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RESUMO

Com uma extensa superficie, 0s oceanos sdo considerados como o maior sumidouro de mercurio
(Hg), onde uma vez depositado é carreado lentamente para as profundidades. Como resultado,
diversos ecossistemas marinhos estdo sob forte contaminacéao antrépica por Hg refletindo em uma
maior exposicdo das especies que habitam ou utilizam essas areas contaminadas. Assim,
encontramos altas concentracGes de Hg em espécies com longo tempo de vida, como as tartarugas
marinhas, tornando esses organismos biomonitores potenciais do Hg nos oceanos. Nessa
perspectiva, o0 presente trabalho teve como objetivo realizar uma andlise comparativa das
concentracfes de Hg na carapaca de quatro espécies de tartarugas marinhas (Caretta caretta,
Chelonia mydas, Lepidochelys olivacea e Eretmochelys imbricata) encontradas no litoral brasileiro
e que utilizam o Atlantico Sudoeste Tropical como uma grande rota migratdria. As amostragens
foram realizadas entre os anos 2009 e 2020, em quatro pontos da zona costeira do Brasil
(Maranhdo, Ceara, Pernambuco e Bahia). Foram realizadas coletas principalmente de fragmentos
de carapaca e, quando possivel, de outros 6rgédos, como rim, figado e mdsculo. Em alguns casos
foram coletadas todas as placas da carapaga das quatro espécies com o fim de quantificar as
concentracOes de Hg e ver possiveis variacdes entre placas. Como parte inicial deste trabalho, foi
realizada uma revisao de estudos publicados que quantificaram as concentracGes de Hg nas sete
espécies de tartarugas marinhas ao redor do mundo. Os resultados mostraram que mais de 80% dos
trabalhos foram focados na C. mydas e C. caretta. O Atlantico Norte e 0 Mar Mediterraneo foram
as areas que apresentaram o maior numero de estudos comparada com o Pacifico Norte, Pacifico
Sul e Atlantico Sul. As diferencas encontradas entre regides utilizando a C. caretta e a C. mydas
mostraram relacdo com o nivel de contaminacdo ambiental. C. mydas é a espécie mais estudada e
mostra uma relacdo inversa entre o tamanho e as concentracdes de Hg, associada a mudancas
ontogénicas experimentada por esta espécie durante o crescimento, e que também é discutida neste
trabalho. A distribuicdo do Hg nas diferentes areas da carapaca, tendem a ser maiores na area
vertebral em duas espécies (C. mydas e E. imbricata), sugerindo variacdo nas taxas de crescimento
de diferentes areas da carapaca, uma vez que a area vertebral é a primeira a se desenvolver antes
das areas costais. Foi possivel testar o uso da carapaca como método ndo invasivo de
biomonitoramento, pelo menos para uma espécie (C. mydas). Nesta espécie, as concentragdes de
Hg total e metil-Hg diminuiram com o aumento do tamanho. A composicéo isotdpica (5*°N e §'3C)
ndo mostraram uma relacdo clara com o tamanho, sugerindo que essas tartarugas estariam
ocupando niveis troficos semelhantes e habitat de forrageamento. As concentra¢des de Hg na
carapaca se correlacionaram positivamente com as concentra¢des observadas nos demais 6rgdos,
confirmando seu uso como um método ndo invasivo confidvel para o monitoramento das
concentragdes internas de Hg, pelo menos nesta espécie de tartaruga marinha. Os resultados obtidos
na comparacao regional mostram que as concentragdes de Hg nas quatro espécies, apresentam uma
forte relacdo com as caracteristicas biologicas e ecologicas de cada uma, além de comportamentos
particulares como, forrageamento em aguas profundas e seletividade por certo tipo de itens
alimentares. Finalmente, este trabalho apresenta dados para quatro espécies de tartarugas marinhas
abrangendo uma das maiores zonas costeiras do mundo, de forma que além de brindar informacao
sobre a possivel influéncia das caracteristicas bioldgicas e ecoldgicas nas concentracdes de Hg,
permitiu ter uma nocdo do grau de influéncia antropica exercida em quatro pontos do litoral
brasileiro.

Palavras-chave: Mercurio; Tartarugas Marinhas; Biomonitor; Lepidochelys olivacea; Caretta
caretta; Chelonia mydas; Eretmochelys imbricata.



ABSTRACT

With an extensive surface, the oceans are considered the biggest sink of mercury (Hg), where once
deposited, it is slowly carried to the depths. As a result, several marine ecosystems are under strong
anthropogenic contamination by Hg, resulting in greater exposure of the species that inhabit or use
these contaminated areas. Thus, we found high Hg concentrations in species with a long lifespan,
such as sea turtles, making these organisms potential biomonitors of Hg in the oceans. In this
perspective, the present work aimed to carry out a comparative analysis of Hg concentrations in
the carapace of four species of sea turtles (Caretta caretta, Chelonia mydas, Lepidochelys olivacea,
and Eretmochelys imbricata) found in the Brazilian coast and that use the Tropical Southwest
Atlantic as a major migratory route. Samplings were carried out between 2009 and 2020, at four
points in the coastal zone of Brazil (Maranhdo, Ceara, Pernambuco, and Bahia). The sampling was
carried out mainly from the carapace scutes and, when possible, from other organs, such as the
kidney, liver, and muscle. In some cases, all four species' carapace scutes were collected to quantify
Hg concentrations and see possible variations between scutes. As an initial part of this study, a
review of published studies that quantified Hg concentrations in seven species of sea turtles around
the world was carried out. The results showed that more than 80% of the published studies were
focused on C. mydas and C. caretta. The North Atlantic and the Mediterranean Sea were the areas
that presented the highest number of studies compared to the North Pacific, South Pacific, and
South Atlantic. Differences found between regions using C. caretta and C. mydas showed a
relationship with the level of environmental contamination. C. mydas is the most studied species
and shows an inverse relationship between size and Hg concentrations, associated with ontogenetic
diet shifts experienced by this species during growth, which is also discussed in this work. The
distribution of Hg in the different areas of the carapace tends to be greater in the vertebral scutes
in two species (C. mydas and E. imbricata), suggesting variation in the growth rates of different
areas of the carapace, since the vertebral area is the first to develop before costal areas. It was
possible to test the use of the carapace as a non-invasive method of biomonitoring, at least for one
species (C. mydas). In this species, total Hg and methyl-Hg concentrations decreased with
increasing size. Isotopic composition (§*°N and §'3C) did not show a clear relationship with size,
suggesting that these turtles would be occupying similar trophic levels and foraging habitats.
Mercury concentrations in the carapace correlated positively with concentrations observed in other
tissues, confirming its use as a reliable non-invasive method for monitoring internal Hg
concentrations, at least in this species of sea turtle. The regional comparison showed that the Hg
concentrations in the four species presented a strong relationship with the biological and ecological
characteristics of each one, in addition to behaviors such as foraging in deep waters and selectivity
for certain types of food items. Finally, this work presents data for four species of sea turtles
covering one of the largest coastal zones in the world, so in addition to providing information on
the possible influence of biological and ecological characteristics on Hg concentrations, it allowed
us to have an idea of the degree of influence activity carried out in four points of the Brazilian
coast.

Keywords: Mercury; Sea turtles; Biomonitor; Lepidochelys olivacea; Caretta caretta; Chelonia
mydas; Eretmochelys imbricata.
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1. INTRODUCAO

A contaminacdo dos oceanos pode ser considerada como um dos principais
desafios da sociedade moderna atual, principalmente pelo progressivo desenvolvimento
industrial nas zonas costeiras, e consequente deteriora¢do da qualidade desses ecossistemas
marinhos (ALI et al., 2019). Nesse sentido, o mercudrio (Hg) é um dos metais considerados
de importancia global pela alta toxicidade, comprovado efeitos nocivos a saide das pessoas
e animais, e aporte continuo de fontes antropogénicas responsaveis por cerca de 30% das
emissdes anuais de Hg para o ar, alterando seu ciclo a nivel global (UNEP, 2013; DRISCOLL
et al., 2013; GWOREK et al., 2016). Estuarios e regides costeiras geralmente atuam como
corpos receptores finais dessas substancias, e suas concentragfes aumentadas tendem a se
acumular, concentrar e biomagnificar ao longo da cadeia alimentar, uma vez que 0s
organismos ndo sdo capazes de eliminar completamente os metais absorvidos (STORELLI
etal., 2005; CAMACHO et al., 2013; MIGUEL & DEUS SANTOS etal., 2019).

Amplamente distribuido e biomagnificado através da cadeia trofica, o Hg
apresenta concentracbes em organismos herbivoros, omnivoros e carnivoros,
significativamente diferentes, estando diretamente relacionado ao tipo de item alimentar
consumido (KIDD et al., 1995). Dessa forma, as concentracdes de Hg podem ser usadas
como um proxy da preferéncia alimentar, onde organismos herbivoros tém niveis mais baixos
de Hg do que os carnivoros, refletindo as diferencas dos niveis troficos desses organismos
(STORELLI etal., 1998; DI BENEDITTO et al., 2013; DI BENEDITTO et al., 2019).

A presenca natural do Hg no ambiente tem sido fortemente alterada, devido a
acoes de origem antrépica como mineracdo, atividades agricolas, producdo de energia,
combustdo de carvao e derivados de petrdleo entre outros (MARINS et al., 2004; ALl et al.,
2019). Consequentemente, as concentracfes atuais estdo longe daquelas aceitas como
naturais, e continuam mudando ao longo do tempo (MARINS et al., 2004). Dessa forma, se
faz relevante poder ter uma nocdo da magnitude dessas mudancas, identificando
biomonitores com base em sua relagdo com ecossistemas sensiveis, que abranjam diferentes
niveis tréficos, e possam prover um compreensivo perfil de contaminacdo em amplas regides
oceanicas, como é o caso das tartarugas marinhas (ANAN et al., 2002; EVERS et al., 2018;
MIGUEL & DEUS SANTOS, 2019). Extremamente longevas e de crescimento lento, as
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tartarugas marinhas podem bioacumular metilmercurio (MeHg) (a forma orgénica e mais
toxica de Hg) ao longo do tempo e podem ser considerados importantes biomonitores das
mudancas a curto prazo (e.g. amostragem de sangue) e de longo prazo (e.g. amostragem de
carapaca) das cargas de Hg ambiental nos ecossistemas marinhos (EVERS et al., 2018).

Atualmente existem sete espécies de tartarugas marinhas, cinco delas apresentam
distribuicdo circunglobal, estas sdo: tartaruga verde (Chelonia mydas LINNAEUS, 1758),
tartaruga cabecuda (Caretta caretta LINNAEUS, 1758), tartaruga oliva (Lepidochelys
olivacea ESCHSCHOLTZ, 1829), tartaruga de couro (Dermochelys coriacea VANDELLI,
1761), tartaruga de pente (Eretmochelys imbricata LINNAEUS, 1766) e duas se encontram
restritas as zonas costeiras da Australia e ao Golfo do México, a tartaruga de casco achatado
(Natator depressus GARMAN, 1880) e a tartaruga de kemp (Lepidochelys kempii
GARMAN, 1880) respectivamente (BOLTEN et al., 2003; FIGGENER et al., 2019). Em
cada uma dessas espécies, a presenca do Hg vai depender de fatores como, distribuicao
geogréfica, estdgio de vida, dieta, variacdo interespécies e fatores intrinsecos (e.g.
toxicocinética e toxico dindmica particular para cada espécie) (ALAVA et al., 2006;
GUIRLET etal., 2008; RAINBOW et al., 2002; CORTES-GOMEZ et al., 2017).

A interacdo de cada espécie de tartaruga marinha com suas caracteristicas
bioldgicas e ecolodgicas e sua interacdo com o Hg tem sido objeto de estudo desde 1980. Até
2020 foram publicados aproximadamente 70 estudos avaliando as concentra¢des de Hg nas
sete espécies de tartarugas marinhas (RODRIGUEZ et al., 2022). Como consequéncia da
distribuicdo geogréafica desigual das espécies de tartarugas marinhas, mais de 80% dos
estudos foram focados em duas espécies, a tartaruga verde e cabecuda. Um dos aspectos mais
estudados até o momento seja a relagcdo inversa existente entre o tamanho e as concentragoes
de Hg na tartaruga verde, resultado que esta intimamente ligado com a mudanca ontogenética
de dieta experimentada por esta espécie durante o crescimento (CARDONA et al., 2010;
VELEZ-RUBIO etal., 2016). Individuos juvenis (omnivoros) mostram concentracdes de Hg
superiores aos individuos adultos (herbivoros) (BEZERRA et al., 2015).

Embora a tartaruga verde ndo seja a Unica espécie que passa por mudancas
durante seu crescimento (e.g., dieta ou area de forrageio), o conhecimento que se tem para as
outras espécies é bastante limitado, sendo necessario um maior esforco no desenvolvimento

deste tipo de pesquisas, e da aplicacdo de métodos ndo invasivos que permitam o uso de
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individuos em diferentes faixas etarias. Um destes métodos € o uso de estruturas
queratinizadas. O alto teor de aminoacidos em estruturas como a carapaca de quelénios,
facilita a existéncia de sitios potenciais para a ligacdo do Hg. Como resultado, este metal
pode ficar imobilizado nas camadas da queratina e assim refletir a exposi¢do ao longo do
tempo (SCHNEIDER etal., 2015). Contudo, esta capacidade pode variar de uma espécie para
outra, devido a existéncia de diferencas na composicdo da queratina, ao crescimento
diferencial das placas das carapacas, além da influéncia de fatores antropicos e ambientais
(DAY et al., 2005). Assim, a partir de 1999, pesquisadores vém avaliando o emprego da
carapaca das tartarugas marinhas como um possivel substrato para uso no monitoramento
ambiental do Hg, entre esses trabalhos podemos mencionar: PRESTI et al., (1999), SAKAI
et al., (2000), DAY et al., (2005), BEZERRA et al., (2012), RODRIGUEZ et al., (2019),
SCHNEIDER ET AL., (2022).

O Brasil tem sido fonte de um consideravel nimero de pesquisas que avaliam o
uso de tartarugas marinhas no biomonitoramento do Hg. BEZERRA et al., (2015) fez uma
comparacéo de individuos da espécie C. mydas em duas regides do Brasil (Ceara e Bahia),
mostrando a forte influéncia que pode exercer areas com maior desenvolvimento industrial
(Bahia) e fontes de contaminacdo, em comparacdo com areas com baixo impacto antropico
(Ceard). O litoral brasileiro representa uma area muito importante a ser explorada em termos
de pesquisas com tartarugas marinhas e contaminacdo por Hg, pelo fato de ter uma zona
costeira de aproximadamente 8.000 km e ser utilizada como éareas de alimentacdo e
reproducdo por cinco das sete espécies de tartarugas marinhas existentes (MENEZES, 1972;
MONTEIRO et al., 2016; MMA, 2021). Além disso, na regido costeira sul do Brasil se
encontram os grandes polos industriais do pais e a maior parte das areas estuarinas e costeiras
estdo contaminadas por efluentes urbanos e industriais, enquanto na porcéo Leste ainda ha
areas preservadas (MARINS et al., 2014). Contudo existem areas da costa Leste brasileira
que apresentam uma elevada contaminagdo por Hg oriundo de efluentes industriais e urbanos
como sdo os casos de Foz do Rio Botafogo em Pernambuco e o estuario Rio Sdo Jodo de
Meriti, duas regides que receberam por alguns anos efluentes de inddstrias de cloro-soda
(MARINS et al., 2004).

O uso de tartarugas marinhas como biomonitores do Hg encontradas na regido

Leste brasileira, pode mostrar as condi¢des atuais de contaminagéo no do Atlantico Sudoeste
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Tropical. Por conseguinte, o presente estudo pretende ser o primeiro em quantificar as
concentracfes de Hg, para quatro espécies de tartarugas marinhas (C. mydas, C. caretta, L.
olivacea e E. imbricata), utilizando fragmentos de carapaca e quando possivel, tecidos como
rim, figado e muasculo, em diferentes pontos do litoral brasileiro. Assim, sera possivel
observar como as caracteristicas biologicas e ecoldgicas, além das atividades antropicas
influenciam nas concentracbes do Hg encontrado nessas quatro espécies de tartarugas

marinhas.

2. HIPOTESES

Com niveis troficos variando entre carnivoro, omnivoro e herbivoro dependendo
da espécie, e tempo de vida compativel com o tempo de residéncia do Hg nos oceanos, as
tartarugas marinhas podem ser consideradas monitoras das concentracfes de Hg no Atlantico
Sudoeste tropical, e consequentemente ao nivel global. A eventual confirmacgéo quantitativa
da relacédo entre as concentracfes de Hg na carapaca de tartarugas marinhas, e as diferentes
regides na costa brasileira ratificara o uso destes répteis como monitores das concentragdes
de Hg nos oceanos.

A carapaca das tartarugas marinhas mostra uma regido vertebral, lateral e
marginal, cada uma dessas regides mostram diferentes nimeros de placas que se encontram
morfologicamente bem delimitadas. Desta forma, dependendo da regido onde séo coletadas
as lascas da carapaca para a determinacdo do Hg, poderia existir diferenca no Hg refletido.
A confirmacdo quantitativa destas diferencas permitird chegar a uma padronizacdo da
amostragem deste tecido.

A mudanca ontogenética de dieta na tartaruga verde (C. mydas) leva a que
organismos juvenis mostrem um comportamento omnivoro, enquanto adultos mostrem um
consumo proporcionalmente maior de algas, até ser considerados herbivoros. A mudanca
gradual de dieta mostra uma relagdo inversa com as concentracdes de Hg, de forma que
poderia existir diferencas no nivel tréficos de individuos de tartaruga verde em transicéo de

juvenil para adultos, mostrado através das analises isotopicas de 5'3C e §'°N.
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3. OBJETIVOS

Objetivo Geral

Realizar uma andlise comparativa das concentracbes de Hg encontradas nas
espécies C. mydas, C. caretta, E. imbricata e L. olivacea em diferentes setores do litoral

brasileiro.

Objetivos especificos

» Apresentar uma revisdo dos principais trabalhos determinando as concentragdes de
mercurio (Hg) nas sete espécies de tartarugas marinhas (Chelonia mydas, Caretta
caretta, Lepidochelys olivacea, Eretmochelys imbricata, Dermochelys coriacea,
Lepidochelys kempii, Natatur depressus).

» Realizar um mapeamento das concentragfes de Hg nas placas laterais, costais,
marginais e vertebrais em individuos das espécies C. mydas, C. caretta, E. imbricata
e L. olivacea.

» Determinar a influéncia do tamanho nas concentragfes de Hg, MeHg e isétopos de
carbono e nitrogénio na C. mydas.

» Quantificar as concentragfes de Hg total em fragmentos de carapaga e quando
possivel em tecidos como, rim, figado e musculo (encontrados mortos) nas espécies
C. mydas, C. caretta, E. imbricata e L. olivacea encontradas em quatro pontos da
zona costeira brasileira.

» Realizar uma comparacéo entre as concentracfes de Hg encontradas na carapaga das
espécies C. mydas, C. caretta, L. olivacea e E. imbricata, com as concentracdes de

Hg reportadas na literatura para as regioes de Maranhao, Ceara, Pernambuco e Bahia.
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4. MATERIAL E METODOS

Todos os procedimentos e andlises deste trabalho foram realizados dentro das
normas vigentes da legislacdo ambiental brasileira, efetuados sob autorizacdo do Sistema de
Autorizacdo e Informacao em Biodiversidade — SISBIO, Licenca 66088-1 (2019) e 66837-3
(2019).

Espécies de tartarugas marinhas estudadas

Das sete espécies de tartarugas marinhas, cinco ocorrem no litoral brasileiro: C.
caretta, C. mydas, D. coriacea, E. imbricata, L. olivacea. S&o espécies migratdrias e com
héabitos alimentares e comportamentais distintos e, consequentemente, habitam locais
diversos em diferentes fases da vida, utilizando as praias do litoral e ilhas oceénicas para a
desova e distintas regides costeiras ou oceanicas para abrigo, alimentacao e crescimento. As
especies que ocorrem no Brasil também apresentam areas de distribuicdo um pouco distintas
entre si. Segundo o Plano Nacional para a Conservacao das Tartarugas Marinhas do ICMBIO

(2017), as espécies que ocorrem no Brasil se distribuem da seguinte forma:

» C. caretta: Adultos de tartaruga cabeguda ocorrem desde Amapa até o Rio Grande do
Sul, tendo registro de fémeas marcadas em éareas de desova no Brasil encalhadas em
praias do Uruguai. Estudos de telemetria mostraram um corredor migratorio entre a
Bahia e areas de alimentacdo e descanso na costa norte/nordeste, principalmente no
Ceara. Juvenis ocorrem em elevada concentracdo na elevagdo do Rio Grande (dados
de captura incidental) e na costa do Rio Grande do Sul (dados de encalhe).

» C.mydas: Ocorre em toda a area costeira brasileira (dados de encalhe e avistagens e
capturas incidentais em pesca). Existem registros de animais marcados no Brasil e
recapturados no Senegal (fémea), Nicardgua e Trinidad e Tobago (juvenil).

» E. imbricata: Juvenis e adultos ocorrem na area costeira de diversos estados do
nordeste do Brasil, com areas de alimentacdo e descanso conhecidas e estudadas no
Atol das Rocas e Fernando de Noronha. Individuos juvenis marcados no Atol das

Rocas e Fernando de Noronha foram encontrados no Gabédo e Senegal. Estudos de
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telemetria indicaram migracdo de fémeas reprodutivas da Bahia entre Salvador e
Abrolhos e em direcdo as areas de alimentacdo no Ceara.

» D. coriacea: Ocorre em diversos estados do sul do Brasil, no entorno da elevacao do
Rio Grande do Sul, no talude entre Uruguai e Santa Catarina e regido oceanica ao
largo de Sdo Paulo (registros de captura incidental), com maior concentracdo de
encalhes no Rio Grande do Sul. Fémeas marcadas no Gabdo foram capturadas
incidentalmente na costa brasileira e uruguaia, e uma fémea marcada no Espirito
Santo (ES) foi encontrada morta na Namibia. Telemetria por satélite destas espécies
mostram fémeas que desovam no ES migrando para o Uruguai e para costa de Africa,
evidenciando a grande distribuicdo desta espécie no Atlantico.

» L. olivacea: Sdo registrados desde o Para ao Rio Grande do Sul e na regido oceénica
ao longo do litoral nordeste até o Sul (captura incidental em pesca de espinhel).
Fémeas monitoradas que desovaram em Sergipe apresentaram deslocamentos
costeiros desde o Espirito Santo até o Para e migragdo para regides equatoriais do
Atlantico, com éareas de alimentacdo sugeridas no Para, Rio Grande do Norte,

Pernambuco Alagoas e Espirito Santo.

Areas de amostragem:

Este trabalho foi realizado em 4 pontos da zona costeira brasileira: Lengois
Maranhenses (Maranhdo), Ceara, Bahia (Praia de Mangue Seco), e Pernambuco (Porto de
Galinhas) (Figura 1). Os locais mencionados funcionam como areas de desova, sitios de

alimentacdo e reproducdo para estas cinco espécies de tartarugas marinhas.

» Maranhdo: As amostras obtidas nesta regido foram de filhotes da E. imbricata. As
coletas foram realizadas em parceria com o Instituto AMARES, ONG encarregada
da pesquisa e conservacao de ecossistemas aquaticos no Maranhdo.

» Cearé: Osindividuos amostrados foram resultado de encalhes das tartarugas marinhas
C. mydas e C. caretta em diferentes estagios de vida. As coletas foram realizadas em

parceria com o projeto TAMAR de Almofala e Instituto Verde Luz em Fortaleza.
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> Bahia: As coletas foram realizadas na Praia de Mangue Seco, area de desova da
espécie L. olivacea. A maior parte das amostras foram de fémeas adultas da L.
olivacea e C. caretta. As coletas foram realizadas em parceria com 0 projeto
TAMAR.

» Pernambuco: As coletas foram realizadas em Porto de Galinhas, area de desova da
tartaruga de pente, e com menor frequéncia da tartaruga verde, cabecuda e oliva.
Algumas das amostras foram coletadas de individuos encalhados, porém, a maior
parte foram de tartarugas adultas desovantes. As coletas foram realizadas em parceria

com a ONG Ecoassociados.
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Figura 1 Pontos de coleta das amostras de tartarugas marinhas nas zonas costeiras de
Maranhéo, Ceara, Pernambuco e Bahia.

Amostragem

Amostras de fragmentos de carapaca e quando possivel de rim, figado e mdsculo
foram coletadas de individuos em diferentes estagios de vida e sexo, da tartaruga verde,
cabecuda, tartaruga de pente, e oliva. Os individuos foram classificados como juvenil, sub-
adultos ou adultos de acordo com DODD (1988) para C. caretta; JENSEN et al., (2016) para
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C. mydas; REICHART (1993) para L. olivacea; MARQUEZ (1994); WITZELL (1983) para
E. imbricata; ECKERT et al., (2012) para D. coriacea.

Os fragmentos de carapaca foram coletados superficialmente utilizando uma
pinca e de forma aleatdria nas tartarugas verde, cabecuda e pente. Quando eram encontradas
lascas soltas estas eram coletadas para evitar estresse do animal, em caso contrario, era
necessario fazer um corte superficial que permitisse realizar a coleta. O peso aproximado dos
fragmentos estava entre 1 e 1,5 gramas. No caso da tartaruga oliva as coletas foram realizadas
nas placas marginais, devido a que apresentaram uma maior espessura em comparagdo com
as placas vertebrais e laterais (figura 2). Dessa forma, foi possivel fazer a coleta sem
machucar os individuos durante o processo.

As coletas de tecidos como o rim, figado e o mdsculo, foram realizadas sé nos
casos de individuos encontrados mortos nas praias, retirando uma massa aproximada de 10
g do respectivo 6rgdo. O tamanho dos individuos foi obtido com uma fita métrica, mediante
obtencdo do comprimento curvilineo da carapaca (CCC) e a largura curvilinea da carapaca
(LCC).

Coleta das placas da carapaca das tartarugas marinhas

Quando possivel, foram coletadas todas as placas vertebrais, laterais e marginais
da carapaca das tartarugas marinhas C. mydas, E. imbricata, C. caretta e L. olivacea. As
coletas foram realizadas unicamente em caso de encontrar individuos mortos, devido a que
0 processo envolvia a coleta completa das placas. A Figura 2 mostra a localizacéo das placas

na espécie C. caretta, cabe ressaltar que o numero de placas por espécie pode variar.



Figura 2 Localizagdo das placas vertebrais (V), laterais (LE e LD) e marginais (MD e ME)
na carapaca da tartaruga cabecuda.
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Numero de placas na carapaga das tartarugas marinhas estudadas variou de
acordo com a espécie (ROBINSON & PALADINO, 2013) (Tabela 1).

Tabela 1 — Numero de placas vertebrais (V), laterais direitas (LD), laterais esquerda (LE),
marginais direitas (MD) e marginais esquerda (ME) na C. mydas, C. caretta, E. imbricata e

L. olivacea.
Placas

.- . | Laterais | Laterais | Marginais | Marginais

Especie Vertebrais Direitas |esquerdas| direitas* |esquerdas*
Chelonia mydas 5 4 4 10 10
Caretta caretta 5 5 5 12 12
Eretmochelys imbricata 5 4 4 10 10
Lepidochelys olivacea 5 6 ou mais | 6 ou mais 10 10

*QO numero de placas pode variar dependendo da espécie
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Tratamentos das amostras e determinagdo de mercurio total (HgT)

A metodologia utilizada para a quantificacdo do HgT nas amostras bioldgicas
seguiu a adaptada de BEZERRA et al., (2012) e a configuragdo de forno digestor (MARS
XPRESS, CEM Corporation) aquela sugerida pelo fabricante para amostras bioldgicas.

As amostras foram pesadas em duplicata com peso seco de aproximadamente 0,5
g em tubos de teflon, onde foram adicionados 10 mL de acido nitrico concentrado (HNOs3
65%) em uma pré-digestdo de 25 min. Apoés a pré-digestdo, a digestdo foi realizada em forno
digestor micro-ondas com poténcia 1600 W e temperatura de 200°C durante 30 min. Em
seguida, 1 mL de peroxido de hidrogénio (H202) foi adicionado. O extrato final foi
transferido para baldes volumétricos de 100 mL, aferindo-os com agua destilada. Para cada
analise, os materiais utilizados foram lavados em banho de detergente neutro (Extran) por 12
horas e acido muriatico por 12 horas.

A quantificacdo do Hg nas amostras foi executada no Espectrofotdmetro de
Absorcao Atémica por geracdo de Vapor Frio (CV-ASS), modelo NIC RA-3 da NIPPON. O
equipamento de quantificacdo foi calibrado utilizando uma solu¢do padrdo (MERCK)
contendo 1.000 pg. mlt de Hg. Foram realizadas sucessivas dilui¢des até obter uma solucéo
trabalho de 1 ng.ml* de Hg. Essa solucdo foi utilizada para elaboracdo das curvas de
calibragéo.

O Limite de Deteccdo (LD) é definido como a menor massa de analito possivel
de ser quantificada e estatisticamente diferentes do branco do método, com um nivel de
confianca de 99%. O valor calculado para LD ¢ definido como 3 vezes o desvio padrdo de
sete brancos, do qual é multiplicado pelo fator especifico determinado pela distribuicdo t de
Student. Para o numero amostral de sete brancos (com grau de liberdade igual a 6) o fator de
multiplicacdo é 3,14 (USEPA, 2000). Os valores de LD obtidos para cada dia de anélise
variou de 0,00 a 0,08 ng de Hg, com uma média de 0,02 + 0,02 ng.

Para cada dia de analise foi feita a validacdo da metodologia, mediante o uso de
material certificado de referéncia (SRM) juntamente com as amostras biologicas. Foi
utilizado tecido de musculo de peixe (ERMBB422) contendo 601 + 30 ng g*. O valor médio
obtido, em andlise, para o material de referéncia utilizado foi 574,4 ng g* com uma

porcentagem de recuperacao de 97%.
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As quantificacdes de MeHg foram realizadas no Laboratory Wolfgang C. Pfeiffer da
Universidade Federal de Rondonia (UFR). Aproximadamente 200 mg de peso seco de
amostras foram pesados em tubo de PTFE e 5,0 mL de solu¢do metanélica de KOH a 25%
foram utilizados para extrair MeHg em estufa a 70° C por 6 h com agitacdo suave a cada
hora; as amostras foram entdo mantidas no escuro para evitar uma possivel degradacao do
MeHg. Posteriormente, o processo de etilagdo foi feito com 300 pL de 2 mol. Tampao acetato
L1 (pH 4,5) seguido da adigdo de 30 uL de amostra e 50 pL de borato de tetra-etila sédico
(1%) de acordo com TAYLOR etal., (2011). O volume final foi elevado a 40 mL com &gua
ultrapura (milli-Q, Millipore, Cambridge, MA, EUA) e analisado em cromatoégrafo gasoso
acoplado a espectrometro de fluorescéncia atdmica (sistema automatizado de metilmercurio
GC-AFS - MERX-TM da Brooks Rand Labs. Seattle, EUA). A precisdo e a exatidao das
determinacGes de MeHg foram asseguradas por meio de analises duplicadas de amostras e
material de referéncia certificado (Atum Fish - BCR-463), executadas com cada lote de
amostras, com uma recuperacdo média de 96%. Os limites de deteccdo (LOD) e o limite de
quantificacdo (LOQ) para as determinacdes de MeHg foram de 0,003 mg kg e 0,009 mg kg
!, respectivamente.

As analises de isdtopos estaveis foram realizadas no Laboratorio de Ciéncias
Ambientais, Centro de Biociéncias e Biotecnologia da Universidade estadual do Norte
Fluminense (UENF). Para quantificagdes de isotopos estaveis, subamostras secas de tecidos
(~ 1 mg), pesadas em cépsulas de estanho, foram analisadas em um analisador elementar
Flash 2000 acoplado a um espectrémetro de massa de fluxo continuo (Isotope Ratio Mass
Spectrometry — IRMS, Delta V Advantage, Thermo Scientific, Alemanha) para quantificar
os isotopos estaveis. Todos os resultados sdo expressos como valor delta (8), em relagao a
notacdo de Pee Dee Belemnite para 3C em partes por mil (%o) € N2 atmosférico para §*°N,
de acordo com (Peterson e Fry, 1987). As repeticOes analiticas apresentaram variagoes
inferiores a 5% e a acuracia foi determinada a partir de um padréo certificado de proteina

(B2155) com recuperacao média de 97 + 1%.



Analises estatisticas

As analises estatisticas variaram de acordo com o objetivo de cada pesquisa, e sao

detalhadas em cada capitulo.
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5. RESULTADOS E DISCUSSAO

5.1 CAPITULO 1: DISTRIBUICAO PAN-OCEANICA DE MERCURIO (Hg) EM
TARTARUGAS MARINHAS

Rodriguez CAB, Lacerda LD, Bezerra, MF. 2022. Pan-oceanic distribution of mercury
(Hg) in sea turtles: A review. Endangered Species Research 49: 175-185.
https://doi.org/10.3354/esr01209

RESUMO

Sem nenhuma funcéo biolégica, o mercurio (Hg) € um elemento altamente toxico,
que bioacumula e biomagnifica na teia trofica. Assim, animais com longo tempo de vida
como as tartarugas marinhas podem ser expostos ao Hg encontrado nos oceanos. A ampla
distribuicédo destes organismos e tempo de vida compativel com o tempo de residéncia do Hg
nas aguas superficiais dos oceanos (aproximadamente 30 anos) os torna monitores bioldgicos
confiaveis, das mudangas a longo prazo nas concentrac6es de Hg nos oceanos. Tomando isso
em consideracdo, através desta revisdo de trabalhos foi realizada uma comparacdo das
concentracfes de Hg nas sete espécies de tartarugas marinhas, distribuidas em diferentes
regides dos oceanos Atlantico, Pacifico, e indico, e no Mar Mediterraneo.

Foram wusados bancos de dados eletrénicos, incluindo Web of Science
(https://www.sciencedirect.com), Science Direct (https://www.sciencedirect.com), Google
Scholar (https://scholar.google.com) e Scopus (https://www.scopus.com), para rastrear
estudos relatando concentracdes de Hg em pelo menos uma das sete espécies de tartarugas
marinhas consideradas. Foram usadas para busca palavras-chave que incluiam nomes
comuns e cientificos de espécies de tartarugas marinhas e "Hg", "mercurio”,
"biomonitoramento”, "metal”, "metal pesado", "metais vestigiais”, "bioacumulacdo” e
"biomagnificacdo". Foram verificados estudos relevantes na lista bibliogréafica de todos os
artigos selecionados.

Entre 1980 e 2020, um total de 70 estudos relataram concentragdes de Hg em pelo
menos uma das sete espécies de tartarugas marinhas. Destes, mais da metade (n = 45)
apresentou dados de concentracdo de Hg para pelo menos um dos seguintes tecidos: figado,
rim, masculo e scutes. Apenas duas especies, C. mydas e C. caretta, apresentaram dados

suficientes para comparar os niveis de Hg entre regides. Quarenta e trés artigos (61,4%)
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foram publicados entre 2010 e 2020 e a area oceanica com maior numero foi o Atlantico
Norte (NA) (n = 23), seguido pelo Pacifico Norte (NP) (n = 18), Mar Mediterraneo (MED)
(n = 14), Atlantico Sul (SA) (n = 9), Oceano Indico (10) (n = 3) e Pacifico Sul (SP) (n = 3)
(Fig. 2). De acordo com o nimero de publicagdes de forma geral, a maioria dos trabalhos
foram encontrados na regido do Hemisfério Norte. No caso das espécies com o maior nimero
de publicagdes, a C. mydas mostrou uma distribuicdo mais ampla, enquanto C. caretta
mostrou uma distribuicdo mais restrita para o Oceano Atlantico e mar Mediterraneo.

A distribuicdo regional das concentracdes de Hg no mdsculo e na carapaca na C.
mydas foi maior no Atlantico Sul, enquanto as maiores concentracdes encontradas na C.
caretta ocorreram no Mar Mediterraneo. Estas diferencas poderiam estar associadas aos
habitos alimentares de cada espécie e das caracteristicas ambientais, como a caracteristica
oligotrofica da dgua e a baixa produtividade no Mar Mediterraneo. Infelizmente, existe um
numero reduzido de trabalhos para as outras cinco espécies de tartarugas marinhas (D.
coriacea, E. imbricata, L. olivacea, L. kempii, e N. depressus), o que dificulta uma
comparacao regional ou ecoldgica mais detalhada entre as espécies.

Ha também um forte viés, considerando que a maioria dos resultados em C. caretta
vem de fémeas adultas na fase de nidificacdo, o que significa que comportamentos como a
afagia, onde as tartarugas marinhas diminuem a ingestdo de alimentos, podem afetar as
concentracfes de Hg que as fémeas refletem durante os periodos reprodutivos. Portanto,
quaisquer potenciais diferengas sexuais no comportamento alimentar que possam afetar o
acumulo de Hg nédo sdo contabilizadas e devem ser consideradas em estudos futuros.

Os estudos se concentram desproporcionalmente no Atlantico Norte, seguido pelo
Mar Mediterraneo, Pacifico Norte e Atlantico Sul. Encontramos uma importante lacuna de
conhecimento para o Pacifico Sul, onde ndo ha dados de Hg utilizando a carapaca de qualquer
especie de tartaruga marinha. Foi possivel observar que as diferengas nos niveis de Hg entre
as regides do Atlantico Sul e do Pacifico Norte se devem a diferencas na disponibilidade de
Hg e ndo a um efeito do tamanho do animal, uma vez que estas foram removidas pela
normalizacdo dos dados de Hg. Da mesma forma, diferengas na concentracdo de Hg em C.
caretta estdo associadas a diferencas nas concentracdes ambientais médias de Hg relatadas

por diferentes estudos. Especialmente para o Mar Mediterraneo, que apresentou maiores
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concentracdes de Hg e foi corroborado por resultados em outros organismos marinhos, como
atum e mamiferos marinhos.

A amostragem de fragmentos de carapaca é uma técnica relativamente recente, mas
tem sido mostrada como um método confidvel de monitoramento de Hg em tartarugas
marinhas, pois pode refletir ndo apenas o comportamento alimentar, mas o nivel de
contaminacdo do habitat. Os resultados do presente estudo para C. caretta e C. mydas
mostram que essas espécies provavelmente podem ser usadas como monitores das
concentragOes de Hg nos oceanos. No entanto, como mencionado anteriormente, os dados
atuais disponiveis sdo baseados em alguns estudos e, portanto, devem ser interpretados com
cautela. No geral, as tartarugas marinhas apresentam um nivel moderado de acumulacéo de
Hg que reflete origens regionais e comportamento alimentar especifico da espécie. Como
espeécies, as tartarugas marinhas habitam muitas areas em regiGes oceanicas e costeiras muito
distintas, o que realmente as caracteriza como sentinelas oceénicas. Pedimos um esforco
maior para proteger e usar esses animais como espécies-alvo para o monitoramento da

poluigdo por Hg usando técnicas de amostragem de scutes ndo letais.

Palavras Chaves: Tartarugas marinhas; Bioacumulacdo; Poluicdo; Espécies sentinelas;

Bioindicador.
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ABSTRACT: With no known biological function, mercury (Hg) is highly toxic, bio-accumulates,
and biomagnifies up the food web. Long-living marine animals, such as sea turtles, can be
exposed to Hg in the oceans. The wide distributions of these reptiles and lifespans compatible
with Hg residence time in ocean surface waters (approximately 30 yr) makes them reliable biolog-
ical monitors of the long-term changes in Hg concentrations in the oceans. Taking this into con-
sideration, we conducted a thorough review of studies to compare the concentrations of Hg in the
7 species of sea turtles distributed in different regions of the Atlantic, Pacific, and Indian Oceans
and the Mediterranean Sea. Hg concentrations in muscle and scutes of Chelonia mydas were
highest in the South Atlantic, whereas the highest concentrations found in Caretta caretta
occurred in the Mediterranean Sea. The differences could be associated with the feeding habits
of each species and the characteristics of the environment, such as the oligotrophic nature of the
water and the lower productivity in the Mediterranean Sea. Unfortunately, few studies exist for
the other 5 sea turtles (Dermochelys coriacea, Eretmochelys imbricata, Lepidochelys olivacea, L.
kempii, and Natator depressus), which hampers a more detailed regional or ecological compari-
son among species. The results found in this review reveal information gaps that should be filled

through more numerous studies focused on different oceanic regions and species.

KEY WORDS: Marine turtles - Biomagnification - Pollution - Sentinel species - Bioindicator

1. INTRODUCTION

Environmental contamination is considered one of
the greatest challenges facing modern human soci-
ety (Ali & Khan 2017). Rapid industrialization and
urbanization have increased transport rates and mobi-
lization of trace metals in aquatic systems, and mer-
cury (Hg) levels in the upper ocean have tripled since
the beginning of the industrial revolution (Cassel-
man 2014, Ali et al. 2019). Trace metals are often
listed as priority pollutants in environmental safety
assessments (USEPA 2007), and there is a high regu-
latory interest in highly toxic metals such as Hg (Gril-

* Corresponding author: hpbarrios15@gmail.com

litsch & Schiesari 2010). Hg is considered a pollutant
of global importance, due to its long residence time
in oceanic surface waters (approximately 30 yr) and
in the atmosphere (several months to 1 yr) (Driscoll et
al. 2013), which allows its transport to remote places
including the Arctic and Antarctic (UNEP 2013).
Moreover, organic forms of Hg (e.g. methyl-Hg) are
highly toxic, bioaccumulate within organisms, and bio-
magnify up trophic chains (Chen et al. 2012, Driscoll
et al. 2013).

Hg occurs naturally in Earth's biogeochemical sys-
tems, but centuries of human industrial activities,
mining, and burning of fossil fuels have mobilized
© The authors 2022. Open Access under Creative Commons by
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large amounts of Hg from terrestrial reservoirs to the
atmosphere and oceans (Selin 2009, Gworek et al.
2016). Recent modeling of global Hg distribution
showed that approximately 49 % of the global depo-
sition of Hg in the inorganic form (Hg?*) occurs over
tropical oceans (Horowitz et al. 2017, Streets et al.
2017). However, the average Hg concentration in the
oceans is not homogeneous; it is higher in the Medi-
terranean Sea (2.5 pM) and the North Atlantic (2.4 pM)
than in the South Atlantic (1.7 pM) and the Pacific
Ocean (1.2 pM) (Selin 2009). These differences could
be associated with different atmospheric deposition
and other Hg fluxes resulting from lateral and verti-
cal seawater flow, particulate settling, and evasion
(sea-air transfer) that vary substantially in relative
importance across different geographic regions (Sun-
derland & Mason 2007). Thus, the impact of anthro-
pogenic Hg emissions on oceanic biota is also not
uniform (Lamborg et al. 2014).

The complexity of Hg cycling in the ocean makes it
challenging to predict exposure levels at higher
trophic levels from environmental concentrations
alone (Gustin et al. 2016). Therefore, identifying ap-
propriate bioindicators based on their relationship
with sensitive ecosystems is a critical first step in
assessing the risk to ecological and human health,
and in response to the Hg monitoring responsibilities
under the Minamata Convention (Gustin et al. 2016,
Evers et al. 2018b).

Sea turtles have been suggested as potential bio-
indicator species to monitor Hg distribution in the
oceans, mainly because of their long lifespan and
global distribution (Evers et al. 2018a). However, spe-
cies-specific ecological traits, such as migration and
ontogenetic shifts in diet, can confound the interpre-
tation of Hg accumulation in these animals and makes
the association of Hg body burdens with habitat diffi-
cult (Anan et al. 2002, Miguel & de Deus Santos 2019).
The 7 species of marine turtles are loggerhead Caretta
caretta, green Chelonia mydas, hawksbill Eretmochelys
imbricata, Kemp's ridley Lepidochelys kempii, olive ri-
dley L. olivacea, leatherback Dermochelys coriacea,
and flatback Natator depressus, and each shows dif-
ferences that are typically associated with life-history
traits (particularly size), habitat use, and trophic
status (Figgener et al. 2019). Both diet and distribution
are important factors when assessing Hg concentra-
tionsin sea turtles. Thus, the evaluation of these 2 fac-
tors is extremely important to understand how these
organisms accumulate Hg in different regions of the
oceans, in addition to the possible variations of con-
centrations because of greater Hg emissions from
both anthropogenic and natural sources.

Since average Hg concentrations are different
among ocean regions and the distribution and life-
span of sea turtles lead to high exposure to Hg, this
review aims to assess the Hg accumulation in sea tur-
tle species worldwide and to evaluate the use of
these organisms as indicators of Hg in the oceans.
Specifically, we compared Hg concentrations re-
ported in tissues (e.g. muscle, scutes) of multiple sea
turtle species and selected those (C. caretta and C.
mydas) with enough data to identify the potential
traits (e.g. habitat, diet, and life stage) that better
explain Hg differences across species and oceanic
area.

2. MATERIALS AND METHODS

Using electronic databases including Web of
Science (https://clarivate.com/webofsciencegroup/
solutions/web-of-science/), Science Direct (https://
www.sciencedirect.com), Google Scholar (https://
scholar.google.com), and Scopus (https://www.
scopus.com), we searched for studies reporting Hg
concentrations in at least 1 of the 7 species of sea
turtles.

Key words included common names and scientific
names of sea turtle species (e.g. ‘green turtle’, ‘Che-
Ionia mydas', 'loggerhead turtle', 'Caretta caretta’,
etc.), 'Hg', ‘mercury’, ‘biomonitoring’, ‘metal’, ‘heavy
metal’, 'trace metals’, '‘bioaccumulation’, and ‘bio-
magnification’. We also checked for relevant studies
in the bibliographies of all articles selected. For com-
parison analysis, we considered only the studies with
Hg concentrations reported for liver, kidney, muscle,
and/or scutes. We did not use studies reporting Hg
concentrations in other tissues (e.g. egg, salt gland,
bone, fat, blood, intestine, yolked follicles, salt gland
secretions, and embryo).

2.1. Data collection

The information recorded included authors’
names, year of publication, location, species, sample
size, tissue type (e.g. liver, kidney, muscle, scute),
mean total Hg concentration in dry weight, and ani-
mal size (e.g. mean curved carapace length, CCL).
All collected data are presented in Tables S1-S6 in
the Supplement at www.int-res.com/articles/suppl/
n049p175_supp.pdf. When animal size was reported
as straight carapace length (SCL), a transformation
to CCL was conducted using the following formulas
for each species: C. mydas = -0.028 + 1.051 (SCL)
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(Bjorndal & Bolten 1989), C. caretta = 1.88 + 1.053
(SCL) (Bjorndal et al. 2000), Lepidochelys olivacea =
(SCL - 9.244)/0.818 (Whiting et al. 2007), L. kempii =
(SCL - 0.346)/0.948 (Coyne 2000), and Eretmochelys
imbricata = (SCL - 0.449)/0.935 (Wabnitz & Pauly
2008). For Dermochelys coriacea and Natator de-
pressus, a transformation was not necessary since all
data were reported as CCL.

Sea turtle individuals were classified as juvenile,
sub-adult, and adult for each species according to
Dodd (1988) for C. caretta, Jensen et al. (2016) for C.
mydas, Reichart (1993) for L. olivacea, Marquez
(1994) for L. kempii, Witzell (1983) for E. imbricata,
and Eckert et al. (2012) for D. coriacea. Unfortunately,
there were not enough studies in the case of N.
depressus. Studies were grouped by oceanic area of
sampling including North Atlantic (NA), South At-
lantic (SA), Mediterranean Sea (MED), Indian Ocean
(I0), North Pacific (NP), and South Pacific (SP).

We recorded the mean value of total Hg concen-
trations in liver, kidney, muscle, and scute tissues
as reported in each study. When Hg concentrations
were reported as medians, a conversion was per-
formed using Eq. (1) according to Wan et al. (2014):

Mean estimation = (min + 2xmedian + max)/4 (1)

The reported mean Hg concentration for each tis-
sue was used as an observation to test differences
among factors for C. mydas and C. caretta. All Hg
concentrations are reported in ng g~' on a dry weight
basis. When necessary, Hg concentrations were con-
verted from wet weight to dry weight using the mois-
ture content of the respective tissue as reported by
the respective study. When tissue moisture content
was not reported, we assumed a value

of 75% for liver, 66 % for kidney, and 7
80% for muscle tissues, according to
Garcia-Fernandez et al. (2009). For 6
scute tissues, a value of 29.1% was 3 5
used according to Perrault et al. (2017). -g
o4
2
2.2. Statistical analysis 23
g
P4

Statistical analyses were performed
using R 4.1.2 (R Development Core 1
Team 2021). Normality assumptions

necessary. The nonparametric Kruskal-Wallis test
was used when data did not meet parametric test
assumptions. To improve comparability of Hg con-
centrations among sea turtles of different sizes, and
among sites, we normalized Hg levels (Hg,,mm) by
dividing the reported Hg levels by the average ani-
mal size (CCL) for the respective sample pool (Scud-
der Eikenberry et al. 2015). Normalized Hg levels
remove the effect of size on variation in Hg among
oceanic areas, improving the interpretation of
observed differences. All tests were conducted
assuming a significance level of 95% (values were
considered significant at p < 0.05). Principal compo-
nent analysis (PCA) was performed to describe vari-
ations in log-transformed Hg level as function of
selected factors (CCL, oceanic area, tissue) of C.
mydas and C. caretta. PCA was also used to graphi-
cally describe the relationship of Hg concentration
with factors such as species (C. mydas and C.
caretta), CCL, and oceanic area.

3. RESULTS

Between 1980 and 2020, a total of 70 studies re-
ported Hg concentrations in at least 1 of the 7 species
of sea turtles (Fig. 1). From these, more than half
(n = 45) presented Hg concentration data for at least
1 of the following tissues: liver, kidney, muscle, and
scutes. Only 2 species, Chelonia mydas and Caretta
caretta, presented enough data to compare Hg levels
among factors. Therefore, these were the species
used in our comparative analyses. For other species,
Table S7 describes reported Hg levels.

were tested using the Shapiro-Wilk
test. Parametric ANOVAs were used
to test differences in log-transformed
Hg concentrations among factors (e.g.
species, year, and oceanic areas) fol-
lowed by a post hoc Tukey test when

1990 s

o S}
1995 ——

1980 s

1998 T

Fig. 1. Worldwide historical record of studies quantifying Hg concentrations in
sea turtles from 1980 to 2020. Only years in which studies were published are

shown in the graph
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3.1. Geographical variations in Hg concentrations

Most papers (n = 43; 61.4%) were published be-
tween 2010 and 2020 (Fig. 1) and the oceanic area
with the highest number was the North Atlantic (NA)
(n = 23), followed by the North Pacific (NP) (n = 18),
Mediterranean Sea (MED) (n = 14), South Atlantic
(SA) (n = 9), Indian Ocean (IO) (n = 3), and South
Pacific (SP) (n = 3) (Fig. 2). Most widespread studies
involved C. mydas, while C. caretta showed a more
restricted distribution to the Atlantic Ocean.

Hg was reported most frequently in liver tissue (n =
34), followed by kidney and muscle (n = 26), and
scute (n = 17). Many studies reported Hg concentra-
tions in more than 1 tissue type. Other types of sam-
ples were reported in less than 30% of the studies
and include eggs, salt glands, bone, fat, blood, and
embryos, generally with very small numbers of indi-
viduals sampled (Table S8). Considering only those
studies reporting on at least 1 of the 4 tissues of inter-
est, the literature search resulted in 45 studies.

Because some studies reported Hg concentrations
in more than 1 species, the total number of observa-
tions for the studies with different species (n = 54) is
larger than the total number of studies (n = 45)
(Tables S1-S6). In summary, C. caretta (46.3%, n =
25) and C. mydas (40.7 %, n = 22) represented 87 % of
the observations. The remaining 13.0% (n = 7) were
distributed among the other species (Dermochelys
coriacea, Eretmochelys imbricata, Lepidochelys oli-
vacea, and L. kempii). Only 1 study quantified Hg
concentration in eggs and blood of Natator depressus
(Ikonomopoulou et al. 2011).

To compare Hg levels among oceanic regions, we
used results from muscle and scute tissues only.
Although the liver and kidney are tissues that also
allow comparisons among oceanic regions, we chose
to use muscle and scutes because they act as long-
term storage for Hg, integrating the exposure over
time, and are not directly involved in Hg detoxifica-
tion processes occurring in other organs (Day et al.
2005, Evers & Sunderland 2019). Geographical varia-
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Fig. 2. Geographic distribution of studies quantifying Hg concentrations in sea turtles (n = 70) in the North Atlantic (NA),
South Atlantic (SA), Mediterranean Sea (MED), Indian Ocean (IO), North Pacific (NP), and South Pacific (SP). Symbols re-
present the exact geographical location of each study
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14 A levels in scutes were different among oceanic areas
12 (ANOVA: F35 = 10.97, p = 0.01) and were higher for
10 Median  25% —75% Min — Max MED compared to NP (post hoc Tukey: p = 0.02) and
SA (post hoc Tukey: p = 0.03). Hg,,, levels in scutes
8 0 Muscle were also higher in NA compared to NP (post hoc
6 B Scutes Tukey: p = 0.03) (Fig. 3).
4 For oceanic areas where both C. mydas and C.
:E; 2| — caretta occur, we found no differences in Hg,,,, in
= 0 = 2] - scutes (ANOVA: F,4 = 1.62, p = 0.24) or muscle
g MED NA NP SA Sp (ANOVA: FIO.S =1.9, P= 1.19) between years.
=
*% 25 B
g 20 3.2. PCA
15 According to the PCA, the first 2 principal compo-
nents (PCs) generated had eigenvalues >1 (A; > 1)
10 I (Kaiser 1958, Fraga et al. 2016) and were responsible
for 74.2% of the variation of the total information on
5 Hg concentrations in sea turtles and different ocean
= == =iz} regions. PC1 and PC2 were responsible for 47 and
0 MED NA NP SA 27.2 %, respectively, of the data variations. We found a

Fig. 3. Total mercury concentrations (Hg,.) in muscle and
scutes of (A) Chelonia mydas and (B) Caretta caretta by re-
gion (abbreviations as in Fig. 2). Horizontal lines represent
one study for muscles in (A) or scutes in (B). Sample num-
bers per area were as follows: C. mydas, muscle: MED (n =
1), NA (n=1), NP (n = 6), SA (n =6), SP (n = 1); scutes: MED
(m=0), NA (n=0), NP (n=35), SA (n=29), SP (n = 0).
C. caretta, muscle: MED (n = 8), NA (n =2), NP (n =4), SA
(n=0),SP (n =0); scutes: MED (n= 1), NA (n=3), NP (n=2),
SA(n=3),SP(n=0)

tions in Hg levels in muscle and scutes of C. mydas
and C. caretta are shown in Fig. 3.

3.1.1. Chelonia mydas

We found significant differences in Hgporm concen-
trations among oceanic areas for comparisons using
scute and muscle tissues. Hg,,,, levels in muscle
were different among oceanic areas (ANOVA: F =
6.17, p = 0.009) and higher for SA compared to NP
(post hoc Tukey: p = 0.005) (Fig. 3). Similarly, Hgnorm
levels in scutes were higher for SA compared to NP
(ANOVA F, 1, = 7.1, p = 0.02) (Fig. 3).

3.1.2. Caretta caretta
We did not find significant differences in Hg,om

concentrations among oceanic areas for muscle tis-
sue (ANOVA: F, 1; = 0.72, p = 0.5). In contrast, Hgnorm

clear differenceregarding C. mydas and C. caretta be-
tween the SA, NP, and MED, in agreement with the
differences in concentrations observed in these ocean
regions (Fig. 3) and the sizes of the animals included in
the studies. This is especially true with Hg concentra-
tions in C. mydasfrom the SA showing an inverse rela-
tionship with size (CCL) in all tissues, with juvenile in-
dividuals showing higher Hg concentrations (Fig. 4).

4. DISCUSSION

The number of studies quantifying Hg in sea tur-
tles was higher for Chelonia mydas and Caretta
caretta, compared to all other species, as seen in this
review and previously for other trace elements
(Cortés-Gomez et al. 2017). For other sea turtle spe-
cies, there is a significant knowledge gap, as few
studies have analyzed Hg in the tissues of interest for
the present study. The reason for this discrepancy
may be related to the fact that C. mydas and C.
caretta are more abundant in coastal areas, facilitat-
ing animal capture (Eckert 1993). Moreover, particu-
larly for Dermochelys coriacea and Eretmochelys
imbricata, their endangered status is more critical,
reflecting lower population sizes (Mortimer & Don-
nelly 2008, Wallace et al. 2013) making it difficult to
sample these species, thus resulting in a lower num-
ber of studies. This scenario is not exclusive to stud-
ies on contaminants, but also applies to those involv-
ing other research questions. For example, the use of
stable isotopes of 8'°N and 8'°C, as observed in the

31



180 Endang Species Res 49: 175-185, 2022
[ Study area and species
2 CCL Liver NA - C. caretta
NP — C. caretta
NP - C. mydas
SA - C. mydas
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-4 49
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Fig. 4. Principal components analysis (PCA) based on Hg concentrations by region (abbreviations as in Fig. 2), species (Chelo-
nia mydas and Caretta caretta), tissues (liver, kidney, muscle, and scutes), and curved carapace length (CCL). The 4 larger
boxes represent the means of each group

review by Figgener et al. (2019), also showed that the
sampling effort tends to be unequal among different
species and is also higherin C. mydas and C. caretta.
Therefore, most of the knowledge about the interac-
tion of sea turtles with contaminants, such as Hg,
derives from these 2 species.

Both C. caretta and C. mydas have biological and
ecological characteristics that influence their Hg
concentrations. Diet and feeding habits are the major
pathways of Hg bioaccumulation in sea turtles (Per-
rault 2014, da Silva et al. 2016). One of the most
widely studied examples is the ontogenetic change
of diet in green turtles. Juveniles of this species are
omnivorous, but adults are almost exclusively her-
bivorous (Bjorndal 1985, 1997). As a result, Hg con-
centrations can be inversely related to size (Bezerra
et al. 2012). Although the green turtle is not the only
sea turtle species that undergoes changes in diet
during growth, it is the only one that shifts from
omnivory during the juvenile stage to predominantly
herbivory when adult, which explains the clearer
relationship between diet and Hg concentrations
(Sakai et al. 2000, Kampalath et al. 2006, Bezerra et
al. 2014, 2015, Rodriguez et al. 2020).

Variation in Hg concentrations with life-stage
shifts in green turtles highlights the importance of

foraging items as descriptors of Hg concentrations in
organisms; however, environmental factors should
also be considered, especially regarding Hg sources
and fate in the environment. In the present study,
we found that Hg,,,,, levels in scutes from C. caretta
were higher in the Mediterean Sea compared to
other ocean basins. The long-lasting legacy of Hg
mining activities, a high density of submarine vol-
canic emissions, and regional contamination have
strongly contributed to the greater seawater Hg con-
centrations compared to those found in the Pacific
and Atlantic Oceans (Selin 2009, Cinnirella et al.
2019, Tseng et al. 2021). According to the current Hg
budgets, Hg evasion outputs in the Mediterranean
Sea are nearly equal to inputs from atmospheric,
riverine, and geogenic resources, resulting in lower
variability of Hg concentrations in surface waters. In
addition, variation in the thermocline depth also cor-
relates with Hg levels in this area (Tseng et al. 2021).

For decades, many studies have pointed to higher
Hg concentrations in Mediterranean marine organ-
isms compared to similar species inhabiting the adja-
cent North Atlantic Ocean or the Black Sea (Cossa
et al. 2012). These discrepancies are particularly
noticeable in top predators, such as tuna or marine
mammals (Cossa et al. 2012). The oligotrophic nature
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of the water and the lower productivity in the system
are linked to the higher Hg bioaccumulation rate by
Mediterranean organisms (Chouvelon et al. 2018).

Our results for C. caretta scute tissue also show
higher Hg levels in the North Atlantic compared to
the North Pacific. This is in accordance with models
showing higher concentrations of Hg in the Mediter-
ranean Sea and the North Atlantic, compared to the
South Atlantic and the Antarctic Ocean (Lamborg et
al. 2002, Gworek et al. 2016).

Other long-living oceanic organisms also present
similar Hg accumulation patterns. Evers et al
(2018b) compared the 3 species of bluefin tuna
(Thunnus spp.) in 6 oceanic regions (North Atlantic,
Mediterranean Sea, North Pacific, South Atlantic,
South Pacific, and Indian Ocean), and Tseng et al.
(2021) evaluated the variation of Hg bioaccumulation
in bluefin tuna on a global scale. These authors found
significant variation in Hg concentrations among
bluefin tuna populations from distant ocean basins,
where the highest concentrations of Hg in tuna were
in species from Mediterranean regions. The authors
also discussed this pattern because of different levels
of Hg pollution associated with contrasting ecologi-
cal structures and circulation patterns across ocean
regions (Tseng et al. 2021). Studies targeting ce-
tacean species, especially delphinids (e.g. striped
dolphin Stenella coeruleoalba, common bottlenose
dolphin Tursiops truncatus), found that individuals
from the Mediterranean Sea presented the highest
levels among different oceanic areas (Kershaw &
Hall 2019). Thus, the levels of Hg detected in species
that use the Mediterranean Sea as a foraging area,
such as C. caretta, bluefin tunas, and cetaceans, may
be higher when compared to individuals of the same
species in the Atlantic and Pacific Oceans. These
trends are reflected in our results. Although C.
caretta from the Mediterranean Sea showed higher
concentrations in scutes compared with other
regions, our results need to be interpreted with cau-
tion because only 1 study reported Hg concentrations
in scutes in C. caretta from the Mediterranean Sea
(Casini et al. 2018).

The bioaccumulation of Hg in marine biota results
from continuous exposure, mostly from feeding
(Gray 2002, Kidd et al. 2011), and a slow rate of meta-
bolic elimination, typical of larger and older animals,
which results in an increased body load of Hg (Morel
et al. 1998). Anthropogenic factors also play a rele-
vant role in Hg exposure in sea turtles, mainly in
coastal areas where anthropogenic activities have
the potential to change local environmental concen-
trations of Hg and, consequently, the Hg contents in

the food items consumed by these reptiles (Bezerra et
al. 2015, Gworek et al. 2016). When analyzing stud-
ies comparing Hg concentrations on a regional scale,
such as those by Bezerra et al. (2015) and Barraza et
al. (2019), the importance of local sources of anthro-
pogenic contamination along the coast becomes
clear, especially in regions where sea turtles feed.
Barraza et al. (2019) observed that the anthropogenic
activities and pollution in a given region can affect
how green turtles accumulate trace metals. Further-
more, Bezerra et al. (2015) compared juvenile green
turtles from 2 coastal sites in Brazil, one densely pop-
ulated and with an extensive industrial zone, and the
other with a lower anthropogenic impact. The results
of their research showed that both green turtles and
their food items (algae and mollusks) presented
higher Hg concentrations in the area with more
intense anthropogenic sources of Hg. Thus, on a
regional scale, it is possible to observe the influence
of anthropogenic activities on Hg burdens of sea
turtles.

The differences found in this study between the
North Pacific and South Atlantic regions using C.
mydas is another example of the influence of envi-
ronmental concentrations of Hg in both oceans. Most
of the studies with C. mydasin the South Atlantic are
from southeastern Brazil, the most industrialized
region in that country (Marins et al. 2004, Kiitter et
al. 2022). Thus, the surface waters of this zone may
reflect the Hg of anthropic emissions. Likewise, these
differences can also be observed in deeper waters.
For example, Mason et al. (1998, 2001) and Laurier et
al. (2004) reported higher average concentrations of
Hg in deeper waters in the South Atlantic compared
to the North Pacific.

Other marine organisms such as sea birds have
also been shown to reflect regional characteristics on
Hg levels. Comparing 2 colonies of Bulwer's petrel
Bulweria bulwerii between the Atlantic and the
Pacific showed that chicks and adults had signifi-
cantly higher concentrations of Hg in the colonies of
the Atlantic than those of the Pacific Ocean (Furtado
et al. 2021). Given that this species has no apparent
trophic differences, the most likely explanation is
that food items consumed by these birds (e.g. fish,
squid) in the Atlantic mesopelagic zone have higher
Hg levels than in the Pacific (Carravieri et al. 2014,
Furtado et al. 2021). Also, these variations may result
from a complex interaction of factors, including vari-
ation in atmospheric deposition, productivity, and
microbial activity, and differences in planktonic com-
munities, as different types of phytoplankton present
different rates of bioaccumulation (Zhang et al. 2020).
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In the present study, although Hg data span sev-
eral decades, we did not find a clear pattern of Hg
accumulation over time. The limited number of
studies with sea turtles and without a continuous
monitoring program makes it difficult to observe
such patterns. To best track global and regional
biotic Hg exposure over time and space, we need
to synthesize existing information with new data in
a structured and strategic way (Evers & Sunderland
2019). To achieve this, it is extremely important to
carry out more studies reporting Hg concentrations
in different species of sea turtles using non-inva-
sive methods.

The use of scutes has helped to promote research
with sea turtles, mainly because it is a non-invasive
method and a tissue that, unlike the liver or kidney,
accumulates Hg for a longer time, thus providing a
history of Hg accumulation (Schneider et al. 2015).
Studies such as those by Vander Zanden et al. (2013)
show that the estimated time that scutes can retain
several types of resources (e.g. isotopes and other
metals) is approximately 0.8 yrin juveniles and 6.5 yr
in adults. Furthermore, the stability of Hg in the scute
matrix makes this tissue preferable for approximat-
ing long-term exposure (Day etal. 2005). Scutes have
been shown to be the most effective predictor of Hg
concentrations in tissues like the liver, kidney, and
muscle (Sakai et al. 2000, Day et al. 2005, Bezerra et
al. 2013). Above all, analyzing scute tissues has been
a good indicator of Hg concentrations and diet
changes in species such as C. mydas (Sakai et al.
2000, Bezerra et al. 2013, 2015, Barraza et al. 2019).

Global models will be critical for understanding
current needs and prioritizing future patterns (Evers
& Sunderland 2019), as well as tracking changes
in Hg concentrations of selected bioindicators asso-
ciated with control measurements of specific Hg
sources, or the cumulative effects of measures
adopted by agreements, such as the Minamata Con-
vention on Mercury (Davis et al. 2016, Evers et al.
2016). For sea turtles, it is necessary to develop and
improve geographically representative modeling
and monitoring of Hg levels and Hg compounds in
vulnerable populations and the environment (Coul-
ter 2016, Evers et al. 2016). Thus, and according to
the information collected through this review, we
consider that there are 4 important strategies to be
carried out that in the future would allow us to obtain
comparable results: (1) using non-invasive method-
ologies that allow the collection of tissues from living
individuals; (2) standardizing the type of tissue used;
(3) sampling individuals in the same life-stage
classes; and (4) developing intensive sampling stra-

tegies able to differentiate the impact of changing
environmental conditions on a sub-regional scale.
The results and information generated would allow
us to have a clear idea about the use of sea turtles as
possible monitors of the impact on the coastal and
oceanic environments over time.

5. CONCLUSION

The present review highlights the clear imbalance
in studies on Hg concentrations among the 7 species
of sea turtles. Chelonia mydas and Caretta caretta
are the most studied species; consequently, most of
the information and knowledge that is available
about the fate of Hg in these reptiles comes from
these 2 species, and a broader evaluation, including
other species, is urgently needed. There is also a
strong bias considering that most of the results in C.
caretta come from adult females in the nesting stage,
which means that behaviors such as aphagia, where
sea turtles decrease food intake, can affect the Hg
concentrations that females reflect during reproduc-
tive periods. Therefore, any potential sex differences
in feeding behavior that can affect Hg accumulation
are not accounted for and should be considered in
future studies.

Studies disproportionately focus on the North At-
lantic, followed by the Mediterranean Sea, North
Pacific, and South Atlantic. We found an important
knowledge gap for the South Pacific where there are
no Hg data for scutes of any sea turtle species. Dif-
ferences in Hg levels between the South Atlantic
and the North Pacific regions are due to background
differences in Hg availability and not an effect of
animal size, as these were removed by normalizing
the Hg data. In the same way, differences in Hg con-
centration in C. caretta are associated with differ-
ences in the average environmental Hg concen-
trations reported by different studies, especially for
the Mediterranean Sea, which showed higher Hg
concentrations and was corroborated by results in
other marine organisms such as tuna and marine
mammals.

For more endangered and less abundant species,
such as Dermochelys coriacea, Eretmochelys imbri-
cata, Lepidochelys kempii, Natator depressus, and L.
olivacea, only limited information is available on Hg
accumulation. This is very important considering that
some of these species (e.g. L. kempii and N. depres-
sus) have a very restricted distribution and thus
might reflect different Hg burdens from. D. coriacea
is an essentially oceanic species with limited use of
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coastal areas and therefore may also present distinct
patterns of Hg accumulation. The small number of
studies with sea turtles compared to other marine
organisms may be related to their status as endan-
gered species, and the absence of commercial impor-
tance which reduces commercial captures worldwide
and limits sampling to stranded and dead individu-
als. Therefore, the use of non-invasive techniques
such as using scutes for monitoring Hg in sea turtles
is critically important to allow for a better sampling
design in future studies.

Scute sampling is a relatively recent technique, but
it has been shown as a reliable method of Hg moni-
toring in sea turtles as it can reflect not only feeding
behavior but also habitat contamination level. The
results from the present study for C. caretta and C.
mydas show that these species probably can be used
as monitors of Hg concentrations in the oceans. How-
ever, as mentioned previously, the current data avail-
able are based on a few studies and should be inter-
preted with caution. Overall, sea turtles present a
moderate level of Hg accumulation that reflects
regional backgrounds and species-specific feeding
behavior. As species, sea turtles inhabit many areas
in very distinct oceanic and coastal regions which
truly characterizes them as ocean sentinels. We
strongly recommend an increased effort to protect
and use these animals as target species for the moni-
toring of Hg pollution using non-lethal scute sam-
pling techniques.
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5.2 CAPITULO 2: DISTRIBUICAO DE MERCURIO (Hg) NA CARAPACA DE
QUATRO ESPECIES DE TARTARUGAS MARINHAS (Chelonia mydas, Caretta
caretta, Eretmochelys imbricata and Lepidochelys olivacea) (LINHA DE BASE)

Mercury (Hg) distribution in the carapace of four species of sea turtles (Baseline)
César Augusto Barrios-Rodriguez'*, Luiz Drude de Lacerda®, Moises Fernandes-Bezerra!
!Laboratério de Biogeoquimica Costeira, Instituto de Ciéncias do Mar, Universidade Federal
do Ceara, Av. Abolicdo, 3207, 60165-081 Fortaleza, Ceara, Brasil.

*Corresponding author: hpbarrios15@gmail.com

Status: Submetido em 20/12/2022 a: Bulletin of Environmental Contamination &
Toxicology.

ABSTRACT

Scutes present very complex morphologies with different growth rates at different areas of
the carapace that can change the accumulation process of essential and non-essential metals.
To infer the effects of morphology and growth on Hg concentrations in scutes, we mapped
them in the carapace of four species of sea turtles sampled along the Brazilian coast. The
results showed that Hg concentrations tend to be higher in the vertebral area in two species
(Chelonia mydas and Eretmochelys imbricata), suggesting variation in growth rates of
different carapace areas since the vertebral area is the first to develop prior to costal areas.
The two other species (Caretta caretta and Lepidochelys olivacea) show no effect of scute
location in the carapace on Hg concentrations, which facilitates its use as a monitoring tool.

Keywords: Mercury; Sea turtles; Biomonitoring; Carapace; Scutes.
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RESUMO

A carapaca apresenta uma complexa morfologia com diferentes formas de crescimento que
pode alterar o processo de acumulacdo de metais essenciais e ndo essenciais. Estruturalmente,
a carapaca esta subdividida em quatro areas e cada uma com um numero especifico de placas.
Desta forma, para inferir os efeitos da morfologia e do crescimento nas concentra¢des de Hg
na carapaca, foram mapeadas as concentracdes de Hg na carapaca de quatro espécies de
tartarugas marinhas (Chelonia mydas, Caretta caretta, Eretmochelys imbricata e
Lepidochelys olivacea) amostradas ao longo da costa brasileira. Os resultados mostraram que
as concentracfes de Hg tendem a ser maiores na area vertebral da C. mydas e E. imbricata,
sugerindo que existe variagdo nas taxas de crescimento das diferentes areas da carapaca, uma
vez que a area vertebral é a primeira a se desenvolver antes das areas costais. Além disso a
espessura das placas da regido vertebral é maior comparada com as outras regides e
consequentemente mostra um registro histérico de mudancas ambientais que podem ser
detectados através de marcadores bioquimicos, isotopos estaveis e concentragfes de metais.
Assim, no caso da C. mydas e E. imbricata o uso das placas da regido vertebral é
recomendado para estudos de longo prazo, pois conseguem mostrar um registro mais antigo
do Hg acumulado. As outras duas espécies (C. caretta e L. olivacea) ndo apresentaram
nenhum efeito da localizacdo das placas na carapaca sobre as concentracfes de Hg portanto,
é possivel o uso de qualquer area da carapaca, mas preferencialmente sempre utilizando a

mesma area quando os estudos envolvem muitos individuos.

Palavras Chaves: Mercurio; Tartarugas Marinhas; Biomonitoramento; Carapaca; Scutes.
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Introduction

The ubiquitous presence of mercury (Hg) in the oceans triggered many studies
aimed to understand the impact generated anthropogenic Hg on the marine biota (Haman et
al., 2010; Dodder et al., 2016). In this sense, the use of biological biomonitors has been a
valuable tool to monitor and assess spatial and temporal trends of Hg concentrations but also
because organisms respond to the biological available Hg fraction allowing a direct
association with exposure risk and toxicity (Needham et al., 2007; Evers et al., 2018).

Widely distributed, long-live species, such as sea turtles and marine mammals,
have a lifespan compatible with the residence time of Hg in the oceans, being especially
interesting for biomonitoring purposes (Evers et al., 2018). However, targeting these animals
requires the use of non-invasive sampling methods that allow the quantification of Hg
without sacrificing the individuals of these endangered species (Bezerra et al., 2012;
Rodriguez et al., 2019). Many authors worldwide (Sakai et al., 2000; Day et al., 2005;
Bezerra et al., 2012; 2013) have successfully used scutes to monitor Hg in these chelonians.
For example, Hg concentrations in this tissue were shown to vary regionally in two Chelonia
mydas populations feeding in areas with different Hg backgrounds (Bezerra et al., 2015).
Also, scutes were used to characterize bioaccumulation and patterns of temporal exposure to
Hg and other trace metals in sea turtles (Schneider et al., 2015; Bezerra et al., 2015; Barraza
etal. al., 2019; Villa et al., 2019). In the study by Villa et al., (2019) the field data collected
for two populations of C. mydas from a foraging ground within the Great Barrier Reef
(Howick Island group) as well as from Shoalwater Bay in Australia, provided robust proxies
of exposure conditions.

Sea turtle carapace scutes grow in a layered pattern and with multiple growth areas
(Achrai and Wagner, 2013), because of that accumulation of elements can vary across
carapace areas (Day et al., 2005; Mattei et al., 2015). Structurally, the carapace is subdivided
into four areas and each with a specific number of scutes depending on the respective species
(Wyneken, 2001). It also presents many submicron layers stacked to form sulfur-rich
keratinous scutes that cover the dorsal bone. Some of the most essential components of scutes
are amino acids such as cysteine, which provide stiffness and strength to the scute structure

(Achrai and Wagner, 2013). Cysteine is known to bind strongly to Hg and, potentially
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provide a record of the feeding-related Hg incorporation (Toni et al., 2007; Schneider et al.,
2015). Since its formation, the carapace shows quite complex aspects that may influence the
accumulation of Hg as well as other essential and non-essential metals. Therefore, the main
objective of this paper is to map the Hg concentrations across the vertebral, costal, and
marginal areas of the carapace in four species of sea turtles, to understand how much

variation exists within a single individual.

Materials and methods

All procedures and analyzes were carried out within the current norms of the
Brazilian environmental legislation, under the authorization of the System of Authorization
and Information in Biodiversity - SISBIO, License No. 66837 and 66088 (2022) from the
Ministry of the Environment.

Scutes samples were collected from the carapace of four fresh dead individuals
of sea turtles found stranded in the coastal region of Ceara (Praia do Futuro) (Chelonia
mydas, n = 1 and Caretta caretta, n = 1) and Pernambuco (Porto de Galinhas) (Eretmochelys
imbricata, n = 1 and Lepidochelys olivacea, n = 1), in northeastern Brazil. Curved Carapace
Length (CCL) and Curved Carapace Width (CCW) were recorded for each individual. The
scutes were collected in their entirety, only the keratinized layer, when possible, washed with
distilled water, treated in an ultra-sonic bath to fully remove algae and other incrusting
residues and sediment grains, dried (oven at 60°C for 12 hours), and macerated.

The carapace of sea turtles, except for the leatherback (Dermochelys coriacea),
is composed of vertebral scutes (V), right costal scutes (RCS), left costal scutes (LCS), left
marginal scutes (LMS), and right marginal scutes (RMS). The number of scutes in each of
these positions will vary according to the species and thus sampling reflected these
differences (Fig.1). In the green turtle individual (Chelonia mydas), were collected five
vertebral scutes (V1, V2, V3, V4, V5), four right costal scutes (RCS1, RCS2, RCS3, RCS4),
four left costal scutes (LCS1, LCS2, LCS3, LCS4), one right marginal scutes (RMS3), and
one left marginal scutes (LMS3). In the loggerhead turtle (Caretta caretta) were collected
five vertebral scutes (V1, V2, V3, V4, V5), five right costal scutes (RCS1, RCS2, RCS3,
RCS4, RCS5H), and five left costal scutes (LCS1, LCS2, LCS3, LCS4, LCS5). For the



42

hawksbill turtle (Eretmochelys imbricata), three vertebral scutes (V3, V4, V5), two right
costal scutes (CRS2, CRS3), two left costal scutes (LCS3, LCS4), one right marginal scutes
(RMS3), and one left marginal scutes (LMS3). For olive turtle (Lepidochelys olivacea), were
collected four left costal scutes (LCS1, LCS4, LCS5, LCS6), three right marginal scutes
(RMS1, RMS2, RMS3), and two left marginal scutes (LMS2, LMS3). In the case of L.
olivacea, E. imbricata, and C. caretta, it was not possible to collect all scutes from each area

because of technical difficulties in the fieldwork.

C. caretta E. imbricata L. olivacea

Figure 1. Sampling map of carapace scutes in the four species of sea turtles. V: Vertebral, RCS: Right
Costal Scutes, LCS: Left Costal Scutes, RMS: Right Marginal Scutes, LMS: Left Marginal Scutes.

For Hg quantifications, tissues sub-samples (0.5g d.w.) were placed, in duplicate,
in Teflon tubes containing 10 mL of concentrated nitric acid (HNO3 65%) for one-hour pre-
digestion. Total sample digestion was carried out in a microwave furnace for 30 min at
200°C. After cooling, 1 mL of hydrogen peroxide (H20,) was added. The final extract was
transferred and diluted in volumetric flasks to 100 mL. Quantification of Hg was obtained by
cold vapor generation atomic absorption spectrophotometry (CV-ASS) in a NIC RA-3
(NIPPON®) spectrophotometer. The average detection limit (LOD) of the method was
0.03+£0.01 ng g% The validation of the methodology was obtained by using certified
reference material (fish muscle ERM-BB422), with a recovery of 92%.

Statistical analyses were performed using R 4.1.2 (R Development Core Team
2021). Data normality was tested using the Shapiro-Wilk test. According to normality, the
ANOVA test was applied to determine differences in Hg concentrations between areas of the
carapace of E. imbricata (e.g., V, RCS, LCS, LMS, and RMS) and L. olivacea (e.g., LCS,
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LMS, and RMS). In C. mydas (e.g., V, RCS, LCS, LMS, and RMS) and C. caretta (e.g., V,
RCS, and LCYS), the Kruskal Wallis test was applied. Tukey's and Mann-Whitney's post hoc
tests allowed the identification of areas that presented significant different Hg concentrations.

All tests were conducted assuming a significance level of 99% (p < 0.01).

Results

Biometric data of the sampled individuals vary according to species: C. mydas (n
=1) presented CCL of 38 cm and CCW of 35 cm, classified as a juvenile according to Jensen
et al. (2016); C. caretta (n =1) presented CCL of 80 cm and CCW of 76 cm, a sub-adult,
according to Dood (1988); E. imbricata (n =1) presented CCL of 88.5 cm and CCW of 79.5
cm, an adult, according to Ferreira et al. (2018); finally, L. olivacea (n =1) presented CCL of
74.5 and CCW of 72.7 cm also an adult, according to Marquez (1990).

Detailed results of Hg concentrations in the scutes of the four species can be
found in Table 1. In summary, Hg concentrations found in C. mydas scutes varied from 317
to 485.6 ng g* (n = 15) with an average of 380.4 + 63.2 ng g* (Fig. 2). In this species, Hg
concentrations were significantly different among carapace areas (Kruskal-Wallis, chi-
squared = 44.7, df = 4, p < 0.01) and higher in vertebral scutes compared to costal scutes
(Mann Whitney post hoc test, p < 0.01). In C. caretta, Hg concentrations varied from 311.0
to 559.2 ng g* (n =15) with an average of 262.1 + 87.5 ng g* (Fig. 2). The comparison
between the vertebral and costal scutes showed no significant difference in Hg concentrations
(Kruskal-Wallis, chi-squared = 10.6, df = 2, p = 0.01). In E. imbricata, Hg concentrations
varied from 5.7 to 17.5 (n = 9) ng g* with an average of 10.8 + 3.4 ng g™ (Fig. 2). Mercury
concentrations were significantly different among carapace areas (ANOVA: Fs524= 6.8, p <
0.01) and higher in the vertebral scutes compared to costal and marginal scutes (Tukey post
hoc test, p < 0.01). Finally, Hg concentrations in L. olivacea varied between 311.0 and 559.2
ng g* (n = 9) with an average of 434.8 + 82.3 ng g'1. Hg concentrations did not differ among
carapace areas (ANOVA: F233= 1.3, p = 0.29) (Fig. 2).
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Table 1. Concentrations of Hg (ng g™ d.w.) found in the carapace of four species of sea turtles’

samples in northeastern Brazil.

Chelonia mydas

Caretta caretta

Eretmochelys imbricata

Lepidochelys olivacea

Area Hg Hg Hg Hg
V1 485.6 407.8 - -
V2 470.9 250.6 = =
V3 455.4 190.1 12.2 -
V4 480.2 86 11.8 -
V5 414.8 162.3 175 -

RCS1 319.8 371.5 - -

RCS2 318 406.1 8.1 -

RCS3 317 188.6 8.1 -

RCS4 353.5 264.8 - -

RCS5 = 263.7 - -

LCS1 338.8 263.6 - 518.9

LCS2 333.6 278.5 - -

LCS3 351.4 275.7 11 -

LCS4 338.2 283.3 5.7 393.9

LCS5 = 239.1 - 311

LCS6 - - - 559.2

RMS1 379.9 - - 483.2

RMS2 - - - 436.4

RMS3 - - 10.5 434.2

LMS1 348.2 - - -

LMS2 - - - 325.1

LMS3 - - 12.2 450.9

N 15 15 9 9

Mean 380.4 +63.2 262.1+875 108 +3.4 434.8 +82.3

Range 317.0-485.6 86.0-407.8 5.7-17.5 311.0-559.2

CV% 16.6 g8 315 18.9

*V: Vertebral, RCS: Right Costal Scutes, LCS: Left Costal Scutes, RMS: Right Marginal Scutes,

LMS: Left Marginal Scutes.
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Fig. 2. Comparative boxplot of Hg concentrations in vertebral, costal, and marginal scutes of C.
mydas, C. caretta, E. imbricata, and L. olivacea.

Discussion

Scutes as a non-invasive method to estimate Hg burdens in sea turtles was first
proposed by Presti et al. (1999). After that, many studies have shown the capacity of this
tissue to reflect internal Hg burdens by the good correlation of Hg levels between scutes and
internal organs (Sakai et al., 2000; Bezerra et al., 2013; Schneider et al., 2015; Villa et al.,
2019). However, there are still some aspects about the use of scutes that need to be assessed
to establish an adequate sampling methodology. Among these, a possible variation of Hg
concentrations across carapace areas (scutes from vertebral, costal, and marginal areas), is of
upmost importance. Mattei et al., (2015), for example, show the first mapping of the
concentrations of eleven metals (Pb, Ca, U, Zn, Mn, Mg, Sb, Cr, Cu, Cd, and V) in the
carapace of a juvenile individual of C. caretta sampled in the Mediterranean, and they also
observed spatial differences. However, these authors did not report Hg concentrations, and
unlike our work where we collected the keratinized layer, the samples were collected using

core drill and probably also include different layers such as dermis and bone.
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Our results suggested that there is indeed a variation in Hg concentrations, with
higher concentrations observed in vertebral scutes when compared to other areas of the
carapace in at least two of the studied species. The causes for this variation can be associated
with the growth and ossification processes of marine turtle’s carapace, as was found by
Mattei et al. (2015).

The thickness of the scutes varies depending on their location in the carapace,
whether in the vertebral, costal, or marginal areas (L6pez-Castro et al., 2014). In C. mydas
and C. caretta, the vertebral area is the thickest and consequently shows a longer historical
record of environmental changes detectable through biochemical markers, stable isotopes,
and trace metal concentrations (LOpez-Castro et al., 2013; 2014). Thus, keratin layers
sampled at different depths and locations may reflect different periods of deposition and
accumulation of trace metals such as Hg (Day et al., 2005). Furthermore, the origin of the
carapace is a very interesting factor that needs to be assessed. This structure is derived from
its endoskeleton, where the vertebral area is ossified first, and then from this, the ribs
originate (Hirasawa et al., 2013; Mattei et al., 2015). Thus, the process of carapace formation
apparently may have a direct relationship with the magnitude of trace metal concentrations,
as suggested by the different distribution of Hg concentrations observed in this present study.

Mapping of metal concentrations in the carapace is essential to understand its
distribution and improve sampling methodologies in these reptiles. Differences in metal
accumulation across carapace areas can be explained by the progressive ossification of the
carapace during growth, where the central part ossifies first, accumulating metals for longer
periods and, therefore, showing higher concentration (Mattei et al., 2015). While the costal
areas reflect the low concentrations that result from a relatively more recent exposure
compared to the vertebral area (Mattei et al., 2015). According to these authors, the highest
concentrations of metals in vertebral scutes strongly correlated with the longer exposure time,
relative to scutes in other areas of the carapace, 0.8 years in juveniles and 6.5 years in adults
(Vander Zanden et al., 2013).

The distribution of Hg concentrations in the sub-adult individual of C. caretta
from the present study did not differ across carapace area as observed by Mattei et al., (2015)
for other metals. Scutes are continuously produced over the entire surface of the carapace;

hence, as the animal grows and the bony shell increases in area, scutes become thicker over
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the older areas (e.g., vertebral area) while areas of recent growth expansion are covered only
by thin, younger scute tissues (e.g., costal, and marginal areas). Scutes tissues are inert and,
although are susceptible to wear and shedding, they retain a record of diet and feeding habitat,
(Alibardi, 2005; Reich et al., 2007). Thus, individuals in different life stages may show a
more recent keratin layer which in turn can generate differences in the pattern of metal
concentration in the carapace and contribute to the difference between vertebral scutes and
those from other areas.

It is widely known that sea turtles are endangered species, which is why it is
essential to find non-invasive and reliable methodologies that allow the use of these
organisms as monitors of Hg in oceans and coastal areas (Lopez-Castro et al., 2014; Barraza
etal., 2019). Our results showed spatial variation in Hg concentrations related to the form of
carapace growth. Depending on the area where the scutes will be collected, a pattern of Hg
concentration can be found that will be linked to older or more recent deposition, and
therefore exposure, periods. Although bioaccumulation in sea turtles is slow and may turn
eventual concentration differences negligible, the wuse of standardized sampling
methodologies is still recommended (Day et al., 2005). Thus, the area of the carapace that
will be sampled has to be chosen depending on the objective of the study and target species
to properly use scutes as a tool to monitor environmental changes on Hg concentrations and
even the effects of ontogenetic changes and different diets on the Hg content and exposure
of the different species of sea turtles.

The mapping of Hg carried out in this work allowed us to understand the
distribution of Hg in the vertebral, costal, and marginal areas. Future monitoring studies
should consider the different growing areas of the carapace and choose the area of collection
based on the specific study goals. Future studies should also prioritize the collection of
samples always in the same areas and depth of the carapace to facilitate comparisons across
studies and considering the form of growth of the carapace.

In the case of C. mydas and E. imbricata, the use of vertebral scutes is
recommended for long-term studies, as they show an older record of accumulated Hg. For C.
caretta and L. olivacea, it is possible to use any area of the carapace, but preferably, always
using the same sampling area of the carapace when studies involve a large number of

different individuals. Our results were based on four individuals of sea turtles, so it would be
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essential to map Hg in juveniles, sub-adults, and adults within the same species, to determine
whether the Hg distribution pattern can change according to the individual's life stage. We
hypothesized that if the accumulation is constant, the difference between areas of the
carapace will increase as the individual grows. The exception may be species that show a

change in diet, such as C. mydas.
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5.3 CAPITULO 3: INFLUENCIA DO TAMANHO SOBRE O MERCURIO (THg),
METIL MERCURIO (MeHg) E ISOTOPOS ESTAVEIS DE N E &3C EM
TARTARUGAS VERDES (Chelonia mydas) DO NE BRASIL

Rodriguez CAB, Lacerda LD, Bezerra MF, Moura VL, Rezende CE & Bastos, WR (2020).
Influence of size on total mercury (THg), methyl mercury (MeHg), and stable isotopes
of N and C in green turtles (Chelonia mydas) from NE Brazil. Environmental Science and
Pollution Research 27: 20527-20537. https://doi.org/10.1007/s11356-020-08623-5

RESUMO

A tartaruga verde (Chelonia mydas) é conhecida por apresentar uma dieta herbivora
durante a fase adulta, contudo, juvenis podem ter um comportamento omnivoro, de forma
que as mudancas nas preferéncias alimentares podem afetar a entrada e acumulacdo de
poluentes, tais como o mercurio (Hg). Assim, como uma forma de entender a influéncia dessa
mudanga ontogenética no acumulo de Hg, este estudo avalia as concentragdes de mercurio
(THg) e metilmercdrio (MeHg), que ¢ a espécie quimica de Hg dominante nos animais e tem
a capacidade de se acumular em organismos (bioacumulacdo) e biomagnificar ao longo da
cadeia alimentar. Também foram quantificados os isotopos estaveis de carbono e nitrogénio
(8%3C and 8*N) em um grupo de juvenis da tartaruga verde que fornecem dados importantes
sobre ecologia alimentar de diferentes espécies. Onde o §'3C reflete mudancas de fonte de
carbono na base da cadeia alimentar, e o 3*°N é considerado um indicador de niveis tréficos.
Amostras de quatro tipos de tecidos (figado, rim, musculo e carapaca) foram coletadas de 47
individuos encalhados e mortos na costa da Bahia, NE, Brasil, entre 2009 e 2013. As
tartarugas analisadas mostraram uma faixa de tamanho de 24.9 — 62.0 cm e uma média de
36.4 + 7.2 cm de comprimento curvilineo de carapaca (CCC). A carapaga mostrou ser um
método viavel para o monitoramento do Hg na tartaruga verde.

As concentragdes de THg e MeHg foram maiores nos individuos com tamanho <40
cm, enquanto as menores concentragdes foram observadas nos individuos com os maiores
tamanhos (>40 cm). As concentracBGes de THg foram maiores no figado, com mediana de
650,9 £ 90,3 ng g%, e amenor concentracao foi observada no masculo, com mediana de 113,3
+ 24,8 ng g*. Uma forte correlacéo positiva (P < 0,05) foi encontrada entre as concentragdes

de THg em carapaca e em figado (rs = 0,78), rim (rs = 0,88) e musculo (rs = 0,83). As
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concentragfes de THg foram inversamente correlacionadas (P < 0,05) com o tamanho da
tartaruga no figado, rim, masculo e carapaca.

As concentracbes de MeHg foram maiores no masculo com mediana de 63,9 + 28,4 ng
g, e a menor concentracdo foi observada na carapaga, com mediana de 16,7 + 14,2 ng g
N&o houve diferencas significativas entre as concentracdes de MeHg em nenhum tecido. A
contribuicdo relativa do MeHg para a carga de THg nos organismos também foi maior no
musculo (70,5%), seguido pelo rim (16,7%), figado (8,8%) e carapaca (4,0%). Também foi
observada relacdo inversa significativa (p < 0,05) do MeHg com o tamanho no figado, rim,
musculo e carapaca. Em contraste, o tamanho foi melhor em explicar a variagdo no MeHg
em comparacdo com o THg para todos os tecidos. A composicdo isotépica (5*3C e 6'°N),
contudo sugere que os individuos amostrados pertencem ao mesmo nivel tréfico.

Os resultados deste trabalho mostram que a mudanca progressiva e gradual na dieta
experimentada pelas tartarugas verdes durante o crescimento pode ser considerada como um
dos principais fatores responsaveis pelas variacbes nas concentraces de THg e MeHg.
Nossos resultados mostraram uma diminuicao das concentragdes de THg e MeHg, durante o
crescimento da tartaruga verde. Essa variacdo possivelmente esté relacionada a uma resposta
de uma dieta mais diversificada em individuos pequenos, e uma dieta composta por uma
maior proporcao de algas em individuos maiores. A relagdo entre as concentragdes de Hg na
carapaca com 0s demais tecidos, provou que a carapaca pode ser um método ndo invasivo
confidvel para 0 monitoramento das concentrag@es internas de Hg em tartarugas verdes. No
entanto, as baixas concentragdes de MeHg na carapaca mostraram que esse tipo de tecido
pode ser inadequado para a avaliacdo de MeHg na tartaruga verde. Os valores isotdpicos de
5 1N e 6'3C ndo mostraram uma relagéo clara com o tamanho, sugerindo que as tartarugas
verdes utilizadas em nosso trabalho ocuparam niveis troficos semelhantes e/ou habitats de
forrageamento. E importante que em estudos futuros sejam amostrados individuos em
diferentes estagios de vida (juvenil, sub-adultos e adulto), e analisem a influéncia desse fator

nas concentracdes de Hg, MeHg e is6topos estaveis (8 1°N e 3C).
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Abstract

The green turtle (Chelonia mydas) is known to present an herbivorous diet as an adult; however, juveniles may have an omnivore
habit, and these changes in food preference may affect the uptake and accumulation of pollutants, such as mercury (Hg). In order
to better understand the influence of this ontogenetic shift on Hg accumulation, this study evaluates the concentrations of total
mercury (THg), methyl mercury (MeHg), and stable isotopes of carbon and nitrogen (6'3C and §"°N) in a group of juveniles of
the green turtle. Tissue samples (liver, kidney, muscle, and scutes) were sampled from 47 turtles stranded dead on the coast of
Bahia, NE, Brazil, between 2009 and 2013. The turtles analyzed showed a size range of 24.9-62.0 cm and an average of 36.4 +
7.2 em of curved carapace length. The scutes showed to be a viable method for Hg monitoring in the green turtles. The
concentrations of THg and MeHg decreased with increasing size. The isotope values of §'°N and 8'C did not show a clear
relationship with the size, suggesting that the green turtles used in our work would be occupying similar trophic levels, and

foraging habitat.

Keywords Chelonia mydas - Mercury - MeHg - Carbon isotope - Nitrogen isotope - Green turtle - SIA

Introduction

Pollution from anthropogenic activities exerts a strong pres-
sure on the marine ecosystems, negatively affecting the health
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of the species inhabiting contaminated areas (Hamann et al.
2010). In addition to illegal fishing, and degradation of breed-
ing and feeding habitats, pollution is another major factor
affecting the stability of sea turtle populations worldwide
(Miguel and de Deus Santos 2019). Adverse effects of pollu-
tion can include compromised physiology. chronic stress, im-
paired immune function, and an increase in disease suscepti-
bility, like fibropapillomatosis (Miguel and de Deus Santos
2019).

With millions of years of existence, sea turtles can be
regarded as sentinel species of the oceans (Aguirre and Lutz
2004) due to their characteristic long lifespan, feeding at dif-
ferent trophic levels and wide distribution, which make them
excellent monitors of contamination by toxic metals, such as
mercury (Hg) (Barbieri 2009). This metal occurs naturally in
the environment, but anthropogenic activities such as
goldmining, coal, and solid waste burning have increased
Hg mobilization in the environment, raising its emissions to
the atmosphere, soils, rivers, and oceans (Driscoll et al. 2013;
UNEP 2013).

The abundance of Hg chemical species varies among the
different environmental compartments: more than 95% of the
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Hg found in the atmosphere is in elementary form. Most of the
Hg in the water, soils, and sediments is in the inorganic form
(Hg"‘*). while the (mono) methyl mercury (MeHg) is domi-
nant in the animals (Beckers and Rinklebe 2017). MeHg has
the capacity to accumulate in organisms (bioaccumulation)
and biomagnify along the food chain (Nica et al. 2017), pre-
senting lower concentrations in herbivores and higher in car-
nivores (Jakimska et al. 2011). Because MeHg is lipid soluble
while inorganic Hg is not, their concentration ratios in animal
tissues can vary with trophic status, tissue, animal size, and
metabolic ability to convert MeHg into inorganic forms
(Storelli et al. 1998).

The physiological functions performed by the liver, kidney,
muscle, and the carapace in the metabolism of non-essential
metals exert influences on Hg content stored in them. The
kidney and liver are the main organs involved in the metabo-
lism of trace metals, acting in the detoxification process, and
presenting higher concentrations of Hg, mostly in its inorganic
form (Chételat et al. 2020). The THg concentrations in the
muscle are relatively lower, but as muscle comprises more
biomass than the other tissues, it can have the largest contri-
bution to internal mercury burden. Most of the mercury in
muscle tissue is MeHg, making it a useful indicator of both
MeHg exposure to the organism itself as well as potential
consumers (Lescord et al. 2018; Chételat et al. 2020).
Whereas scutes, also metabolically inactive, store Hg strongly
bound to constituents of the carapace, keratin in particular,
rendering low mobility and toxicity (Schneider et al. 2013;
Chételat et al. 2020). Thus, this element may be used as a
marker of diet type and help to distinguish between trophic
positions and feeding preferences of organisms when
employed in combination with stable isotope analysis (SIA)
(Di Beneditto et al. 2013).

The use of the stable isotopes of nitrogen (5'°N) and car-
bon (5'*C) can provide important data on feeding ecology of
different organisms (Haywood et al. 2019). In the case of
8"3C, variations in value reflect changes of carbon source at
the base of food web, while §'*N is considered an indicator of
trophic levels (Peterson and Fry 1987). However, the stable
isotope composition of different tissues of the same organism
can differ due to factors such as differential fractionation dur-
ing assimilation and metabolic processing, macronutrient
routing, and the biochemical composition (Vander Zanden
et al. 2014). Several studies have reported tissue-specific dif-
ferences (e.g., internal organs and blood plasma tend to have
high rates of isotopic incorporation compared with muscle
tissue and blood cells) (Vander Zanden et al. 2015). Since
tissues integrate consumer diets at different time scales, exam-
ination of multiple tissues can potentially provide information
about the temporal dynamics of resource use (Vander Zanden
etal. 2015).

In sea turtles, the use of SIA has illuminated facets of sea
turtle ecology that are otherwise difficult to study, such as the

@ Springer

habitat used during cryptic juvenile life stages and foraging
area origin of nesting females (Vander Zanden et al. 2014).
The stable isotope values 8'°N and 8'°C in sea turtles show
that the green turtle (Chelonia mydas) occupies the lowest
trophic level, while other species, such as the loggerhead turtle
(Caretta caretta), occupies the highest trophic level
(Haywood et al. 2019). However, with complex life histories,
often with multiple ontogenetic changes in habitat, in diet, and
migrations of considerable distances between foraging and
nesting areas (Haywood et al. 2019), the green sea turtle can
present variations in trophic level, and therefore, also in the
Hg concentrations found in juvenile, subadult, and adult
individuals.

The green sea turtle has a cosmopolitan distribution, from
the tropics to the temperate zones, being the species of sea
turtle that presents more coastal habitats, including using es-
tuaries of rivers and lakes. In Brazil, the spawning occurs
mainly in the oceanic islands, Trindade Island (Espirito
Santo state), Rocas Atoll (Rio Grande do Norte state), and
Femando de Noronha island (Pernambuco state) (Almeida
et al. 2011). Non-reproductive occurrences are recorded
throughout the coast of Brazil and also in the islands
(Almeida et al. 2011). Juvenile green turtles are frequently
found along the northern coast of Bahia, which is an important
feeding ground for this species (Jardim et al. 2016). In Brazil,
feeding habitat has been linked to Hg concentrations in juve-
nile green turtles, and considering that juvenile green turtles
are mainly omnivorous and that Hg tends to accumulate
through several food web levels, individuals at this life stage
can show higher risk of Hg exposure than adults (Bezerra etal.
2012; Bezerra et al. 2015).

Of the seven existing sea turtle species, the green turtle is
the only species known to present a significant shift in diet
from omnivore juveniles to predominantly herbivore adults
(Bolten 2003). This shift, according to Vélez-Rubio et al.
(2016) and Burgett et al. (2018), starts between 40 and
45 cm, where individuals under 40 cm are predominantly
carnivorous. Moreover, individuals larger than 40 cm present
higher consumption of macroalgae. This development pattern
results in different accumulation of metals such as Zn, Cu, Cd
(Sakai et al. 2000a), and Hg (Komoroske et al. 2011; Bezerra
et al. 2013), with juveniles often presenting higher concentra-
tions than adults. The objective of the present study is to
evaluate the influence of the size in juvenile green turtles on
the concentrations of total mercury (THg), methyl mercury
(MeHg), and the isotopic ratios of §'°C and 6" N in different
tissues and organs (kidney, liver, muscle, and carapace).

Materials and methods

All procedures and analyses were carried out within the cur-
rent norms of the Brazilian environmental legislation, under

55



Environ Sci Pollut Res (2020) 27:20527-20537

20529

the authorization of the System of Authorization and
Information in Biodiversity - SISBIO, License No. 21693-9
(2016) from the Ministry of the Environment.

Forty-seven individuals of green turtles were sampled and
measured (e.g., curved carapace length (CCL) and curved
carapace width (CCW)). Sampled individuals were found
dead on the beach between 2009 and 2013 by the team of
the Brazilian Marine Turtle Conservation Program
(TAMAR) in three localities (Praia do Forte, Sauipe, and
Camacari) in the northern coastal zone of Bahia State,
Northeastern Brazil. Analyzed tissues included the kidney,
liver, muscle, and scutes. Soft tissue samples weighted ap-
proximately 10 g, whereas scute fragments were collected
randomly in different areas of the carapace.

For Hg quantifications, tissue subsamples (0.5 g d.w.) were
placed, in duplicate, in Teflon tubes containing 10 mL of
concentrated nitric acid (HNO; 65%) for 1 h pre-digestion.
Total sample digestion was carried out in a microwave furnace
for 30 min at 200 °C. After cooling, 1 mL of hydrogen per-
oxide (H,0,) was added. The final extract was transferred and
diluted in volumetric flasks to 100 mL. THg concentrations
were quantified by cold vapor atomic absorption spectropho-
tometer (CV-ASS), in a NIC RA-3 (NIPPON ®) spectropho-
tometer. The average detection limit (LOD) of the method was
0.08+0.02 ng g . The validation of the methodology was
obtained by using certified reference material (mussel tissue
ERM-CE278K), with recovery of 84%.

For MeHg quantifications, approximately 200 mg of sam-
ples was weighed in PTFE tube, and 5.0 mL of 25% KOH
methanolic solution was used to extract MeHg in an oven at
70 °C for 6 h with gentle stirring every hour; the samples were
then kept in the dark to avoid possible degradation of MeHg.
Subsequently, the ethylation process was done with 300 uL of
2 mol L' acetate buffer (pH 4.5) followed by the addition of
30 uL of sample and 50 pL of tetra ethyl sodium borate (1%)
according to Taylor et al. (2011). The final volume was
brought to 40 mL with ultra-pure water (milli-Q, Millipore,
Cambridge, MA, USA) and analyzed on a gas chromatograph
coupled to atomic fluorescence spectrometer (GC-AFS -
MERX-TM automated methyl mercury system from Brooks
Rand Labs., Seattle, USA). Precision and accuracy of MeHg
determinations were ensured using duplicate analyses of sam-
ples and certified reference material (Tuna Fish - BCR-463),
run with each batch of samples, with a mean recovery 0f96%.
Detection limits (LOD) and quantification limit (LOQ) for
MeHg determinations were 0.003 mg kg™ ' and
0.009 mg kg ', respectively.

For stable isotope quantifications, dry subsamples of tis-
sues (~1 mg), weighed in tin capsules, were analyzed in a
Flash 2000 elemental analyzer coupled to a continuous flow
mass spectrometer (Isotope Ratio Mass Spectrometry —
IRMS, Delta V Advantage, Thermo Scientific, Germany) to
quantify the stable isotopes. All results are expressed as delta

value (8), relative to Pee Dee Belemnite notation for §'C in
parts per thousand (%¢) and atmospheric N, for 8'°N, accord-
ing to Peterson and Fry (1987).The analytical replicates
showed variations lower than 5%, and the accuracy was de-
termined from a certified standard of protein (B2155) with
average recovery of 97+ 1%.

The Shapiro Wilk test was used to assess the normality of
the data. Non-parametric Spearman’s correlation was used to
evaluate the relationship between THg concentrations in
scutes with THg concentrations in the liver, muscle, and kid-
ney. The relationship between THg, MeHg, 8'°N, and §'*C
concentration values and turtle size (curved carapace length,
CCL) was modeled using generalized additive models (GAM)
using the “mgev” package in R 1.2.5033. This method is based
on the use of non-parametric smoothing functions that allow
flexible description about the effect of size, in the values of
8'"N and '°C, and THg and MeHg concentrations in the
tissues (liver, kidney, muscle, and scutes) of the sea turtle
C. mydas. Kruskal-Wallis tests were used to evaluate potential
differences between THg and MeHg concentrations among
tissues. Mann-Whitney’s post hoc tests were performed to
identify the tissues in which Hg differed significantly. The
significance value used for the tests was 95% (p<0.05).
Statistical tests and graphing were performed using RStudio
software (version 1.1.423 — © 2009-2018 RStudio, Inc.).

Results
THg concentrations

Size (CCL) of sampled individuals (n =47) ranged from 24.9
to 62 cm (average of 36.4 + 7.2 cm), and classified as juveniles
according to Almeida et al. (2011) and Jensen et al. (2016).

THg concentrations were higher in the liver with a median of
650.9+90.3ng g ', and the lowest concentration was observed
in the muscle, with a median of 1133 +24.8 ng ¢"' (Table 1)
(Fig. 1). A strong positive correlation was found between THg
concentrations in scutes with liver (Spearman’s r=0.78,
p<0.05), kidney (Spearman’s = 0.88, p < 0.05), and muscle
(Spearman’s 7= 0.83, p < 0.05) (Fig. 2).

According to the generalized additive model (GAM), con-
centrations of THg were inversely correlated with turtle size in
liver (p <0.05), kidney (p <0.05), muscle (p <0.05), and
scutes (p < 0.05) (Fig. 3). However, the R-squared of this mod-
el was very low for each tissue, liver (R-squared =0.21), kid-
ney (R-squared = 0.39), muscle (R-squared = 0.16), and scutes
(R-squared = 0.41).

MeHg concentrations

MeHg concentrations were higher in muscle with a median of
63.9+28.4ng g ', and the lowest concentration was observed
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Fig. 3 Graphical representation
of a generalized additive model
(GAM) of the variation in THg
concentrations in green turtle
concerning curved carapace
length (CCL). Estimated smooth
functions (solid lines). (a) Liver,
(b) kidney, (¢) muscle, and (d)
scutes
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The relative contribution of MeHg to the THg burden in the
organisms was also higher in the muscle (70.5%), followed by
the kidney (16.7%), liver (8.8%), and scutes (4.0%) (Kruskal-
Wallis H=37.6; p<0.05) (Table 1).

Similar to the results observed for THg using GAM, sig-
nificant inverse relationship of MeHg with size was observed
in the liver (p <0.05), kidney (p <0.05), muscle (p <0.05),
and scutes (p <0.05) (Fig. 5). In contrast, size was better in
explaining variation in MeHg compared with THg for all tis-
sues, liver (R-squared = 0.44), kidney (R-squared =0.27),
muscle (R-squared = 0.54), and scutes (R-squared = 0.62).

Stable isotope values
No difference in stable nitrogen isotope values was observed

among green turtle tissues (Kruskal-Wallis /= 3.9; p>0.05).
On the other hand, the carbon showed difference between the
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Fig. 4 Concentrations of MeHg in tissue samples of green turtles
(C. mydas) from NE Brazil. Gray points represent outliers

40 45 50 35 40 45 50
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liver, scutes, and muscle (Mann-Whitney’s U=29; p <0.05)
(Fig. 6). The kidney presented a median of 9.8%o, whereas the
liver presented a median of 9.6%¢ and the muscle and scutes of
9.1%0 and 9.0%o, respectively (Fig. 6). Interesting to note is
that the highest §'*N values were observed in scutes (11.50%c)
and muscle (12.11%¢) in the smallest individuals, with 26 cm
in size.

The results for §'°C showed difference between tissues
(Kruskal-Wallis H=3.9; p <0.05). The highest value in the
scutes with a median of — 17.1%¢, kidney and liver showed
similar results (median — 17.5%¢), whereas the liver showed
the lowest value, with a median of — 18.1%o (Fig. 6). The
scutes (—10%c) showed the highest value in one individual
with size of 47 cm. The liver showed significative difference
with muscle (Mann-Whitney’s U= 40; p < 0.05), and with the
scutes (Mann-Whitney’s U=35; p < 0.05).

The GAM showed a significant relationship between size
and stable isotope values (8"°N and 8'°C) for all tissues
(Figs. 7 and 8). However, considering R-squared coeflicient,
size could only explain a very small portion of stable isotope
variation in green turtle tissues. 8'°N in liver (p < 0.05; R-
squared = 0.04), kidney (p < 0.05; R-squared = 0.04), muscle
(p <0.05; R-squared=0.02), and scutes (p<0.05; R-
squared =0.07). 5'3C in liver (p<0.05; R-squared=0.01),
kidney (p <0.05; R-squared =0.02), muscle (p <0.05; R-
squared = 0.04), and scutes (p <0.05; R-squared =0.07).

Discussion

The present study showed a significant negative relationship
of THg and MeHg concentrations with size. This kind of
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relationship has already been reported for others green turtle
populations in Baja California (Kampalath et al. 2006), San
Diego Bay in the USA (Komoroske et al. 2011), and Ceara
coast in Brazil (Bezerra et al. 2012 and 2013). These patterns
of Hg distribution have been associated with the known shift
in feeding habitat, from omnivorous to predominantly herbiv-
orous occurring in green turtles (Vander Zanden et al. 2013).
Vélez-Rubio et al. (2016) detected this shift by analyzing the
esophagus and stomach content of 74 C. mydas ranging from
45 to 52 cm. These authors reported a gradual shift from a diet
mainly composed of gelatinous macrozooplankton in smaller
juveniles to predominantly macroalgae in larger juveniles.
Similar patterns were also reported by Cardona et al. (2010),
Di Beneditto et al. (2017), and Burgett et al. (2018) in popu-
lations from Mediterranean, Rio de Janeiro coast, in Brazil,
and Bermuda coast, respectively.
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Our studied population presented a range 0f 24.9 to 62 cm
of CCL and were all classified as juveniles, according to
Almeida et al. (2011). Therefore, the decreasing trend in
THg and MeHg concentrations found in the present study
suggests the onset of ontogenetic shifts in diet and habitat.
The inverse relationship of Hg concentrations with size and
the larger variation of Hg concentrations in smaller individuals
indicate that these animals might be exposed to more varied
sources of Hg in the oceanic habitat compared with the neritic/
coastal feeding grounds. Changes in diet of green turtles have
been previously reported for other C. mydas populations
(Gonzalez Carman et al. 2012; Morais et al. 2014; Vélez-
Rubio etal. 2016).

The diet is the main routes of Hg exposure in marine or-
ganisms (Gray 2002; Mackay and Fraser 2000). In herbivo-
rous animals, Hg is mostly present as inorganic species, which

0 L

25% - 75%

Min - Max

15
16
a7
-18

U 19

% 20

21
2
23
24

$+

Kidney

Liver Muscle Scutes

Fig. 6 Boxplot of 8'*N and 8'*C concentrations in tissue samples of green turtle (C. mydas) from NE Brazil. Gray points represent outliers
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are the dominant Hg chemical species found in macroalgae,
whereas MeHg concentrations are generally very small (May
et al. 1987); thus, different diet would also change the relative
importance of THg and MeHg in C. mydas, as observed in the
present study.

In contrast, variation pattermns of carbon and nitrogen iso-
topes were not as clear as expected. Although a significant
relationship between the size and the isotopic values of 8'°N
and §"°C, the determination coefficient (R?) recorded with the
GAM was very low so that the model cannot explain the
observed values.

Distribution of 8"*C in muscle of the studied C. mydas
population, although with small variability, suggests that the
major diet of the animals derives from marine algae (— 16.3 to
—19.5%0), in agreement with previous results found by
Bezerra et al. (2015). There was no significant relationship
between the size and §'°N, as reported for this species in other
geographical areas (Cardona et al. 2009; Vélez-Rubio et al.
2016; Di Beneditto et al. 2017; Monzon-Argiiello etal. 2018),
but the average 8'°N of the smallest individuals (CCL of
26 cm to 31.8 cm) was the highest (12.11 to 11.59%e¢, respec-
tively), a result also suggesting omnivory more frequent in
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smaller animals. This result may indicate high level of indi-
vidual variability in the consumption of animal prey or be an
artifact caused by the wide variability in the §'°N of primary
producers (Cardona etal. 2009). However, other factors rather
than diet may affect §'°N and 8'°C in tissues of C. mydas.
According to Haywood et al. (2019), intra-species variations
between ocean basins are due to differences in local and ocean
basin nutrient cycling regimes that influence isotope ratios at
the base of the food web, which in turn influence the ratios in
higher trophic level consumers. It is essential that when com-
paring isotope values from multiple regions, researchers quan-
tify the local isotope ratios or obtain a proxy for the baseline
ratios.

Studies in different geographical areas show this variation.
The observed average of §'*N content in the studied popula-
tion (9.0 +0.8%¢) is higher than those found in African and
mid-ocean populations by Cardona et al. (2009), 8.6 £ 1.9%0
and Burgett et al. (2018), 7.3 + 1.6%o, respectively, but lower
than those reported for other green turtle populations in the
Atlantic:10.8 +2.3%¢ (Arthur et al. 2008); 10.2 +0.25%¢
(Bezerra et al. 2015); and 9.9 +1.8%¢ (Di Beneditto et al.
2017). Lemons et al. (2011) reported one of the highest iso-
topes 55N value for C. mydas (17.1 +1.33%c), from San
Diego Bay, USA, and associated it to the large anthropogenic
load of nitrogen in this bay.

Omnivorous individuals with a more diversified diet
showed a greater variability in isotope values of §'°N and
813C, produced by different ecological reasons (Arthur et al.
2008). It is possible that the different incorporation of §*C
and §"*N in pelagic juvenile green turtles can be result from a
transitional stage during which they complement their diet
with a higher proportion of macroalgae, showed a relatively
large variability in their isotope contents (Arthur et al. 2008).
Vander Zanden etal. (2013) quantified 5'°C and 6'°N in three
life stages of C. mydas: oceanic juveniles, neritic juveniles,
and adults, and showed large variation in isotopes contents in
neritic juveniles, because of adaptation to a new environment
and feeding strategy. In addition, the existence of large indi-
vidual variability in the consumption of animal preys and the
high variability in §'*N found in primary producers (Cardona
et al. 2009) may also contribute to a weak or non-existent
relationship between size and §"°N.

The level of anthropogenic development in addition to af-
fecting nitrogen concentrations as observed by Lemnons et al.
(2011) could also influence Hg concentrations found in a re-
gion. The north coast of Bahia state has higher industrial de-
velopment, with harbors, pigment industries, and a petro-
chemical pole contributing to relatively high Hg background
levels (Bezerra et al. 2015; Marins et al. 2004). Bezerra et al.
(2015) showed that the level of exposure to environmental
contamination of C. mydas is an important factor to be evalu-
ated in areas impacted by anthropogenic activities, such as the
Bahia coast. In this coast, although algac may be the main
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food resource for juvenile green turtles, Hg concentrations
can be elevated due to environmental contamination relative
to other sectors of the NE Brazilian coast, thus excluding a
difference in concentration of Hg due to distinct trophic levels.
In the present study, there was no reason to expect differences
in Hg contamination background among specimens as all tur-
tles came from the same site in Bahia coast, and thus, they are
likely exposed to similar environmental Hg levels. We hy-
pothesize that differences in Hg concentrations with size are,
due to a more generalist diet in smaller juveniles, consuming
both plant and animal items, whereas larger juvenile feeds
more on macroalgae.

On the other hand, our study showed that the liver was the
tissue that presented the highest concentrations of THg, sim-
ilar to results obtained for other species in different studies
(Table 2), confirming the metabolic role of this organ, while
scutes proved to be a reliable non-invasive method for moni-
toring the internal Hg concentrations in green turtles such as
Bezerra et al. (2013) and Sakai et al. (2000b).

Concentration of MeHg was found higher in the muscle as
expected, a result also observed in other species, such as
C. caretta, Chelonia mydas agassizii, and Lepidochelys
olivacea (Storelli et al. 1998; Kampalath et al. 2006).

Unlike the muscle, the scutes showed the lowest MeHg
concentrations, only 4%, of the THg concentration, showing
to be a structure with small capacity to store Hg in organic
form. Metabolically, inter-keratinaceous tissues, like scutes,
offer a less invasive sampling matrix than internal tissues,
and form an inert complex with MeHg during growth, pre-
serving an index of MeHg bioaccumulation over discrete pe-
riods. However, the seeming simplicity associated with using
keratinaceous tissues to asses MeHg bioaccumulation can re-
sult in misleading interpretations, making these tissues inap-
propriate for some uses (Chételat et al. 2020).

One of the few studies evaluating the concentrations of
MeHg in the carapace was performed by Ng et al. (2018),
for large individuals of C. mydas with sizes from 67 to
84 c¢m in southern China. The authors found MeHg concen-
trations in scutes from 10 to 570 ng g ' and with a median of
60ng g, significantly exceeding our median of 16.7 ng g
and concentrations ranging from 0.05 to 226.8 ng g .
Rodriguez et al. (2019) reported much lower MeHg concen-
trations in the carapace of 15 adult individuals of C. caretta
(0.2 t0 552 ng g', with a median of 6.64 ng g~") compared
with C. mydas, notwithstanding the more camivorous diet of
this species. There is a lack of studies evaluating MeHg con-
centrations in scutes of sea turtles, which is why we were
unable to make a comparison with studies using individuals
in the same size ranges, and of the same species. However, itis
important to mention that although the studies shown are on
individuals of different size and of different species, there are
two factors controlling these variations in the MeHg concen-
trations. The ecological factors such as trophic position,
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Table 2 Hg concentrations in tissues of green turtles C.mydas. “” Adult. “Juveniles. *Hg concentration in wet weight. **Median values. NA, not
analyze
Species n CCL (cm) Hg concentration mean = SD (ng g ") Source
Mean + SD Liver Kidney Muscle Scutes
C. mydas 50 51 287+ 156 132+77 19430 NA *Sakai et al. 2000a
C. mydas 2 95+2.8 188.5 68.9 4.5 241 *Sakai et al. 2000b
C. mydas (a) 4 - 125.7+84.8 NA 52.52+35.9 NA Lam et al. 2006
C. mydas (j) 2 - 780.6+192.7 341.7+37.64 425.6+215.1 NA
C. mydas 16 33-82 190 60 30 NA *Van de Merwe et al. 2010
C, mydas 10 356+3.1 1340£610 360+ 140 NA NA De Macedo et al. 2015
C. mydas 26 364 982.4 429.5 184.3 354.1 Bezerra et al. 2015
C. mydas 47 364+72 650.9 3034 1133 3654 **Present study

ontogenetic changes in diet, migration and type of diet, and
physiological processes, include elimination of MeHg, inter-
nal circulation of MeHg, excretion, maternal transfer, among
others (Chételat et al. 2020).

Stable isotopes and Hg concentrations were not able to
show differences in the trophic position of the individuals
considered to be omnivorous and herbivorous in our study.
Di Benedito et al. (2013) mentions that the ability of 53¢
and §"°N tracers to reflect diet depends on the characteristics
of the environment, the characteristics of each species, and the
complementation with other types of proxies. Cardona et al.
(2010) points out that although the use of stable isotopes as
diet markers is a powerful technique, interpreting the results is
not always simple, because the method is reliable only when
there are large differences between the isotopic value of the
sources considered and when the isotopic value varies consis-
tently between the habitats and trophic levels. In the case of
the green turtle, the availability of food can change the om-
nivorous (juvenile) and herbivorous (adult) behavior
(Nagaoka et al. 2012). Studies using SIA show that herbivory
behavior in adults can be optional and does not happen strictly
(Hatase et al. 2006; Reich et al. 2007; Gonzalez Carman et al.
2012; Velez-Rubio et al., 2016; Di Beneditto et al. 2017).
Thus, as a direct result of this factor, the relationship between
Hg and the stable isotopes of §'*N and §'C with juvenile and
adult food preferences in C. mydas could be altered, whereby
the ontogenetic change as such would not be able to be deter-
mined by variables previously exposed, being important the
integration of this type of study with stomach contents.

Conclusions

The progressive and gradual change in the diet experienced
by green turtles during growth can be considered as one of
the main factors responsible for the variations in the concen-
trations of THg and MeHg. Our results showed a decrease

of THg and MeHg concentrations, during the growth of the
green turtle. This variation is possibly related to a response
of a more diverse diet in small individuals, and a diet com-
posed of a higher proportion of algae in larger individuals.
The relationship between Hg concentrations in the scutes
with the other tissues proved that the scutes can be a reliable
non-invasive method for monitoring the internal Hg concen-
trations in green turtles. However, the low concentrations of
MeHg in the scutes showed that this type of tissue may be
inappropriate for the evaluation of MeHg in the green turtle.
The isotope values of §'°N and 5"3C did not show a clear
relationship with the size, suggesting that the green turtles
used in our work occupied similar trophic levels, and/or
foraging habitats. It is important that individuals in the fu-
ture studies be sampled in different life stages (juvenile, sub-
adult, and adult), and analyze the influence of this factor in
the Hg, MeHg, and stable isotopes (6'°N and §'3C)
concentrations.
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5.4 CAPITULO 4: ANALISE COMPARATIVA DO USO DE FRAGMENTOS DE
CARAPACA DE TARTARUGAS MARINHAS (C. caretta, C. mydas, E. imbricata e L.
olivacea) COMO METODO NAO INVASIVO PARA O BIOMONITORAMENTO DO
MERCURIO (Hg) NO ATLANTICO SUDOESTE TROPICAL
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ABSTRACT

The use of key species in monitoring programs for toxic metals such as Hg is essential to
understand the impact these pollutants have on the environment and human health. For this
purpose, it is essential to use biomonitoring organisms that show a lifespan compatible with
the time of residence of Hg in the environment, in addition to a wide distribution and food
diet, as is the case of sea turtles. However, studies with these chelonians are reduced, which
has yet to allow determining their use as a biomonitor of Hg in the oceans. In this way, the
present work makes a regional comparison of four coastal areas with different levels of
anthropic development (Maranhdo, Ceara, Pernambuco, and Bahia) on the Brazilian coast.
For this, we used four species of sea turtles (Chelonia mydas, Caretta caretta, Eretmochelys
imbricata, and Lepidochelys olivacea). The results did not show a relationship with the
environmental concentrations of Hg but with the biology, ecology, and particular behaviors
of each species. Characteristics such as the ontogenetic diet change in C. mydas, Capital
Breeding in females in the reproductive period, foraging in deep ocean waters, and selectivity
for food items such as E. imbricata can be considered responsible for the Hg concentrations
found in this work. Therefore, with our results, it is impossible to consider turtles as
biomonitors; future works need to consider a broad approach and use of tools that allow the

tracking of these turtles and point sources of contamination near the foraging areas.

Key words: Contamination; Pollution; Sentinel Species; Atlantic Ocean; Sea Turtles.
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RESUMO

O uso de espécies chaves em programas de monitoramentos de metais toxicos como o Hg é
essencial para entender o impacto que exercem estes poluentes tanto sobre o ambiente, como
sobre a saude humana. Para este fim é importante o uso de organismos biomonitores que
mostrem um tempo de vida compativel com o tempo de residéncia do Hg no ambiente, além
de uma ampla distribuicdo e dieta alimentar conhecida, como é o caso das tartarugas
marinhas. Contudo, o nimero de trabalhos sobre Hg em quelénios é reduzido, o que ndo tem
permitido determinar efetivamente o uso das tartarugas marinhas como biomonitores do Hg
nos oceanos. Desta forma, o presente trabalho faz uma comparacéo regional de quatro areas
costeiras com diferentes niveis de desenvolvimento antropico (Maranhdo, Ceard,
Pernambuco e Bahia) na regido costeira nordeste e leste do Brasil, utilizando fragmentos de
carapaca de quatro espécies de tartarugas marinhas (Chelonia mydas, Caretta caretta,
Eretmochelys imbricata e Lepidochelys olivacea). Os resultados encontrados ndo mostraram
relacdo com as concentragdes ambientais do Hg encontrados na literatura, e sim com a
biologia, ecologia e comportamentos particulares de cada espécie. Caracteristicas como a
mudanca ontogenética de dieta na C. mydas, o Capital Breeding em fémeas em periodo
reprodutivo na C. caretta, forrageamento em aguas oceéanicas profundas na L. olivacea e a
seletividade por alguns itens alimentares como na E. imbricata, podem ser consideradas
responsaveis pelas concentracdes de Hg encontradas neste trabalho. Portanto, com 0s nossos
resultados ndo é possivel determinar a viabilidade do uso da carapaca como um método
efetivo para o monitoramento ambiental do Hg, sendo necessario que futuros trabalhos
considerem uma ampla abordagem e uso de ferramentas que permitam o rastreamento destes

queldnios e fontes pontuais de contaminagdo proxima as areas de forrageamento.

Palavras Chaves: Contaminacao; Poluicdo; Espécies Sentinela; Oceano Atlantico; Tartarugas

Marinhas.
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INTRODUCAO

O Hg é um elemento natural amplamente distribuido, porém as atividades
antropicas tém alterado a concentracdo deste metal em diferentes compartimentos
ambientais, produzindo grandes eventos de contaminacdo (Ali et al., 2019). O caso da
Minamata é considerado como um dos primeiros reportes de envenenamento por Hg. As
descargas do Hg na forma organica na regido costeira feitas pela Chisso Corporation, levou
a exposicdo da biota marinha e a populacdo dessa regido a concentracdes elevadas deste
metal. Assim, como consequéncia desse evento muitas pessoas morreram devido ao consumo
de peixes altamente contaminados (Kessler, 2013). A partir desses acontecimentos, uma série
de medidas mitigadoras tem sido aplicadas de forma gradual no mundo todo, e entre essas
podemos mencionar o uso de organismos biomonitores (UNEP 2019).

O biomonitoramento é o processo de avaliagdo da salde de organismos e
ecossistemas e rastreamento de mudancas no risco e exposicdo ao Hg ao longo do tempo
(Evers et al.,, 2018). Com base na convengdo de Minamata as medicdes precisam ser
conduzidas em taxons-chave (e.g., peixes, tartarugas marinhas, aves, mamiferos marinhos
etc.) que permitam rastrear mudancas nas cargas ambientais e fornecam informacdes
importantes sobre os impactos da polui¢do por Hg e os riscos potenciais na salde humana e
biota (Gustin et al., 2016; Evers et al., 2018).

A ordem testudines apresentam caracteristicas importantes que permitem
entender seu uso em trabalhos de monitoramento. Sdo organismos de vida longa que estéo
expostos por um tempo mais prolongado a diferentes tipos de contaminantes, o que leva a
um maior acumulo desses poluentes, fornecendo dados relevantes para trabalhos de
monitoramento (Dos Santos et al., 2021). Alem disso, apresentam uma dieta alimentar
heterogénea, sdo organismos amplamente distribuidos (Schneider et al., 2013), e séo
potencialmente sensiveis devido ao seu metabolismo mais lento, o que retarda sua
recuperacdo de possiveis efeitos causados por xenobidticos (Schaumburg et al., 2012).
Contudo, o numero de trabalhos sobre a presenca de Hg em tartarugas marinhas é
significativamente baixo, o que pode ter relacéo direta com o seu status de espécies em perigo
de extin¢do, tornando ilegal sua captura na maioria dos paises (Rodriguez et al., 2022). Desta

forma, o uso de métodos ndo invasivos (e.g., sangue e carapaca) vem sendo uma ferramenta
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para monitorar o Hg nesses quel6nios, e consequentemente em ambientes oceanicos e
costeiros impactados por emissdes antropicas e naturais de Hg.

Como método néo invasivo, fragmentos de carapaca (scutes) tém se mostrado ser
uma forma viavel de determinar as concentracBes de Hg especialmente na C. mydas.
Trabalhos como os de Sakai et al., (2000), Bezerra et al., (2013) e Rodriguez et al., (2020)
conseguiram bons resultados estimando as concentracGes de Hg em érgdos internos a partir
da concentracdo em scutes. Além disso, foram capazes de observar a mudanga ontogenética
de dieta nesta espécie, com base nas concentracdes de Hg em scutes. No entanto, 0 nimero
de trabalhos utilizando scutes é significativamente baixo o que ndo tem permitido obter
conclusdes claras sobre o uso destes organismos em programas de monitoramento. Trabalhos
como os de Day et al., (2005), Bezerra et al., (2015), Rodriguez et al., (2018), Villa et al.,
(2019), Barraza et al., (2019) tem visto a possibilidade do uso destes queldnios para
determinar a biodisponibilidade do Hg em habitats proximos a costa onde as influéncias
terrestres e 0s impactos antropogénicos sdo altos. A fidelidade sazonal do local de
forrageamento e a variabilidade regional do Hg no ambiente poderiam explicar a alta variacao
intraespecifica e ocasional em tartarugas marinhas (Day et al., 2005).

De acordo com Rodriguez et al., (2022) as espécies com 0 maior nimero de
trabalhos utilizando a carapaca na determinacdo do Hg séo a C. mydas e C. caretta, porém
existem grandes lacunas de informacdo que ainda precisam ser abordadas, mesmo nessas
espécies. Entre estas, a falta de trabalhos com individuos em diferentes faixas etarias, estudos
mais completos dos comportamentos alimentares, e de distribui¢do, além de comportamentos
particulares como o caso das fémeas durante o processo reprodutivo; ademais de
comportamentos de forrageamento em aguas profundas que podem ser grandes
influenciadores das concentracGes de Hg como nas espécies L. olivacea e D. coriacea. O uso
destas informac0es seria ideal para estabelecer a utilidade das tartarugas marinhas como
biomonitores do Hg em areas extremamente importantes para o desenvolvimento destes
organismos, e que muitas vezes estdo dentro de areas de grande importancia econémica.

Com base nisso, um dos principais objetivos deste trabalho é fazer uma analise
comparativa das concentragdes de Hg em lascas de carapaca de quatro espécies de tartarugas
marinhas (C. mydas, C. carettta, L. olivacea e E. imbricata) amostradas na costa nordeste e

leste do Brasil, nos estados do Maranhdo, Ceard, Bahia e Pernambuco, e relacionar as
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concentracfes de Hg encontradas com as caracteristicas proprias de cada espécie, e com as
concentracfes ambientais de Hg reportadas na literatura. Desta forma, sera possivel
determinar a viabilidade do uso da carapaca como ferramenta para 0 monitoramento

ambiental do Hg no Atléantico sudoeste tropical.

MATERIAL E METODOS

Todos os procedimentos e andlises deste trabalho foram realizados dentro das
normas vigentes da legislagdo ambiental brasileira, efetuados sob autorizacdo do Sistema de
Autorizacdo e Informagdo em Biodiversidade — SISBIO, Licenga 66837 (2022) e 66088
(2022).

Amostragem

Fragmentos de carapaca de quatro espécies de tartarugas marinhas foram
coletadas em quatro regides da costa do Brasil, Maranhéo (E. imbricata), Ceara (C. mydas,
and C. caretta), Pernambuco (E. imbricata, and L. olivacea) e Bahia (C. mydas, C. caretta
and L. olivacea) (Figura 1). Todos os animais foram classificados como juvenis, sub-adultos
e adultos de acordo com Dodd (1988) para C. caretta; Jensen et al., (2016) para C. mydas;
Reichart (1993) para L. olivacea; Marquez (1994); Witzell (1983) para E. imbricata. Os
fragmentos de carapaca foram coletados superficialmente utilizando uma pinca e de forma
aleatdria nas tartarugas verde, cabeguda e pente. Quando eram encontradas lascas soltas estas
eram coletadas para evitar estresse do animal, em caso contrario, era necessario fazer um
corte que permitisse realizar a coleta. O peso aproximado dos fragmentos estava entre 1 e 1,5
gramas. No caso da tartaruga oliva as coletas foram realizadas nas placas marginais, devido
a que apresentaram uma maior espessura em compara¢do com as placas vertebrais e laterais.
Dessa forma, foi possivel fazer a coleta sem machucar os individuos durante o processo. O
tamanho dos individuos foi obtido com uma fita métrica, mediante obtencdo do comprimento

curvilineo da carapaca (CCC) e a largura curvilinea da carapaca (LCC).
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Figura 1 — Areas de coleta dos fragmentos de carapaca nas espécies C. mydas, C. caretta, E. imbricata
e L. olivacea na costa nordeste do Brasil (Maranhdo, Ceara, Pernambuco e Bahia).

Tratamentos das amostras e determinagéo de mercurio total (HgT)

A metodologia utilizada para a quantificacdo do Hg total nas amostras bioldgicas
seguiu a adaptada de Bezerra et al., (2012) e a configuracdo de forno digestor (MARS
XPRESS, CEM Corporation) sugerido pelo fabricante para amostras bioldgicas. As amostras
foram pesadas em duplicata com peso de aproximadamente 0,5 g de peso seco em tubos de
teflon, onde foram adicionados 10 mL de &cido nitrico concentrado (HNO3 65%) em uma
pré-digestdo de 25 min. Apoés a pré-digestdo, a digestdo foi realizada em forno digestor
micro-ondas com poténcia 1600 W e temperatura de 200°C durante 30 min. A configuracao
de forno digestor (MARS XPRESS, CEM Corporation) foi aquela sugerida pelo fabricante
para amostras biologicas. Em seguida, 1 mL de peroxido de hidrogénio (H20.) foi
adicionado. O extrato final foi transferido para baldes volumétricos de 100 mL, aferindo-os
com agua destilada. A quantificacdo do Hg nas amostras foi realizada no Espectrofotometro
de Absorcdo Atdmica por geracao de Vapor Frio (CV-ASS), modelo NIC RA-3 da NIPPON.

Os valores de LD obtidos para cada dia de andlise variou de 0,00 a 0,07 ng g* de Hg, com
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uma média de 0,03 £ 0,02 ng g. A validacdo da metodologia, foi obtida mediante o uso de
material certificado de referéncia (SRM) juntamente com as amostras bioldgicas. Foi
utilizado tecido de musculo de peixe (ERMBB422) contendo 601 + 30 ng g, com um valor

de recuperacéo de 98%.

Analises estatisticas

As andlises estatisticas foram realizadas utilizando R 4.1.2 (R development Core
Team 2021). A normalidade dos dados foi testada utilizando o teste de Shapiro Wilk. Quando
os dados ndo atenderam os pressupostos de normalidade foram log transformados. O teste
ndo paramétrico de Kruskal Wallis foi usado quando a transformagdo logaritmica ndo
conseguiu corrigir o desvio dos dados das suposicGes de normalidade. Assim foi possivel
determinar diferencas entre 0 CCL e nas concentracdes de Hg de cada espécie e entre 0s
locais de amostragem. Quando diferengas foram encontradas, utilizou-se o teste post hoc de
Mann-Whitney permitindo a identificacdo das areas que apresentaram diferencas
significativas no CCL e nas concentracbes de Hg das quatro espécies. Para melhorar a
comparabilidade das concentracfes de Hg entre individuos com diferentes tamanhos, como
em C. mydas, as concentracdes de Hg foram normalizadas (Hgnorm) dividindo o Hg
encontrado pelo tamanho médio do animal (CCL) (Scudder Eikenberry et al., 2015). As
concentragfes de Hg normalizadas removem o efeito do tamanho na variacdo de Hg entre
areas, melhorando a interpretagdo das diferencas observadas. A relacdo entre CCL e as
concentragdes de Hg foi analisada utilizando a correlagdo de Spearman e Pearson. Os valores
anormais ou outliers foram retirados para uma melhor interpretacdo dos dados. O valor de

significancia para os testes foi de 95% (p < 0.05).

RESULTADOS

Os individuos amostrados para cada espécie compreenderam diferentes faixas
etarias, desde filhotes até adultos. C. mydas apresentaram individuos na faixa etaria de juvenil
a adulto (27 a 106 cm), C. caretta na faixa de sub-adultos a adultos (79 a 107 cm), e E.

imbricata na faixa de filhote e adultos (5,1 a 100 cm). No caso da L. olivacea todos os
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individuos amostrados foram adultos (63 — 79,2 cm). O tamanho, numero de individuos
amostrados para cada espécie e as concentracfes de Hg encontradas nas regides sao

detalhadas na tabela 1.

Table 1 - Size (cm) and Hg (ng g™) concentrations in scutes of C. mydas (Cm), C. caretta (Cc), E.
imbricata (Ei) and L. olivacea (Lo) from Ceard, Bahia, Pernambuco and Maranhdo.

Ceara Bahia Pernambuco Maranhé&o
Size Hg Size Hg Size Hg Size Hg
Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
Range Range Range Range Range Range Range Range
40.8+£9.5 281.0 £ 256.9 36.9+6.8 417.3+351.4 52.8+11.0 130.8 £214.3 _
27 -59 6 — 856.6 27 - 62 13.8-12446  33.2-76.9 4.8-873.0
n=19 n=19 n=140 n =40 n =28 n=28

934+10.2 236.1+1759 98.8 +4.7 129.8 £127.4
78.7 - 107 34 - 2169 87.1-107 3.3-1672

n=8 n=8 n=78 n=78
_ _ _ _ 90.7+4.8 19.9+16.9 55+0.4 57.04 +10.1
82 -100 3.5-88.6 5.1-6.1 43.2 -68.9
n =41 n=41 n=8 n=8

70.9+3.3 874.7 +881.1 70.5+45 641.2 +474.2
63 —-79.2 26.5-4085.9 70-74.5 69 — 1031.2
n==63 n==63 n=4 n=4

Comparacao de tamanho (CCL) entre regides

A comparacdo entre 0 CCL dos individuos de C. mydas e E. imbricata mostraram
diferencas significativas entre os locais de amostragem. A espécie C. mydas mostrou
diferencas de CCL entre Bahia (36.9 + 6.8 cm) e Ceara (40.8 £ 9.5 cm) (Post hoc Mann
Whitney test, p < 0.05), entre Bahia (36.9 £ 6.8 cm) e Pernambuco (52.8 £ 10.9 cm) (Post
hoc Mann Whitney test, p < 0.05), e entre Ceara (40.8 = 9.5 cm) e Pernambuco (52.8 + 10.9
cm) (Post hoc Mann Whitney test, p < 0.05). A E. imbricata mostrou diferencas significativas
entre as regides de maranhdo (5.5 + 0.4 cm) e Pernambuco (90.7 £ 4.8 cm) (Kruskal Wallis
test, chi-squared = 19.7, p < 0.05). As espécies C. caretta e L. olivacea ndo mostraram

diferencas significativas de CCL entre os locais de amostragem.
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Relacéo entre tamanho (CCL) e concentragcao de mercurio

C. mydas

A relacédo entre o CCL e as concentragdes de Hg para os individuos amostrados
na Bahia mostraram uma correlagdo moderada e negativa (Spearman's correlation, rs = -0.44;
p = 0.003). Contudo os individuos amostrados no Ceara (Spearman's correlation, rs = -0.42;
p = 0.06) e Pernambuco (Spearman's correlation, rs = 0.22; p = 0.28) ndo mostraram
correlagdes significativas.
C. caretta

A relacdo entre o CCL e as concentracdes de Hg para os individuos de C. caretta
amostrados na Bahia mostraram correlagdo significativa, porém fraca (Spearman's
correlation, rs = 0.27; p = 0.02). No caso do Ceara, os individuos ndo mostraram uma
correlacdo significativa entre o CCL e as concentragdes de Hg (Spearman's correlation, rs =
-0.35; p = 0.38).
L. olivacea

Os individuos amostrados na Bahia mostraram correlagdo significativa entre o
CCL e 0 Hg, porém fraca (Spearman's correlation, rs = 0.29; p = 0.02).
E. imbricata

Os individuos amostrados no Pernambuco (Spearman's correlation, rs = -0.15; p
= 0.36) e no Maranhéo (Spearman's correlation, rs = 0.29; p = 0.42) ndo mostraram rela¢éo

entre o CCL e as concentragdes de Hg.

Comparacdao entre regides por espécie

As comparacdes das concentragfes de Hg em individuos de C. mydas entre
Ceara, Bahia e Pernambuco mostraram diferencas significativas entre Bahia e Pernambuco
(Post hoc Mann Whitney test, p < 0.05), e Ceara e Pernambuco (Post hoc Mann Whitney test,
p < 0.05), contudo ndo foram encontradas diferencas entre Bahia e Ceard (Post hoc Mann
Whitney test, p = 0.14). As maiores concentra¢cdes foram encontradas em individuos

amostrados na Bahia, seguido por Ceara e Pernambuco.
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As concentracdes de Hg para os dois grupos de individuos da espécie C. caretta
nas regides de Ceara e Bahia ndo mostraram diferencas significativas (Kruskal Wallis test, p
= 0.12). Da mesma forma, também nédo foram observadas diferencas significativas entre
individuos de L. olivacea amostrados na Bahia e Pernambuco (Kruskal Wallis test: p = 0.93).

Para E. imbricata, as concentragdes de Hg foram reportadas para individuos
amostrados nas regides de Maranhdo (filhotes) e Pernambuco (adultos) e mostrou diferencas
significativas (Anova, F = 24.12, p < 0.05), com os filhotes amostrados no Maranhdo
apresentando uma maior concentracdo de Hg comparado com as fémeas adultas da zona

costeira de Pernambuco.
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Figura 2 - Comparagéo regional entre as concentracfes de Hg nas espécies C. mydas (a), C. caretta
(b), E. imbricata (c), e L. olivacea (d) em &reas de ocorréncia ao longo do litoral nordeste e leste
brasileiro.
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Comparacdo entre regides para a C. mydas com dados de mercurio normalizados

Os valores de CCL da C. mydas mostraram diferencas significativas entre as
areas de amostragem, de forma que suas concentrac¢des de Hg dividindo-as pelo tamanho de
cada individuo. A comparacgdo entre as concentragdes normalizadas de Hg para a C. mydas
nas Bahia, Ceara e Pernambuco, mostrou diferencas entre Bahia e Pernambuco (Post hoc
Mann Whitney test: p <0.05), e Ceard e Pernambuco (Post hoc Mann Whitney test: p < 0.05),
porém nao foi encontrada diferenca entre Ceard e Bahia (Post hoc Mann Whitney test: p =
0.142).

DISCUSSAO

As tartarugas marinhas apresentam mudancas importantes durante seu
crescimento, desde a area de distribuicdo até sua dieta alimentar (Bolten et al., 2003).
Espécies como a C. caretta, C. mydas e E. imbricata, mostram uma distribui¢cdo oceénica
nos seus primeiros anos de vida, até 0 momento de seu recrutamento para ambientes costeiros
(Bolten et al., 2003; Figgener et al., 2019). Por outro lado, L. olivacea tende a apresentar uma
distribuicdo mais oceanica (Figgener et al., 2019). O deslocamento do ambiente oceénico
para o litoral implica a mudanga dos itens alimentares consumidos, além de uma maior
interacdo com ambientes estuarinos e costeiros particularmente vulneraveis a contaminacéo
antrdpica por Hg (Gworek et al., 2016). Com isso, é essencial avaliar as concentra¢@es de Hg
em cada espécie e determinar sua relacdo tanto com as suas caracteristicas bioldgicas e

ecologicas, como também com as caracteristicas de suas areas de forrageamento.

C. mydas

O tamanho e as concentracdes de Hg em C. mydas nas trés areas de ocorréncia,
ndo foram correlacionados, possivelmente devido a pequena variagdo no tamanho dos
individuos amostrados, sendo maiormente juvenis e poucos adultos. Entretanto, foram
encontradas diferencas entre o0 CCL nas trés regides, sendo o grupo de tartarugas marinhas

amostradas no Pernambuco as que apresentaram a média de CCL maior. Ndo entanto, é
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importante destacar que 62.1% dos individuos amostrados nas trés regides estiveram na faixa
de recrutamento costeiro, (25 — 44 cm) segundo Bjorndal (1980) ou 30 — 40 cm segundo Lenz
etal., (2017); 37.9% individuos sub-adultos, e nenhum adulto foi registrado. Esta informacéo
é bastante importante uma vez que as tartarugas verdes juvenis com menos de 50 cm de CCL
encontradas em ambientes neriticos da costa sul de Brasil, Uruguai e Argentina sao onivoros,
em transicao entre uma dieta carnivora e herbivora (Bugoni et al., 2003, Carman et al., 2012,
Vélez-Rubio et al., 2016, Lenz et al., 2017), o que levaria a uma maior concentracdo do Hg.
Contudo, de acordo com Di Beneditto et al., (2017) para a regido sudeste do Brasil
especificamente na costa do Rio de Janeiro, individuos juvenis de tartaruga verde apresentam
um nivel de herbivoria maior, onde o consumo de matéria animal mostra pouca representacéo
na sua dieta.

C. mydas é amplamente estudada devido a sua mudanca ontogenética de dieta
durante seu crescimento. Nos primeiros anos de vida estd espécie apresenta um
comportamento omnivoro, enquanto na fase adulta a sua alimentacéo é baseada em um maior
consumo de macroalgas, sendo considerada uma espécie herbivora (Bjorndal, 1985, 1997).
Esta mudanca resulta em uma relacdo inversa entre o tamanho e as concentracdes de Hg e
tem sido reportada em varios trabalhos (Bezerra et al., 2012, 2015; Rodriguez et al., 2020).
E precisamente esta mudanca de dieta o que explicaria o padrdo de distribuicdo das
concentracfes de Hg encontradas neste trabalho.

Os individuos com maior concentracdo de Hg foram aqueles coletados no Cearé
e Bahia mostrando diferencas significativas com Pernambuco, condizente com o tamanho
dos individuos amostrados em cada area de ocorréncia, que sugere mudanca ontogenética de
dieta. Para Ceara e Bahia a porcentagem de individuos em processo de recrutamento foi de
73.6% e 87.5% respectivamente, enquanto para Pernambuco essa porcentagem foi de 25%,
consideravelmente menor. Dessa forma, a mudanca de uma dieta onivora para herbivora pode
explicar as maiores concentracdes de Hg nos individuos da C. mydas comparado aqueles de
Pernambuco, onde 89.3% dos individuos mostraram tamanhos compativeis com fases
posteriores ao recrutamento, isto é, predominantemente herbivoras. Embora nessa faixa de
tamanho ainda ocorra a ingesta eventual de cnidarios e ctendforos (Bjorndal, 1996), o

consumo de macroalgas e ervas marinhas pode ser consideravelmente maior comparado com
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os individuos amostrados no Cearé e Bahia, explicando dessa forma a concentracdo de Hg
significativamente menor.

As concentracbes de Hg nestes quelonios vao depender tanto de fatores
ambientais como também do tipo de tecido utilizado. No Brasil, o trabalho de Bezerra et al.,
(2015) mostrou que as concentracdes de Hg em figado de individuos de C. mydas amostrados
nas costas do Ceara e Bahia mostraram relacdo com o nivel de contaminacdo ambiental, com
maiores valores na Bahia. Contudo, as concentracdes de Hg na carapaca e no musculo nédo
mostraram 0 mesmo comportamento. O figado responde pelo armazenamento e
redistribuicdo do Hg recentemente ingerido, enquanto tecidos como o masculo e a carapaca
representam um sumidouro para o0 Hg acumulado com media-vida mais longa (Schneider et
al., 2013; Day et al., 2005). Os dois trabalhos citados, analisaram individuos juvenis em
transicdo de ambientes oceadnicos para costeiros, de forma que as amostras de carapaca
poderiam estar mostrando concentracbes mais antigas e nao relacionados com a regido
costeira. Segundo Marins et al., (2004) na costa Leste do Brasil o indice de Geoacumulago
Regional de Hg mostra que as areas mais contaminadas se encontram em Pernambuco e
Bahia, enquanto Ceara mostra o menor indice de contaminacdo. Contudo, as concentragdes
de Hg encontradas nas amostras de carapaca de C. mydas no presente trabalho ndo mostraram

nenhuma relagdo com a area de ocorréncia.

C. caretta

As concentracdes de Hg na carapaca de C. caretta amostradas na Bahia e Ceara
foram reportados unicamente para individuos adultos, além disso foram muito variaveis para
ambas as populacbes e ndo mostraram diferencas significativas entre regides. Esta
variabilidade e a presenca de tartarugas com baixas concentra¢Ges de Hg pode ter relacéo
com suas areas de alimentacdo e os organismos que compdem a dieta da C. caretta, onde
entre a variedade de itens alimentares consumidos estdo, moluscos, crustaceos, e macro
plancton gelatinoso (Bjorndal, 1985; Dodd, 1988). A variabilidade das concentragfes de Hg
na carapaca paraa C. caretta também foi reportada por Day et al., (2005), Casini etal., (2018)
e Rodriguez et al., (2019), e relacionadas com a dieta alimentar e as concentracGes ambientais

de Hg nas suas areas de forrageamento.
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Além de avaliar os fatores dieta e area de forrageamento, é importante considerar
as caracteristicas Unicas das populacdes de C. caretta no Brasil. Estudos de genética baseados
em DNA mitocondrial, mostram que a populacdo brasileira de C. caretta é distinta das
demais populagdes conhecidas no mundo, e se divide em duas subpopulagdes: nordeste com
areas prioritarias de desova nas praias da Bahia e Sergipe e sudeste com areas prioritarias de
desova nas praias de Rio de Janeiro e Espirito Santo. Assim, para a subpopulacéo da Bahia é
possivel encontrar um corredor migratério ao longo de toda a costa Nordeste do Brasil, e
areas de descanso e alimentacdo na costa Norte, especialmente no Ceard (Marcovaldi et al.,
2009, Marcovaldi et al., 2010). Com base nestas informacdes e tendo em consideracao que o
tecido utilizado para este trabalho foram os scutes, podemos supor gue as fémeas desovantes
que foram amostradas na Bahia refletiram as concentracbes de Hg de suas areas de
alimentacdo (Ceard) e ndo de suas areas de desova (Bahia). Esta hipotese poderia ser
reforcada pela estratégia conhecida como capital breeding, onde as fémeas de tartarugas
marinhas consomem pouco ou nenhum alimento durante o periodo reprodutivo, permitindo
que 0s organismos separem espacial e temporalmente areas adequadas de forrageamento e
reproducdo (Bonnet et al., 1998). Esta estratégia tem sido reportada em diferentes espécies
de tartarugas marinhas (C. caretta: Perrault & Stacy 2018; C. mydas: Page-Karjian et al.,
2020; E. imbricata: Goldberg et al., 2013; D. coriacea: Perrault et al., 2016) e poderia ajudar
a entender a origem das concentracdes de Hg nos individuos de C. caretta analisados neste

trabalho.

L. olivacea

O primeiro e Unico trabalho em reportar as concentragdes e Hg em individuos da
especie L. olivacea foi realizado por Kampalath et al., (2006) no Mexico, contudo esta autora
utilizou o rim, figado e musculo, mas nao carapaca. Embora ndo sendo possivel comparacoes,
0 presente trabalho pode ser, portanto, considerado como o segundo em reportar as
concentracOes de Hg para a espécie L. olivacea, e 0 primeiro em reportar as concentracdes
de Hg em scutes em L. olivacea.

As concentracOes de Hg para a L. olivacea foram reportados para fémeas adultas,

no Mexico e no Brasil, e mostraram grande variabilidade. Com todos os individuos sendo
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adultos, ndo foi encontrada uma correlacdo significativa entre o tamanho e as concentragdes
de Hg. Também ndo foram encontradas diferencas significativas entre individuos amostrados
na Bahia e Pernambuco, mesmo com niveis de contaminacdo ambiental superiores na costa
de Pernambuco (Marins et al., 2004). Se faz necessario, portanto, avaliar a influéncia de
caracteristicas biologicas e ecoldgicas da L. olivacea na acumulagéo do Hg.

Diferentes das demais espécies de tartarugas marinhas estudadas, que habitam o
ambiente oceanico durante seus primeiros anos de vida migrando para o neritico durante a
fase adulta, a L. olivacea habita a zona oceanica na fase adulta (Bolten et al., 2003; Figgener
et al., 2019). Apesar disso, existem relatos de individuos adultos da L. olivacea capazes de
utilizar uma grande variedade de areas de forrageamento, incluindo ambientes pelagicos e
bentdnicos (Plotkin, 2010; Da Silva et al., 2011). Trabalhos de rastreamento por satélite
mostram que existe uma plasticidade comportamental entre as populac6es de L. olivacea
(Rees et al., 2012), e adultos tem sido encontrado nos ambientes oceanicos e mergulhando
em profundidades de até 400 m (Swimmer et al., 2006), ou usando areas de plataforma
costeira ou continental (McMahon et al., 2007; Whiting et al., 2007; Colman et al., 2014).
Com isso em mente, as concentracdes de Hg apresentadas por esta espécie provavelmente
estariam refletindo as concentracdes de Hg de suas areas de forrageamento em ambientes
oceanicos e ndo costeiros.

L. olivacea mostra flexibilidade no uso de ambientes pelagicos e benténicos que
ligado com seu comportamento omnivoro, pode repercutir em uma ampla variabilidade dos
itens alimentares que sdo consumidos, e com isso nas concentracfes de Hg refletidas. No
Atlantico tem sido reportado diversos itens alimentares (e.g., salpas, peixes, moluscos,
crustaceos, algas, ascidias, sipunculideos, ovos de peixes etc.) (Bjorndal, 1996; Colman et
al., 2014; Di Beneditto et al., 2015), e em alguns casos para a regido do Pacifico oriental
estudo de conteudo estomacal tem reportado a presencga de tunicados (Mortimer, 1982;
Carpena-Catoiraetal., 2022). Desta forma, tanto as areas de forrageamento, como 0 consumo
de organismos de diferentes niveis troficos e especialmente com altas e baixas concentracdes
de Hg podem ser responsaveis pela ampla variagdo das concentracdes de Hg encontradas
neste trabalho em L. olivacea.

A presencada L. olivacea em aguas oceanicas profundas é uma caracteristica que

precisa ser estudada, ja que permitiria entender sua influéncia nas concentraces de Hg,



80

principalmente se consideramos que esta espécie pode apresentar comportamentos de
forrageamento em grandes profundidades (Polovina et al., 2002). De acordo com Choy et al.,
(2009) a profundidade em que alguns predadores (e.g., Thunnu obesus, Thunnu albacares,
Katsuwonus pelamis, Xiphias gladius, Lampris guttatus, Coryphaena hippurus,
Taractichthys steindachneri, Tetrapturus audax, and Lepidocybium flavobrunneum)
forrageiam, influencia diretamente nas suas concentracoes de Hg, tal e como foi encontrado
por este autor. Isto devido a que aguas oceéanicas profundas com baixo teor de oxigénio
podem apresentar altos niveis de Hg biodisponivel que seré transferido de um nivel trofico a
outro (Gill & Fitzgerald, 1998; Mason et al., 1993; Choy et al., 2009; Romero-Romero et al.,
2022). Assim, diferencas verticais nos comportamentos de forrageamento ao longo da vida
de um predador pelagico provavelmente sdo diretamente responsaveis pelas cargas totais de
Hg (Choy et al., 2009; Lacerda et al., 2017)

E. imbricata

Os resultados encontrados em adultos de E. imbricata, mostraram concentracdes
de Hg com média de 19.9 + 16.9 ng g* e similares aquelas relatadas por Escobedo-
Mondragon, et al., (2021, 2023) na Ilha Holbox, estado de Quintana Roo, Mexico, 14,1 ng g
! (peso seco) e 5.2 ng g (peso seco). Ambos os trabalhos apresentaram concentragdes de Hg
significativamente menores quando comparada com outras espécies de tartarugas marinhas
(e.g., C. mydas, Bezerra et al., 2015; Rodriguez et al., 2020; C. caretta, Rodriguez et al.,
2019, L. olivacea, este trabalho) o que pode ter relacdo com diversos fatores como a dieta
alimentar, variagdes geogréaficas, idade, caracteristicas fisioldgicas de cada espécie (Gardner
et a., 2006; Kampalath et al., 2006; Escobedo-Mondragén et al., 2021), como também nas
caracteristicas morfologicas e quimicas da carapaca desta espécie.

E. imbricata como a C. caretta e L. olivacea, € uma espécie omnivora (Bjorndal,
1996), porém, diferente destas duas espécies, as suas areas de forrageamento esta associada
a recifes de coral, e sua dieta esta composta por itens alimentares que podem variar
dependendo da regido, por exemplo: Von Brandis et al., (2014) para a regido do oceano
indico reporta a prevaléncia de Stelleta sp., Spheciospongia sp. (ambas demo-esponjas) e

Zoanthus sansibaricus (anthozoa). Proietti et al., (2012) para individuos imaturos de E.
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imbricata nas ilhas brasileiras do Arquipélago de Sdo Pedro e Sdo Paulo, Parque Marinho de
Abrolhos e Reserva Marinha do Arvoredo, reportaram a prevaléncia de organismos
bentbnicos sésseis, principalmente zoantideos (Zoanthus sociatus e Palythoa caribaeorum)
e ocasionalmente esponjas. Rincon-Diaz et al., (2011) para juvenis no Arquipélago Culebra
em Puerto Rico, mostraram preferéncia por Ricordea florida e pela alga Lobophora variegata
e baixa preferéncia pela esponja Chondrilla ntcula. Outros trabalhos reportam em menor
proporcao a presenca de espécies bentdnicas, incluindo tunicados, briozoarios, moluscos,
corais e algas (Carr & Stancyk, 1975; Meylan, 1988; Bjorndal, 1996; Rincon-Diaz et al.,
2011; Martinez-Estévez et al., 2022). Neste trabalho ndo foram quantificadas as
concentragfes de Hg de itens alimentares, impedindo relacionar as concentragdes de Hg
encontradas na E. imbricata com sua dieta. Medic¢des das concentragdes de Hg na cadeia
alimentar de suas areas de forrageamento seriam ideais para estabelecer sua dieta e nivel
tréfico. Assim, seria possivel ter uma explicacdo para as baixas concentracdes de Hg
reportadas na carapaca da E. imbricata.

Existe uma clara diferenga na faixa etaria dos individuos amostrados no
Maranhdo e Pernambuco, 0 que ndao permitiu realizar uma comparacdo entre areas. Apesar
disso, é inegavel e interessante a diferenca entre as concentracdes de Hg destes dois grupos
de individuos, principalmente quando vemos que os filhotes mostraram concentracGes de Hg
maiores que as tartarugas adultas. As amostras coletadas no Maranhdo foram unicamente
para filhotes, e ndo foi possivel coletar amostras das fémeas que desovaram nessa area,
impossibilitando qualquer tipo de comparacdo e verificagdo da existéncia de transferéncia
materna. Contudo, metais essenciais (e.g., Zn, Cu etc.) e ndo essenciais (e.g., Pb, Hg etc.)
tém sido detectados no sangue e ovos da E. imbricata (Ehsanpour et al., 2014), Dermochelys
coriacea (Guirlet et al., 2008; Perrault et al., 2011), C. mydas (Sinaei & Bolouki, 2017) e
outras espécies de quelbnios (Nagle et al., 2001; Hopkins et al., 2013), sugerindo
transferéncia materna para os embrides. Desta forma, é possivel que o Hg encontrado nos
filhotes esteja refletindo as concentracdes de Hg das fémeas que desovaram nessa regiao, e
que consequentemente transferiram parte do Hg acumulado para os ovos, como uma forma
de reduzir a carga corporal do Hg (Nagle et al., 2001; Sinaei & Bolouki, 2017). Aléem disso,
é importante avaliar a troca de agua e gases entre 0 ovo e seu ambiente durante a

embriogénese ou formacdo do embrido (Ackerman 1997; Wallace et al., 2006), ja que ambos
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podem ser responsaveis por parte da carga de metais encontrada nos filhotes de tartarugas

marinhas (Mufioz & Vermeiren 2020).

CONCLUSAO

Cada espécie de tartaruga marinha ao longo da sua vida apresenta mudancas nas
suas areas de distribuicdo que consequentemente influenciam nas suas concentracdes de Hg.
No caso da C. mydas, a mudanca do ambiente oceanico para costeiro, além da mudanca de
dieta ajudaram a explicar parte dos resultados obtidos neste trabalho. A mudanca
ontogenética da dieta durante o crescimento, resulta em uma relacdo inversa entre o tamanho
e as concentragcdes de Hg, como confirmado pelos resultados apresentados. Esta caracteristica
como em outros trabalhos mostrou ser um dos principais controladores das concentragdes de
Hg em C. mydas, resultando possivelmente na inexistente relacdo com as concentracdes
ambientais reportados na literatura para as regioes de Bahia, Ceara e Pernambuco.

Das quatro espécies utilizadas neste trabalho, trés sdo conhecidas por apresentar
uma dieta omnivora, contudo mostram seletividade por certo tipo de itens alimentares que
podem influéncias nas concentracGes de Hg. No caso da L. olivacea, diferente das outras
espécies, ndo existe uma interacdo permanente com areas costeiras, existe uma oscilacdo na
sua distribuicdo entre areas oceanicas e costeiras, de forma que o Hg refletido por esta espécie
pode apresentar origens diversas e ndo apresentar relacdo direta com as areas em que foram
realizadas as amostragens para este trabalho.

O uso da carapaga como método ndo invasivo para 0 monitoramento do Hg em
tartarugas marinhas tem mostrado ser uma ferramenta vidvel como indicador das
concentragcfes do Hg, e das mudangas na dieta alimentar na C. mydas. No caso da C. caretta
0 numero de trabalhos tem aumentado gradualmente, entretanto dirigido a individuos adultos,
sendo necessario aumentar o nimero de individuos em outras faixas etarias. J4 no caso da E.
imbricata e L. olivacea o nimero de trabalhos é reduzido a um Unico trabalho para a E.
imbricata e até 0 momento nenhum trabalho foi realizado utilizando a carapaca na L.
olivacea. Este trabalho € o primeiro a fazer esse relato, além de uma comparacao entre regioes

geogréficas distintas. Assim, no futuro é indispensavel a producdo de mais trabalhos focados
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nas espécies menos estudadas e abordando caracteristicas como o forrageamento em aguas
profundas e o Capital breeding.

Com base em nossos resultados, 0 uso da carapaca de tartarugas marinhas como
ferramenta para 0 monitoramento do Hg nos oceanos parece ser bem mais complexo e talvez
somente possivel em areas de forrageamento onde as tartarugas marinhas apresentem
fidelidade. Uma abordagem ampla da biologia, ecologia e caracteristicas ambientais
permitiriam estabelecer com maior confiabilidade o uso destes quelénios como sentinelas

dos oceanos.
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6. CONCLUSAO GERAL

Este trabalho identificou a relevancia das caracteristicas biologicas e ecoldgicas
no acumulo do Hg nas quatro espécies de tartarugas marinhas ocorrentes no litoral nordeste
e leste do Brasil (Chelonia mydas, Caretta caretta, Eretmochelys imbricata e Lepidochelys
olivacea), e que precisam ser estudadas com bastante atencao para obter interpretacGes mais
precisas dos dados até 0 momento disponiveis na literatura.

Os resultados corroboraram outros previamente publicados sobre a dindmica do
Hg nessas espécies, entre esses destacam-se: 1) estudos sobre a presenca de diferentes tipos
de poluentes tem aumentado recentemente, porém, ainda muito concentrados em apenas duas
espécies, a C. mydas e C. caretta. Fica evidente a necessidade de expandir esses estudos para
outras espécies como a L. olivacea, E. imbricata, D. coriacea, Lepidochelys kempii e Natator
depressus; 2) existe uma clara relagdo entre a mudanca ontogenética da dieta da C. mydas e
as concentracGes de Hg embora ainda sejam necessarios estudos sobre como caracteristicas
como idade de recrutamento dos individuos em ambientes oceanicos a costeiros, como
também sobre a influéncia da disponibilidade do alimento nas concentra¢cdes de Hg,
principalmente nas areas de forrageamento; ja que embora durante a fase adulta a sua
alimentacéo esteja composta principalmente por macroalgas, esta pode variar dependendo da
auséncia destes itens alimentares; 3) caracteristicas extremamente interessantes como o
forrageamento em aguas profundas como nas espécies L. olivacea e D. coriacea, a
transferéncia materna e a seletividade por itens alimentares com baixo conteido de Hg como
na E. imbricata, além de distribui¢do mais restritas como no caso da L. kempii e N. depressus
aumentaria a compreensdo das variagdes das concentracdes de Hg nestas espécies, além de
determinar o impacto gerado por atividades antropicas nesses ambientes marinhos; 4)
independente da regido de coleta, é essencial determinar o tipo de tecido que sera utilizado
em trabalhos de monitoramento do Hg. O figado e a carapaca, por exemplo podem refletir
diferentes periodos de exposicdo mais recentes ou antigos. Por outro lado, o uso de
fragmentos de carapaca mostrou-se um método ndo invasivo que permite estimar as
concentracfes corporais de Hg nas tartarugas marinhas, porém sua aplicabilidade em
trabalhos de monitoramento pode ver-se afetada pelo periodo em que esse Hg foi acumulado.

Em alguns casos o Hg encontrado pode ter uma origem diferente ao Hg da regido onde esses
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individuos foram amostrados, e isso tem relagdo com os diferentes graus de deposicéo desse
elemento nas camadas de queratina da carapaca; 5) o conhecimento das areas de distribuicéo
das tartarugas marinhas, rotas migratorias e areas de forrageamento é fundamental para
estabelecer uma conexao entre o Hg encontrado nestes quelénios e a contaminagdo ambiental
das areas de estudo; 6) a estrutura e forma de crescimento da carapaca permitiria ter nogédo
de como se deposita 0 Hg nessa estrutura, e como pode ser usado para estabelecer a relacao
com as diferentes areas de passagens das tartarugas marinhas durante sua vida.

A aplicabilidade do uso das tartarugas marinhas como biomonitores de Hg nos
oceanos vai depender de variaveis ambientais e bioldgicas, de forma que futuros trabalhos
precisam abordar cada um desses aspectos junto com ferramentas que permitam realizar
interpretagfes mais precisas. O monitoramento do Hg nos oceanos atraves destes quelonios
é bastante complexo, contudo, o0 monitoramento ambiental em areas menores como as de
forrageamento, permitiria rastrear mudancas nas concentracdes de Hg produzidas tanto por

impactos antrépicos como por vetores naturais.
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Table S1. Review data for loggerhead sea turtle (Caretta caretta) including, reference, publication year, species, sample size (n), country, study area,
curved carapace length (CCL) (mean), tissue, and Hg concentration (mean).

Reference Year Sp n Country Study area CCL (cm) Tissue Hg(ngg?)
(Sakai et al., 1995) 1995 Caretta caretta 7 Japan North Pacific 98.1 Kidney 247
(Sakai et al., 1995) 1995 Caretta caretta 7 Japan North Pacific 98.1 Liver 1510
(Sakai et al., 1995) 1995 Caretta caretta 7 Japan North Pacific 98.1 Muscle 108

(Gordon et al., 1998) 1998 Caretta caretta 9 Australia South Pacific NI Kidney 45***
(Gordon et al., 1998) 1998 Caretta caretta 9 Australia South Pacific NI Liver 15%**
(Storelli et al., 1998Db) 1998 Caretta caretta 12 Italia Mediterranean Juvenil — Adult* Kidney 650
(Storelli et al., 1998Db) 1998 Caretta caretta 12 Italia Mediterranean Juvenil — Adult*  Liver 1680
(Storelli et al., 1998b) 1998 Caretta caretta 12 Italia Mediterranean Juvenil — Adult* Muscle 690
(Storelli et al., 1998a) 1998 Caretta caretta 7 Italia Mediterranean Juvenil* Liver 700
(Godley et al., 1999) 1999 Caretta caretta 7 Cyprus Mediterranean 63.5 Kidney 470
(Godley et al., 1999) 1999 Caretta caretta 7 Cyprus Mediterranean 63.5 Liver 2410
(Godley et al., 1999) 1999 Caretta caretta 7 Cyprus Mediterranean 63.5 Muscle 480
(Sakai et al., 2000a) 2000 Caretta caretta 6 Japan North Pacific 88.7 Kidney 237***
(Sakai et al., 2000a) 2000 Caretta caretta 1 Japan North Pacific 88.7 Kidney 304***
(Sakai et al., 2000a) 2000 Caretta caretta 6 Japan North Pacific 88.7 Liver 400***
(Sakai et al., 2000a) 2000 Caretta caretta 1 Japan North Pacific 88.7 Liver 8150***
(Sakai et al., 2000a) 2000 Caretta caretta 6 Japan North Pacific 88.7 Muscle  94.4***
(Sakai et al., 2000a) 2000 Caretta caretta 1 Japan North Pacific 88.7 Muscle 189***
(Sakai et al., 2000a) 2000 Caretta caretta 6 Japan North Pacific 88.7 Scutes 43.2%**
(Sakai et al., 2000a) 2000 Caretta caretta 1 Japan North Pacific 88.7 Scutes 159***
(Kaska et al., 2001) 2001 Caretta caretta 22 Turkey Mediterranean NI Liver 510
(Torrent et al., 2004) 2004 Caretta caretta 78 Spain North Atlantic 46.1 Kidney 40***
(Torrent et al., 2004) 2004 Caretta caretta 78 Spain North Atlantic 46.1 Liver 40***
(Day et al., 2005) 2005 Caretta caretta 6 United States North Atlantic 77.7 Kidney 21 4%x**
(Day et al., 2005) 2005 Caretta caretta 6 United States North Atlantic 77.7 Liver 594***
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(Day et al., 2005) 2005 Caretta caretta 6 United States North Atlantic 77.7 Muscle 155> **
(Day et al., 2005) 2005 Caretta caretta 6 United States North Atlantic 77.7 Scutes 941 ***
(Day et al., 2005) 2005 Caretta caretta 34 United States North Atlantic 7.7 Scutes 461***
(Maffuci et al., 2005) 2005 Caretta caretta 29 Italy Mediterranean 61 Kidney 900
(Maffuci et al., 2005) 2005 Caretta caretta 29 Italy Mediterranean 61 Liver 1100
(Maffuci et al., 2005) 2005 Caretta caretta 29 Italy Mediterranean 61 Muscle 400
(Storelli et al., 2005) 2005 Caretta caretta 19 Italy Mediterranean 49.8 Kidney 160
(Storelli et al., 2005) 2005 Caretta caretta 19 Italy Mediterranean 49.8 Liver 430
(Storelli et al., 2005) 2005 Caretta caretta 19 Italy Mediterranean 49.8 Muscle 180
(Kampalath et al., 2006) 2006 Caretta caretta 8 Mexico North Pacific 59.8 Kidney 157
(Kampalath et al., 2006) 2006 Caretta caretta 8 Mexico North Pacific 59.8 Liver 148
(Kampalath et al., 2006) 2006 Caretta caretta 8 Mexico North Pacific 59.8 Muscle 90
(Day et al., 2010) 2010 Caretta caretta 44 United States North Atlantic NI Scutes 455***
(Jerez et al., 2010) 2010 Caretta caretta 26 Spain Mediterranean 48.8 Kidney 440
(Jerez et al., 2010) 2010 Caretta caretta 26 Spain Mediterranean 48.8 Liver 390
(Jerez et al., 2010) 2010 Caretta caretta 26 Spain Mediterranean 48.8 Muscle 140
(Yipel et al., 2017) 2017 Caretta caretta 10 Turkey Mediterranean 64.55 Kidney 60***
(Yipel et al., 2017) 2017 Caretta caretta 10 Turkey Mediterranean 64.5 Liver 70***
(Nicolau et al., 2017) 2017 Caretta caretta 38 Portugal North Atlantic 50.1 Kidney 210***
(Nicolau et al., 2017) 2017 Caretta caretta 38 Portugal North Atlantic 50.1 Liver 300***
(Nicolau et al., 2017) 2017 Caretta caretta 38 Portugal North Atlantic 50.1 Muscle 50***
(Novillo et al., 2017) 2017 Caretta caretta 25 Spain Mediterranean 43.7 Muscle 40***
(Perrault et al., 2017) 2017 Caretta caretta 24 United States North Atlantic 94 Scutes 590
(Casini et al., 2018) 2018 Caretta caretta 23 Spain and Italian coast Mediterranean 49 Scutes 1090
(Attia El Hiliet al., 2018) 2018 Caretta caretta 5 Tunisia Mediterranean 80.9 Kidney 610
(Attia El Hiliet al., 2018) 2018 Caretta caretta 5 Tunisia Mediterranean 80.9 Liver 1150
(Attia El Hiliet al., 2018) 2018 Caretta caretta 5 Tunisia Mediterranean 80.9 Muscle 120
(Rodriguez et al., 2018) 2018 Caretta caretta 8 Brazil South Atlantic 97.5 Scutes 86.7




(Rodriguez et al., 2018) 2018 Caretta caretta
(Rodriguez et al., 2019) 2019 Caretta caretta
(Esposito et al., 2020)** 2020 Caretta caretta
(Gémez-Ramirez et al., 2020) 2020 Caretta caretta
(Gémez-Ramirez et al., 2020) 2020 Caretta caretta
(Gémez-Ramirez et al., 2020) 2020 Caretta caretta
(Febrer-Serraetal., 2020) 2020 Caretta caretta

8 Brazil South Atlantic 95 Scutes 207.7

76 Brazil South Atlantic 98.5 Scutes 183.6

30 Italia Mediterranean 68.3 Liver 90— 1600***
13 Spain Mediterranean 46.5 Kidney  996.5***
15 Spain Mediterranean 46.5 Liver 2031***
19 Spain Mediterranean 46.5 Muscle  735.6***
11 Spain Mediterranean 43.9 Muscle  78.0%**

NI = No Information. *Studies reporting life stage.

**Studies reporting only range. ***Value reported in wet weight
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Table 2. Review data for green sea turtle (Chelonia mydas) including, reference, publication year, species, sample size (n), country, study area, curved
carapace length (CCL) (mean), tissue, and Hg concentration (mean).

Reference Year Sp n Country Study area CCL (cm) Tissue  Hg(ngg?l)
(Sakai et al., 2000a) 2000 Chelonia mydas 50 Japan North Pacific 53.6 Kidney 1320***
(Sakai et al., 2000a) 2000 Chelonia mydas 50 Japan North Pacific 53.6 Liver 287***
(Sakai et al., 2000a) 2000 Chelonia mydas 50 Japan North Pacific 53.6 Muscle 19%*>*
(Gordon et al., 1998) 1998 Chelonia mydas 23 Australia South Pacific NI Kidney 20***
(Gordon et al., 1998) 1998 Chelonia mydas 23 Australia South Pacific NI Liver 21***
(Godley et al., 1999) 1999 Cheloniamydas 6 Cyprus Mediterranean 49.5 Liver 550
(Godley et al., 1999) 1999 Cheloniamydas 6 Cyprus Mediterranean 49.5 Muscle 90

(Presti et al., 1999) 1999 Chelonia mydas 17 United States North Pacific 70.8 Scutes 50.9
(Sakai et al., 2000a) 2000 Cheloniamydas 1 Japan North Pacific 97.7 Kidney 42 .2%**
(Sakai et al., 2000a) 2000 Cheloniamydas 1 Japan North Pacific 101.9 Kidney 47.8%**
(Sakai et al., 2000a) 2000 Chelonia mydas 1 Japan North Pacific 88.7 Liver 301***
(Sakai et al., 2000a) 2000 Chelonia mydas 1 Japan North Pacific 101.9 Liver 76.7***
(Sakai et al., 2000a) 2000 Chelonia mydas 1 Japan North Pacific 97.7 Muscle 6.94***
(Sakai et al., 2000a) 2000 Cheloniamydas 1 Japan North Pacific 101.9 Muscle 2.13%**
(Sakai et al., 2000a) 2000 Cheloniamydas 1 Japan North Pacific 97.7 Scutes 2.79%**
(Sakai et al., 2000a) 2000 Chelonia mydas 1 Japan North Pacific 101.9 Scutes 2.03***
(Anan et al., 2001) 2001 Chelonia mydas 26 Japan North Pacific 53.8 Kidney 300
(Anan et al., 2001) 2001 Chelonia mydas 26 Japan North Pacific 53.8 Liver 420
(Anan et al., 2001) 2001 Chelonia mydas 26 Japan North Pacific 53.8 Muscle 40
(Lam et al., 2004) 2004 Chelonia mydas 2 China North Pacific NI Kidney 341.7
(Lam et al., 2004) 2004 Chelonia mydas 4 China North Pacific NI Liver 125.7
(Lam et al., 2004) 2004 Chelonia mydas 2 China North Pacific NI Liver 780.6
(Lam et al., 2004) 2004 Chelonia mydas 4 China North Pacific NI Muscle 52.5
(Lam et al., 2004) 2004 Chelonia mydas 2 China North Pacific NI Muscle 425.6
(Kampalath et al., 2006) 2006 Chelonia mydas 12 Mexico North Pacific 48.2 Kidney 92
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(Kampalath et al., 2006) 2006 Chelonia mydas 12 Mexico North Pacific 48.2 Liver 90
(Kampalath et al., 2006) 2006 Chelonia mydas 12 Mexico North Pacific 48.2 Muscle 21
(Salim et al., 2007) 2007 Chelonia mydas 50 Oman Indian Ocean NI Liver 220***
(Van de Merwe et al., 2010) 2010 Chelonia mydas 16 Australia South Pacific 57.5 Kidney 60***
(Van de Merwe et al., 2010) 2010 Chelonia mydas 16 Australia South Pacific 57.5 Liver 190***
(Van de Merwe et al., 2010) 2010 Chelonia mydas 16 Australia South Pacific 57.5 Muscle 30***
(Komoroske et al., 2011) 2011 Chelonia mydas 31 United States North Pacific 90.5 Scutes 47.5
(Bezerraet al., 2012) 2012 Chelonia mydas 22 Brazil South Atlantic 50.5 Scutes 154.8
(Bezerra et al., 2012) 2012 Chelonia mydas 3 Brazil South Atlantic 50.5 Scutes 25
(Bezerra et al., 2013) 2013 Chelonia mydas 17 Brazil South Atlantic 39.13 Kidney 70
(Bezerra et al., 2013) 2013 Chelonia mydas 15 Brazil South Atlantic 39.13 Liver 120
(Bezerraet al., 2013) 2013 Chelonia mydas 15 Brazil South Atlantic 39.13 Muscle 40
(Bezerraet al., 2013) 2013 Chelonia mydas 10 Brazil South Atlantic 39.13 Scutes 320
(Bezerraet al., 2014) 2014 Chelonia mydas 4 Brazil South Atlantic 46 Kidney 753
(Bezerra et al., 2014) 2014 Cheloniamydas 1 Brazil South Atlantic 52 Kidney 1225
(Bezerraet al., 2014) 2014 Cheloniamydas 4 Brazil South Atlantic 46 Liver 529
(Bezerraet al., 2014) 2014 Cheloniamydas 1 Brazil South Atlantic 52 Liver 4234
(Bezerraet al., 2014) 2014 Chelonia mydas 4 Brazil South Atlantic 46 Muscle 97
(Bezerraet al., 2014) 2014 Cheloniamydas 1 Brazil South Atlantic 52 Muscle 816
(Bezerra et al., 2014) 2014 Chelonia mydas 4 Brazil South Atlantic 46 Scutes 296
(Bezerraet al., 2014) 2014 Chelonia mydas 1 Brazil South Atlantic 52 Scutes 1155
(Faust et al., 2014) 2014 Chelonia mydas 12 Mexico Caribbean 52.4 Kidney 23
(Faust et al., 2014) 2014 Chelonia mydas 12 Mexico Caribbean 52.4 Liver 81
(Faust et al., 2014) 2014 Chelonia mydas 12 Mexico Caribbean 52.4 Muscle 12
(Bezerra et al., 2015) 2015 Chelonia mydas 16 Brazil South Atlantic 325 Kidney 386.9
(Bezerra et al., 2015) 2015 Chelonia mydas 26 Brazil South Atlantic 36.4 Kidney 429.5
(Bezerra et al., 2015) 2015 Chelonia mydas 16 Brazil South Atlantic 325 Liver 475.9

(Bezerra et al., 2015) 2015 Chelonia mydas 26 Brazil South Atlantic 36.4 Liver 982.4




(Bezerra et al., 2015)
(Bezerra et al., 2015)
(Bezerra et al., 2015)
(Bezerra et al., 2015)
(Macedo et al., 2015)
(Macedo et al., 2015)
(Yipel et al., 2017)
(Yipel et al., 2017)
(Rodriguez et al., 2018)
(Rodriguez et al., 2018)
(Di Beneditto et al., 2019)
(Di Beneditto et al., 2019)
(Bazarra et al., 2019)
(Rodriguez et al., 2020)
(Rodriguez et al., 2020)
(Rodriguez et al., 2020)
(Rodriguez et al., 2020)

2015
2015
2015
2015
2015
2015
2017
2017
2018
2018
2019
2019
2019
2020
2020
2020
2020

Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas
Chelonia mydas

16
26
25
16
10
10

o W

29
29
16
47
47
47
47

Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Turkey
Turkey
Brazil
Brazil
Brazil
Brazil
United States
Brazil
Brazil
Brazil
Brazil

South Atlantic
South Atlantic
South Atlantic
South Atlantic
South Atlantic
South Atlantic
Mediterranean
Mediterranean
South Atlantic
South Atlantic
South Atlantic
South Atlantic
North Pacific
South Atlantic
South Atlantic
South Atlantic
South Atlantic

325
36.4
36.4
325
35.6
35.6
74.5
74.5
45.1
44.3
351
351
70.7
36.4
36.4
36.4
36.4

Muscle
Muscle
Scutes
Scutes
Kidney
Liver
Kidney
Liver
Scutes
Scutes
Liver
Muscle
Scutes
Kidney
Liver
Muscle
Scutes

173.1
184.3
354.1
404.4
360
1340
30***
40***
19.3
159.3
492.5
100.2
70
303.4
650.9
113.3
365.4

NI = No Information. ***Value reported in wet weight
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Table S3. Review data for leatherback sea turtle (Dermochelys coriacea) including, reference, publication year, species, sample size (n), country, study

area, curved carapace length (CCL) (mean), tissue, and Hg concentration (mean).

Reference Year Sp n Country Study area CCL (cm)  Tissue Hg (ng g?)
(Davenport, 1990) 1990 Dermochelys coriacea 1  United Kingdom North Atlantic 253 Liver 390
(Davenport, 1990) 1990 Dermochelys coriacea 1  United Kingdom North Atlantic 253 Muscle 120

(Perrault et al., 2012) 2012 Dermochelys coriacea 17 United States North Atlantic 83.5 Liver 309
(Perrault et al., 2012) 2012 Dermochelys coriacea 8 United States North Atlantic 83.5 Liver 610
(Perrault et al., 2012) 2012 Dermochelys coriacea United States North Atlantic 83.5 Liver 38
(Perrault et al., 2012) 2012 Dermochelys coriacea United States North Atlantic 83.5 Liver 205

NI = No Information. ***Value reported in wet weight

Table S4. Review data for hawksbill sea turtle (Eretmochelys imbricata) including, reference, publication year, species, sample size (n), country, study
area, curved carapace length (CCL) (mean), tissue, and Hg concentration (mean).

Reference Year Sp n Country Study area CCL (cm) Tissue Hg (ng g?)
(Golrggg*it)al., 1998 Eretmochelys imbricata 2 Australia South Pacific NI Kidney 34 — 38***
(Golrggg*it)al., 1998 Eretmochelys imbricata 2 Australia South Pacific NI Liver 36 — 48***

(Anan et al., 2001) 2001 Eretmochelys imbricata 22 Japan North Pacific 49.1 Kidney 1300

(Anan et al., 2001) 2001 Eretmochelys imbricata 22 Japan North Pacific 49.1 Liver 870

(Anan et al., 2001) 2001 Eretmochelys imbricata 22 Japan North Pacific 49.1 Muscle 40
(Macedo et al., 2015) 2015 Eretmochelys imbricata 16 Brazil South Atlantic 33.6 Kidney 570
(Macedo et al., 2015) 2015 Eretmochelys imbricata 16 Brazil South Atlantic 33.6 Liver 1360

NI = No Information. *Studies reporting life stage. **Studies reporting only range. ***Value reported in wet weight
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Table S5. Review data for Kemp’s ridley Sea turtle (Lepidochelys kempii) including, reference, publication year, species, sample size (n), country, study
area, curved carapace length (CCL) (mean), tissue, and Hg concentration (mean).

Reference Year Sp n Country Study area CCL (cm) Tissue Hg(ngg?)
(Innis et al., 2008) 2008 Lepidochelys kempii 31 United States North Atlantic 20.4 Liver B7***
(Innis et al., 2008) 2008 Lepidochelys kempii 31 United States North Atlantic 20.4 Scutes 389***
(Presti et al., 1999) 1999 Lepidochelys kempii 76 United States North Pacific 70.8 Scutes 920

NI = No Information. ***Value reported in wet weight

Table S6. Review data for olive ridley Sea turtle (Lepidochelys olivacea) including, reference, publication year, species, sample size (n), country, study
area, curved carapace length (CCL) (mean), tissue, and Hg concentration (mean).

Reference Year Sp n Country Study area CCL (cm) Tissue Hg(ngg?)
(Kampalath et al., 2006) 2006  Lepidochelys olivacea 9 Mexico North Pacific 59.2 Kidney 143
(Kampalath et al., 2006) 2006  Lepidochelys olivacea 9 Mexico North Pacific 59.2 Liver 213
(Kampalath et al., 2006) 2006  Lepidochelys olivacea 9 Mexico North Pacific 59.2 Muscle 50

***\/alue reported in wet weight
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TS 7. Studies reporting Hg concentrations in liver, kidney, muscle, and scutes. These studies were not used in the comparative analysis of regions.

Reference Year Sp Study area Ocean CCL (cm) Liver Kidney Muscle Scutes
(Davenport, 1990) 1990 Dc NA North Atlantic 253 390 - 120 -
(Presti et al., 1999) 1999 Lk NP North Pacific 70.8 - - - 920
(Anan et al., 2001) 2001 Ei NP North Pacific 49.1 870 1300 40 -

(Kampalath et al., 2006) 2006 Lo NP North Pacific 59.2 213 143 50 -
(Innis et al., 2008)*** 2008 Lk NA North Atlantic 20.4 67 - - 389
(Macedo et al., 2015)*** 2015 Ei SA South Atlantic 33.6 1360 570 - -

*Dermochelys coriacea (Dc), Lepidochelys kempii (Lk), Eretmochelys imbricata (Ei), Lepidochelys olivacea (Lo). * Hg concentrations are reporting in ng g*.
***\/alue reported in wet weight



Table S 8. Studies reporting Hg concentrations in sea turtles, using samples such as eggs, fat, blood, intestine, yolked follicles, salt gland, salt gland
secretion, and embryos. This table includes reference, species (sp), area, study area and sample.

Reference Sp Area Study area Sample
(Stonebuner et al., 1980) Cc NA North Atlantic Eggs
(Davenport and Wrench, 1990) Dc NA North Atlantic Fat
(Alam and Brim, 2000) Cc NA North Atlantic Eggs
(Kaska et al., 2001) Cc MED Mediterranean Eggs
(Lam et al., 2004) Cm NP North Pacific Fat
(Storelli et al., 2005) Cc MED Mediterranean Fat
(Day et al., 2005) Cc NA North Atlantic Blood
(Lam et al., 2006) Cm NP North Pacific Eggs
(Day et al., 2007) Cc NA North Atlantic Blood
(Guirlet et al., 2008) Dc NA North Atlantic Blood
(Guirlet et al., 2008) Dc NA North Atlantic Eggs
(Deem et al., 2009) Cc NA North Atlantic Blood
(Jerez et al., 2010) Cc MED Mediterranean Blood
(Van de Merwe et al., 2010) Cm SP South Pacific Blood
(Perrault et al., 2011) Dc NA North Atlantic Blood
(Komoroske et al., 2011) Cm NP North Pacific Blood
(Harris et al., 2011) Dc NP North Pacific Blood
(Péez-Osunaet al., 2011) Lo NP North Pacific Blood
(Péez-Osunaet al., 2011) Lo NP North Pacific Eggs
(lkonomopoulou et al., 2011) Nd SP South Pacific Blood
(Ikonomopoulou et al., 2011) Nd SP South Pacific Eggs
(Perrault, 2012) Dc NA North Atlantic Blood
(Perrault, 2012) Dc NA North Atlantic Intestine
(Perrault, 2012) Dc NA North Atlantic Yolked follicles
(Perrault, 2012) Dc NA North Atlantic Salt gland
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(Suzuki et al., 2012)
(Camacho et al., 2013)
(Perrault et al., 2013)
(Ehsanpour et al., 2014)
(Ehsanpour et al., 2014)
(Camacho et al., 2014)
(Camacho et al., 2014)
(McFadden et al., 2014)
(Bucchia et al., 2015)
(Bucchia et al., 2015)
(Villa et al., 2015)
(De Macédo et al., 2015)
(De Macédo et al., 2015)
(Ross et al., 2016)
(Ross et al., 2016)
(Yipel et al., 2017)
(Yipel et al., 2017)
(Novillo et al., 2017)
(Perrault et al., 2017)
(Du Preez et al., 2018)
(Du Preez et al., 2018)
(Perrault et al., 2019)
(Perrault et al., 2019)
(Martin del Campo et al., 2019)
(Guzman et al., 2020)

Ei
Cc
Dc
Ei
Ei
Cm
Ei
Cm
Cc
Cc
Cm
Cm
Ei
Cm
Lo
Cc
Cm
Cc
Cc
Cc
Dc
Dc
Dc
Lo
Dc

NP
NA
NA

10 (RS)

10 (RS)
NA
NA
NP

MED
NA
NP
SA
SA
NP
NP

MED

MED

MED

North Pacific
North Atlantic
North Atlantic

Indian Ocean (Red Sea)
Indian Ocean (Red Sea)

North Atlantic
North Atlantic
North Pacific
Mediterranean
North Atlantic
North Pacific
South Atlantic
South Atlantic
North Pacific
North Pacific
Mediterranean
Mediterranean
Mediterranean
North Atlantic
Indian Ocean

Indian Ocean

North Atlantic
North Atlantic
North Pacific

North Atlantic

Blood
Blood
Blood
Blood
Eggs
Blood
Blood
Blood
Blood
Blood
Blood
Bones
Bones
Eggs
Eggs
Blood
Blood
Fat
Blood
Eggs
Eggs
Blood
Salt gland secretion
Embryos

Eggs
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APENDICE B - Material suplementar Capitulo 3
Tabela 1 — Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercurio total (HgT), metilmercurio (MeHg), isétopos de §*C e & *°N, para o figado em individuos
de tartaruga verde (C. mydas). CCC reportado em centimetro (cm), HgT e MeHg reportado em peso

109

secoengg .

ID ccc HgT MeHg e 3N
72PF 24,9 248,3 64,8 -17,5 8,6
74PF 26,0 1762,6 84,8 22,2 12,0
17SA 27,3 1128,2 365,4 -18,5 9,9
79IL 29,0 673,7 151,9 -18,0 10,2
90IL 31,5 8644 126,5 -17,6 9,9
2021L 31,7 1634,1 363,2 -18,8 10,2
248IL 32,0 673,7 395,3 -19,2 10,2
188IL 33,8 824.2 416,3 -17,8 9,3
347PF 33,9 203,7 39,9 -19,8 7.1
09PF 35,8 236,8 16,9 -18,6 8,5
75PF 36,0 801,4 46,7 -16,5 7,6
255IL 36,0 740,5 165,5 -19,0 12,4
05PF 36,2 528,5 11,0 -17,5 7,7
35PF 36,7 221,9 4,2 -17,9 7.8
129SA 39,1 654,5 0,8 -17,3 10,8
375PF 39,6 132,7 6,7 -19,2 8,2
11PF 41,3 650,9 67,3 -18,1 12,5
168IL 42,0 439,3 112,5 -21,2 9,5
92PF 43,5 629,7 5,3 -17,0 9,8

13 47,0 115,4 2,2 -17,9 8,1
24SA 48,0 579,5 3,1 -19,1 9,1
12PF 49,3 214,0 3,1 -17,4 12,2
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Tabela 2 — Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaga (CCC),
mercdrio total (HgT), metilmercirio (MeHg), isotopos de §**C e N, para o rim em individuos de
tartaruga verde (C. mydas). CCC reportado em centimetro (cm), HgT e MeHg reportado em peso seco

engg™
ID ccc HgT MeHg 8C 3N
72PF 24,9 216,3 63,3 -17,3 8,9
74PF 26,0 714,0 114,3 -18,6 12,3
17SA 27,3 393,1 68,5 -17,9 9,9
791L 29,0 3237 67,6 -17,7 10,3
90IL 31,5 353,2 55,6 -17,7 9,9
202IL 31,7 3216 95,2 -18,8 10,3
248IL 32,0 4434 261,8 -17,6 10,2
188IL 33,8 622,6 166,1 -17,1 9,4
347PF 33,9 1455 18,7 -17,7 7,2
09PF 35,8 294,2 24,9 17,4 8,5
75PF 36,0 294,4 10,3 -15,9 7.9
255IL 36,0 393,2 71,9 -19,3 12,6
05PF 36,2 208,7 19,0 -16,3 8,5
35PF 36,7 53,7 5,8 -16,9 8,0
129SA 39,1 300,6 92,8 -175 11,5
375PF 39,6 101,8 53 -18,9 9,4
11PF 41,3 158,9 46,8 -16,3 12,9
168IL 42,0 231,4 57,8 -19,9 9,9
92PF 435 165,4 6,9 -16,4 10,0
14 47,0 44,8 3,5 -16,7 8,3
24SA 48,0 87,2 132,1 171 9,8
12PF 49,3 101,2 0,8 -16,8 9,1
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Tabela 3 — Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercdrio total (HgT), metilmercurio (MeHg), isétopos de §"°C e § °N, para 0 musculo em individuos
de tartaruga verde (C. mydas). CCC reportado em centimetro (cm), HgT e MeHg reportado em peso

secoe ng g

ID ccc HgT MeHg e 3N
72PF 24.9 113,3 78,4 -17,1 9,1
74PF 26,0 349,3 398,1 -18,4 12,1
17SA 27,3 138,7 90,1 -17,7 8,9
791L 29,0 204,6 176,3 -17,7 9,3
90IL 31,5 169,9 109,7 -16,9 8,4
202IL 31,7 363,7 336,2 -17,6 9,1
248IL 32,0 371,3 430,3 -17,2 8,6
188IL 33,8 218,0 168,0 -17,4 7,6
347PF 33,9 75,0 62,1 -17,4 8,7
09PF 35,8 66,6 53,6 -17,6 9,2
75PF 36,0 453 17,5 -16,6 8,0
255IL 36,0 264,1 189,1 -18,0 11,6
05PF 36,2 57,9 48,1 -17,2 10,6
35PF 36,7 8,5 5,8 -16,3 8,1
129SA 39,1 233,8 219,1 -17,1 10,3
375PF 39,6 50,4 8,7 -18,3 7,6
11PF 41,3 57,0 65,6 -17,7 10,4
168IL 42,0 389,3 155,8 -19,5 8,5
92PF 435 36,5 4,1 -17,6 9,1

13 47,0 7,0 2,8 -16,7 9,3
24SA 48,0 35,4 2,0 -18,1 9,0
12PF 49,3 15,1 2,9 -16,9 8,5




112

Tabela 4 — Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercdrio total (HgT), metilmerctrio (MeHg), isétopos de §C e & *°N, para amostras de carapaca em
individuos de tartaruga verde (C. mydas). CCC reportado em centimetro (cm), HgT e MeHg reportado

em peso seco e ng g*.

ID ccc HgT MeHg d3C 5 15N
72PF 24,9 - 55,5 172 6,4
74PF 26,0 - 226,8 -16,6 115
17SA 27,3 - 261,5 17,1 8,2
791L 29,0 - 61,6 -17,8 9,3
90IL 31,5 1233,7 16,7 17,8 10,2
202IL 31,7 667,1 39,7 -16,9 9,9
248IL 32,0 696,1 119,6 -17,6 9,9
188IL 338 903,2 159,3 17,4 7.4
347PF 33,9 174,6 10,9 177 8,1
09PF 358 340,2 29,4 -16,6 9,6
75PF 36,0 - 18,9 -16,9 6,3
25511 36,0 1088,6 26,9 17,7 10,3
05PF 36,2 364,5 9,9 -16,6 10,1
35PF 36,7 42,7 1,7 -15,8 7.4

129SA 39,1 396,8 15,7 17,1 9,9
375PF 39,6 101,2 15 -18,9 77
11PF 41,3 38,5 19 -16,9 8,9
168IL 42,0 389,3 20,6 -18,6 6,8
92PF 43,5 - - - -

13 47,0 - 0,2 -10,0 8,9
24SA 48,0 120,8 1,0 -16,7 8,9
12PF 49,3 25,1 01 -15,8 97
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Tabela 1 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercdrio total (HgT), para amostras de carapaca em individuos de tartaruga verde (C. mydas)

amostrados na Bahia. CCC reportado em cm, HgT reportado em peso seco e ng g .

ID CCC HgT
187IL 27,0 304,8
89SA 29,8 815,4
250PF 29,8 501,0
2701L 30,6 380,7
90IL 31,5 1233,7
T4SA 31,6 2140
198IL 31,6 206,5
2021L 31,7 667,1
1251L 32,0 335,1
248IL 32,0 696,1
90SA 331 982,0
290PF 331 148,8
106SA 33,3 864,2
92SA 33,8 385,3
188IL 33,8 903,2
347PF 33,9 174,6
295PF 34,2 13,8
2321L 34,8 456,0
280IL 34,8 12446
1471L 34,9 500,8
316PF 35,0 375,5
115SA 35,5 713,3
09PF 35,8 340,2
25511 36,0 1088,6
304PF 36,2 28,8
3171L 36,2 471,7
O5PF 36,2 364,5
35PF 36,7 427
226PF 38,5 28,2
129SA 39,1 396,8
273PF 39,4 659,1
375PF 39,6 101,2
11PF 41,3 38,5
168IL 42,0 389,3




2211L
235PF
24SA
12PF
103PF
118IL

45,2
47,6
48,0
49,3
50,0
62,0

397,8
20,1
120,8
25,1
19,3
44,3
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Tabela 2 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercurio total (HgT), para amostras de carapaca em individuos de tartaruga oliva (L. olivacea)

amostrados na Bahia. CCC reportado em cm, HgT reportado em peso seco e ng g .

ID ccc HgT
3 723 1930,1
4 70,5 226,2
5 74,5 543,4
7 72,5 1364,5
8 69,2 1998,3
9 72,5 493,4
10 72,5 3489,1
11 70,5 472,0
12 69,3 13875
23 69,5 487,7
28 65,5 671,1
31 76,4 21747
34 76,2 2826,2
35 74,2 1279,2
38 75,0 456,0
24 73,5 2326,4
25 71,5 485,4
26 70,5 55,3
51 67,8 428,9
53 71,0 39,9
54 69,5 457,7
55 72,4 481,8
58 64,6 410,8
75 70,5 156,8
78 70,8 149,1
16 63,0 752,2
20 69,5 14510,8




22
32
45
47
48
61
76
21
33
37
39
40
41
46
50
56
57
13
15
17
19
30
49
42
59
62
67
18
63
65
68
69
71
73
72
77

71,5
73,5
69,5
74,5
70,9
75,5
74,8
72,4
73,4
65,4
70,0
70,9
76,4
66,5
79,2
72,8
75,4
74,5
68,5
67,0
71,5
67,6
72,4
68,0
70,7
67,8
68,5
75,5
71,1
70,5
64,6
70,1
71,2
68,5
64,6
70,4

590,8
743,9
646,2
3780,4
541,6
4085,9
326,6
683,8
1269,8
620,6
800,7
63,7
992,5
464,8
1103,6
740,9
361,5
196,0
616,4
493,6
74,6
3344
1220,4
301,7
435,2
450,0
572,7
357,0
1000,4
555,0
463,6
8513,6
989,8
927,0
980,8
26,5
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Tabela 3 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercdrio total (HgT), para amostras de carapaca em individuos de tartaruga cabecuda (C. caretta)

amostrados na Bahia. CCC reportado em cm, HgT reportado em peso seco e ng g .

ID CCC HgT
388 105,5 33
2092 101,0 4,9
408 91,0 59
510 100,0 10,1
1565 1011 12,4
1427 98,0 19,0
1615 98,9 21,0
454 89,6 24,0
526 96,8 24,0
2043 98,9 25,0
1560 102,2 28,0
1781 98,7 37,0
422 99,8 39,0
528 94,7 42,0
1252 92,7 43,0
485 95,6 45,0
2645 95,3 45,0
484 87,1 47,0
2255 93,0 48,0
1123 106,2 54,0
1679 102,7 66,0
423 98,5 68,0
2194 90,9 91,0
2003 104,7 103,0
405 106,7 108,0
1674 95,8 108,0
1367 96,1 124,0
1834 98,0 152,0
403 101,0 152,0
1030 104,7 157,0
509 101,5 181,0
439 102,0 206,0
1855 97,3 262,0
1561 95,4 264,0
404 97,7 269,0




406
926
437
923
1725
1612
2562
1223
2104
644
1360
2001
508
744
1523
2085
2587
805
932
1998
933
879
1552
2256
1033
880
726
1779
421
2032
2509
2226
1935
1498
553
552
366
387
407
451

103,3
106,9
101,0
96,0
97,1
92,5
91,7
94,6
87,9
101,3
1051
92,7
96,0
94,1
100,4
100,9
100,7
102,9
98,3
100,8
97,4
96,2
99,1
103,4
104,6
93,5
103,3
97,8
91,7
102,1
96,7
99,8
96,1
105,5
105,0
102,0
95,0
91,0
99,0
101,0

283,0
291,0
398,0
1672
3,8
12,0
12,0
34,0
37,0
48,0
49,0
54,0
59,0
74,0
74,0
74,0
82,0
90,0
92,0
94,0
102,0
143,0
150,0
152,0
152,0
155,0
176,0
284,0
386,0
415,0
432,0
525,0
835,0
478,0
43,0
216,0
2,169
34,0
38,0
2470
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452
6U
14U
27U
29U
52U
60U
64U
70U
73U

107,0
104,5
102,5
105,0
100,5
96,5
88,5
105,3
96,5
99,1

402,0
21,2
143,3
766,1
226,0
105,3
1486,9
672,0
23,9
361,6
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Tabela 4 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercurio total (HgT), para amostras de carapaca em individuos de tartaruga de pente (E. imbricata)

amostrados no Pernambuco. CCC reportado em cm, HgT reportado em peso seco e ng g >

ID CCC HgT
55 91,5 3,5
51 82,5 4,2
19 97,0 5,6
60 90,0 58
103 94,7 7,0
86 99,0 7,1
65 100,0 7,3
75 88,4 75
59 94,5 75
126 89,0 75
82 90,0 7,6
24 87,5 8,1
38 95,2 8,9
57 96,0 9,4
71 88,5 9,7
206 93,2 10,0
112 88,5 10,8
61 85,0 11,0
173 85,0 13,6
205 86,2 14,4
93 88,6 15,7
78 88,0 17,2
114 95,0 18,0
31 94,0 18,8




166
97
117
67
46
80
64
149
199
187
131
33
148
102
23
90
81

87,0
94,0
100,0
89,7
85,0
87,3
93,0
92,0
96,2
97,6
85,7
91,0
91,0
82,0
83,2
85,0
93,2

19,9
20,3
22,1
23,3
26,4
30,9
31,7
31,9
32,3
33,3
33,9
34,8
35,8
36,6
65,8
88,6
11,6
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Tabela 5 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercurio total (HgT), para amostras de carapaca em individuos de tartaruga verde (C. mydas)

amostrados no Pernambuco. CCC reportado em cm, HgT reportado em peso seco e ng g~

ID CCC HgT
3 59,0 94,5
4 58,5 651,3
11 35,5 98,4
13 53,7 18,1
14 66,0 7,1

15 70,2 54,7
17 48,0 6,4

19 42,0 6,5

21 70,0 329,7
39 33,2 873,0
46 49,0 378,5
58 53,5 8,9

60 58,6 56,8
62 49,5 5,6

65 56,0 7,8

66 42,3 10,6
67 43,5 10,0
71 59,0 124,0
77 36,5 23,7
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78 53,3 5,2
105 37,5 21,1
107 60,0 203,6
108 56,0 4,8
109 44,2 397,9
113 46,7 5,2
116 52,0 66,3

4 76,9 184,3

14 61,4 8,7

Tabela 6 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercdrio total (HgT), para amostras de carapaga em individuos de tartaruga oliva (L. olivacea)
amostrados no Perambuco. CCC reportado em cm, HgT reportado em peso seco e ng g >.

ID CCL Hg
34 70,0 1031,2
36 74,5 433,7
68 64,3 1031,0
22 73,0 69,0

Tabela 7 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercurio total (HgT), para amostras de carapaga em individuos de tartaruga cabecuda (C. caretta)

amostrados no Ceara. CCC reportado em cm, HgT reportado em peso seco e ng g~

ID CCC HgT
56CE 85,2 311,7
188CE 78,7 387,1
38CE 102,6 33,5
366CE 95,5 2169,3
387CE 91,0 34,4
408CE 99,5 38,2
451CE 101,0 246,8
452CE 107,0 402,4

15CE 80,0 434,8
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Tabela 8 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercdrio total (HgT), para amostras de carapaca em individuos de tartaruga verde (C. mydas)

amostrados no Ceara. CCC reportado em cm, HgT reportado em peso seco e ng g =.

ID CCC HgT
35CE 27,0 3139
12CE 27,5 72,3
34CE 28,5 509.5
5CE 30,0 47,5

406CE 35,5 493,8
391CE 36,4 856,6
383CE 39,7 428,4
24CE 41,0 457,8
389CE 55,4 7,3

131CE 49,9 36,5
182CE 38,0 333,9
148CE 46,7 657,2
161CE 45,8 16,3
207CE 39,5 4473
462CE 431 16,2
451CE 38,5 256,4
223CE 55,3 8,9

25CE 59,0 6,0

29CE 106,0 376,3
38CE 38,0 380,4

Tabela 9 - Na tabela sdo mostrados os dados de Comprimento Curvilineo de Carapaca (CCC),
mercurio total (HgT), para amostras de carapaga em individuos de tartaruga de pente (E. imbricata)

amostrados no Maranh&o. CCC reportado em cm, HgT reportado em peso seco e ng g .

ID CCL Hg
MAO083 55 443
MA105 5.3 66.7
MA117 55 68.9
MAO097 5.3 57.5
MAO075 6.1 59.1
MA063 5.1 43.2
MA100 6.1 65.8
MA092 5.3 50.8




