menos de 4% para todos
os outros haplotipos. Foi encontrado um haplotipo novo (A92) e quatro sequencias hibridas
BR3 (Proietti et al. 2013). Quando considerado apenas o fragmento de 382 pb o niimero de
haplotipos foi reduzido para oito.

Foi detectada significativa estruturacdo genética entre as areas de desova e
alimentagao de tartarugas-de-pente do Oceano Atlantico (p < 0.001). Valores de F-st e ¢-st
revelaram que as agregacdes de alimentagdo ndo sdo homogéneas no Atlantico, com
diferencas regionais significativas: a AMOVA confirmou pronunciada estruturacdo entre
areas brasileiras, africanas e caribenhas (F-st = 0.618, p < 0.001). A estruturagdo foi
pronunciada também quando as 4reas foram divididas em grupos do Brasil, Africa, Caribe
e Golfo do México (F-st = 0.553, p < 0.001). Dentre as agregacdes brasileiras, algumas
diferengas foram observadas, com duas areas mais diferenciadas que o restante: as ilhas
oceanicas de Noronha/Rocas, no litoral nordeste, ¢ a area de ocorréncia mais ao sul, Sul do
Brasil. A estruturacdo foi significativa (F-st = 0.581, p < 0.001) entre areas influenciadas
pelas correntes Sul Equatorial/Norte do Brasil (SPSP, Noronha e Ceard) e aquelas
influenciadas pela Corrente do Brasil (Bahia, Abrolhos e Sul).

A MSA demonstrou que as areas de alimentacdo brasileiras sdo compostas
principalmente de estoques nacionais, mas também apresentam algumas origens distantes.
Bahia e Pipa foram as principais fontes de animais, com contribui¢des respectivas de 12%
e 28% para SPSP, 30% e 22% para Noronha, 22% e 18% para o Ceara, 36% e 17% para a
Bahia, 21% e 28% para Abrolhos, 34% e 30% para o Sul do Brasil. Estoques da Africa e
do Caribe demonstraram contribuicdes menores porém notaveis: Principe, Barbados e
Cuba contribuiram respectivamente 8%, 10% e 14% a Noronha; Barbados, Porto Rico e
Cuba 12%, 9% e 13% a SPSP; Barbados e Cuba 12% e 15% ao Ceara, 9% e 10% a Bahia,
e 8% e 13% a Abrolhos. Resultados centrados nas areas de desova brasileiras de Bahia e
Pipa mostram que estas contribuem principalmente para as areas de alimentagdo nacionais:
respectivamente 6% e 16% a SPSP; 12% e 9% ao Ceard; 20% e 10% a Bahia; 11% e 17%
a Abrolhos; 18% ¢ 18% ao Sul do Brasil; e 10% e 12% a Noronha. As demais
contribuigdes foram menores que 5%.

Um total de 469 boias de deriva passaram por areas de desova do Atlantico, das
quais 388 transmitiram por mais de trés meses. Destas, 37 boias chegaram as trés regides-

alvo brasileiras, originando das areas de desova da Bahia, Pipa e Principe. As boias que
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sairam de Pipa e chegaram as 4reas de alimentacdo principalmente via a Corrente Norte do
Brasil; para as que sairam da Bahia, via as Correntes Norte do Brasil/do Brasil; e para as
de Principe, via a Corrente Sul Equatorial. Nenhuma boia do Caribe chegou a costa do
Brasil. Estimativas de origens baseadas nos dados de boias e tamanhos populacionais de
areas de desova mostraram contribui¢des de: Pipa (58%), Bahia (9%) e Cuba (11%) para
SPSP; Pipa (62%), Bahia (14%) e Cuba (10%) para Noronha/Ceara; e Bahia (72%) para
Abrolhos/Bahia/Sul do Brasil. Correlagdo entre origens natais calculadas por MSA (que
incluiu dados de genética e de tamanhos populacionais de areas de desova) e as calculadas
por dados de boias/tamanho populacional foi significativa (teste Mantel, » = 0.791, p <

0.05; regressao linear = 0.560, p < 0.01).

4.4. Conclusoes

Os haplotipos descritos para as areas de alimentagdo brasileiras sdo comumente
observados em areas de desova do Caribe, Brasil e Africa. Foram detectados dois
haplotipos “orfaos” (i.e. ndo observados em areas de desova), o que indica a necessidade
de maiores amostragens em areas de desova. A diversidade haplotipica das populagdes de
alimentag¢do brasileiras foi 0.413, mais alta do que as diversidades das duas areas africanas
descritas (2 = 0.335), mas menor que a de dez populagdes caribenhas (4 = 0.647).

MSA “muitos-a-muitos” demonstrou que areas de alimentacdo brasileiras sao
compostas por poucos estoques, sendo ligadas principalmente as areas de desova
nacionais. No entanto, as estimativas mostraram também que em alguns casos ha
conectividade com areas de desova localizadas no Caribe e Oeste da Africa. Origens
calculadas usando dados oceanograficos corroboram as contribui¢des da Bahia e Pipa,
origens da maioria das boias que chegam na costa brasileira, via as Correntes Norte do
Brasil e do Brasil. Embora os dados de boias ndo tenham corroborado todas as origens
calculadas por MSA, estes dois tipos de estimativas apresentaram forte correlagdo,
indicando que as correntes oceanicas locais influenciam como sdo formados os padrdes de
composicao de tartarugas-de-pente da costa. Apesar de algumas limitagdes das andlises
aplicadas aqui, a integracdo de dados genéticos e oceanograficos ¢ uma abordagem valiosa
para um melhor entendimento das origens e distribuicdo de animais. Um cendrio ideal

integraria diversos indicadores de conectividade. Isdtopos estaveis, por exemplo, estdo
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comecando a ser aplicados para distinguir populagcdes e revelar origens de animais
marinhos.

As andlises de origens demonstram que as populagdes alimentares de tartarugas-de-
pente do Brasil sdo provenientes especialmente das 4reas de desova nacionais, o que €
favoravel para sua conservagdo, uma vez que o Projeto Tamar-ICMBio, principal projeto
de conservacdo de tartarugas marinhas no Brasil, atua nestes locais. Apesar desta
perspectiva favoravel, ainda ndo se sabe se populagcdes imaturas estdo aumentando, e
impactos como captura acidental e ingestdo de pléstico estdo crescentemente provocando
mortalidade crescente de tartarugas. Além disso, foram demonstradas que algumas areas
brasileiras estio conectadas a estoques longinquos do Caribe e Oeste da Africa. Estes
resultados devem ser incorporados em estratégias nacionais e internacionais para a

protecdo e recuperacdo das populagcdes ameacadas de tartarugas-de-pente.
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Capitulo 5. Mudangas ecoldgicas ontogenéticas de tartarugas-de-pente no
Brasil

Artigo 4: “Life history in a tortoiseshell: detecting ontogenetic ecological changes of
hawksbill sea turtles through stable isotope analysis”, em prepara¢do para submissdo ao

Journal of Experimental Marine Biology and Ecology.

5.1. Introducao

Espécies marinhas altamente migratoérias comumente apresentam fases de vida
cripticas ou em locais de dificil acesso. Deste modo, o entendimento de aspectos
importantes da ecologia destes animais, como dieta, uso de habitat e migragdes, pode ser
desafiador. A andlise de is6topos estdveis ¢ uma poderosa ferramenta para estudos
indiretos da ecologia destes animais, fornecendo informagdes sobre a dieta, nicho tréfico e
habitat de diversas espécies incluindo tartarugas marinhas (e.g. Godley et al. 1998, Arthur
et al. 2008, Wallace et al. 2009, Bjorndal & Bolten 2010, Vander Zanden et al. 2010,
Dodge et al. 2011). Esta andlise esta sendo aplicada também ao estudo de migragdes e
origens (Zbinden et al. 2011, Ceriani et al. 2012, Seminoff et al. 2012), assim como das
variagdes ontogenéticas na historia de vida destes animais (Reich et al. 2007, Arthur et al.
2008). A mudanga de habitat e dieta que ocorre apdés o recrutamento das tartarugas
marinhas do ambiente oceanico epipelagico ao costeiro bentonico ja foi inclusive detectada
na pele e carapaca de tartarugas-verdes. Por exemplo, Arthur et al. (2008) e Reich et al.
(2007) encontraram um padrdo de enriquecimento de BC/2C (8"C) associado a transigio
de habitats ocednicos a neriticos, e uma deple¢io de "N/ "N (8"°N) devido 4 mudanca de
uma dieta onivora (fase epipelagica) a uma predominantemente herbivora (fase bentonica).
Apos a fase epipeldgica onivora, as tartarugas-de-pente geralmente recrutam para habitats
recifais com abundancia de seus itens alimentares preferenciais: esponjas e zoantideos
(Meylan & Donnelly 1999, Ledn & Bjorndal 2002, Proietti et al. 2012). Para esta espécie,
no entanto, esta transi¢cdo ainda nao foi identificada através da anélise de is6topos estaveis.

Isotopos estaveis de amostras biologicas sdo comumente determinados através de
Espectrometria de Massa de Isotopos Estaveis (IRMS) de fluxo continuo. Nesta técnica, as
amostras sdo convertidas em gas puro e as razdes isotopicas medidas por espectrometria de
massa. As razdes sdo entdo comparadas a um padrao reconhecido do elemento para uma

determinacdo precisa (Muccio & Jackson 2009). A Espectrometria de Massa de fons
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Secundarios (SIMS) esta surgindo como uma valiosa ferramenta para a analise de is6topos
estaveis (Ireland 2004). Esta técnica consiste em aplicar um feixe de ions de alta energia a
uma amostra, emitindo 4tomos, moléculas e ions da superficie amostral; os ions
secundarios resultantes sdo entdo coletados e analisados em um espectrometro de massa
(Ireland 2004). Os ions secundarios podem variar de acordo com a quimica do ambiente e
as condi¢des de emissdo, fazendo com que a SIMS seja geralmente considerada uma
analise qualitativa, com quantificagdo possivel apenas com o uso de padrdes internos
determinados de acordo com o tipo de material da amostra (Ireland 2004, Betti 2005). A
SIMS tem sido pouco utilizado para analises bioldgicas devido a dificuldade de obtengado
de bons padrdes internos para tecidos animais e vegetais, mas ¢ de todo modo uma
abordagem promissora, considerando a sua sensibilidade e alta resolugdo espacial (Betti
2005). Por exemplo, Hanson et al. (2010) determinaram isétopos estdveis do oxigénio de
otolitos de peixes através de IRMS e SIMS, e reportaram maior nimero de amostras
obtidas por unidade de area utilizando SIMS do que IRMS, e precisdes analiticas similares
entre os dois métodos.

Neste trabalho foi testada a aplicabilidade da SIMS ao entendimento da historia de
vida através da andlise de isdtopos em camadas de carapaca de tartarugas-de-pente
imaturas. Diferentemente de tartarugas-verdes, acredita-se que a variagdo ontogenética do
habitat pelagico ao bentdnico ird provocar um enriquecimento do 8'°N devido & transi¢io
de uma dieta onivora e oportunista a uma predominantemente carnivora. Também foram
determinadas razdes de isdtopos estaveis de pele e carapaga através de IRMS, que foram

comparadas em termos de tipo de tecido, habitat ocupado e tamanho do animal.

5.2. Metodologia
Amostras de carapaca foram coletadas de tartarugas-de-pente imaturas no
Arquipélago de Sao Pedro e Sdo Paulo (SPSP; n = 3), Parque Nacional Marinho dos
Abrolhos (n = 13), Reserva Bioldgica Marinha do Arvoredo (n = 1), e Praia do Cassino (n
= 4). Amostras (~ 1.5 cm) foram coletadas da por¢do posterior da primeira placa lateral
direita da carapaga. Por¢des de pele (~ 5 mm) também foram coletadas da nadadeira
anterior direita de alguns animais em SPSP (n = 3) e Abrolhos (n = 7). Os tecidos

amostrados foram congelados até a andlise, quando foram preparadas através de lavagem
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com agua destilada, secagem por 48 h em estufa a 60°C e extragdo de lipideos através de
imersao e sonificagdo em solugdo de cloroformio/metanol (2:1).

A SIMS foi aplicada a sete amostras de carapaga de SPSP (n = 2), Abrolhos (n =4)
e Arvoredo (n = 1). Sec¢des transversais foram cortadas de cada amostra, montadas em
resina, polidas, revestidas de ouro, e inseridas no equipamento CAMECA IMS 1280
(Cameca SAS, Franga) para analise de isotopos. Para determinar razdes de isotopos de
carbono e nitrogénio (3"°C e 3'°N), um feixe de ions com didmetro de 20 um foi emitido na
superficie das amostras entre aparentes linhas de crescimento, da por¢ao mais velha a mais
recente (por¢do superior a inferior da carapaca). Quando possivel, 2-3 réplicas foram
analisadas por estrato amostral. Razdes de is6topos estaveis foram expressas na notagdo
convencional delta (8) em partes por mil (%o): 8 = [(Ramostra/Rpadrao)—1]* 1000; onde Ramostra
€ Rpadrao S30 as razdes entre os isdtopos pesados e leves (13C/12C ~8BC e PN/MN - 815N)
nas amostras de padrdes. Belemnita PeeDee (PDB) e nitrogénio atmosférico foram
utilizados como padrdes para carbono e nitrogénio, respectivamente. Apesar de algumas
tentativas com diferentes materiais, ndo foi possivel determinar um padrdo interno
adequado para carapaca de tartaruga, portanto, as razdes isotopicas obtidas por SIMS ndo
sdo absolutas.

Foram analisadas 21 amostras de carapaga e 10 de epiderme por IRMS.
Subamostras (duas de cada amostra) de aproximadamente 0.8 mg foram colocadas em
capsulas de estanho e razdes de isdtopos estaveis de carbono e nitrogénio determinadas
em um espectrometro de massa de fluxo continuo Delta V Plus conectado a um Thermo
Flush 1112 via Conflo IV (Thermo Finnigan, Alemanha). As razdes isotopicas
determinadas por IRMS foram expressas em rela¢do aos padrdes e notagdo convencional
descritos acima. Erro externo da anélise de IRMS foi de 0.10%o para 8°C ¢ 8"°N

Razdes isotopicas determinadas por SIMS foram plotadas de acordo com a posigao
na carapaca (média dos valores obtidos por camada amostral) para avaliacdo da histéria de
vida e detec¢do de possiveis variagdes ontogenéticas. Quando detectadas, valores médios
antes e depois das variagdes foram comparados por teste-t de Student. Diferencas entre
composicdes isotopicas médias de carapaca obtidas por IRMS também foram avaliadas por
testes-t de acordo com local, tipo de habitat (costeiro/ocednico, baixa/alta latitude) e
tamanho de carapaga (animais com mais € menos de 40 cm de comprimento curvilineo de

carapaga — CCC). Finalmente, foram comparadas as razdes isotdpicas obtidas por IRMS de
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pele e carapaca, assim como de amostras de pele de acordo com tamanhos de carapaga dos

animais (maior e menor que 40 cm CCL).

5.3. Resultados e discussao

A SIMS de amostras de carapaga permitiu a andlise de cinco a dez camadas
transversais, dependendo da largura da amostra. A taxa de acrecdo de queratina na
carapaca de tartarugas marinhas ndo ¢ conhecida. Portanto, ndo sabemos quanto tempo
cada se¢do transversal de carapaga representa, mas acreditamos que pode conter
informacgdes de alguns anos, como descrito por Reich et al. (2007) para a carapaga de
tartarugas-cabecudas. Algumas amostras apresentaram assinaturas relativamente
homogéneas, indicando que as tartarugas possivelmente estavam ocupando o mesmo
habitat e nicho tréfico por algum tempo. Trés amostras de Abrolhos apresentaram um
gradual aumento do 8'°N e 8"C da por¢io mais antiga 4 mais recente da carapaga,
possivelmente indicando a ocupacdo de habitats mais costeiros com abundancia de animais
bentdnicos, como € o caso dos recifes de Abrolhos. Em uma destas amostras foi observado
um abrupto aumento (~ 3%o) do 8"°N na vida do animal, mas como esta mudanga ocorreu
da primeira a segunda posi¢do da carapaca, ndo foi possivel comparar os valores médios de
antes e depois. Uma mudanca grande também foi observada em uma amostra da Ilha do
Arvoredo, com um aumento de quase 4%o do 3'"°N entre a quarta e quinta posigdo amostral.
Valores médios antes (4.51%o) e depois (9.49%o) desta posi¢do foram significativamente
diferentes (p < 0.001), indicando que esta mudanca possivelmente reflete a transi¢do de
uma dieta oportunista na zona epipelagica a uma especializada nos organismos bentdnicos
abundantes nos recifes rochosos do Arvoredo (Reisser et al. 2013). O padrao de 8"°C desta
amostra também demonstrou variacdo, com enriquecimento seguido por deple¢do. Nos
hipotetizamos que isso possa possivelmente ser um reflexo do recrutamento para o
ambiente costeiro (aumentando o 8'"°C) seguido por migragdes para latitudes maiores
(diminuindo o §"C).

0 8"C e 3"°N de amostras de tartarugas-de-pente determinados por IRMS variaram
de 4.79%0 a 9.15%0 e -19.85%0 a -10.16%o, respectivamente (Tabela 1). De modo geral,
amostras de pele apresentaram valors de 613C e 615N significativamente maiores que
amostras de carapaga (p < 0.05), indicando que a historia recente destes animais ¢

caraterizada por uma alimentacdo de presas de maior nivel trofico e ocupacdo de habitats
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mais proximos da costa. O 8'"°N ndo variou significativamente entre locais de amostragem,
mas o 8"°C foi significativamente menor nas ilhas ocednicas de SPSP ¢ nas areas costeiras
mas de alta latitude do Cassino e Arvoredo, quando comparado a area costeira e de baixa
latitude de Abrolhos (p < 0.05). Adicionalmente, quando avaliamos as razdes isotopicas na
carapaca de animais de diferentes classes de tamanho, o 8'"°N foi significativamente maior
(~ 3%0) em animais com comprimento de carapaga maior que 40 cm. Como o IRMS de
amostras de carapaca reflete todo o periodo contido neste tecido, isto indica que animais
maiores estiveram se alimentando de organismos de nivel trofico mais alto por um maior
periodo de tempo. Por outro lado, o 3"°C médio da carapaga ndo variou significativamente
entre classes de tamanho, possivelmente refletindo uma maior amplitude de habitats e
latitudes ocupadas ao longo da vida refletida neste tecido. O 8"°N e 8"°C de amostras de
pele, que refletem um periodo mais recente, ndo variou entre classes de tamanho,
indicando que a dieta e habitat recente dos animais ¢ similar apesar das diferengas de
tamanho.

Neste trabalho descrevemos pela primeira vez possiveis mudangas ontogenéticas da
historia de vida de tartarugas-de-pente, detectadas na carapaga. A SIMS e a IRMS
apoiaram a hipotese de que o 8'"°N desta espécie é enriquecido apos o recrutamento. A
SIMS forneceu alta resolucdo espacial, com andlise de até dez se¢des transversais de cada
amostra de carapaga. Devido & sua menor taxa de renovagdo, a aplicacdo da SIMS na
carapaca permite descrever um historico cronolégico da vida das tartarugas maior que a
analise de pele. Apesar de ser limitada apenas a valores relativos de isotopos estaveis, a
SIMS apresenta grande potencial para a obtencdo de informagdes detalhadas da ecologia
destes animais. Estudos futuros devem focar no desenvolvimento de padrdes internos para
a determinagdo de valores absolutos de is6topos, o que permitiria a comparacao a dados de
IRMS de outras populagdes e locais. Com base no crescimento e incorporagdo isotdpica
dos tecidos, poderia ser possivel calcular precisamente a duracdo da fase pelagica de
tartarugas marinhas, como estimado para tartarugas-verdes (Reich et al., 2007), o que
ainda ¢ um assunto debatido da biologia destes animais. A definicdo de aspectos
ecoldgicos como dieta e ocupagdo de habitats nas fases cripticas das tartarugas marinhas ¢

fundamental para atingir um entendimento completo da histéria de vida destes animais.
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Consideragdes Finais

Nesta tese, foram integradas diferentes ferramentas de estudo indireto, para melhor
entender as caracteristicas populacionais e ecoldgicas de tartarugas-de-pente no Brasil. Ao
longo dos trabalhos de campo, foi possivel identificar duas importantes areas de
alimentag¢do de tartarugas-de-pentes imaturas na costa brasileira: o Arquipélago de Sdo
Pedro e Sdo Paulo e o Parque Nacional Marinho de Abrolhos. Através da analise do
mtDNA, foi possivel determinar que as origens natais sdo, predominantemente, areas de
desova nacionais. Registrou-se, pela primeira vez, a ocorréncia imaturos hibridos de
tartarugas-de-pente e tartarugas-cabecudas provenientes da BA, com indicios de uma
possivel alteracdo ecologica em relagdo a tartarugas-de-pente puras. Foi testada uma nova
metodologia para andlise de isotopos estdveis, na carapaca de tartarugas-de-pente, com alta
resolugdo espacial amostral, o que permitiu descrever mudangas ontogenéticas nos habitos
alimentares e/ou distribuicdo espacial. As informagdes explanadas nesta tese j4 foram ou
estdo sendo compartilhadas na forma de artigos cientificos e colabora¢des com projetos de
conservacdo (Projeto Tamar-ICMBio, NEMA), para auxiliar na elaboracdo de estratégias
de conservacao das tartarugas-de-pente brasileiras.

Recomenda-se que estudo futuros investiguem, mais detalhadamente, a
hibridizacdo, utilizando genes nucleares, avaliagdo de parametros de sobrevivéncia e
analise da migracdo e dieta dos animais hibridos. Além disso, um aperfeicoamento da
analises de isotopos estaveis por SIMS, com desenvolvimento de padrdes internos para
possibilitar a quantificacdo, ¢ necessario para uma maior aplicacdo desta técnica em

tecidos de tartarugas marinhas, assim como de outras espécies.
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Apéndice: artigos do doutorado

Artigo 1: Immature Hawksbill Sea Turtles Feeding in Brazilian Islands

Publicado na revista Marine Turtle Newsletter 135, outubro de 2012.

Maira Carneiro Proietti', Julia Reisser” and Eduardo Resende Secchi'

! Laboratério de Tartarugas e Mamiferos Marinhos, Instituto de Oceanografia,
Universidade Federal do Rio Grande — FURG, Rio Grande, Brazil,
mairaproietti@gmail.com

“School of Environmental Systems Engineering and The UWA Oceans Institute, University
of Western Australia, Perth, Australia

Among sea turtle species, hawksbills (Eretmochelys imbricata) have suffered one
of the longest and most intense exploitation processes (Mortimer & Donnelly 2008). This
species is mainly tropical and forages preferably at coral reefs. However, it can also inhabit
other hard-bottomed benthic habitats such as seagrass beds, rocky reefs, mangrove bays,
and mud flats (Mortimer & Donnelly 2008). Although there are only a few studies
concerning the ecology and behavior of immature hawksbills in Brazilian feeding areas,
they are essential for understanding these hawksbill populations and their ecological roles
within their habitats. Here we studied immature hawksbills foraging around three high-
biodiversity areas in Brazil (Fig. 1): (1) the Sdo Pedro e Sao Paulo Archipelago (SPSP),
which is over 1,000 km from the coast of Rio Grande do Norte state and has deep rocky
shores with high occurrences of hawksbills and green sea turtles (Chelonia mydas); (2) the
Abrolhos Marine National Park, which is approximately 70 km from Bahia state and has
calm shallow reefs commonly visited by hawksbills and greens, and occasionally
loggerhead sea turtles (Caretta caretta) and; (3) Arvoredo Island, which is the largest
island of the Arvoredo Biological Reserve and has high occurrences of green and some
hawksbill turtles.

Snorkel and scuba dives were conducted for in-water observations and turtle
captures. For each sighting we recorded date, time, dive location, depth, substrate type,
carapace length, behavior (swimming, feeding, resting on the bottom, assisted resting —
turtle resting under any structure — and associations with fish) and other relevant
characteristics (methods adapted from Houghton et al. 2003). We also attempted to

photograph behavior and facial profiles of each sea turtle. When possible, sea turtles were
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manually captured after recording its sighting. Captured turtles were tagged (inconel tags
provided by Project Tamar-ICMBio), weighed, measured (curved carapace length — CCL)
and photo-identified (Reisser et al. 2008). Epidermis and scute samples were also taken for
future genetic and isotope analysis. After these procedures sea turtles were immediately
released close to their capture locations.

From a total of 80.1 dive hours performed at Abrolhos there were 162 underwater
sightings and 65 individual hawksbills captured. At SPSP we dived for 29.2 hours and this
resulted in 73 underwater sightings and 12 individuals captured. At Arvoredo Island we
performed 235 dive hours with 22 underwater sightings and 6 individuals captured, one of
these being recaptured twice.

The size of captured turtles ranged from 24.5 — 63.0 cm CCL at Abrolhos (mean =
37.9 cm), 30 — 75 cm at SPSP (mean = 53.7 cm), and 30 — 59.5 cm (mean = 41.3 cm) at
Arvoredo (Fig. 2). Mean sizes were significantly larger at SPSP when compared to the
other two areas (p < 0.05), but mean sizes between Abrolhos and Arvoredo did not differ
significantly (p > 0.05), as demonstrated by a Student’s #-test. Due to the high abundance
of small turtles at Abrolhos Park, we believe that this is an important recruitment area for
hawksbill turtles. On the other hand, we observed relatively large size classes at SPSP and
this indicates that this area is an important feeding ground for older hawksbills, perhaps
due to its proximity to the Caribbean, where the majority of the Atlantic hawksbill
rookeries are located (Mortimer 2007).

Hawksbill feeding activity was recorded in 28.9% (n = 71) of the observations and
consistently occurred at shallow portions of the reefs (depths lower than 4 m) at Abrolhos
and Arvoredo, and at greater depths (more than 8§ m) at SPSP. Feeding occurred
throughout the day (observed from 0600 to 1900 hours) and hawksbills seemed to select
their prey by searching for them slowly while swimming close to the reef or rocks. In all of
the feeding observations hawksbills selected sessile benthic organisms, mainly zoanthids
(green sea mat, Zoanthus sociatus, and white incrusting zoanthid, Palythoa caribaeorum)
and occasionally sponges. Although most studies on hawksbill diets report a preference for
sponges (Ledn & Bjorndal 2002; Meylan 1988), feeding on zoanthids has also been
observed (Stampar et al. 2007).

Resting behavior (20.3% of sightings, n = 50) was also observed throughout the
day, and hawksbills apparently chose deeper sites for this activity, resting mostly in spots
deeper than 4 m at Abrolhos and Arvoredo, and greater than 10 m at SPSP. In 70% (n =

35) of resting observations turtles chose spots under rocks, demonstrating a preference of
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assisted over unassisted resting.

The frequency of other observed behaviors was found to be 48% (n = 118)
swimming and 2.8% (n = 7) activity associated with reef fish. Cleaning activity on sea
turtles by three reef fish species was recorded. There were four sighting at Abrolhos of
cleaner fish (yellow line goby, Elacatinus figaro) nipping at the turtle’s carapace, with up
to three fish cleaning simultaneously. There were two sightings at SPSP of the endemic
Saint Paul’s gregory (Stegastes sanctipauli) cleaning the neck and carapace of a turtle and
one observation at Arvoredo of a juvenile French angelfish (Pomacantus paru) feeding off
a carapace. Associations between sea turtles and fish in Brazil have been recorded for
many fish species including P. paru (Sazima et al. 2010), but to our knowledge this is the
first record of E. figaro and S. sanctipaul cleaning hawksbill sea turtles.

By photographing the facial profiles of hawksbills upon initial capture, we were
able to recognize some of them (31 individuals on 52 occasions) through underwater
photo-ID (see Fig. 3d and f). This evidences the great potential of photo-ID for conducting
non-intrusive population studies. Intervals between initial capture and posterior
“recaptures” (through underwater photo-ID or manual capture) varied from 1 to 242 days
at SPSP, 1 to 297 at Abrolhos, and 367 to 671 for Arvoredo Island. We believe that
additional field surveys would reveal even longer periods of permanency, further
highlighting hawksbill residency at these feeding grounds. The permanency of this tropical
species at Arvoredo Island is remarkable considering that this area can reach temperatures

as low as 13°C in the winter (pers. obs. in July 2007).
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Figure 1. Location of studied hawksbill feeding grounds: Arvoredo Marine Reserve, Abrolhos Marine Park
and Sdo Pedro e Sido Paulo (SPSP).
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Figure 2. Number of hawksbill sea turtles captured at study areas Arvoredo Marine Reserve, Abrolhos

Marine Park and Sao Pedro e Sdo Paulo (SPSP), according to size classes.

Figure 3. Examples of hawksbill behaviors at the study sites: a/b) feeding on zoanthids; c) assisted resting; d)
unassisted resting; e) Saint Paul’s gregory cleaning at SPSP; f) yellow line goby cleaning at Abrolhos. Red
circles in e and f indicate fish locations. Images d and f are examples of typical underwater photo-id.
Photographs by M.C.P.
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Abstract

Hybridization between hawksbill (Eretmochelys imbricata) and loggerhead
(Caretta caretta) breeding groups is unusually common in Bahia state, Brazil. Such
hybridization is possible because hawksbill and loggerhead nesting activities overlap
temporally and spatially along the coast of this state. Nevertheless, the destinations of their
offspring are not yet known. This study is the first to identify immature hawksbill x
loggerhead hybrids (n = 4) from this rookery by analyzing the mitochondrial DNA
(mtDNA) of 157 immature turtles morphologically identified as hawksbills. We also
compare for the first time modeled dispersal patterns of hawksbill, loggerhead, and hybrid
offspring considering hatching season and oceanic phase duration of turtles. Particle
movements varied according to season, with a higher proportion of particles dispersing
southwards throughout loggerhead and hybrid hatching seasons, and northwards during
hawksbill season. Hybrids from Bahia were not present in important hawksbill feeding
grounds of Brazil, being detected only at areas more common for loggerheads. The genetic
and oceanographic findings of this work indicate that these immature hybrids, which are
morphologically similar to hawksbills, could be adopting behavioral traits typical of
loggerheads, such as feeding in temperate waters of the western South Atlantic.
Understanding the distribution, ecology, and migrations of these hybrids is essential for the

development of adequate conservation and management plans.
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Introduction

Interspecific hybridization occurs naturally or as a result of anthropogenic actions
such as habitat modification and fragmentation, species introduction, and population
declines (Rhymer and Simberloff, 1996; Allendorf et al., 2001). It is estimated that 25% of
plant and 10% of animal species undergo hybridization (Mallet, 2005). This process can
contribute to the evolution of many taxa (Barton, 2001), but may also lead to lower fitness
and fertility, and even genetic extinction of species (Rhymer and Simberloff, 1996). In the
marine environment hybridization has been described for a range of organisms including
corals (Willis et al., 2006), fish (Hubbs, 2013), dolphins (Yazdi, 2002), seals (Kovacs,
1997), whales (Glover et al., 2013) and sea turtles (Karl et al., 1995). Natural hybridization
between Cheloniid sea turtle species has been reported for green Chelonia mydas x
hawksbill Eretmochelys imbricata, loggerhead Caretta caretta x hawksbill, green x
loggerhead, loggerhead x olive ridley Lepidochelys olivacea, and olive ridley x hawksbill
turtles (Wood et al., 1983; Conceigao et al., 1990; Karl et al., 1995; Seminoff et al., 2003;
James et al., 2004; Lara-Ruiz et al., 2006; Reis et al., 2010; Vilaga et al., 2012). Possible
sterility and lower fitness of these hybrids is concerning since all sea turtle species are
currently threatened (IUCN, 2012); however, the exact causes and consequences of these
hybridizations are not yet understood.

In Brazil, hawksbill and loggerhead breeding groups present exceptionally high
hybridization rates (Lara-Ruiz et al., 2006). The largest rookeries of both species overlap
along the coast of Bahia state, where approximately 420 hawksbills and 1240 loggerheads
lay their eggs each season (Marcovaldi and Chaloupka, 2007; Marcovaldi et al., 2007).
They also overlap temporally, with hawksbills nesting from November to March, and
loggerheads from September to February (Marcovaldi and Chaloupka, 2007; Marcovaldi et
al., 2007). Studies have shown that 42% of nesting females with hawksbill morphology
were actually hybridized with loggerheads, presenting the typical loggerhead
mitochondrial DNA (mtDNA) haplotypes BR3 and BR4 (Lara-Ruiz et al., 2006). Since
mtDNA is maternally inherited, the first generation (F1) of these hybrids is a cross
between female loggerheads and male hawksbills; this could indicate a gender bias since to
date no hybrids have presented hawksbill mtDNA (Vilaga and Santos, 2013). This bias has
been attributed to the larger loggerhead population and the temporal overlap in nesting at
the area. Since the hawksbill season begins around the loggerhead nesting peak (November
— December), hawksbill males encounter an abundance of both hawksbill and loggerhead

females for mating; meanwhile, by the time a large number of hawksbill females arrive,
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loggerhead males have already mated and left the area (Vilaga et al., 2012). Interestingly,
the hawksbill x loggerhead hybrids are reproductively viable and produce hatchlings,
possibly due to an ongoing introgression process (Lara-Ruiz et al., 2006; Vilaca et al.,
2012).

After hatching, hawksbill turtles undergo an epipelagic dispersal stage followed by
recruitment to tropical coastal areas (Bolten, 2003), usually coral or rocky reefs, where
they feed preferably upon incrusting benthic organisms such as sponges and zoanthids
(Leon and Bjorndal, 2002; Proietti, Reisser, and Secchi, 2012). Loggerheads also undergo
an initial dispersal phase but are adapted to a broader latitudinal distribution range,
recruiting to coastal or oceanic areas from tropical to temperate zones, where they feed
mainly upon crustaceans, mollusks and fish (Davenport, 1997; Witzell, 2002). Immature
loggerhead distribution in Brazil is not well known, but recognized high-use areas include
the temperate waters along the southern continental shelf and the Rio Grande rise, a
seamount located ca. 800 km off of the coast (Bugoni et al., 2003; Monteiro et al., 2006;
Sales et al., 2008). High-occurrence hawksbill feeding areas include the oceanic islands of
Rocas Atoll, Fernando de Noronha and Sao Pedro and Sao Paulo, and the coastal islands of
the Abrolhos National Marine Park (Marcovaldi et al., 1998; Proietti, Reisser, and Secchi,
2012). The genetic characterization of hawksbills at these feeding grounds has until now
been limited to Rocas Atoll and Fernando de Noronha, and one hybrid individual,
representing a hawksbill x loggerhead hybrid backcrossed with a hawksbill (>F1
generation), was found. However it most likely originated from West Africa since it
presented an mtDNA haplotype typical of hawksbills from Sdo Tomé and Principe
(Monzon-Argiiello et al., 2011). Therefore, despite the elevated hybridization between
these species in Bahia, how hybrid offspring disperse and where they recruit to is still a
mystery. This is likely due to the relatively short timespan of this phenomenon (~40 years,
Lara-Ruiz et al., 2006) and limited surveys at hawksbill and loggerhead feeding grounds.

Understanding how hybridization affects the distribution and ecology of these
animals is a complex task that is nevertheless fundamental when defining conservation
strategies. In this work, we analyzed mtDNA of 157 immature turtles morphologically
identified as hawksbills at high and occasional occurrence areas along the coast of Brazil,
and modeled the dispersal patterns of turtles hatched at the Bahia rookery. We report for
the first time immature hawksbill x loggerhead hybrids in Brazilian waters and show how
temporal variability in hatching period leads to differences between the dispersal patterns

of loggerhead, hawksbill, and hybrid offspring from Bahia. Finally, we consider the
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ecological and conservation implications of this exceptionally frequent phenomenon in

Brazil.

Methods

Ethics statement: this work was approved by the evaluation committee of the
Biological Oceanography Doctorate Program of the Universidade Federal do Rio Grande.
According to Normative Instruction 154/March 2007, all capture, tagging, sampling and
transport of biological samples of wild animals for scientific purposes must have approval
from Instituto Chico Mendes de Conservacdo da Biodiversidade (ICMBio) SISBIO
committees. This study was approved by the Instituto Chico Mendes de Conservacdo da
Biodiversidade, and conducted under SISBIO licenses #225043, #14122, and #159622. All
animal handling was performed by trained personnel, following widely accepted and
ethical protocols. When capturing live turtles, the following measures were taken to
alleviate stress: 1) turtles were kept out of the water for a maximum of ten minutes; 2)
work was performed in a shaded area; and 3) animals were released at the same location of
capture.

We analyzed the mtDNA control region of 157 immature turtles morphologically
identified as hawksbills from three important Brazilian hawksbill feeding grounds: (1) Sdo
Pedro and Sao Paulo Archipelago (SPSP; n = 12, Curved Carapace Length — CCL = 30 —
75 cm, mean 53.7 cm); (2) Bahia coast (n = 32, CCL = 21 — 72 cm, mean 39.7 cm), (3)
Abrolhos National Marine Park (n = 65, CCL = 24.5 — 63.0 cm, mean 37.9 cm); as well as
from three areas with sporadic occurrence of this species: (1) Arvoredo Biological Marine
Biological Reserve (n = 6, CCL = 30 — 59.5 cm, mean 41.3 cm); (2) Ceara coast (n = 23,
CCL =22.4 - 57.5 cm, mean 37.8 cm); and (3) Cassino Beach (n =25, CCL =30 — 60 cm,
mean 41 cm; Fig. 1). Loggerheads are not commonly observed at most of these areas
(Reisser et al., 2008; Proietti, Reisser, & Secchi, 2012), but occur at Ceara (Marcovaldi et
al., 2012) and are frequently found at Cassino Beach (Bugoni et al., 2001; Monteiro et al.,
2006). Samples were collected from turtles hand-captured in dives at SPSP, Abrolhos, and
Arvoredo, and from individuals incidentally caught in fishing nets or stranded on beaches
(alive or dead) at Ceard, Bahia, and Cassino.

Tissue samples were macerated and kept at 37°C in a lysis buffer containing
Proteinase K until complete digestion (from 8 to 24 hours). DNA was extracted using

Genomic DNA Extraction Kits (Norgen Biotek) or the phenol:chloroform method adapted
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from Hillis et al. (1996). mtDNA control region fragments of approximately 850 bp were
amplified via Polymerase Chain Reaction (PCR) using primers LCM15382/H950 (Abreu-
Grobois et al., 2006), under the following conditions: denaturation of 5’ at 94°C; 36 cycles
of 30°” at 94°C, 30>’ at 50°C, 1’ at 72°C; final extension of 10’ at 72°C. Illustra GFX
purification kits (GE Healthcare) were used for purification, and samples were sequenced
in both directions through capillary electrophoresis using an Applied Biosystems® 3130
Genetic Analyzer. Sequences were aligned and cropped to 740 bp using Clustal X 2.0
(Larkin et al., 2007), and classified according to GenBank® and the Atlantic Ocean
hawksbill haplotype database (A. Abreu-Gobrois, pers. comm., 2013).

Biophysical modeling was performed using the particle-tracking tool ICHTHYOP-
3.2 (http://www.previmer.org/en/ichthyop), see model description in Lett et al. (2008) for

details. Surface velocity fields were extracted from the global HYbrid Coordinate Ocean

Model (HyCOM) with 1/12° reanalysis outputs at daily intervals (http://hycom.org). We

chose the fourth-order Runge-Kutta numerical scheme in ICHTHYOP-3.2 to simulate
Lagrangian advection of individual particles. The numerical time step was set to 180
seconds and particle trajectory position outputs were set to daily intervals. Particles were
released every 5 days from the Bahia rookery (12-13° S, 37-38° W) proportionally to the
monthly amount of hatched loggerheads, hawksbills, and hybrids. Particles were tracked
for three years (between May 2009 to June 2013) to encompass the oceanic phase of these
sea turtles, following Putman and He (2013).

The monthly proportion of nesting loggerheads and “hawksbills” (including pure
and hybrids) were obtained from Marcovaldi and Chaloupka (2007) and Marcovaldi et al.
(1999). We then multiplied the monthly number of nesting animals identified as hawksbills
(Marcovaldi et al., 1999) by the monthly percentage of genetically-confirmed hybrid and
pure hawksbills (Lara-Ruiz et al., 2006; L. Soares, unpublished data). The hatching periods
of loggerheads, hawksbills, and hybrids were calculated by adding 60 days (approximate
incubation period; Godfrey et al., 1999; Marcovaldi et al., 1997) to their estimated nesting
periods. Finally, the proportion of particles dispersing southwards and northwards was

analyzed.

Results
Of the 157 individuals sampled along the coast, four were hawksbill x loggerhead
hybrids. Most of these hybrids presented the morphology of pure hawksbill turtles (Fig. 2)

and were identified as such, but their mtDNA haplotype was characteristic of nesting
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loggerheads of the Bahia rookery (BR3). This haplotype was present in one of 23 samples
from Ceara (northeast Brazil), and in three of 19 samples from Cassino in the far South
(Fig. 1). At Cear4, the hybrid was sampled after being incidentally caught in fisheries, and
at Cassino all three hybrids were found dead on the beach. At Cassino one hybrid
displayed carapace with overlapping scutes and serrated edges like hawksbills, but a short
and thick neck typical of loggerheads (Fig. 2a). This mixed morphology brings additional
evidence of this crossbreeding.

Trajectories of simulated virtual particles are shown in Fig. 3. A large proportion of
particles moved to the South when released during loggerhead hatching peak (72%;
December — March), reaching temperate waters of the western South Atlantic via the
Brazil current. Particles released during hybrid hatching peak (January — April) showed a
higher southwards displacement (44%) when compared to the hawksbill peak (37%;
February — May). Northwards dispersal was higher for particles released during hawksbill
(63%), followed by hybrid (56%) and loggerhead (26%) peak hatching seasons.

Discussion

In this work we begin to answer a fundamental question that arises when facing the
considerable portion of hybrids that nest in Brazil: where do their hatchlings go? Although
immature hybrids from the Bahia rookery remain highly undetected relative to the
considerable number that is generated, reporting their occurrence at loggerhead feeding
grounds (Cassino Beach and Ceard) and their absence at important hawksbill feeding
grounds (e.g. Abrolhos, SPSP) is an important step towards better understanding this
phenomenon (see Fig. 1). Our modeling approach also highlights the importance of sea
turtle nesting season on shaping the spatial distribution of post-hatchlings, with differences
observed between hawksbill, loggerhead and hybrid dispersal (see Fig. 3).

While immature hybrids were observed at areas uncommon for hawksbills, they
were absent at recognized high-occurrence feeding grounds such as Fernando de Noronha
and Abrolhos (this study; Vilaca et al., 2013). Despite the relatively large sample (n = 65)
from the tropical reefs of Abrolhos, located very close to the Bahia rookery (ca. 80 km), no
hybrids were detected. This could indicate that while these hybrids are morphologically
similar to hawksbills, they are not recruiting to the same feeding grounds of pure
hawksbills. Three hybrids were found at Cassino Beach, a temperate sandy coast that lacks

the optimal characteristics for hawksbill survival (e.g. abundance of preferred food items,
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relatively high temperatures; Davenport, 1997) and possess few records of this species
(Monteiro et al., 2006). Loggerheads on the other hand are commonly found foraging at
this region, suggesting that immature hybrids could be adopting the feeding and migration
ecology of loggerheads. Similarly, Witzell and Schmid (2003) reported the occurrence of
an immature hawksbill x loggerhead hybrid that established its home range in a loggerhead
feeding ground.

Adult hawksbill x loggerhead hybrids from Bahia have also been shown to present
a distinct ecology when compared to their pure hawksbill counterparts. Marcovaldi et al.
(2012) tracked pure hawksbills and hawksbill x loggerhead hybrids after nesting in Bahia
and showed different post-nesting migration patterns. Most tracked animals moved along
the continental shelf, with all pure hawksbills occupying feeding areas along the eastern
coast (Bahia and Alagoas states) while most hybrid females travelled to the northern coast,
including Ceard where we detected an immature hybrid. Ceard is an important feeding
ground for loggerheads that nest along the coast of Bahia as demonstrated by satellite
tracking (Marcovaldi et al., 2010), indicating that the mature female hybrids adopt the
behavior of loggerheads. This could also be a possibility for the immature hybrid we
detected at the area.

Our biophysical simulations showed that post-hatchling dispersal from Bahia varied
according to species: southwards dispersal was proportionally larger throughout
loggerhead, followed by hybrid, and lowest during hawksbill peak hatching season. The
factors influencing how hybrid sea turtles adopt different feeding and migration behaviors
are unknown. Ocean currents influence the dispersal of sea turtle post-hatchlings and are
believed to shape the posterior spatial distribution of juveniles and adults (Luschi et al.,
2003; Amorocho et al., 2012; Proietti et al., 2012b; Putman et al., 2012, 2014; Putman and
He, 2013). The model presented here shows that hybrids could have a higher chance of
reaching the temperate waters of South Brazil when compared to pure hawksbills. This
indicates that these hybrids could already be adopting loggerhead features once they reach
the water after hatching. Although pure hawksbills also produce southwards-dispersing
hatchlings, they could be limited to lower latitudes by food availability and water
temperature, while hybrids could present a behavioral pattern more similar to loggerheads
and possibly occupy a wider niche.

The causes behind the extensive hybridization between hawksbills and loggerheads
at the Bahia rookery are still unclear, but could be a result of anthropogenic population

declines and uneven population sizes of different species (Lara-Ruiz et al., 2006; Vilaga et
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al., 2012). It is unknown if this hybridization is threatening the fitness and survival of
animals, and the phenomenon should be further investigated for defining weather special
measures should be taken when managing these populations. International collaboration
might be necessary for determining such management approaches since our particle model
shows that ocean currents could transport hybrid turtles from Bahia to distant areas such as
Uruguay, Argentina, West African coast, and Western Indian region. Extensive genetic
studies in areas of recognized and potential hybrid occurrence, such as loggerhead habitats,
are of upmost importance. These studies should combine mtDNA with biparentally-
inherited marker analyses for obtaining a better understanding of hawksbill x loggerhead
hybrid distribution, parental species and generations. Studies on reproductive and
survivorship parameters are also essential for verifying potential negative impacts of this
process on long-term viability of local sea turtle populations. Satellite tracking, stable
isotopes and diet analyses can also be used to confirm if their movements and feeding
habits follow a distinctive pattern. Such studies would provide valuable insight on how the
ecology and behavior of sea turtles are affected by hybridization, and consequently guide

management practices and strategies to conserve their populations.
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Figure 1. Locations and sample sizes of genetically-described immature hawksbill areas (dots) and the Bahia
rookery (red star), in Brazil. Red dots indicate detection of hawksbill x loggerhead sea turtle hybrids from the
Bahia rookery.

Figure 2. Sampled hawksbill x loggerhead sea turtles at Cassino Beach, South Brazil. Note the relatively
large head and thick neck of the individual in a. Photo credits: Nema archive (a,b) and Jonatas H. Prado (c).
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Abstract

Understanding the connections between sea turtle populations is fundamental for
their effective conservation. Brazil hosts important hawksbill feeding areas, but few studies
have focused on how they connect with nesting populations in the Atlantic. Here, we (1)
characterized mitochondrial DNA control region haplotypes of immature hawksbills
feeding along the coast of Brazil (five areas ranging from equatorial to temperate latitudes,
157 tissue samples), (2) analyzed genetic structure among Atlantic hawksbill feeding
populations, and (3) inferred natal origins of hawksbills in Brazilian waters using genetic,
oceanographic, and population size information. We report ten haplotypes for the sampled
Brazilian sites, most of which were previously observed at other Atlantic feeding grounds
and rookeries. Genetic profiles of Brazilian feeding areas were significantly different from
those in other regions (Caribbean and Africa), and a significant structure was observed
between Brazilian feeding grounds grouped into areas influenced by the South
Equatorial/North Brazil Current and those influenced by the Brazil Current. Our genetic
analysis estimates that the studied Brazilian feeding aggregations are mostly composed of
animals originating from the domestic rookeries Bahia and Pipa, but some contributions
from African and Caribbean rookeries were also observed. Oceanographic data

corroborated the local origins, but showed higher connection with West Africa and none
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with the Caribbean. High correlation was observed between origins estimated through
genetics/rookery size and oceanographic/rookery size data, demonstrating that ocean
currents and population sizes influence haplotype distribution of Brazil’s hawksbill
populations. The information presented here highlights the importance of national
conservation strategies and international cooperation for the recovery of endangered

hawksbill turtle populations.

Keywords: sea turtles, mtDNA, population structure, mixed stock analysis, surface

drifters, hatchling dispersal

Introduction

After hatching, sea turtles often present an epipelagic stage characterized by wide
dispersal, many times over national boundaries and even oceans [1]. This stage is generally
followed by recruitment to coastal areas with adequate conditions for feeding, resting and
development [2]. Understanding how populations connect and how animals disperse from
rookeries to feeding areas is a challenging task, but is essential for setting priorities and
defining management strategies for conservation [3]. In this context, molecular genetic
data have been fundamental in obtaining relevant information on interpopulational
connectivity, migrations and natal origins of marine turtle feeding populations [4-7].

Feeding grounds are generally composed of individuals originating from a mixture
of sources, being therefore known as “mixed stocks”. Mitochondrial DNA (mtDNA)
haplotype frequencies can be used to determine connections between sea turtles at a
feeding ground to their areas of origin (rookeries) by Mixed Stock Analysis (MSA), which
uses Markov Chain Monte Carlo (MCMC) sampling to estimate the rookery origins of
individuals [8]. “Many-to-many” MSA simultaneously estimates origins and destinations
of a meta-population of multiple feeding grounds and rookeries [9], providing a more
comprehensive understanding of how areas are linked, and the possible movements that
animals undertake. It is usually accepted that these movements are influenced by ocean
currents: dispersal at the initial epipelagic phase is thought to be mainly shaped by currents
due to the low swimming capability of hatchlings [1,10]; as animals grow and attain more
autonomous movement, it is believed that the influence of currents on migrations weakens,
but still occurs [11]. The dispersal of post-breeding sea turtles could in fact reflect their
previous drift scenarios as hatchlings, with prevailing ocean currents around nesting areas

possibly determining how adult turtles select their foraging sites [12]. Multidisciplinary
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approaches using oceanographic and genetic information are being increasingly applied to
studies of the dispersal and migration patterns of sea turtles (e.g. [7,13—15]).
Understanding migratory pathways and origins of animals at their non-reproductive
stages is important for determining how impacts such as direct harvest, habitat
degradation, and bycatch in fisheries can be shared by seemingly separate populations that
are in fact connected [3]. This is of special significance for the critically endangered [16]
hawksbill turtle (Eretmochelys imbricata), since the tortoiseshell commerce is still debated
by the Convention on International Trade in Endangered Species (CITES) [17]. Due to the
uncertainty of how a harvest/other impacts in one area will affect other rookeries and
feeding areas, effective conservation and/or sustainable use strategies must be based on the
extent of connectivity between hawksbill populations; this type of research is therefore a
priority for this highly migratory and endangered species [18].
Important hawksbill nesting and feeding areas exist along the Brazilian coast [19-
23], but the connections between them are still largely unknown [24]. Here, we decrease
this gap by describing 740bp mtDNA haplotypes of hawksbills from five Brazilian feeding
aggregates, assessing genetic structure, and estimating natal origins through many-to-many
MSA analysis. In addition, we verify the influence of ocean currents on connectivity,

inferring origins by analyzing surface drifter data for the Atlantic.

Material and Methods
Ethics statement

According to Normative Instruction 154/March 2007, all capture, tagging, sampling
and transport of biological samples of wild animals for scientific purposes must have
approval from Instituto Chico Mendes de Conservacdo da Biodiversidade (ICMBio)
SISBIO committees. This study was approved by the Instituto Chico Mendes de
Conservacao da Biodiversidade, and conducted under SISBIO licenses #225043, #14122,
and #159622. All animal handling was performed by trained personnel, following widely
accepted and ethical protocols described in [25]. When capturing live turtles, the following
measures were taken to alleviate stress: 1) turtles were kept out of the water for a
maximum of ten minutes; 2) work was performed in a shaded area; and 3) animals were

released at the same location of capture.

Sampling and laboratory analyses
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Skin samples were obtained from 157 immature hawksbills at five areas in
Brazilian waters ranging from equatorial to temperate latitudes: (1) Sdo Pedro and Sao
Paulo Archipelago (SPSP, n = 12); (2) Abrolhos National Marine Park (Abrolhos, n = 65),
(3) Cearé state coast (Ceara, n = 23); (4) Bahia state coast (Bahia, n = 32); and (5) South
Brazil region, which combines the Arvoredo Marine Biological Reserve (n = 6) and
Cassino Beach (n = 19). The Arvoredo and Cassino areas were grouped due to small
sample size and geographical isolation regarding the other feeding grounds. Two skin
samples with approximately 4-5 mm were collected from the fore flippers of each turtle
using disposable biopsy punches, and preserved in absolute alcohol. Samples were taken
from turtles hand-captured by divers at SPSP, Abrolhos, and Arvoredo, as well as from
individuals incidentally caught in fishing nets or stranded on beaches (alive or dead) at
Cear4, Bahia, and Cassino Beach. All animals were measured (Curved Carapace Length —
CCL), and live turtles were tagged with Inconel Tags (National Tag and Band Co.) using
standard techniques [26,27] prior to release. Sampling locations are shown in Figure 1.

Samples were macerated and kept at 37°C in a lysis buffer until complete digestion.
DNA was extracted using Genomic DNA Extraction Kits (Norgen Biotek) or a standard
phenol:chloroform method [28]. mtDNA control region fragments of approximately 850
bp were amplified via Polymerase Chain Reaction (PCR) using primers LCM15382/H950
[29], as follows: 5° at 94°C; 36 cycles of 30’ at 94°C, 30 at 50°C, 1’ at 72°C; 10 at
72°C. Samples were purified with Illustra GFX purification kits (GE Healthcare) and
sequenced in both directions through capillary electrophoresis using the Applied
Biosystems® 3130 Genetic Analyzer (Valid Biotechnology, Universidade Federal de

Minas Gerais, Brazil).

Haplotypes and diversities

Sequences were aligned and cropped to 740 bp using Clustal X 2.0 [30], and
classified according to GenBank® and the Atlantic Ocean hawksbill haplotype database
(under construction, Abreu-Gobrois pers. comm.). We used 740 bp haplotypes for genetic
structure analyses between Brazilian populations, but for comparison with all other
Atlantic Ocean feeding grounds and rookeries described in literature, a second cropping to
382 bp (original classification, [31]) was necessary. Arlequin 3.5 [32] was used to assess

haplotype (%) and nucleotide () diversities of the study areas.

Genetic structure
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Genetic divergence between feeding populations was verified in Arlequin 3.5
through pairwise fixation indices F-st and ¢-st, respectively using haplotype frequencies
only and a Tamura-Nei model of nucleotide substitution (as determined through
jModelTest 0.1.1, [33]). Besides our study areas, the following feeding aggregations were
included in genetic structure analyses: (1) Fernando de Noronha/Rocas Atoll, Brazil
(referred to as Noronha, n = 94 samples); (2) Sdo Tomé Island, Sdo Tomé and Principe (n
= 80); (3) Boavista Island, Cape Verde (n = 28); (4) Buck Island, U.S. Virgin Islands (n =
69); (5) Mona Island, Puerto Rico (n = 256); (6) Dominican Republic (n = 90); (7) Turks
and Caicos (n = 38); (8) Bahamas (n = 78); (9) Cuba (n = 210); (10) Cayman Islands (n =
92); (11) Yucatan, Mexico (n = 21); (12) Texas coast, U.S.A. (n = 42); and (13) Florida,
US.A. (n = 106) ([4-7,24,34-38], for locations see Figure 1). Analysis of Molecular
Variance (AMOVA) was implemented to verify ocean basin structure by grouping Atlantic
feeding grounds into Brazilian, African, Caribbean and Gulf of Mexico regions. To
identify regional structure within Brazilian waters, we divided feeding grounds into two
groups: areas influenced mainly by the South Equatorial/North Brazil Current (SPSP,
Noronha and Ceard) and those influenced by the Brazil Current (Bahia, Abrolhos and
South Brazil).

Natal origins

A many-to-many MSA using the “mixstock” package in R [9,39] was performed to
estimate source contributions to the study areas in Brazil (feeding ground-centric), as well
as the destinations of animals hatched at Brazilian rookeries (rookery-centric). We
included all above-cited Atlantic foraging grounds (18 areas, n = 1361 individuals) and
thirteen rookeries (n = 875) in this metapopulational analysis: (1) Bahia/Sergipe coasts
(referred to as Bahia, n = 92); (2) Pipa Beach (referred to as Pipa, n = 27); (3) Principe
Island (n = 20); (4) Barbados (n = 84); (5) Trois Island, Guadeloupe (n = 74); (6) Jumby
Bay, Antigua and Barbuda (n = 70); (7) Buck Island, U.S. Virgin Islands (n = 67); (8)
Mona Island, Puerto Rico (n = 93); (9) Jaragua and Saona, Dominican Republic (n = 48);
(10) Doce Leguas, Cuba (n = 70); (11) Tortuguero, Coast Rica (n = 60); (12) Pearl Cays,
Nicaragua (n = 95); (13) Yucatdn and Quintana Roo, Mexico (n = 73) ([4,5,35,38,40—44],
locations shown in Figure 1). Nesting population size (estimated number of females per
nesting season) of each area was included in this analysis as an ecological covariate,
following [9]. One MCMC was implemented for each rookery, with chain lengths of

20000, and one half chain discarded as “burn-in”. Gelman-Rubin convergence factors
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varied from 1.0 to 1.04 (average 1.02), indicating convergence. Hybrid haplotype EixCc
BR3, from the Bahia rookery, was maintained in the MSA since it was also observed at
feeding areas; orphan haplotypes were excluded.

Lagrangian drifter data was also used to infer on the possible role of ocean currents
on the dispersal of hatchlings, following [15]. For such, we downloaded surface drifter
data freely available from NOAA’s Global Drifter Program (www.aoml.noaa.
gov/envids/gld). Areas with size 4° x 4° (latitude and longitude) were delineated around all
rookeries considered in MSA (n = 13), and the number of drifters that passed through them
and reached the Brazilian foraging grounds was counted (drifters with less than three
months of transmission were excluded). Feeding areas with similar drifter patterns were
grouped into target regions for simplification: 1) SPSP; 2) Noronha and Ceara; and 3)
Bahia, Abrolhos and South Brazil. Based on these drifter counts and rookery population
size information (females/nesting season), the probability that a turtle arriving at the target
region originated from a previously characterized rookery was calculated under a Bayesian
framework (for method details refer to [15]).

Finally, natal origin estimates inferred by genetic/rookery size and drifters/rookery
size data were compared to better assess the influence of ocean currents on feeding
grounds aggregations in Brazil. We evaluated this correlation through a Mantel test
implemented with the package “vegan” in R [39,45], and performed linear regression by

regressing log-transformed proportions between genetic and drifter profiles.

Results
Haplotypes and diversities

Haplotype diversities (#) of Atlantic feeding areas ranged from 0.143 + 0.052 at
Principe to 0.761 + 0.035 at Turks and Caicos, with average /4 of 0.538 + 0.050. Brazilian
feeding ground diversity ranged from 0.215 + 0.052 at Abrolhos to 0.644 + 0.124 at SPSP;
average h was 0.418 + 0.088. We found ten 740 bp haplotypes, with high occurrence
(almost 80%) of haplotype AO1, followed by a frequency of approximately 8% of A62,
and less than 4% for all other haplotypes (Table 1). We found one new haplotype (A92)
and four hawksbill x loggerhead (Caretta caretta) hybrid sequences (EixCcBR3). When
considering only the 382 bp fragment, the number of haplotypes dropped to eight. Short
haplotype frequencies (382 bp) of all Atlantic Ocean populations considered in our study
can be visualized in Figure 2 and Table S1. Table 2 shows haplotype diversities for all
genetically described hawksbill populations in the Atlantic, along with biological
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information of areas: Curved Carapace Length (CCL) of immature animals at feeding
grounds (Loureiro N, Shaver D pers comm, [6,19,34,36,46—52]) and population size of
rookeries [17,22,23,44,53-57].

Genetic structure

We detected overall significant genetic difference between and within nesting and
feeding populations in the Atlantic Ocean (p < 0.001). F-st and ¢-st values show that
feeding aggregations are not homogenous throughout the Atlantic (Table 3), with
significant regional differences: AMOVA confirmed a pronounced structure between
Brazilian, African and Caribbean feeding populations (F-st = 0.618, p < 0.001). Structure
was also high when dividing feeding areas into Brazil, Africa, Caribbean and Gulf of
Mexico groups (F-st = 0.553, p < 0.001). Within Brazilian feeding aggregations, some
differences were observed (see Table 3), with two areas being more differentiated from the
remainder: the oceanic islands of Fernando de Noronha/Rocas Atoll, off the northeastern
coast of Brazil, and the southernmost hawksbill occurrence area, South Brazil. Structure
was significant (F-st = 0.581, p < 0.001) between areas under influence of the South
Equatorial/North Brazil Current (SPSP, Noronha and Ceard) and those influenced by the
Brazil Current (Bahia, Abrolhos and South Brazil).

Natal origins

Many-to-many MSA estimates suggest that the feeding aggregations in Brazil are
mostly composed of animals originating from domestic rookeries, but also present some
distant origins (Figure 3a). The Brazilian rookeries Bahia and Pipa were the predominant
sources, with respective contributions of approximately 12% and 28% for SPSP, 30% and
22% for Noronha, 22% and 18% for Ceara, 36% and 17% for Bahia, 21% and 28% for
Abrolhos, 34% and 30% for South Brazil. Rookeries from Africa and the Caribbean
showed generally lower but noteworthy contributions: Principe, Barbados and Cuba
contributed respectively 8%, 10% and 14% to Noronha; Barbados, Puerto Rico and Cuba
12%, 9% and 13% to SPSP; Barbados and Cuba 12% and 15% to Ceara, 9% and 10% to
Bahia, 8% and 13% to Abrolhos.

Rookery-centric MSA results for the Brazilian rookeries of Bahia and Pipa shows
that these nesting areas contribute mainly to the domestic feeding populations: respectively
6% and 16% to SPSP; 12% and 9% to Ceara; 20% and 10% to Bahia; 11% and 17% to
Abrolhos; 18% and 18% to South Brazil; and 10% and 12% to Noronha (Figure 3b). All
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other contributions were lower than 5%. MSA outputs for overseas feeding grounds and
rookeries (not discussed in this study) are presented in Figures S1 and S2.

Of the available drifter data, a total of 469 drifters passed through the Atlantic
rookeries, of which 388 transmitted for over three months. Of these, 37 drifters arrived at
our three target areas in Brazil, originating from the Bahia, Pipa and Principe rookeries
(trajectories shown in Figure 4). Displacements from rookeries to Brazilian feeding areas
were most likely by means of the North Brazil Current for drifters leaving the Pipa
rookery, North Brazil/Brazil Current for those leaving Bahia, and South Equatorial Current
for drifters from Principe. No drifters from the Caribbean arrived at the Brazilian coastline
(see Figure S3). When estimating natal origins of hawksbills at our target areas through
drifter/population size data, significant contributions were: Pipa (58%), Bahia (9%) and
Cuba (11%) for SPSP; Pipa (62%), Bahia (14%) and Cuba (10%) for Noronha/Ceard; and
Bahia (72%) for Abrolhos/Bahia/South Brazil (Table 4). Correlation between natal origins
as calculated by MSA (which included genetic/rookery size data) and drifters/rookery size
information was significant (Mantel test, » = 0.791, p < 0.05; linear regression » = 0.560, p

<0.01; Figure 5).

Discussion
Haplotypes and diversities

As illustrated in Figure 2, several haplotypes observed at Brazilian feeding areas are
common at rookeries located in the Caribbean (AO1/A, A09/F, A11/F, A24/Q), Brazil
(A32, A62, EixCcBR3) and Africa (EATL). We also detected two orphan haplotypes (i.e.
not seen at rookeries): A76 and A92 (the latter previously undescribed); as noted in
[35,58], the presence of orphan haplotypes indicates the need for further sampling of
rookeries. Mean haplotype diversity of feeding areas in Brazil was 0.413, which is higher
than the mean diversity of the two described feeding grounds off West Africa (4 = 0.335),
but lower than the diversity of ten populations in the Caribbean (2 = 0.647). These low
diversities could be a result of natal origins from fewer, less diverse sources when
compared to the Caribbean, where a large number of rookeries with relatively high
diversities are present. SPSP and Noronha, located respectively around 350 and 1000 km
off northeast Brazil, presented the highest haplotype diversities between the sampled
Brazilian feeding grounds. Bass et al. (2006) suggest that feeding areas located at the
confluence of several current systems present higher haplotype diversities [59]; Vilaca et

al. (2013) propose that Noronha’s location, influenced by both the North Brazilian and
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South Equatorial Currents, is a possible explanation for its elevated diversity [24]. Our
results support the hypothesis that ocean currents influence diversity since SPSP, located

near Noronha, showed highest diversity values among all Brazilian feeding grounds.

Genetic structure

Our study suggests regional genetic structuring within the Atlantic, between (i)
foraging areas off Brazil, Africa and the Caribbean, a pattern that has been previously
noted [24], and (ii) feeding areas in the Gulf of Mexico and the remainder within the
Caribbean. Although turtles disperse widely, they can be constrained to certain regions due
to factors such as geographical distance, rookery population size, animal behavior and
surface ocean currents. For instance, the Gulf of Mexico presents a distinct current pattern
(as shown in Figure S3) that could retain animals within the region. In a general manner
differentiation between Brazilian feeding grounds was not pronounced, but significant
structuring was observed when grouping Brazilian populations into groups influenced by
different ocean currents. This suggests that migration patterns are somewhat limited, and
that genetic composition could be affected by the different factors noted above. We
highlight here the importance of analyzing longer haplotype sequences, which present
higher resolution and better detect population structure [40,60]. Although longer
haplotypes are being increasingly analyzed, past hawksbill turtle studies mostly
characterize 382 bp fragments; it is important that future studies focus on larger fragments

to improve our understanding on structure and connectivity of hawksbill populations.

Natal origins

Many-to-many MSA showed that feeding aggregations in Brazil are generally
composed of animals from limited sources, being mostly linked to the proximal Brazilian
rookeries. Results also indicated that in some cases connectivity extends to rookeries
located in the Caribbean and West Africa. Origins calculated from drifter data support
main contributions from Bahia and Pipa, with almost all drifters arriving from national
rookeries to the Brazilian feeding grounds, via the North Brazil and Brazil currents. The
only other work to describe origins of hawksbills at a Brazilian feeding ground
(Noronha/Rocas) also shows that main origins are from national sources, with lower
contributions from other regions [24].

Our rookery-centric MSA, including the five populations investigated in this study

plus the Noronha/Rocas feeding ground, decreased contributions of the Bahia rookery to
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“unknown” feeding grounds from almost 60% (reported in [24]) to less than 10%, and
showed strong connections to feeding grounds in national waters. This is likely due to the
detection at our feeding areas of a hybrid hawksbill x loggerhead haplotype (EixCc3 BR3),
present in 18% of samples from the Bahia rookery [41]. This haplotype had not been
registered at feeding grounds sampled by [24], but here we report its occurrence at Ceara
(4% frequency) and in the temperate waters of South Brazil (16% frequency) [61]. This
demonstrates the importance of thorough genetic analyses of populations and the use of
metapopulational approaches (ocean basin scale) in animal populations that are
demographically connected between distant geographic localities.

Natal origin estimates also showed connection between West Africa and Brazil, with
8% contribution from Principe to Noronha. This is expected since the EATL haplotype,
present with 100% frequency at the Principe rookery [35], was encountered at this feeding
area. However, drifter tracks actually show a higher connection with West Africa by means
of the South Equatorial Current; for example, 37% of drifters at SPSP originated from
Principe, but MSA showed no contribution from this rookery to this region as haplotype
EATL was not detected. The displacement to the opposite direction via the Equatorial
Counter Current is also likely as shown through drifter tracks. Furthermore, hawksbill tag
returns have repeatedly evidenced transatlantic movements between these regions [62,63].
Increasing the number of analyzed samples from SPSP and other feeding grounds along
the coast would possibly lead to the detection of the EATL haplotype and further evidence
the connection between African and Brazilian hawksbill turtle populations.

MSA showed that Caribbean rookeries contributed to all Brazilian feeding grounds
except South Brazil. Highest contributions were observed for SPSP, Noronha, and Ceara,
which aggregated animals from up to three Caribbean rookeries. It is hypothesized that as
sea turtles grow their feeding habitats become preferentially established near their natal
beach [4]. Immature hawksbills sampled at SPSP and Noronha presented larger size
classes (Table 2) than those at the other feeding areas in Brazil, possibly indicating that
some animals are moving closer to the Caribbean for the onset reproduction.

The connection between Caribbean and Western South Atlantic green and hawksbill
turtle populations has been extensively shown through MSA [13,15,24,64] and tag returns
[65]. However, oceanographic data have yet to bring additional evidence to these links. In
this study no drifters from Caribbean sources arrived in Brazilian waters, although the
opposite displacement occurred. Drifter data are not abundant for every region and the life

span of drifters could be too short (~291-450 d; [66]) to detect this connection. Particle
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modeling could solve the temporal limitation of drifters, but a study using particle tracking
models (dispersal time = one year) also did not reveal any virtual drifter from Caribbean
hawksbill rookeries arriving around Brazil [7]; a 5-year particle tracking study from the
green turtle rookery Costa Rica also did not show this connection [13]. Contribution from
the Caribbean to Brazil could be overestimated by MSA due to shared haplotypes between
rookeries of these regions; on the other hand, MSA estimates might be correct but animals
are undergoing movements undetected by drifters/particle models (e.g. transport by coastal
currents in shallow areas or active swimming). Additional genetic characterization of
rookeries and feeding areas, as well as further description of animal behavior and
oceanographic features on the routes between them, is necessary for resolving this
ambiguity.

Although surface drifter patterns did not corroborate MSA origins in all cases,
origins calculated by combining drifter data with population size of rookeries (see Table 4)
were strongly correlated with MSA estimates. This indicates that ocean currents influence
how patterns of hawksbill population genetic structure are shaped in Brazil. Ocean currents
apparently play a substantial role in shaping populations in other regions as well; for
example, a particle tracking study found significant correlation between particle
distribution patterns and natal origin estimates for foraging aggregations in the Caribbean
[7]. Restricting MSA to only small turtles, more likely to have recently recruited than
larger juveniles that may have already conducted developmental migrations [67], could
increase the correlation between natal origins and ocean currents. For allowing this type of
meta-analysis, researchers should publish their datasets containing size/haplotype of
individual turtles. In light of this suggestion, data from the present work was published in
Figshare [68].

The integration of genetic analysis and oceanographic data is a valuable approach
to understanding origin and distribution of immature animals; however, there are some
caveats inherent to the analyses applied here. Mixed stock analysis may not adequately
detect connections between some areas since not all source rookeries are thoroughly
characterized, while those that are do not always present highly differentiated haplotype
frequencies, leading to high uncertainty [58]. Furthermore, drifter trajectories might not
represent the precise pathways of sea turtles, as analyses cannot be limited to hatching
seasons due to large reduction of data, and drifters generally have short life spans and do
not consider surface wind drag and turtle behavior/swimming [66]. Despite these caveats,

the type of information described above has proven to be quite useful for indicating
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possible movements and migrations between areas (e.g. [10,15,69,70]). Ocean circulation
models are also being increasingly used, and allow choosing the number and lifespan of
particles, release periods, and incorporating additional factors such as wind drag and
swimming power of hatchlings [71,72]. However, they are also limited due to uncertainties
associated with simulation of turtle behavior and spatio-temporal resolution unable to
capture fine-scale features [73]. An ideal scenario would integrate several connectivity
indicators; for achieving this, other means of linking populations should continue to be
investigated. Stable isotope analysis, for example, is currently being used to distinguish
populations and unveil migratory origins by comparing isotopic signatures of animals to

predominant regional isoscapes [74-76].

Implications for hawksbill conservation

How populations connect, and how impacts on any particular population will affect
others, are fundamental questions for the conservation of endangered, highly migratory
animals. Hawksbill turtles are currently listed as critically endangered in the IUCN red list
[16], and listed on Appendix I of the Convention on the International Trade in Endangered
Species. Nevertheless, hawksbill products continue to be commercially valuable and in
demand in some regions, and debate has arisen as to whether or not harvesting should be
permitted, and at what levels such harvest would be sustainable [4,77-79]. Some studies
have tackled these issues and concluded, for example, that exploiting turtles in Caribbean
feeding areas would affect rookeries throughout the entire region [4,79].

Although Brazilian populations have also been historically depleted due to harvest
for consumption and fisheries bycatch, nesting populations are currently showing
encouraging increases [22,23]. Our analyses indicate that mixed stocks are composed
mostly of animals that originate from Brazilian rookeries, which is a fortunate scenario
since a large sea turtle conservation project (Project Tamar-ICMBio) has been underway in
Brazil since 1980 [80] and the need for transnational conservation policies is somewhat
reduced. Despite this encouraging outlook, it is not yet known if immature feeding
population numbers are also rising, and impacts such as bycatch [81] and ingestion
of/entanglement in plastic debris [82] are increasingly causing sea turtle mortality.
Furthermore, we demonstrate that some areas are demographically and genetically
connected to rookeries in the Caribbean and West Africa. For instance, the SPSP and
Noronha feeding grounds aggregate large animals from various national and international

origins, and impacts at these developmental areas could affect several nesting populations
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throughout the Atlantic. Although Fernando de Noronha, Rocas Atoll and Arvoredo
Reserve are protected areas where fishing is not allowed, other areas, including the waters
around the Sao Pedro and Sao Paulo Archipelago, are important fishing grounds [83]. The
Cearda, Bahia and Cassino Beach areas are also not integrally protected, and impacts at
these areas will most likely influence the Brazilian nesting populations, and possibly some
Caribbean rookeries.

In this study we reduce the gap in genetic information of hawksbill turtle feeding
populations in Brazil, and illustrate how these populations are connected with proximal
and distant rookeries in the Atlantic Ocean. The results presented here should be
considered in future national and multinational strategies for mitigating bycatch/other

impacts to increase protection and recovery of endangered populations of hawksbill turtles.
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Figure 1. Locations of genetically described hawksbill populations in the Atlantic. Red triangles =
rookeries, black squares = feeding grounds, *study areas described in this work. Rookeries: BS =
Bahia/Sergipe, PI = Pipa, PP = Principe, BB = Barbados, GU = Guadeloupe, AB = Antigua & Barbuda, UV
= U.S. Virgin Islands, PR = Puerto Rico, DR = Dominican Republic, CR = Costa Rica, NI = Nicaragua, CU
= Cuba, MX = Mexico. Feeding grounds: SP = Sio Pedro and Sido Paulo, NR = Noronha/Rocas, CE = Ceara
coast, BA = Bahia coast, AP = Abrolhos Park, SB = South Brazil, PP = Principe, CV = Cape Verde, UV =
U.S. Virgin Islands, PR = Puerto Rico, DR = Dominican Republic, TC = Turks & Caicos, BH = Bahamas,

FL = Florida, CU = Cuba, CY = Cayman Islands, MX = Mexico, TX = Texas.
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Figure 2. Main haplotype frequencies of genetically described populations in the Atlantic. *study areas
described in this work. Rookeries: BS = Bahia/Sergipe, PI = Pipa, PP = Principe, BB = Barbados, GU =
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and Sdo Paulo, NR = Noronha/Rocas, CE = Ceara coast, BA = Bahia coast, AP = Abrolhos Park, SB = South
Brazil, PP = Principe, CV = Cape Verde, UV = U.S. Virgin Islands, PR = Puerto Rico, DR = Dominican
Republic, TC = Turks & Caicos, BH = Bahamas, FL = Florida, CY = Cayman Islands, MX = Mexico, TX =
Texas.
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Figure 3. Many-to-many mixed stock analysis estimates for Brazilian populations. (a) shows feeding
ground-centric estimates, and (b) rookery-centric estimates. MSA outputs for all other areas are shown in
Figures S1 and S2. BS = Bahia/Sergipe, PI = Pipa, PP = Principe, BB = Barbados, GU = Guadeloupe, AB =
Antigua & Barbuda, UV = U.S. Virgin Islands, PR = Puerto Rico, DR = Dominican Republic, CR = Costa
Rica, NI = Nicaragua, CU = Cuba, MX = Mexico, SP = Sdo Pedro and Sio Paulo, CE = Ceara coast, BA =
Bahia coast, AP = Abrolhos Park, SB = South Brazil, NR = Noronha/Rocas, PP = Principe, CV = Cape
Verde, TC = Turks & Caicos, BH = Bahamas, FL = Florida, CY = Cayman Islands, TX = Texas, FL =
Florida, UN = Unknown.
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Figure 4. Pathways of drifters passing by Atlantic Ocean rookeries Bahia (a.), Pipa (b.) and Principe
(c.). Drifter pathways for the other Atlantic rookeries are shown in Figure S3. Colors indicate drift time (in
months). Grey squares = drifter release areas around the rookeries, red circles = Brazilian feeding grounds,
grey circles = other Atlantic Ocean feeding grounds. Grey arrows indicate the flow of the major Atlantic
Ocean currents: SE = South Equatorial Current, BR = Brazil Current, SA = South Atlantic Current (displaced
to the North for illustrative purposes), BG = Benguela Current, NB = North Brazil Current, GU = Guiana
Current, CB = Caribbean Current, EC = Equatorial Counter Current, NE = North Equatorial Current, GS =
Gulf Stream, NA = North Atlantic Current, CN = Canary Current.
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Figure 5. Correlation between genetic and drifter profiles for Brazilian feeding grounds. Genetic
profiles are based on log-transformed data of origins from genetic/population size (MSA — x axis) and
drifter/population size (y axis) information profiles.
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Tables

Table 1. Haplotype frequencies (740 bp) for Brazilian feeding grounds. Shorter (360bp) haplotype
equivalent is given when available.

Brazilian feeding areas

Haplotypes SPSP
AO01/A 7
AOQ09/F 0
All/F 0
A23/Q 1
A24/Q 0
A32/f 0
A62 3
A76 0
A92 1
EixCcBR3 0
n 12

SPSP = Sdo Pedro and Sdo Paulo, South Brazil = Arvoredo Reserve/Cassino Beach.

Ceara
coast

20
0

S O o =

—_—0 O =

23

Bahia
coast

24

[ \° B VS B Y e BN e B 9]

oS O

32

Abrolhos South

Park Brazil
58 17
1 0
0 0
0 0
1 0
2 0
3 5
0 0
0 0
0 3
65 25

Table 2. Haplotype diversities and biological information of Atlantic E. imbricata populations. CCL

range is presented for feeding areas; mean number of females per nesting season is given for rookeries.

Feeding areas

Brazil

SPSP

Noronha/Rocas (NR)
Ceara coast (CE)

Babhia coast (BA)
Abrolhos Park (AP)

South Brazil (SB)

West Africa

Principe Island (PP)
Boavista Island (CV)
Caribbean

Buck Island (UV)

Mona Island (PR)
Dominican Republic (DR)
Turks and Caicos (TC)
Bahamas (BH)

Cuba pooled (CU)
Grand/Little Cayman (CY)
Rio Lagartos/Yucatan (MX)
Texas (TX)

Florida (FL)

Rookeries

Brazil

Bahia/Sergipe (BS)

Pipa (PI)

West Africa

Principe Island (PP)

N

12
94
23
32
65
25

80
28

69
256
90
38
78
210
92
21
42
94
N

121
27

20

h diversity

0.644+0.128
0.516+0.063
0.249+0.116
0.432+0.113
0.21340.056
0.434+0.103

0.14340.052
0.529+0.105

0.7574+0.035
0.689+0.018
0.668+0.033
0.761+0.035
0.739+0.023
0.728+0.022
0.687+0.035
0.604+0.111
0.180+0.076
0.590+0.049

h diversity

0.53040.043
0.359+0.090

0.000+0.000

CCL range (mean)

30-75 (53.7)"
26.5-75.5 (52.3)°
29-73.2 (37.9)
21-63 (37.7)"
24.5-58.5 (36.1)"
30-60 (41)

18-87 (41.5)°
27-62.8 (42.3)¢

27.1-70.5 (43.2)°
21.5-97* (21.5-32%)f
21-74.4% (26.8-37.4%)¢
19.4-93.0 (41.6)"
24.3-71.3 (48.8)'
22-66 (35.6)
20.5-62.6 (32.6)
21.5-68.5% (27-48*)!
7.0-35 ()™
35.7-83.9(56.6)"

N females/season

419%°
376°

20*‘1
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SP

CE

BA

AP

SB

NR

PP

Cv

uv

PR

DR

TC

BH

CU

CY

MX

TX

FL

SP

0.023

0.017

0.054

0.026

0.013

0.920

0.754

0.211

0.343

0.167

0.350

0.341

0.234

0.166

0.815

0.914

0.153

Caribbean

Barbados (BB)

Trois Island (GU)
Jumby Bay (AB)

Buck Island (UV)
Mona Island (PR)

Jaragua/Saona (DR)

Doce Leguas (CU)
Tortuguero (CR)
Pearl Cays (NI)

Yucatan (MX)

84
74
52
67
93
48
70
60
95
73

0.441+0.037
0.080+0.063
0.504+0.026
0.434+0.070
0.600+0.042
0.642+0.064
0.21340.063
0.627+0.059
0.612+0.044
0.363+0.131

“This study, "Bellini 1996, “Loureiro N (pers comm), dM(l)nZ(')n-Argiiello 2010, “Boulon 1994, fyan Dam &
Diez 1998, #Ledn & Diez 1999, "Richardson et al. 2009, ‘Bjorndal & Bolten 2010, '"Moncada et al. 2012,
“Blumenthal et al. 2009, 'Gardufio-Andrade 2000, "Shaver D (pers comm), "Wood et al. 2013, °Marcovaldi et
al. 2007, PSantos et al. 2013, ‘Mortimer & Donnelly 2008, "Beggs et al. 2007, *Kamel & Decroix 2009,

‘Richardson et al. 2006, "Diez & van Dam 2012, ‘Revuelta et al. 2012, “Troeng et al. 2005. *for feeding
grounds: CCL calculated from SCL (SCL= 0.939 * CCL - 0.154, Wabnitz & Pauly 2008); for rookeries:
number of females calculated from number of nests (Nfemales = Nnests/4)

504"
55°
113!
1831
340*"
20%Y
5639
10"
611
6689

Table 3. Pairwise F-st (above diagonal) and ¢-st (below diagonal) values between feeding populations

in the Atlantic.
CE BA AP
0.024 0017  0.055
* 0 0.001  0.026
0.002 * . 0.000
0.026  0.001 *
0.004 0089  0.152
0.030 0048  0.074
0.894 0929  0.945
0736 0817 0877
0233 0276 0376
0368 0380 0438
0192 0218  0.304
0336 0436  0.570
0349 0405  0.504
0268 0279 0341
0.191 0218 0303
0.658  0.835  0.903
0764  0.899  0.936
0.194 0206 0264

SB

0.025

0.003

0.087

0.152

*

0.075

0.836

0.643

0.254

0.411

0.241

0.305

0.349

0.323

0.240

0.505

0.619

0.221

NR

0.013

0.029

0.047

0.074

0.074

*

0.803

0.673

0.229

0.362

0.198

0.305

0.320

0.271

0.196

0.530

0.583

0.255

PP

0.920

0.894

0.928

0.944

0.835

0.802

*

0.068

0.867

0.868

0.878

0.899

0.889

0.862

0.880

0.937

0.952

0.610

CcvV

0.753

0.735

0.815

0.877

0.642

0.673

0.068

*

0.752

0.809

0.784

0.771

0.794

0.794

0.787

0.819

0.876

0.466

uv

0.212

0.233

0.277

0.378

0.253

0.230

0.863

0.746

*

0.013

0.003

0.002

0.005

0.008

0.003

0.265

0.331

0.066

PR

0.342

0.367

0.380

0.437

0.407

0.360

0.863

0.802

0.012

*

0.057

0.012

0.003

0.048

0.060

0.211

0.243

0.081

DR

0.167

0.191

0.218

0.304

0.238

0.197

0.874

0.778

0.003

0.057

*

0.042

0.048

0.010

0.009

0.371

0.430

0.106

TC

0.349

0.337

0.435

0.569

0.305

0.307

0.896

0.766

0.002

0.012

0.042

*

0.016

0.003

0.044

0.236

0.334

0.028

BH

0.340

0.348

0.404

0.503

0.348

0.321

0.886

0.788

0.005

0.003

0.047

0.016

*

0.007

0.048

0.218

0.277

0.045

CU

0.233

0.266

0.279

0.340

0.318

0.270

0.856

0.787

0.008

0.058

0.010

0.003

0.007

*

0.009

0.266

0.298

0.105

CY

0.165

0.190

0.217

0.303

0.237

0.196

0.876

0.781

0.003

0.060

0.009

0.044

0.047

0.009

*

0.375

0.434

0.107

MX

0.813

0.663

0.834

0.902

0.510

0.536

0.936

0.817

0.266

0.212

0.370

0.236

0.217

0.266

0.374

*

0.065

0.016

TX

0.900

0.762

0.891

0.930

0.621

0.587

0.950

0.873

0.331

0.244

0.428

0.329

0.274

0.298

0.431

0.053

*

0.000

Bold indicates lack of significant difference (p > 0.05). SP = Sdo Pedro and Séao Paulo, CE = Ceara coast, BA

= Bahia coast, AP = Abrolhos Park, SB = South Brazil, NR = Noronha/Rocas, PP = Principe, CV = Cape

Verde, UV = U.S. Virgin Islands, PR = Puerto Rico, DR = Dominican Republic, TC = Turks & Caicos, BH =
Bahamas, FL = Florida, CY = Cayman Islands, MX = Mexico, TX = Texas, FL = Florida

Table 4. Natal origins for E. imbricata in Brazilian waters as estimated by drifters.
Target areas

NR/CE

Rookeries

Bahia/Sergipe

Pipa

SPSP
0.085
0.612

0.139
0.622

BA/AP/SB
0.720
0.072

111

FL

0.306

0.339

0.366

0.440

0.349

0.383

0.760

0.637

0.127

0.129

0.188

0.070

0.087

0.164

0.190

0.017

0.001

*



Principe 0.036 0.023 0.020
Barbados 0.024 0.020 0.017
Guadeloupe 0.003 0.002 0.002
Antigua 0.006 0.005 0.004
USVI 0.009 0.008 0.007
Puerto Rico 0.023 0.018 0.016
Dom Republic 0.003 0.002 0.002
Cuba 0.123 0.100 0.087
Costa Rica 0.003 0.002 0.002
Nicaragua 0.016 0.013 0.011

Mexico 0.058 0.047 0.041

SPSP = Sao Pedro and Séo Paulo Archipelago; NR/CE = Noronha/Ceard; BA/AP/SB = Bahia, Abrolhos,
South Brazil.
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Figure S1. Feeding ground-centric many-to-many MSA estimates for Atlantic feeding populations. BS
= Bahia/Sergipe, PI = Pipa, PP = Principe, BB = Barbados, GU = Guadeloupe, AB = Antigua & Barbuda,
UV = U.S. Virgin Islands, PR = Puerto Rico, DR = Dominican Republic, CU = Cuba, CR = Costa Rica, NI =
Nicaragua, MX = Mexico.
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Rookery-centric MSA
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Figure S2. Rookery-centric many-to-many MSA estimates for Atlantic nesting populations. SP = Sao
Pedro and Sao Paulo, CE = Ceara coast, BA = Bahia coast, AP = Abrolhos Park, SB = South Brazil, NR =
Noronha/Rocas, PP = Principe, CV = Cape Verde, UV = U.S. Virgin Islands, PR = Puerto Rico, DR =
Dominican Republic, TC = Turks & Caicos, BH = Bahamas, CU = Cuba, CY = Cayman Islands, MX =
Mexico, TX = Texas, FL = Florida, UN = Unknown.
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Figure S3. Pathways of drifters passing by Atlantic Ocean rookeries. Colors indicate drift time (in
months). Grey squares = drifter release areas around the rookeries, red circles = Brazilian feeding grounds,
grey circles = other Atlantic Ocean feeding grounds. Grey arrows indicate the flow of the major Atlantic
Ocean currents: SE = South Equatorial Current, BR = Brazil Current, SA = South Atlantic Current (displaced
to the North for illustrative purposes), BG = Benguela Current, NB = North Brazil Current, GU = Guiana
Current, CB = Caribbean Current, EC = Equatorial Counter Current, NE = North Equatorial Current, GS =
Gulf Stream, NA = North Atlantic Current, CN = Canary Current.
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Artigo 4: Life history in a tortoiseshell: detecting ontogenetic ecological changes of
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Abstract
The life cycle of hawksbill sea turtles initiates with a cryptic oceanic phase

characterized by wide dispersal, usually followed by recruitment to coral or sponge reefs
for feeding and developing. The ecology of these animals during their initial stages is
difficult to assess from direct observation in the field. Alternative indirect approaches such
as stable isotope analysis, however, have been increasingly used. Here, we determined
B/ (8C) and PN/MN (3°N) isotope ratios in carapace (n = 21) and skin (n = 10) of
immature hawksbill turtles sampled at four locations along the extensive Brazilian coast, in
order to investigate their habitat and foraging ecology. We tested a new analytical tool,
Secondary Ion Mass Spectrometry (SIMS), for isotopic analysis of carapace transversal
cross-sections, and also used conventional Continuous-Flow Isotope Ratio Mass
Spectrometry (CF-IRMS) for analysis of scute and skin samples. SIMS provided high
spatial resolution of samples, allowing for the analysis of up to ten 20 um transversal
layers per carapace cross-section. Although absolute isotope values could not be acquired,
relative ratios adequately described life history variations of hawksbills, and apparently
detected their transition from a generalist and opportunistic feeding behavior (oceanic
phase) to a more specialized carnivorous diet (coastal phase) in some samples. Stable
isotope ratios obtained through IRMS revealed significantly higher mean 3"°C and §"°N
values in skin than scute samples. Since skin has higher turnover rates than scute, this

supports that the recent history of these animals is characterized by feeding on higher
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trophic level prey, likely benthic animals, and habitats closer to the coast. Mean 5'"°C was
significantly lower in scute samples collected at oceanic/higher latitude areas when
compared to coastal/lower latitude locations, and mean 8'°N was significantly more
enriched (~ 3%o) in scutes of larger than smaller animals. SIMS analysis of stable isotopes
in carapace samples is a potentially powerful tool for a better understanding of some life
traits such as the habitat use pattern and foraging ecology of this critically endangered

species.

Keywords: Stable isotopes, Eretmochelys imbricata, diet, habitat shifts, Western South
Atlantic, IRMS, SIMS

Introduction

Highly migratory marine species often display cryptic or inaccessible life stages
that can be quite difficult to investigate, but encompass key aspects of their ecology and
habitats. These life stages are often difficult to investigate through direct observation in
wild. Stable isotope analysis has emerged as a powerful tool in ecological research of
marine animals, and is based on the fact that the ratio between heavy and light isotopes of
elements in the tissues of consumers reflects the composition of their diets (Peterson and
Fry 1987). Isotope ratios can therefore be very informative on the trophic ecology and diet
of several species, including sea turtles (e.g. Godley et al. 1998, Arthur et al. 2009,
Wallace et al. 2009, Bjorndal and Bolten 2010; Dodge et al. 2011, Vander Zanden et al.
2013). This analysis is also being increasingly used to infer on migrations and origins
(Zbinden et al. 2011, Ceriani et al. 2012, Seminoff et al. 2012), as well as ontogenetic
shifts in life history traits of these animals (Reich et al. 2007, Arthur et al. 2008).

The life history of most sea turtles is characterized by an initial epipelagic phase
usually in the oceanic environment, in which post-hatchlings disperse widely with ocean
currents, and feed opportunistically on plants and animals near or at the sea surface. This is
followed by recruitment to coastal areas with adequate conditions for selective benthic
feeding and resting (Bolten 2003). These changes in habitat and diet are reflected in the
stable isotope ratios of sea turtle tissues, such as the skin and carapace. Reich et al. (2007)
and Arthur et al. (2008) have encountered in green turtles (Chelonia mydas) a general
pattern of BC/?C (8"C) increase associated with the transition from oceanic to neritic
habitats, and a ""N/"*N (8'°N) decrease due to shift from omnivorous (epipelagic phase) to

predominantly herbivorous (benthic phase) diets of this species. The critically endangered

116



hawksbill turtle (Eretmochelys imbricata) follows the general epipelagic/oceanic-
benthic/neritic pattern, often recruiting to coral and sponge reefs or other hard-bottom
habitats with abundance of sponges and zoanthids, their preferred food (Meylan and
Donnelly 1999, Leén and Bjorndal 2002, Proietti et al. 2012). For hawksbills, however,
this habitat/diet shift has not yet been identified through stable isotope analysis.

Stable isotope ratios of biological samples are commonly determined through
Continuous-Flow Isotope Ratio Mass Spectrometry (CF-IRMS). In this technique, samples
are combusted into a pure gas and isotope ratios measured through mass spectrometry;
detected ratios are then precisely determined by comparison to the element’s
internationally recognized standard (Muccio and Jackson, 2009). Secondary Ion Mass
Spectrometry (SIMS) is currently emerging as a valuable tool for stable isotope
determination, being used to date mainly in geosciences (Ireland, 2004). This technique
consists of bombarding a sample with a high-energy ion beam, sputtering atoms, molecules
and ions from the sample surface; the resulting secondary ions are collected into a mass
spectrometer and analyzed according to mass/charge ratios (Ireland, 2004). The secondary
ion yields vary greatly according to the chemical environment and the sputtering
conditions (ion, energy, angle), causing SIMS to be generally considered a qualitative
technique with quantification possible only with the use of internal standards analyzed
along with samples (Betti, 2005; Ireland, 2004). SIMS has been greatly underused in
biological analysis because of the difficulty in obtaining internal standards for animal and
plant tissues, but is nonetheless a promising approach due to its high isotopic sensitivity
and spatial resolution (Betti, 2005). For example, Hanson et al. (2010) determined oxygen
stable isotopes in fish otoliths through CF-IRMS and SIMS, reporting a higher number of
samples obtained per unit area using SIMS when compared to CF-IRMS, and similar
analytical precisions between the two methods.

In this work, we tested the applicability of SIMS for understanding life history
changes in carapace layers of immature hawksbill turtles. We hypothesize that the
hawksbill ontogenetic habitat change from pelagic to benthic environments will lead to an
increase in 3'"°C and that shifting from an omnivorous, opportunistic diet at the surface
layer to a predominantly carnivorous intake of incrusting benthic organisms will result in
an increased 8'°N through time. We also determined stable isotope ratios of hawksbill skin
and carapace through standard IRMS, and compared mean values obtained with this

method in terms of tissue type, habitat, and animal size.
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Methods

Carapace samples were collected from immature hawksbill turtles at four locations
in Brazilian waters (Figure 1): (1) Sdo Pedro and Sao Paulo Archipelago (SPSP; n = 3,
Curved Carapace Length — CCL = 38 — 75 c¢cm, mean 50.1 cm), (2) Abrolhos National
Marine Park (n = 13, CCL = 26.5 — 58.5 cm, mean 35.8 cm), (3) Arvoredo Biological
Marine Biological Reserve (n =1, CCL = 30 cm), and (4) Cassino Beach (n =4, CCL =36
—39 cm, mean 33.8 cm). Samples (~ 1.5 cm) were taken with disposable scalpels from the
posterior edge of the right-hand first lateral scute (Figure 1) of turtles manually captured
during dives at SPSP, Abrolhos and Arvoredo, and from individuals incidentally caught in
fishing nets or stranded on the beach at Cassino. Skin (~ 5 mm) was also sampled from the
trailing edge of the fore flippers of some of the animals at SPSP (n = 3) and Abrolhos (n =
7) (Figure 1). Sampled tissues were stored frozen until analysis, upon which they were
prepared by rinsing with distilled water, oven drying for 48 hours at 60°C, and extracting
lipids by immersion and sonication in a chlorophorm/methanol (2:1) solution.

SIMS was performed on seven scute samples from SPSP (n = 2), Abrolhos (n = 4)
and Arvoredo (n = 1). Transversal cross-sections were cut from each sample, mounted into
resin, and polished with diamond polishing pads until smooth. Mounts were then coated
with gold and inserted into a CAMECA IMS 1280 (Cameca SAS, France) for isotope
analysis, at the University of Western Australia’s Centre for Microscopic Characterization
and Analysis. For determination of stable isotope ratios (5'°C and 8'°N), an ion beam with
diameter of 20 pm was directed onto the samples in between apparent growth lines
(“layers”™), from oldest to newest tissue (top to bottom portion of scute). This is the first
observation of growth lines in sea turtle scute, thus we do not know how much time of the
animal’s life that each layer represents. When possible, 2-3 replicates were analyzed per
sampling layer (Figure 2). Stable isotope ratios are expressed relative to isotope standards in
the conventional delta (0) notation in parts per thousand (%o): & =
[(Rsample/Rstandard)—1] % 1000; where Rgample and Rgandara are the heavy to light isotope ratios
(BC/C - 88C and PN/'MN — 8"N) in the samples and standards. PeeDee Belemnite
(PDB) and atmospheric nitrogen were used respectively for carbon and nitrogen isotope
standards. Despite some attempts, we were unable to determine an adequate internal
standard for turtle scute; therefore, SIMS isotope ratios are not absolute.

Twenty-one scute and ten epidermis samples were analyzed through IRMS.
Subsamples (two for each sample) of approximately 0.8 mg were placed into tin capsules

and stable isotope ratios of carbon and nitrogen determined through a continuous flow
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system consisting of a Delta V Plus mass spectrometer connected with a Thermo Flush
1112 via Conflo IV (Thermo Finnigan, Germany), at the University of Western Australia’s
Biogeochemistry Centre. Stable isotope ratios determined through IRMS are expressed
relative to isotope standards in the conventional notation described above. External error of
IRMS analysis was 0.10%o for both 3"°C and 3'°N.

Relative isotope ratios determined by SIMS were plotted according to position on
carapace (means of the values obtained per position) in order to detect possible ontogenetic
shifts in life history. When detected, mean values before and after the shift were compared
through Student’s t-test. Differences between average stable isotope compositions of
hawksbill turtle scutes, as determined by IRMS, were also evaluated with t-tests. Isotope
ratios of these samples were compared based on location, type of habitat (coastal/oceanic,
low/high latitude) and carapace lengths (animals with CCL under and over 40 cm). We
also compared the mean IRMS isotope ratios of skin and scute tissues, and skin samples

according to carapace lengths (animals with CCL under and over 40 cm).

Results and Discussion

SIMS of carapace samples allowed for stable isotope ratio analysis of five to ten
transversal layers, depending on sample width (). To our knowledge, the accretion rate of
keratin on sea turtle carapace has never been evaluated. Therefore, we do not know how
much time each transversal section of carapace actually represents, but believe that it could
hold information from several years, as described by Reich et al. (2007) for loggerhead
scutes. Some samples presented relatively homogenous ratios, indicating that these animals
had been occupying similar habitat and trophic niche for some time (a,e). Three samples
from Abrolhos (d,f,g) presented a gradual increase in both 615N and 613C from older to
newer tissue, possibly indicating the transition to a coastal habitat with abundance of
preferred benthic prey (as is the case of the Abrolhos area; Werner et al., 2000). In one of
these samples an abrupt increase of ~ 3%o in 615N was observed from older to newer scute
(d). This shift was observed from the first to the second position on the carapace, therefore
comparison of before/after mean values was not possible. An abrupt increase of
approximately 4%o in 615N between the fourth and fifth sampling position (c) was also
observed in one sample from Arvoredo Island. The mean values before (4.51%o) and after
(9.49%0) this position were significantly different (p < 0.001). This difference might be
reflecting the transition from an omnivorous opportunistic feeding behavior in the

epipelagic zone to a more specialized carnivorous diet based on the benthic organisms of

119



Arvoredo’s rocky reefs (Reisser et al. 2013). The 5"°C pattern also showed some variation,
with enrichment followed by depletion. We hypothesize that this could possibly be
reflecting recruitment to the coast (increasing 8"°C) followed by migration to higher
latitudes (decreasing 8"0Q).

8°C and 8"°N of hawksbill turtle samples, as determined by IRMS, ranged from
4.79%0 to 9.15%0 and -19.85%o to -10.16%o, respectively (Table 1). Overall, skin samples
presented significantly higher mean 613C and 15N values than scute samples (p < 0.05),
indicating that the recent history of these animals is characterized by feeding on higher
trophic level prey and occupying habitats closer to the coast. Mean 8"°N ratios did not vary
significantly between sampling locations, but 8°C was significantly depleted at the
oceanic islands of SPSP and higher-latitude areas Cassino and Arvoredo, when compared
to the coastal, low-latitude location of Abrolhos (p < 0.05). Additionally, when evaluating
isotope ratios in scute samples of differently sized animals, mean 8'°N was significantly
more enriched (~ 3%o) in animals with carapace lengths over 40 cm. Since IRMS of scute
samples reflects the whole period contained in this tissue, this indicates that larger animals
have been feeding for a longer time on higher trophic level organisms. On the other hand,
mean 8"C of scute did not vary between size classes, possibly reflecting a high range of
habitats and latitudes occupied throughout hawksbills’ lives. 8"°N and 8"°C of skin
samples, which reflect recent history, did not vary between size classes, indicating that the
recent diet and habitat of animals is similar despite their size.

In this work, we describe for the first time possible ontogenetic shifts in diet and
habitat of hawksbill turtle based on stable isotope analysis of it carapace. Both SIMS and
IRMS supported to some extent the hypothesis that 5'°N becomes more enriched after the
species recruits to coastal areas where they feed upon benthic sponges and zoanthids.
However, we highlight the large variability of '°N and 8"C values between animals
throughout the unknown time period detected by SIMS (see Figure 3). This is likely due to
individual variations in size and location, indicating that there is no general rule in how or
when these animals undergo these ontogenetic changes. Using SIMS for isotopic analysis
provided high spatial resolution, with analysis of up to ten transversal sections of each
scute sample. Application of SIMS to carapace describes a greater chronological record of
sea turtle life history as this tissue has slower turnover rates than skin (Reich et al. 2007)
and contains several growth layers. Despite being limited to only relative values of isotope
ratios, we demonstrate that SIMS has potential for providing relevant data on the foraging

behavior and habitat use patterns of sea turtles over a wide spatial and temporal scale.
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Future studies should focus on developing adequate internal standards for determining
absolute isotope ratios of scutes, or even turtle bone cross-sections for obtaining
information of the animals’ entire lives. Based on the growth and isotopic incorporation of
tissues, it could be possible to precisely calculate the duration of the hawksbill turtle
epipelagic phase as done for green turtles (Reich et al. 2007), which is still a debated
matter in sea turtle biology. Defining ecological aspects such as feeding ecology and
habitat use pattern during cryptic life stages is fundamental for a better understanding of

the life history of sea turtles.
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Tables

Table 1. Range and mean (SE) 8"°N and §'"°C of scute and skin sampled from immature hawksbills in Brazil.

"N (%0) 8"C (%o)

Location n Range Mean (SE) Range Mean (SE)

Abrolhos

Scute 13 6.55t0 8.97 7.60 (0.23) -19.08 to -14.15 -17.78 (0.38)

Skin 7 7.12 to 8.65 7.94 (0.19) -17.10 to -10.16 -15.00 (0.92)

SPSP

Scute 3 4.79 to 8.94 6.58 (0.93) -19.37to -17.14 -18.35 (0.65)

Skin 3 8.08 t09.15 8.75(0.23) -16.99 to -16.40 -16.66 (0.38)

Arvoredo

Scute 1 6.38 - -19.38 -

Cassino

Scute 4 52910 7.10 6.25 (0.46) -19.85t0 -17.7 -18.68 (0.44)
Figures
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Figure 1. Immature hawksbill sampling locations in Brazilian waters (black dots). Samples size per area and
tissue is indicated. Below to the right, the red circles indicate the sampling position, scute (1) and skin (2), on
the turtle’s body.
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Figure 2. Image of a transversal cross-section of a carapace
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Figure 3. SIMS isotope ratios of scute cross-sections of immature hawksbill turtles from SPSP (a,b),
Arvoredo (c), and Abrolhos (d,e,f,g), with 8N and 8"C ratios plotted according to position on
carapace (older to younger tissue). Squares represent nitrogen and dots carbon stable isotopes; bars are
standard errors. Red arrows indicate possible ontogenetic shifts in life history.
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