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RESUMO

Naturalmente o mercurio (Hg) estd presente em concentragdes tragco e ultra-trago, sendo
emitido, principalmente por emissdes vulcanicas e geotérmicas. Entretanto, agdes
antropogénicas estdo elevando os niveis desse contaminante nos ecossistemas. A alta
capacidade de bioacumulacao e elevado tempo de residéncia nos tecidos favorece o aumento
na concentra¢do do Hg nos organismos. Entretanto, outros fatores, como aspectos biologicos
e ecoldgicos, podem contribuir com o aumento nas concentragdes de Hg. Além desses
fatores, varidveis ambientais também podem influenciar nas concentra¢cdes do contaminante
na biota. Contudo, apesar de diversos autores ressaltarem a relevancia desses fatores, pouca
atencdo ¢ dada a regido semiarida quando comparada a outras zonas climaticas. Assim, esta
pesquisa teve como objetivo compreender a influéncia das caracteristicas ambientais,
bioldgicas e ecologicas na variagdo das concentragdes de Hg em organismos de um estudrio
da regido costeira semidrida brasileira. Foram feitas amostragens de 4gua, sedimento e biota
no estuario do rio Jaguaribe e de organismos batdides na zona costeira da praia do Icarai. No
rio Jaguaribe foram coletadas amostras em sete pontos de coletas ao longo da regido
estuarina, durante o periodo seco e chuvoso, exceto para a fauna aquatica. Enquanto na praia
do Icarai foram coletadas cinco de espécies peixes batdides. Foram realizadas medi¢des de
parametros hidroquimicos e quantificacdo de Hg em amostras do rio Jaguaribe, sendo
mensurada as concentracdes de Hg dissolvido e particulado nas amostras de dgua. Na praia
do Icarai foram realizadas analises de quantificagdo de Hg total, MeHg e is6topos estaveis,
buscando compreender a importancia dos fatores bioldgicos, ecoldgicos e ambientais na
acumulacdo do Hg nesses organismos em cada area de estudo. Os resultados em ambas as
areas de estudos demonstraram a importancia dos fatores biologicos e ecoldgicos nos niveis
de Hg apresentados pela biota, principalmente nos organismos batdides. Quanto aos aspectos
ambientais, foi observado, no estudrio do rio Jaguaribe, uma varia¢do significativa na
concentracdo de Hg ao longo do gradiente salino; zonas com maior influéncia marinha
apresentaram maiores concentracdes de Hg e maiores taxa de acumulag¢do do contaminante
na biota. Espacialmente, amostras de sedimento e 4gua também apresentaram resultados
semelhantes, havendo maiores teores a jusante do estuario. Comparagao entre amostras de
agua, sedimento e plantas aquaticas durante estagdes climaticas distintas demonstraram que
os niveis de Hg na fragdo dissolvida, composto por espécies quimicas com alta
biodisponibilidade, foram mais elevados em amostras de agua, durante o periodo seco,
refletindo nas maiores concentragdes de Hg observadas em macroéfitas flutuantes e submersas
neste mesmo periodo em relagdo a estacdo chuvosa. As concentragdes de Hg na agua e no
sedimento demonstram um possivel processo de remobilizacdo do Hg do sedimento para a
coluna de 4gua em ambientes sob maior influéncia marinha, principalmente durante a estagdo
seca, que resulta em uma maior concentracao do contaminante em sua forma dissolvida em
comparagdo com zonas sob menor influéncia marinha, o que explica as maiores
concentragdes de Hg na biota em dire¢do a foz.

Palavras-chave: Mercurio; Semiarido; Bioacumulagdo; Fatores bioldgicos, ecoldgicos e
ambientais.



ABSTRACT

Mercury (Hg) is naturally present in trace and ultra-trace concentrations, primarily emitted
by volcanic and geothermal sources. However, human activities are contributing to increase
the levels of this contaminant in ecosystems. Mercury's propensity for bioaccumulation and
long tissue residence time leads to an accumulation of Hg in organisms. Other factors, such
as biological and ecological considerations, could also increase Hg concentrations. In
addition, environmental factors may also affect contaminant concentrations in biota. Despite
several studies that have stressed the significance of these factors, little attention has been
paid to the semiarid regions compared to other climatic zones. The objective of this study
was to explore the impact of environmental, biological, and ecological characteristics on the
variation of Hg concentrations in organisms inhabiting an estuary in the semiarid coastal
region of Brazil. Samples were collected from water, sediment, and biota from the Jaguaribe
river estuary, as well as from benthic organisms in the Icarai beach coastal zone. The
sampling in Jaguaribe river was conducted at seven points within the estuarine area during
both rainy and dry periods, except for the aquatic fauna. At Icarai beach, we collected five
species of batoid fish. We measured hydrochemical parameters and quantified Hg in samples
from the Jaguaribe River, and we measured the concentrations of dissolved and particulate
Hg in the water samples. On Icarai beach, we conducted total Hg, MeHg, and stable isotope
quantification analyses to comprehend the significance of biological, ecological, and
environmental factors in the accumulation of Hg in these organisms in each study area. The
results from both study areas reveal the significant impact of biological and ecological factors
on the levels of Hg found in the biota, particularly in batoid species. In terms of
environmental aspects, a notable Hg concentration variation was observed along the saline
gradient in the Jaguaribe river estuary. Regions with greater marine influence demonstrated
elevated Hg concentrations and a faster accumulation rate of the contaminant in the biota.
Spatially, both sediment and water samples presented comparable outcomes indicating
higher levels located further from the estuary. During various climatic seasons, water,
sediment, and aquatic plant samples were compared, demonstrating that the levels of Hg in
the dissolved fraction, consisting of chemical compounds with significant bioavailability,
were higher in the water samples during the dry season. This finding was supported by
observation of higher concentrations of Hg in floating and submerged macrophytes during
the same period compared to the rainy season. The concentrations of Hg in both water and
sediment suggest the possibility of Hg remobilization from sediment into the water column.
Such remobilization is more likely to occur in environments with greater marine influence,
particularly during the dry season. As a result, contaminant concentrations in its dissolved
form are higher in areas under greater marine influence than in those under less influence,
which explains the higher levels of Hg in biota near the mouth of the affected water bodies.

Keywords: Mercury; Semiarid; Bioaccumulation; Biological, ecological, and environmental
factors.
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1. INTRODUCAO

O mercurio (Hg) ¢ um elemento quimico que pode ser encontrado em todos os
compartimentos ambientais: ar, dgua, solo, sedimento e biota (Lacerda, 2007). Naturalmente,
encontra-se presente em concentragdes trago, originado em emissdes vulcanicas e geotérmicas, do
intemperismo de rochas ricas em mercurio (Nelson et al., 2012; Pirrone et al., 2010; Shetty et al.,
2008; Zheng et al., 2011).

Acdes antropogénicas contribuem com o aumento desse contaminante nos
ecossistemas. Aproximadamente 30% do Hg lancado no ambiente ¢ devido as atividades
antropogénicas, podendo ser emissdes ndo intencionais - emitido a partir de impurezas de processos
industriais - como o refino de combustiveis fosseis, mineragao e producdo de eletroeletronicos, ou
intencionais - quando ha o uso direto do contaminante - como ocorre em industrias farmaceéuticas,
odontologicas, garimpo de ouro e produgdo de soda caustica (Environment, 2019; Miranda et al.,
2007).

Considerado um metal ndo essencial, o Hg ndo possui funcdo vital nos organismos,
desse modo, sua elevada concentragdo nos ambientes naturais ¢ bastante prejudicial a biota. A
forma organica do Hg (MeHg) ¢ considerada sua espécie quimica mais toxica. O MeHg possui
relativa estabilidade no corpo humano, sendo lentamente eliminado. Esta espécie quimica, ao ser
absorvida, ¢ distribuida para todos os tecidos do corpo, com um periodo de residéncia de 44 a 80
dias (US EPA, 1997; WHO, 1990). Os principais sintomas ocasionados pela exposi¢do ao mercurio
organico, no ser humano, consistem em distirbios visuais como escotomas (visdo turva) e
diminui¢do do campo de visdo, ataxia (perda do controle muscular durante movimentos
voluntarios, como andar e pegar objetos), parestesia (insensibilidade na pele), neurastenia (dor nos
nervos), redu¢do e perda de audicdo, disartria (dificuldade ao articular as palavras), deterioracao
mental, tremor muscular - podendo levar a morte em casos mais graves, além de complica¢des no
desenvolvimento de embrides (Nogara et al., 2019).

Entre os fatores ambientais que contribuem para o processo de metilagdo tem-se a
temperatura, concentragdo de bactérias (sulfato redutoras), pH, tipo de solo ou sedimento,
concentragdo de sulfetos, condi¢des de oxirreducdo e variagcdes sazonais (Paranjape; Hall, 2017).

O MeHg se destaca em relagdo as suas outras espécies quimicas, principalmente, devido a sua
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capacidade de ser acumulado, através de adsor¢ao ou ingestdo, possibilitando sua magnificag¢do ao
longo da cadeira trofica (Bisinoti; Jardim, 2004).

A ingestdo de peixes e frutos do mar contaminados com Hg ¢ a principal via de
exposicdo humana (Silva et al., 2021; Katner; Sun; Suffet, 2010). Os organismos aquaticos
possuem alta capacidade de absorver compostos de Hg, em suas espécies organicas ou inorganicas,
que se acumulam em seus tecidos (Ferreira et al., 2004; Seixas et al., 2013; Wang; Wang, 2019).
A alta capacidade de bioacumulagdo nos tecidos desses organismos, aliada ao elevado tempo de
residéncia, contribui para um aumento na concentra¢do desse contaminante. Entretanto outros
fatores, ligados ao ambiente e a biologia dos organismos, sdo também responsaveis pela variagao
nas concentragdes de Hg. Varidveis como idade, habito alimentar, comprimento, sexo podem atuar
na variagdo das concentracdes de Hg intra e interespecificas, além das condi¢des ambientais, como
pH, disponibilidade de oxigénio, concentracdo de matéria organica, também sdo importantes
aspectos a serem analisados para compreender a dinamica do Hg nos ecossistemas aquaticos
(Baeyens et al., 2003; Barbosa et al., 2011; Kasper et al., 2007; Paranjape; Hall, 2017).

Diversos autores ressaltam a relevancia desses fatores na variagdo das concentragdes
de Hg em distintos ambientes aquaticos (Chouvelon et al., 2018; Eagles-Smith; Ackerman, 2014;
Fry; Chumchal, 2012; Willacker; Eagles-Smith; Blazer, 2020; Yoshino et al., 2020), entretanto
pouca atencdo ¢ dada a regido semiarida quando comparada a outras zonas climaticas mundiais. O
semiarido ¢ um ambiente extremo marcado principalmente por um escasso periodo chuvoso,
segundo resolucao n° 150 do CONDEL/SUDENE (2021) essa zona climatica ¢ caracterizada com
precipitagdo média anual igual ou inferior a 800mm, indice de arides Thornthwaite igual ou
superior a 0,5 e percentual didrios de déficit hidrico igual ou inferior a 60%, considerando todos os
dias do ano. Sendo assim, alteragdes em sua paisagem natural e efeitos das mudancgas climaticas
globais podem impactar diretamente a mobiliza¢cdo de contaminantes nos ecossistemas aquaticos
dessa regido. Segundo Lacerda, Marins e Dias (2020), a reducgdo no fluxo fluvial, resultante do
reduzido regime pluvial e de alteracdes regionais, como a constru¢do de barragens, altera a
dindmica do Hg em ambientes costeiros, aumentando sua biodisponibilidade. Além disso, a
importancia da sazonalidade no semiarido na composi¢ao alimentar de peixes pode influenciar os
niveis corporais de Hg (Barroso; Becker; Melo, 2016; Silva et al., 2010).

Logo, ¢ fundamental a realizagdo de estudos que possibilitem favorecer a compreensao

do comportamento do Hg na biota costeira da regido semiarida, através da avaliacdo de
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caracteristicas ambientais, biologicas e ecoldgicas, que potencialmente afetam suas concentragdes

finais na biota.
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2. REVISAO BIBLIOGRAFICA
2.1 A biogeoquimica do Hg na zona costeira

O Hg encontra-se presente em diversos compartimentos ambientais (solo, sedimento,
agua, ar e biota), apresentando distintas espécies quimicas. O Hg apresenta-se em concentragdes
traco e ultra trago em ecossistemas com auséncia ou reduzida atividade antropogénica, estando
disponivel também em estado dissolvido ou associado a particulas, e ligado a compostos
inorganicos ou organicos (Lei et al., 2019a; Sigel; Sigel; Sigel, 2005; Sonke; Heimbiirger;
Dommergue, 2013; Zhu; Zhang; Zagar, 2018).

O Hg elementar ¢ a espécie quimica de maior concentra¢do na atmosfera, compondo,
aproximadamente 98%, sendo as emissdes vulcanicas a principal fonte natural (Edwards et al.,
2021; Selin, 2014). Elemento volatil e de alta estabilidade quimica, por conseguinte elevado tempo
de residéncia na atmosfera, consegue distribuir-se globalmente (Holmes; Jacob; Yang, 2006; Saiz-
Lopez et al.,, 2018). Entretanto processos oxidativos, o transformam em sua forma idnica
(Hg'/Hg?") e podem alterar sua estabilidade, acarretando sua deposi¢do sobre a superficie terrestre,
seja através de deposi¢do seca ou deposi¢dao imida (Sonke; Heimbiirger; Dommergue, 2013).

A forma i6nica do Hg, diferente da forma elementar, possui reduzido tempo de
residéncia na atmosfera, porém ¢ bastante encontrada na superficie terrestre, estando depositada
nos solos, ambientes aquaticos e em sua biota associada (Holmes; Jacob; Yang, 2006; Saiz-Lopez
et al., 2018). No ambiente terrestre, o Hg i6nico depositado no solo pode ser volatilizado por meio
de sua reducdo a Hg elementar. Parte do Hg nao reduzido associa-se com a vegetacdo, absorvido
pelas raizes ou pelos estomatos das folhas durante sua troca gasosa (Rea et al., 2002).

Depositando-se em ambientes aqudaticos, a complexidade iOnica presente nesses
ecossistemas pode promover interacdes com o Hg, possibilitando a formacdo de compostos
metalicos organicos e inorgédnicos, ou, assim como no ambiente terrestre, o Hg idnico recém-
depositado pode sofrer fotorreducdo ou reacdo redutora a partir de atividades enzimaticas de
microrganismos, resultando no seu retorno a espécie elementar e consequentemente sua reemissao
a atmosfera (Gworek et al., 2016; Huang; Zhang, 2021; Mason; Lawson; Sheu, 2001). Na coluna
d’4gua o Hg i6nico encontra-se susceptivel a ligacdo com outras substancias. Segundo Gworek et
al. (2016), as condicdes redox do ambiente irdo determinar os compostos a serem formados com
Hg disponivel. Os autores apontam uma predominancia de compostos HgCls> ¢ HgOH™ em

ambientes 6xidos, porém, em ecossistemas redutores ha a predominancia das espécies quimicas



18

ligadas ao enxofre e compostos organicos (HgS? ¢ CH3HgS"). Os compostos resultantes podem
permanecer dissolvidos na coluna d’agua ou sedimentar devido a alteragdes quimicas, como a
variacao do pH e a capacidade redutora do ambiente, ou fisicas, como a diminui¢ao do fluxo fluvial
devido a reducdo da declividade.

Os sedimentos sdo importantes fontes e sumidouros de contaminantes, dependendo de
suas caracteristicas fisicas e quimicas (Zhang et al., 2014). A dindmica dos ecossistemas aquaticos,
principalmente costeiros, permite que o sedimento recente seja recoberto por aquele em deposi¢ao,
preservando assim o material sedimentado. Nas camadas mais profundas a acdo microbiana
consome todo o oxigénio existente, possibilitando a producao de ions sulfeto devido proliferacao
de bactérias anaerdbias. O sulfeto pode se associar aos metais presentes no sedimento formando
cristais de pirita, que possuem alta estabilidade em condi¢des anaerdbias, permitindo assim a
retengdo desses contaminantes no sedimento. Contudo, processos erosivos e de dragagem
permitem a suspensdo do material sedimentado, oxigenando as zonas de aciimulo dos cristais de
pirita e desestabilizando-os. Esse rompimento libera os ions metalicos que estardo susceptiveis a
ligagdo com a matéria organica disponivel, resultando na formagao de organocomplexos mercuriais
(Kulkarni; Deobagkar; Zinjarde, 2018; Lei et al., 2019b; Zhang et al., 2014).

A metilagdo do Hg pode se dar por via abiodtica ou bidtica, contudo a formacdo de
MeHg ocorre predominantemente por acdo dos organismos (Paranjape; Hall, 2017). As bactérias
sulfato-redutoras, principalmente a espécie Desulfovibrio desulfuricans, sdo as principais
mediadoras na formag¢do do MeHg, contudo estudos apontam a importancia de outros organismos
como uma bactéria ferro-redutora (Geobacter sp.), uma bactéria metanogénica (Methanospirillum
hungatei) e um fungo (Neurospora crassa), que também atuam no processo de metilagdo do Hg
(Bisinoti; Jardim, 2004; Heyes et al., 2006; Nogara et al., 2019; Paranjape; Hall, 2017).

O MeHg ganha destaque em estudos quando comparado as suas outras espécies
quimicas, principalmente devido a sua capacidade de bioacumulacdo e sua toxicidade elevada,
podendo causar danos ao sistema enddcrino, doencgas cardiacas, como hipertensdo e aterosclerose,
distirbios neurologicos e morte, dependendo do grau de exposicdo (Nogara et al., 2019). Estudos
indicam que a maior parte (>60%) do Hg presente nos tecidos dos animais esta na forma metilada,
devido sua afinidade com aminoacidos com grupo tiol em sua estrutura, como a cisteina. O MeHg
apresenta alto tempo de residéncia nos organismos, sendo capaz de bioacumular ao longo da cadeia

alimentar e expor o ser humano a altas concentracdes de MeHg apos ingerir organismos de elevado
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nivel troéfico (Chumchal et al., 2010; Seixas et al., 2013). Logo, sendo considerado um

contaminante de relevante preocupagdo por 6rgaos da saude.

2.2 Fatores controladores das concentracoes de Hg na biota do semiarido

O Hg, principalmente em sua forma orgénica, possui alta capacidade de acumulacdo
nos tecidos da biota. Seu elevado tempo de residéncia nesses organismos possibilita que esse
contaminante possa apresentar um aumento em sua concentracao ao longo da vida dos individuos
e seja transferido exponencialmente a outros niveis tréficos (Ordiano-Flores; Galvan-Magafia;
Rosiles-Martinez, 2011; Piraino; Taylor, 2009). Assim, ¢ possivel compreender que as
concentragdes de Hg podem variar entre organismos de uma mesma espécie e entre espécies
distintas. Além disso, a dindmica do ecossistema também pode contribuir com essas variagdes na
concentracdo de Hg na biota, haja vista que ambientes com maior producdo de MeHg poderao
apresentar organismos com maiores concentragdes desse contaminante (Chen et al., 2008; Fonseca
et al., 2019; Strandberg et al., 2016). No caso da regido semidrida, a escassez hidrica interfere na
hidrodinamica dos ambientes aquaticos afetando a mobilidade e a reatividade do Hg, acarretando
uma maior exposi¢ao da biota ao contaminante (Lacerda et al., 2013). Logo, ¢ fundamental, em
estudos de contaminagdo da biota por Hg, analisar fatores responsaveis pela variacdo nas
concentragdes de Hg, objetivando compreender, além dos niveis encontrados nesses organismos, a

dindmica do Hg nos ecossistemas.

2.2.1 Fatores biologicos

O Hg pode ser incorporado a biota através da ingestdo de organismos contaminados ou
absor¢ao do Hg presente na coluna d’agua. Contudo, a dieta ¢, geralmente a principal via de
exposicdo ao Hg pelos organismos. Devido a sua reduzida taxa de excrecdo o Hg tende a
bioacumular ao longo do ciclo de vida dos organismos, sendo, geralmente, encontradas maiores
concentragdes em organismos maiores (Liu; Cao; Dou, 2019; Rodrigues et al., 2019; Verhaert et
al., 2019). Trudel e Rasmussen (2006) observaram relagdo da concentragdo de Hg com o
crescimento em peixes estd associada ao consumo de presas mais contaminadas por individuos
mais velhos. Segundo os autores, peixes maiores irdo consumir presas maiores € com maiores
concentragdes de Hg ou podera haver uma mudanga na sua dieta dando espago a captura de presas

mais contaminadas.
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Dang e Wang (2012), através do uso de modelos de biocinética de Hg em peixes,
observaram que a taxa de crescimento dos organismos e a taxa de eliminacdo do Hg sdo importantes
fatores que explicam as maiores concentragdes de Hg em individuos maiores. Segundo os autores,
a elevada taxa de crescimento pode reduzir a concentragdo de Hg em organismos maiores devido
a um fenomeno denominado diluicdo pelo crescimento, pois o individuo apresentaria uma
velocidade de crescimento maior em relagdo a taxa de incorporacdo do contaminante. Wang e
Wang (2012) observaram uma sobreposi¢ao da taxa de crescimento em relagdo a incorporacao de
Hg em tilapias cultivadas em Hong Kong. Os autores discutem também a importancia da dieta ao
citarem que a composi¢do alimentar das tildpias em estudo, composta por artémias, ndo seria capaz
de apresentar altas concentra¢des de Hg, contribuindo, dessa forma, com o efeito da dilui¢cao do
Hg pelo crescimento.

Outro importante fator controlador da concentracdo de Hg na biota ¢ o peso. Contudo,
sua relacdo direta com o comprimento torna esse parametro pouco utilizado. Costa et al. (2009)
analisaram a relacdo entre as duas varidveis, peso e comprimento, com a concentragdo de Hg na
espécie Trichiurus lepturus. Os autores observaram resultados semelhantes para ambas as
variaveis, havendo um processo de bioacumulacdo com o aumento do peso e do comprimento na
espécie em estudo. Pal e Ghosh (2013) e Teunen et al., (2017) também observaram correlagdes
significativas entre o peso e as concentragdes de Hg em peixes, na India e na Bélgica,
respectivamente. Logo, apesar de pouco avaliado, o peso ¢ uma variavel importante em estudos de
contaminagdo por Hg pela biota.

O sexo, assim como o comprimento € o peso, ¢ outra variavel levada em consideragao
em estudos de contaminag¢do da biota por Hg. Entretanto, ndo ha um consenso sobre a importancia
dessa varidvel, uma vez que algumas espécies ndo apresentam variagdes nas concentragdes de Hg
entre os sexos. Madenjian, Ebener e Krabbenhoft (2016) estudando a relagdo das concentragdes de
Hg com o sexo na espécie Coreogonus cupleaformis, ndo encontrou diferenca significativa.
Delshad et al. (2012) e Ordiano-Flores, Galvan-Magafia e Rosiles-Martinez (2011) também nao
observaram diferengas significativas entre macho e fémeas. Segundo Ordiano-Flores, Galvan-
Magaiia e Rosiles-Martinez (2011), a semelhanca na composicao alimentar entre organismos de
sexos distintos seria um fator que contribuiria para a auséncia de diferenca significativa na
concentragdo de Hg entre machos e fémeas. Entretanto, Murillo-Cisneros et al. (2018), Pinho et al.

(2002) e Selch et al. (2019) encontraram diferencgas significativas na concentragdo de Hg entre
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sexo. O principal ponto discutido pelos autores seria a variagdo na taxa de crescimento entre
machos e fémeas. A presenca e auséncia de diferenca na concentragdo de Hg entre os sexos em
organismos aquaticos, segundo Bastos et al. (2016), esteja ligada ao dimorfismo sexual entre os
sexos dentro de uma espécie. O autor, analisando 41 espécies de peixes da Amazdnia, encontrou
diferenga significativa na concentragdo de Hg em somente cinco espécies demonstrando assim que

0 sexo nao ¢ uma variavel bioldgica determinante na variacdo das concentragcdes de Hg em peixes.

2.2.2 Fatores ecoldgicos

O habito alimentar, que est4 diretamente associado a posicao trofica das espécies, ¢ um
fator ecoldgico determinante nas concentracdes de Hg nos organismos (Van Walleghem et al.,
2013; Goutte et al., 2015). A composi¢do alimentar e a quantidade consumida sdo importantes
aspectos a serem considerados ao comparar as concentragdes de Hg entre espécies (Wang; Wang,
2019, Verhaert et al., 2019). Dang e Wang (2010) observaram que mudancas nos itens alimentares
da espécie Terapon jarbua alteravam sua eficiéncia de assimilacdo do Hg, variando entre 23% e
43%, em alimentacdo composta por vieiras (Chlamys nobilis) e mexilhdes (Perna viridis),
respectivamente. Souza-Araujo et al. (2016) comparando o hébito alimentar de 22 espécies de
peixes, verificou a maior concentragdo de Hg presente em espécies piscivoras em relagdo a espécies
onivoras, detritivoros e frugivoros, sendo este grupo o que apresentou as menores concentragoes.

O elevado tempo de residéncia no organismo contribui com o processo de
biomagnificacdo desse elemento, logo, espécies encontradas no topo da cadeia, de hébitos
alimentares essencialmente carnivoros, apresentam concentragdes mais elevadas em relagdo a
espécies proximas a base (Trevizani et al., 2021; Verhaert et al., 2019; Zhou; Wong, 2000).

Ademais da composicdo alimentar, avaliar o local de captura das presas também ¢ um
importante fator controlador das concentra¢des de Hg nos seres vivos. Organismos presentes em
zonas onde a concentracdo de Hg estd mais biodisponivel devem apresentar maiores niveis do
contaminante. Lacerda e colaboradores (2017) analisando as concentracdes de Hg em duas espécies
de atum, coletadas em uma mesma area, encontrou valores de duas a trés vezes maiores em
Thunnus obesus, que apresentava menor comprimento, em relacdo a outra espécie (Thunnus
albacares). Segundo os autores, a possivel explicacdo seria a zona de forrageamento das espécies.
a espécie 7. obesus alimenta-se, em zonas mais profundas, de animais com maiores concentragdes
de Hg, em relacdo ao 7. albacares que possui uma dieta composta por espécies presentes na

superficie e com menores teores de Hg.
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Croizier e colaboradores (2019), avaliando a importancia da zona de forrageamento,
observaram que espécies presentes em regides profundas possuiam maiores concentragdes de Hg
quando comparadas a espécies de superficie, resultado que corrobora com os observados por
Lacerda et al. (2017) em relagdo ao habitat de forrageamento das espécies de atuns. Os autores
também descrevem valores distintos entre espécies costeiras e ocednicas, observando maiores
concentragdes em espécies costeiras. Goutte (2015), Polito et al. (2016) e Le Bourg et al. (2019)
também observaram distintas concentracdes de Hg em espécies com habitats de forrageamento
diferentes.

Apesar de muitos trabalhos ainda focarem seus estudos na compreensdo da relagao
entre fatores bioldgicos e as concentragdes de Hg ¢ importante também levar em consideracao
fatores ecoldgicos, pois como foi apresentado, em alguns casos os fatores ecologicos podem se

sobressair aos biologicos em relacdo as concentragdes de Hg em nivel intra- e interespecifico.

2.2.3 Fatores ambientais

Além dos fatores bioldgicos e ecologicos, a influéncia ambiental também contribui
com diferencas nas concentracdes de Hg entre as espécies. Croizier et al. (2019) encontraram
maiores concentracdes de Hg em espécies de peixe demersais e costeiras, devido ao aporte
continental de contaminantes e alta taxa de metilagdo na regido costeira, em relacdo a espécies
oceanicas e pelagicas.

As caracteristicas fisicas e quimicas do ambiente podem contribuir para a formagao do
MeHg. Paranjape e Hall (2017) citam a disponibilidade de oxigénio, a concentracdo de matéria
organica, a concentragdo de enxofre, temperatura, salinidade, pH como varidveis importantes na
producdo do MeHg. Entre os pardmetros citados, muito autores apontam a matéria organica como
um relevante fator controlador das concentragdes de MeHg produzidas no ambiente (Chakraborty
et al., 2015; Eckley et al., 2021; Millera Ferriz et al., 2021; Voros et al., 2018).

Sendo assim, ¢ possivel compreender a relagdo dessas varidveis com o Hg presente na
biota (Buckman et al., 2021; Jardine; Kidd; O’Driscoll, 2013). Smylie et al. (2016) encontraram
uma relacdo inversa da concentragdo de Hg na espécie Lepisosteus osseus com a salinidade de um
estuario localizado nos Estados Unidos. Strandberg et al. (2016) também encontraram diferencas
na concentracdo de Hg em peixes, havendo maior contaminacdo em organismos presentes em

ambientes hiimicos.
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Entretanto, muitos dos trabalhos citados tratam de pesquisas desenvolvidas em zonas
de clima temperado, sendo dada pouca atencdo aos processos bioacumulacdo em estuarios de
regides tropicais semidridas. Segundo Lacerda, Marins e Dias (2020), as condi¢des apresentadas
pelos estuarios na regido semidrida, como o reduzido aporte fluvial e a escassez de chuvas,
favorecem a biodisponibilizacdo do Hg, devido ao maior tempo de residéncia das massas de agua
na regido estuarina, permitindo assim que o Hg lancado nesses ambientes, possa reagir com a
matéria organica presente.

Diferentemente de outras zonas climaticas, o Hg possui uma dinamica distinta em
estuarios do semiarido. Em areas umidas, menores concentragdes de Hg na biota sdo geralmente
observadas durante o periodo seco e maiores concentracdes durante o periodo chuvoso (Azevedo
et al.,, 2018; Osuna-Martinez; Pé4ez-Osuna; Alonso-Rodriguez, 2010; Saei-Dehkordi; Fallah;
Nematollahi, 2010; Saniewska et al., 2014), devido ao langamento do Hg via aporte fluvial (Ggbka
et al., 2020; Saniewska et al., 2018). Entretanto, sob clima semiarido, as maiores concentragdes de
Hg sdo encontradas em espécies estuarinas durante o periodo seco. Correlagdo negativa entre as
concentragdes de Hg e a precipitagdo regional, vem sendo observada em varios estuarios do
semiarido brasileiro, como por exemplo no estudrio do Rio Goiana, Pernambuco (Barletta et al.,
2012); no estuario do Rio Paraiba do sul, regido norte do Rio de Janeiro (Azevedo et al., 2018) e
no estudrio do Rio Jaguaribe Ceara (Costa; Lacerda, 2014).

A maior concentracdo de Hg na biota durante o periodo seco em estuarios de regides
semiaridas, em contraposi¢do ao observado em outros estudrios, deve-se, possivelmente, a
dinamica fluvial apresentada por esses ecossistemas. Lacerda et al. (2013) realizando analises em
um estuario do semidrido, durante os anos 2005 e 2009, em periodos de chuva e estiagem,
observaram um maior fluxo de exportacao de Hg dissolvido, potencialmente biodisponivel, durante
o periodo seco. Em um ano atipico, onde um estuario de clima tropical apresentou baixa
precipitagdo ao longo do ano, assemelhando-se a um sistema semidrido, Azevedo et al. (2018)
observaram a influéncia da estiagem na dindmica do Hg, quando maiores concentragdes de Hg na
biota foram exibidas no periodo seco.

A constru¢do de barragens ¢ uma pratica presente em rios da regido semidrida,
principalmente, tendo como fungdo o abastecimento de residenciais e zonas agricolas. Entretanto,
muitos estudos relatam o impacto de alteragcdes na paisagem, como a construcdo de barragens, na

dindmica do Hg (Bastos et al., 2020; Fan; He; Wang, 2015; Liu et al., 2020; Pestana et al., 2019;
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Zhao et al., 2017). Liu et al. (2019) relataram um aumento na descarga de MeHg para os oceanos
apos a construcdo da barragem Three Gorges, na China. Uma das hipoteses discutidas pelos autores
¢ a ressuspensdo do contaminante, previamente depositado ao sedimento, para a coluna d’agua,
devido a processos erosivos proporcionados pela construcdo da barragem. Dias, Marins e Maia
(2013), estudando o transporte de metais (Cobre e Zinco) em um estuario na regido semiarida do
nordeste brasileiro, observaram uma retengao desses metais durante o periodo seco, comparado ao
periodo chuvoso, o que poderia estar relacionado as forcantes marinhas que controlam o fluxo
fluvial durante a estiagem.

Além das modificacdes na paisagem, como a construcdo de barragens, citado
anteriormente, o clima ¢ bastante importante na dindmica do Hg nos ecossistemas aquaticos (Obrist
et al., 2018; Saniewska et al., 2014; Stern et al., 2012). Uma modelagem proposta por Abdulla,
Eshtawi e Assaf (2009), utilizando variagdes na temperatura (1°C, 2°C e 3°C) e na precipitacdo
(x10% e +20% na quantidade de chuvas), mostrou que a mudanca climatica impacta
significativamente o fluxo dos rios da regido semiarida, principalmente em cendrios mais extremos,
com uma reducdo de 23,6%. Morgado et al. (2021) tracando comparativo entre as concentragdes
de Hg em perfis de sedimento e anéis de mangue (Rizophora mangle L.) observaram um aumento
nos valores do contaminante ao longo do tempo. Esse resultado também se expressou no fator de
acumulacdo na espécie Spheroides testudineus, indicando maiores concentragdes de Hg no
organismo em contraposi¢do a disponivel no sedimento. O que comprova, segundo os autores, o
impacto das alteragdes paisagisticas regionais e das mudangas climaticas nas concentragdes de Hg
incorporadas pela biota.

Simultaneamente a reducdo das chuvas, devido ao impacto das mudancas climaticas
globais, a atua¢do da forcante marinha, reduzindo a exportacao de materiais do continente para o
oceano, contribui para um aumento no tempo de residéncia dos contaminantes e sua reatividade na
regido estuarina. Segundo Dias, Castro e Lacerda (2013), no estudrio do rio Jaguaribe, localizado
na regido semidrida brasileira, ocorre a formagcdo de uma pluma na costa adjacente devido a
forcante fluvial durante periodos chuvosos extremos, entretanto durante o periodo seco o estuario
médio, inferior e a zona costeira, sdo formados principalmente por d4guas de origem costeira, o que
demonstra a redu¢do do fluxo fluvial em contraposi¢ao ao aumento da forcante marinha. Como

resultado, Costa e Lacerda (2014) observaram que espécies de peixes coletadas em zonas marinhas
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e estuarinas apresentavam maiores concentracdes de Hg em comparagdo a espécies coletadas em
zonas fluviais.

A compreensdo da importancia desses fatores, nos permite analisar o nivel de
exposicdo que as populagdes locais estdo expostas hoje, e estardo futuramente, em caso de
agravamento dessas situacdes. Possibilitando, dessa forma, a tomada de medidas protetivas a essas

populagdes.

2.3 Exposicao humana ao Hg

O peixe ¢ um alimento de extrema importancia na dieta dos individuos por sua riqueza
de nutrientes, alto teor proteico, lipidios das séries dmega 3 e 6 e baixo teor de colesterol. Fazendo
parte da dieta didria das populagdes humanas. Seu consumo esta associado a beneficios a saude,
como o aumento do sistema imune, prevencdo de doencas cardiacas e a redug¢do do risco de
aterosclerose.

O consumo anual per capita de pescado mundial subiu de 9 kg para 20,3 kg entre 1961
€ 2017, um aumento de 1,5% ao ano (FAO, 2020). No Brasil esse aumento foi de aproximadamente
0,9%, alcangando um consumo anual per capita médio de 9kg (FAO, 2021). Apesar do significativo
aumento no consumo de peixes e frutos do mar, o Brasil ainda possui um consumo abaixo do
recomendado pela OMS, que ¢ de 12 kg por ano. Entretanto, algumas regides possuem consumo
acima da média nacional, como a regido Norte e Nordeste, que apresentaram consumo anual médio
de 38,1 e 14,6 kg, respectivamente, entre os anos 2008 e 2009 (IBGE, 2021).

Os impactos antropogénicos causados em ecossistemas aquaticos estdo contribuindo
para o aumento na contaminac¢do do pescado, por conseguinte da exposi¢ao da populagdo local aos
contaminantes. O Hg ganha destaque entre os contaminantes encontrados no pescado, conforme
apresentado anteriormente, devido sua capacidade de bioacumulacdo e alta toxicidade. Muita
atencdo ¢ dada a contaminagdo de peixes comercializados, no mundo inteiro, devido ser a principal
via de exposicao humana ao Hg (Custddio et al., 2020; Silva et al., 2020; Vieira et al., 2021).

Visando controlar a contaminacdo e a exposi¢do humana ao Hg, diversos 6rgdos
nacionais e internacionais apresentam valores maximos de concentracao Hg no pescado e consumo
semanal que ndo causem danos a satide humana. O PTWI (Ingestao semanal toleravel provisoria)
¢ um valor de referéncia disponibilizado pela FAO/WHO para estimar o consumo méaximo semanal
sem causar efeitos toxicos (FAO/WHO, 2017). Segundo este comité, o valor de PTWI para o MeHg

€ de 1,6 pg.kgpeso corporeo”’ € de 4 pug.Kgpeso corporeo”’ para Hg inorganico. Outro valor adotado € a dose
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de referéncia para a exposi¢ao oral (RfD), que segundo o US EPA, para o MeHg, ¢ de 0,1 ng.kg"
!.dia"l. No Brasil, o 6rgdo responsavel pela determinagéo do valor minimo de Hg para consumo ¢
a ANVISA. Segundo a resolugdo RDC N°42, de 29 de agosto de 2013, o limite maximo de Hg para
consumo de espécies ndo predadoras é de 0,5 mg.kg! e para espécies predadoras é de 1,0 mg.kg'!
(Brasil, 2021).

Ferreira et al. (2012) observaram uma concentragdo maxima de Hg cinco vezes
superior a estabelecida pela ANVISA, em espadarte (Xiphias gladius). Kojadinovic et al. (2006)
encontraram, para a mesma espécie, altas concentragdes (1.24 + 0.83 mg.kg!), acima dos valores
estabelecidos pela legislagdo internacional. Silva et al. (2021), analisando a concentracdo de metais
em espécies comercializados em Salvador, encontraram duas espécies (Seriola spp. e
Mycteroperca interstitialis) com concentracdes de Hg acima do valor permitido para consumo,
pela legislagdo brasileira. Além das concentra¢des superiores, os autores observaram coeficiente
de dano (HQ) maiores que 1, o que significa que o consumo dessas espécies representa risco a
saude humana. Em peixes utilizados para a producdo do sashimi, Paiva et al. (2017) encontraram
que seis espécies das dozes analisadas possuiam individuos com concentragdes de Hg acima do
limite da legislacao e trés espécies com concentracdes de Hg superiores ao maximo permitido para
consumo.

Os resultados apresentados demonstram a necessidade de mais estudos sobre os fatores
determinantes da concentracdo de Hg no pescado comercializado, a fim de compreender o nivel de

exposi¢do humana e que medidas que possam ser aplicadas para protegdo a satude.
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3. AREA DE ESTUDO

Localizado na regido leste do estado do Ceard, o rio Jaguaribe ocupa uma area,
aproximada, de 72.000 km?, estendendo-se até a porgdo sul do estado de Pernambuco. O rio
Jaguaribe ¢ considerado o maior curso de dgua cearense, apresentando 610 km de extensdo,
inserido em distintas zonas climaticas, como: umido, subtimido, arido e semiarido, sendo o ultimo
predominante em areas proximas ao litoral. O clima regional, regulado pela Zona de Convergéncia
Intertropical, determina um regime pluviométrico irregular, com as maiores chuvas (500 a
1.200mm) ocorrendo nos meses de janeiro a maio € um periodo seco (< 300mm) entre os meses de
julho e novembro, podendo ser alterado por influéncia do evento E/ Ni7io, aumentando o periodo

de escassez hidrica (Gatto, 1999).

Figura 1 - Mapa de localizag@o dos pontos de amostragem e fazendas de camarao no Baixo Jaguaribe, CE
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A sub-bacia estuarina no Baixo Jaguaribe (Figura 1), regido de estudo desta pesquisa,
abrange uma area de drenagem equivalente a 3.275 km?, transpassando os municipios de Aracati,
Itaicaba e Fortim. Segundo o censo realizado pelo Instituto Brasileiro de Geografia e Estatistica
(IBGE) em 2022, a populagdo, dessa area, corresponde a 107.316 habitantes, aproximadamente,
38% superior ao apresentado em 2007 que era de 66.049 habitantes.

O crescimento populacional observado ao longo dos anos nessa regido se deve ao
grande interesse econdmico, social e ecoldgico, como sua importdncia no abrigo de uma
diversidade de espécies aquaticas utilizadas em atividades de cultivo e praticas artesanais como a
pesca de subsisténcia (Barletta; Costa, 2009; Barbosa et al., 2011). Favorecendo a manutengao de
empreendimentos como bares e restaurantes existentes no entorno, que apesar de usufruirem dos
beneficios ofertados pela zona estuarina, contribuem para sua degradagao (Costa, 2014).

Entretanto o crescimento populacional também € responséavel por inimeros impactos a
esse ecossistema, sendo o descarte inadequado dos residuos solidos urbanos, o lancamento de
efluentes urbanos nao tratados e provenientes de atividades como agricultura e carcinicultura, os
principais agentes antropogénicos que afetam o baixo Jaguaribe (Moura; Lacerda, 2022).

Além do descarte de contaminantes, alteragdes na paisagem, como a construcdo de
barragens, visando o abastecimento de 4gua ou a geragdo de energia, também impactam a regido
estuarina, reduzindo o aporte de massas de 4gua de origem continental ja agravado pela escassez

hidrica do semiarido (Marins et al., 2003).
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4. HIPOTESE CIENTIFICA

As alteracoes ambientais nos estuarios do semiarido, resultam em uma maior
disponibilizagdo do Hg para a biota, principalmente, na zona de maior influéncia marinha, onde
ocorre maior mobiliza¢do do contaminante. Portanto, ¢ assumido que os aspectos ambientais sdo
preponderantes na defini¢do das concentragdes finais do Hg pelo menos em organismos que
tenham sua distribuicdo ao longo de todo gradiente estuarino. Contudo aspectos bioldgicos e
ecologicos serdo determinantes entre organismos presentes dentro de uma mesma zona de
ocorréncia. Variagdes temporais contribuem para o aumento no tempo de residéncia das massas de
agua, por conseguinte de contaminantes como o Hg, em zonas estuarinas de bacias hidrograficas
da regido semidrida, contribuindo para uma maior mobilidade e reatividade desse elemento.
Aumento na biodisponibilidade do Hg ira refletir em maiores concentragcdes durante periodos de
maior retencdo das massas de dgua (estagdo seca) em relagdo a periodos de hidrodindmica

acentuada (estagao chuvosa).
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5. OBJETIVOS

5.1 Geral
Compreender a influéncia das caracteristicas biologicas, ecoldgicas e ambientais na

variacdo das concentragdes de Hg em organismos da regido costeira semiarida.

5.2 Especificos

e Avaliar os parametros hidroquimicos, como oxigénio dissolvido, temperatura da agua,
condutividade e turbidez visando caracterizar a area de estudo.

e Quantificar as concentragdes de Hg dissolvido e particulado presente na coluna d’agua em
distintos trechos do rio Jaguaribe, localizado na regido semiarida do Brasil, além das
concentragdes de Hg total ligado ao sedimento.

e Determinar as concentragdes de Hg total em organismos aquaticos capturados na zona costeira
da regido semiarida do Brasil;

e Avaliar a correlagdo entre as concentracdes de Hg com as varidveis biométricas para cada
espécie (tamanho e peso), a influéncia do hébito alimentar e posicdo trofica, no caso da fauna
aquatica, e correlacionar as concentragdes de Hg com diferentes partes (raizes, caules e folhas)
de macrofitas aquaticas;

e Compreender a relevancia do fator espacial e temporal na variacdo da concentragdo de Hg na

biota em um ecossistema estuarino do semiarido.
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6. MATERIAIS E METODOS
6.1 Delineamento amostral

A amostragem foi realizada ao longo do gradiente estuarino da sub-bacia do Baixo
Jaguaribe. Foram delimitados sete pontos de coleta (Figura 1), sendo dois pontos na zona de
influéncia fluvial, sendo um na zona estuarina da localidade do Cabreiro e outra no municipio de
Itaicaba, e trés pontos na zona de influéncia marinha (ZIM), localizados nas proximidades da
comunidade da Volta, Jardim de Baixo e no municipio de Fortim, devido a facilidade de acesso a
essas areas.

A definicdo das zonas de influéncia foi baseada em resultados de analise hidroquimica
e hidrodinamica apresentados por Marins et al. (2003) e Dias et al. (2005) para a Bacia Inferior do
rio Jaguaribe, onde o trecho entre os municipios de Aracati e Itaigaba apresentavam maior
influéncia fluvial, principalmente durante o periodo chuvoso, e a regido que se estenderia apos
Aracati em dire¢@o a foz haveria maior influéncia marinha, sendo ainda mais marcante durante o
periodo seco.
6.2 Preparaciao das amostras
6.2.1 Amostras de Agua

As amostras de dgua foram coletadas em garrafas Teflon® 250 mL devidamente
higienizadas, previamente, em solu¢cdo de &acido nitrico (HNOs 10%). A agua foi coletada
manualmente, utilizando luvas de nitrila, contracorrente em profundidades de 10 a 20 cm. As
amostras foram duplamente embaladas em sacos plasticos e mantidos sob refrigera¢do durante o
transporte ao Laboratorio de Biogeoquimica Costeira da Universidade Federal do Ceara
(UFC/LABOMAR), para posterior tratamento da amostra. Em laboratério, as amostras foram
filtradas em filtros de fibra de vidro (0.7um) pré-calcinados e, em seguida, foi adicionado 2 mL de
HNOs, ultra puro, para evitar a redu¢do do Hg presente nas amostras. O material filtrado foi
devidamente armazenado em saco plastico e preservado em refrigerador (4°C) para as
determinagdes de Hg. Os filtros foram secos, em estufa, 8 60°C durante 24h e guardados em sacos
plasticos e refrigerados até analise.
6.2.2 Amostras de sedimento

O sedimento de fundo foi coletado com auxilio de uma pa de mao de plastico na camada
superficial (0 — 10 cm de profundidade) e armazenados em sacolas plasticas e mantidas sob

refrigeracdo até tratamento das amostras em laboratério. Em laboratdrio, as amostras foram secas
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em estufa a 60°C, peneirados em malha 0,063 mm, homogeneizados e armazenados em sacos
plasticos identificados.
6.2.3 Amostras biologicas

Todos os animais coletados, na regido semidrida costeira, foram conseguidos com
pescadores locais. Durante o inicio da pesquisa ndo houve uma selecao de espécies, sendo coletados
todos os organismos possiveis. Porém, posteriormente, houve a selecdo das espécies: Eugerres
brasilianus, Cathrops spixii e Litopenaeus vannamei devido sua distribuicdo ao longo do gradiente
estuarino, sendo coletadas tanto na zona de influéncia fluvial quanto na marinha.

Os organismos coletados foram acondicionados e preservados em caixas térmicas com
gelo para transporte ao laboratério. Os espécimes foram devidamente identificados
taxonomicamente com uso de referéncia especifica (Coelho; Ramos-Porto, 1992; Rios, 1994;
Carpenter, 2002; Amaral et al., 2006; Fischer et al., 2011; Marcerniuk et al., 2012) e auxilio da
plataforma Fishbase (Froese; Pauly, 1999), medidos com ictidmetro e pesados em balanca
(FILIZOLA — MOD: CS) de precisao de 0,01g, em laboratorio.

Ap6s identificagdo e obten¢do dos dados morfométricos foram retiradas amostras da
musculatura dos organismos coletados e todo material amostrado foi liofilizado, visando a
preservacdo das amostras. As amostras foram pesadas antes e apds o processo de liofilizagdo,
permitindo assim calcular os teores de umidade (TU) por meio da relagdo entre peso imido e seco,

conforme equagao (1).

TU (%) = —=2%eco_ x 100 (1)

Pesogmido

Todo material liofilizado foi devidamente macerado com auxilio de almofariz e pistilo,
depois armazenado em frascos para quantificagdo de mercurio.

Amostras de macrofitas aquaticas foram coletadas manualmente. Apos a coleta, todas
os espécimes coletados foram armazenados em sacos plasticos devidamente identificados e
refrigerados para transporte até o laboratorio. Todos os exemplares foram identificados por
especialistas do herbario Prisco Bezerra da Universidade Federal do Ceard. Em laboratorio, os
organismos foram secos em estufa a 60°C, sendo macerados e depositados em reservatorios

plasticos previamente higienizados.
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6.3 Mensuracio de dados hidroquimicos

As variaveis hidroquimicas foram medidas “in situ” em profundidade, aproximada, de
50 cm, correspondente a 1/3 da profundidade total da coluna d’agua. Oxigénio dissolvido,
temperatura da dgua, turbidez e condutividade elétrica foram os pardmetros mensurados através de
sonda multiparamétrica (YSI 556 probe, YSI Inc., Yellow Springs, USA), e pH utilizando pHmetro
portatil (Metrohm AG, Herisau).

6.4 Quantificacido de mercurio
6.4.1 Amostras de dgua

A quantificacdo de Hg dissolvido (HgD) foi realizado nas amostras de agua filtradas.
O material filtrado (40 mL) foi digerido em 7,5 mL de solucdo de 4cido cloridrico (HCI 4N) e 1
mL de KBrO3/KBr (0,1N) em garrafas de vidro Boeco por 30 minutos, em temperatura ambiente.
Ap6s a digestdo, 25 pL de hidroxilamina (12%) foi adicionado para reduzir o excesso de brometo
de potéssio.

Os filtros, provenientes da filtracdo das amostras, foram utilizados para quantificagao
do Hg particulado (HgP). Foi adicionado 20 mL de solugdo 50% de dgua régia (H2O:HCI:HNOs3;
4:3:1) em Erlenmeyer a 70°C, em banho-maria, por uma hora.

Ap6s digestdo, para redugdo do Hg'™? a Hg? foi adicionado solugéo de cloreto de estanho
(SnCl2) 20%. Os niveis de Hg foram medidos em espectrometro de fluorescéncia atbmica por vapor
a frio (Merlin PSA).

6.4.2 Amostras de sedimento

Amostras de sedimento, em duplicata, foram pesadas (0,5 - 1 g, peso seco) em
erlenmeyer contendo 20 mL de dgua régia (50% v/v), em banho-maria a temperatura 70°C por duas
horas. O material resultante foi diluido em baldes volumétricos de 50 mL, e quantificada as
concentragdes de Hg em espectrometro de absor¢ao atdmica por geragao de vapor a frio (CVAANS).
6.4.3 Amostras biologicas

Amostras da musculatura dos organismos foram pesadas (0,5 g, peso seco) em tubos
de teflon, em duplicata. Posteriormente foram adicionados 10 mL de &cido nitrico concentrado
(HNO3 65%) e os tubos foram deixados em temperatura ambiente € em repouso, em um periodo
de 1 hora, para pré-digestdo. Apos esse tempo, os tubos foram levados ao forno digestor (MARS

XPRESS, CEM Corporation) a temperatura de 200°C por 30 minutos para inicio do processo de
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digestao propriamente dito. Apds a digestdo, foi adicionado 1 mL de perdxido de hidrogénio (H203)
aos tubos retirados do forno digestor. O extrato final foi transferido para baldes volumétricos e
diluido a 100 mL com 4gua MilliQ®.

A quantificacdo das concentracdes de Hg total foi realizada utilizando o extrato
digerido e diluido em baldo volumétrico, em um espectrofotdometro de absor¢do atomica por

geracdo de vapor frio (CV-ASS), modelo NIC RA-3 (NIPON®).

6.5 Quantificacdo de metilmercurio

Amostras liofilizadas de musculo de peixes foram utilizadas para quantificacdo de
MeHg. Aproximadamente 100 mg de amostra foram digeridas em 3 mL de solugdo de
KOH/metanol (25% em graus HPLC) em forno a 68 °C por um periodo de trés a quatro horas, no
escuro para evitar a degradacdo do MeHg (EPA-Method 1630., 2001; Liang et al. 1994).
Posteriormente, foi adicionado 200 pL de solucao tampao de acetato (2M, pH 4,5) seguido por 30
pL da amostra e 50 pL de tetraetil borato de sodio (1%) (Taylor et al. 2011).

As amostras foram quantificadas em GC-AFS (MERX-TM Automated Methyl
Mercury Analytical System, Brooks Rand, USA). Analise de material de certificacdo foi

mensurada, apresentando valor de recuperacao de 104 £+ 6%. O limite de deteccao foi de 0,5 ng.g

1

6.6 Analise isotopica

Foram realizadas analises de isotopos estaveis (8!°C e 8!°N) em amostras bioldgicas
liofilizadas (1 mg) através de espectrometro de massa de razao isotopica com fluxo continuo (Delta
V Advantage, Thermo Scientific, Germany) acoplado a um analisador elementar (Flash 2000). As
concentragdes de isdtopos foram expressas na notacao convencional delta (8) relativa a Pee Dee

Belemnite para 8'3C e N atmosférico para 8'°N (Peterson e Fry, 1987).

6.7 Avaliacio de exposicio humana
A avaliacdo do risco de exposicdo humana a MeHg foi mensurada através da equacao
1 descrita por Vieira et al. (2015), onde C corresponde as concentragdes de Hg nas espécies (ng.g’

! peso timido), I é a ingestdo humana per capita, a qual adotamos a taxa de consumo de pescado da
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populagio da regido (35,6 g.dia’!) relatada por Sartori € Amancio (2012), e P é o peso corporal
médio do adulto (70 kg).

E — (CxD
w

(Equacao 1)

Os niveis de exposi¢cdo (E) foram derivados da equacdo 2 para avaliar o Quociente de
Risco (HQ) para cada espécie (Newman e Unger, 2002). Onde, RfD ¢ a dose de referéncia da
Organizagdo Mundial da Satide (0,1 pgmetig.Kgpeso corporal”’.dia’l; OMS, 2008).

HQ = — (Equagdo 2)

6.8 Analise estatistica

Foram realizadas andlises estatisticas através do teste Shapiro-Wilk para verificagdo da
normalidade dos dados. Visando comparar, espacialmente, os resultados das concentragdes de Hg
no sedimento, nas plantas e na fracdo dissolvida e particulada presente na dgua foram realizados
testes de ANOVA e Kruskall-Wallis, quando apresentado dados normais e ndo-normais,
respectivamente. Testes de Mann-Whitney foram realizados para comparar as concentragdes de Hg
na dgua entre as estagdes seca e chuvosa, além da comparagao espacial entre animais coletados em
zonas de influéncia fluvial e marinha. Além de comparagdo espacial, foram construidas curvas de
bioacumulagdo (Spearman) para a fauna amostrada relacionando a concentracdo presente nas
espécies com os dados morfométricos (comprimento e peso). O valor de significancia para os testes
foi de 95% (p < 0,05). Os testes estatisticos e os graficos foram desenvolvidos nos programas

STATISCA 10 (StatSoft. Inc.) e Microsoft Excel (Microsoft Corporation 2016).
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7. Resultados e discussoes

7.1 Distribui¢io de mercirio na fauna estuarina do rio Jaguaribe — CE !

Resumo

Modificagcdes na paisagem natural aliadas as mudangas climaticas globais, alteram a
hidrodinamica da Bacia Inferior do rio Jaguaribe, possibilitando maior biodisponibilidade de
contaminantes, entre eles o mercurio (Hg). Andlise das concentragdes de Hg na fauna
estuarina (13 espécies de peixes e 5 de invertebrados) mostraram variagdes nas concentragdes
de Hg relacionadas aos héabitos alimentares das espécies. Tanto entre invertebrados quanto
nos peixes, as maiores concentragdes foram encontradas nas espécies carnivoras. Entretanto,
ndo foram encontradas diferencas significativas entre as concentracdes médias entre peixes
carnivoros € onivoros, e entre invertebrados carnivoros e filtradores, o que pode estar
relacionado as caracteristicas biologicas especificas, como tamanho, estado de maturagdo e

composi¢ao da dieta.

"Moura, V.L.; Costa, B.G.B; Lacerda, L.D. Distribui¢do de mercurio na fauna estuarina do Rio
Jaguaribe — CE. Arquivo de Ciéncias do Mar. https://doi.org/10.32360/acmar.v51i1.32972
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DISTRIBUICAO DE MERCURIO NA FAUNA ESTUARINA DO RIO JAGUARIBE
-CE

Mercury distribution in the estuarine fauna of the Jaguaribe river - CE

Resumo

Modificagcdes na paisagem natural aliadas as mudangas climaticas globais, alteram a
hidrodinamica da Bacia Inferior do rio Jaguaribe, possibilitando maior biodisponibilidade de
contaminantes, entre eles o mercurio (Hg). Andlise das concentragdes de Hg na fauna
estuarina (13 espécies de peixes e 5 de invertebrados) mostraram variagdes nas concentragdes
de Hg relacionadas aos héabitos alimentares das espécies. Tanto entre invertebrados quanto
nos peixes, as maiores concentragdes foram encontradas nas espécies carnivoras. Entretanto,
ndo foram encontradas diferencas significativas entre as concentracdes médias entre peixes
carnivoros € onivoros, e entre invertebrados carnivoros e filtradores, o que pode estar
relacionado as caracteristicas biologicas especificas, como tamanho, estado de maturagdo e

composi¢ao da dieta.
Palavras-chave: Estuario. Mercurio. Bioacumulagao. Habito alimentar.
Abstract

Modifications in the natural landscape of the Lower Jaguaribe River Basin, associated with
global climate changes, contribute to changes in the hydrodynamics of the Lower Basin of
Jaguaribe river ecosystem, increasing contaminants bioavailability, among them mercury
(Hg). Concentrations of Hg measured in the estuarine fauna (13 species of bonyfish and 5 of
invertebrates) showed variations in Hg concentrations related to feeding habits. Highest
concentrations in both, invertebrates and fish, were found in carnivorous species. However,
no significant differences were found between the mean Hg concentrations in carnivores and
omnivores fishes, and between carnivorous and filter feeders invertebrates, which may be

related to intrinsic characteristics such as size, sexual maturity and diet composition.

Keywords: Estuary. Mercury. Bioaccumulation. Feeding Habit.
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Introduciao

O merctrio (Hg) possui ampla distribuicdo global, podendo ser encontrado no
ambiente sob diferentes espécies quimicas (Streets et al., 2017). A especiagdo quimica do Hg
¢ bastante diversa, podendo ocorrer ligado a compostos organicos e inorganicos. Entretanto,
a forma orgénica (metilmercurio — CH3Hg") é considerada a espécie de maior preocupagido
ambiental, devido a sua elevada toxicidade e seu alto tempo de residéncia nos organismos,
que resulta em elevadas taxas de bioacumulacido e biomagnificagdo (Beckers & Rinklebe,

2017).

O rio Jaguaribe possui uma zona estuarina impactada pela escassez de chuvas,
devido as mudangas climaticas globais, e por modifica¢cdes na paisagem natural, como a
constru¢do de barramentos, que contribuem com alteragdes na hidrodindmica e na
hidroquimica desse estudrio, favorecendo a retencdo das massas de dgua continentais e
condi¢des para maior mobilidade e reatividade do Hg, favorecendo sua biodisponibilidade
(Lacerda et al., 2013). Estudos recentes (Costa & Lacerda, 2014; Rios et al., 2016; Moura &
Lacerda, 2018) tem sugerido um aumento na concentracdo de Hg na biota local como
consequéncia desta maior biodisponibilidade. Assim, este trabalho objetiva quantificar as
concentragdes de Hg na biota da regido estuarina do rio Jaguaribe, afim de entender os fatores

bioldgicos e ecoldgicos responsaveis por sua distribuigao.
Material e métodos

As amostras foram coletadas entre 2007 e 2015 com auxilio dos pescadores
locais através do uso de artes de pesca tipicas, como rede de emalhar e tarrafa, exceto para
captura dos moluscos, coletados manualmente. A coleta ocorreu ao longo da zona estuarina
do rio Jaguaribe (Figura 1), incluindo espécimes de peixes 0sseos, crustdceos (siris e
camardes) e moluscos (bivalves e gastrépodes). No campo, as amostras foram
acondicionadas e preservadas em recipientes térmicos e encaminhados ao Laboratdrio de
Biogeoquimica Costeira (LABOMAR-UFC), para identificagdo da espécie e seu habito
alimentar (FISHBASE, 2018), medicdo e pesagem.

Ap6s identificacdo, sub-amostras da musculatura, para peixes e crustaceos, e de
tecido mole (amostragem composta), para moluscos, foram retiradas e liofilizadas, visando

a preservacao dessas amostras. Em seguida, o material liofilizado foi tratado, seguindo



39

metodologia descrita por Costa e Lacerda (2014) para quantificagdo da concentracao de Hg
total nesses organismos. A quantificacio do Hg foi realizada em um espectrometro de
absorcdo atomica com sistema de geracdo de vapor frio (CVAAS), sendo os resultados

CXPressos em peso SCCo.

Figura 1 - Localizagdo da zona estuarina do rio Jaguaribe.
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O limite de detec¢do médio da metodologia utilizada foi de 3 + 5 ng.g™!, sendo
obtido pela média dos resultados do triplo do desvio padrdo de sete leituras de brancos
multiplicado pelo fator especifico determinado pela distribuicdo ¢ de Student (3,14, gl 6)
(USEPA, 2000). A validagdo dos resultados da concentracdo de Hg foi obtida por andlise,
em duplicata, do material de referéncia certificado CE278K, apresentando recuperagdo média
de 81%. A normalidade dos dados foi analisada através do teste de Shapiro-Whilk,
apresentando resultados para dados ndo normais. A relacdo entre as concentracdes de Hg e o
habito alimentar apresentado pelas espécies coletadas foi analisada por testes de Kruskal-
Wallis e ANOVA, ap6s avaliagdo da curva dos residuos. Havendo diferenga entre os grupos
amostrados, testes a posteriori foram realizados para descobrir quais grupos apresentavam
distingdo. O valor de significancia adotado para os testes foi de 95% (p < 0,05). Os testes
estatisticos e os graficos bloxspot foram realizados no programa Past 3.05 (Copyright

Hammer 1999-2015) e Microsoft® Office 2016 (Microsoft Corporation 2016).
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Resultados e discussao

Foram coletados e analisados 188 peixes 0sseos e 99 organismos invertebrados,
sendo 63 crustaceos e 36 moluscos. A concentragdo média de Hg total (Tabela I e IT) variou
entre 12 +4 ¢ 90 + 52 ng.g™! entre os invertebrados, ja entre os peixes variou entre 13 +2 ¢
256 + 198 ng.g'!. As maiores concentragdes de Hg total, entre as espécies de invertebrados,
foram observadas em siris do género Callinectes (Tabela I), crustdceos carnivoros, que
possuem uma dieta composta principalmente por crustaceos e moluscos (Carqueija &
Gouvea, 1998; Carvalho & Couto, 2010). As maiores concentragdes encontradas podem estar
relacionadas a elevada bioacumulagdo e longo tempo de residéncia do Hg em espécies

carnivoras (Reichmuth et al., 2010).

Tabela 1 - Numero amostral (n), habito alimentar, comprimento, peso e concentragdo de Hg nos invertebrados

da regido estuarina do rio Jaguaribe, CE.

. Habito 1
Espécie n alimentar Comp. (cm) Peso (g) [Hg] Tot. (ng.g™)
10£2 77+43 90+ 53
Callinectes sp. 19 Carnivoro
(7,5 -12,5) (30,5 - 152) (21,4 -201,4)
9+1 56+8 46 + 12
Pugilina morio 5 Carnivoro
9-10) (48,6 - 67,6) (32,7-64,7)
1+£04 55+£8
Mpytella charruana 10 Filtrador N.M.*
0,7-2,2) (46 - 70,3)
. 2+0,2 4+2 52+13
Zlnorzc.zlocardza 21 Filtrador
rasiiana (1,7-2,3) (2,5-9,9) (27 - 74,6)
. 9+3 9+4 13+£6
Litop enaeus 44 Detritivoro
vannamet (2,9 -16) (2,5-25,5) (7,3 -39,5)

* Nao foi medido

Foi possivel observar uma diferenga significativa (H = 66,12; p < 0,05) entre as
concentragdes de Hg total nos diferentes hdabitos alimentares apresentados pelos
invertebrados (Figura 2). As concentragdes médias de Hg em carnivoros e filtradores foram
maiores que nos detritivoros. As menores concentragdes encontradas na espécie L. vannamei

podem ser devido ao fato desses organismos serem exoticos e provavelmente terem escapado
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de fazendas de carcinicultura. Concentragdes similares de Hg medidas em L. vannamei,
coletados diretamente em tanques de cultivo por Soares et al. (2011) (6,3 — 15,9 ng.g!)

corroboram essa afirmacao.

Figura 2 - Relagdo entre as concentragdes de Hg total e o habito alimentar das espécies de invertebrados da

zona estuarina do rio Jaguaribe.
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As espécies de invertebrados filtradoras apresentaram concentragdes médias
similares as espécies carnivoras, inclusive aqueles medidos no gastrépode carnivoro P.
morio, apesar de estarem mais proximas a base da cadeia trofica. Este fato pode estar
relacionado a assimilacdo majoritaria de espécies quimicas dissolvidas na dgua e adsorvidas
em particulas de sedimento ou suspensdo por espécies filtradoras, compartimentos mais
enriquecidos em espécies de Hg inorganicas de menor taxa de bioacumulagdo, em
contraposi¢do ao incorporado via dieta, que possui maior concentragdo de Hg organico de

bioacumulagdo mais eficiente (Beckers & Rinklebe, 2017; Briant et al., 2017).

A maior concentracdo média de Hg foi observada no ariacé (L. synagris), entre
os peixes, espécie de habito carnivoro, possuindo alimentagdo composta principalmente por
peixes e crustaceos (Allen, 1985). Claramente, os individuos desta espécie coletados em 2010
foram significativamente maiores que em 2015, justificando as maiores concentra¢des de Hg
encontradas em 2010 nesta espécie. Também no robalo (C. parallelus), o maior tamanho em
2010 resultou em maiores concentracdes de Hg. Modificagdes morfologicas e fisiologicas,

como o aumento do tamanho da boca, contribuem para aumentar a concentragdo de Hg entre
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individuos de mesma espécie. Por exemplo, a captura de presas maiores, que geralmente
apresentam concentracdes de Hg superiores a de pequenas presas (Chouvelon et al., 2014),
ou a captura de um maior nimero de presas, ocasionam uma maior exposi¢do ao Hg em
organismos maiores através da dieta (Dang & Wang, 2012). Organismos maiores também
foram expostos a niveis ambientais do Hg por mais tempo. A espécie M. americanus
apresentou comportamento oposto, com maiores concentragdes de Hg em individuos

menores, entretanto o baixo numero amostral ndo permite a discussio deste resultado.

Além de wvariagdes intraespecificas, as concentracdes de Hg também
apresentaram variagdes interespecificas. Também foram observados, em peixes, maiores
concentragdes de Hg em espécies carnivoras (Tabela II). Entretanto ndo houve diferenca
significativa entre as concentragdes médias de carnivoros e onivoros (U =2710,5; p > 0,05).
Por outro lado, as menores concentracdes de Hg em peixes foram observadas em espécies

planctivoras (Figura 3).

Tabela 2 - Numero amostral (n), ano de coleta, habito alimentar, comprimento, peso e concentragdo de Hg em

peixes da regido estuarina do rio Jaguaribe, CE.

. . Ano de Habito [Hg] Tot. (ng.g
Espécie coleta  alimentar Comp. (cm) Peso (g) 1)
Lutjanus synagris* 4 2010 Carnivoro 27+7 325+222 257+ 198
(19-35) (100,0 - 600,0) (95,8 - 545,9)
5 2015 18+4 85+55 60+ 15
(14 -25) (39,7-174,6) (40,9 - 80,6)
Plagioscion 4 Carnivoro 25+3 164 + 53 141 £ 85
SquUamosissimus
(22,5-29) (88,0 -204,0) (51,1-235,1)
Haemulon plumieri 6 Carnivoro 20+1 133 +£26 124 + 68
(19-23) (100,0 - 175,0) (71,9 -250,7)
Centropomus 11 2013 Carnivoro 31+7 285+ 159 124 + 38
parallelus*
(23 -47) (140,0 - 724,0) (69,5 -202,2)
3 2015 19+6 58+ 51 3812
(15-25) (24,0-117,5) (27,0 - 50,7)
Menticirrhus 3 2013 Carnivoro 24 +1 131+23 382
americanus*

(22,5-24,5) (110,0-156,0) (36,3 -39,8)
6 2015 14+1 28+8 103 £ 30
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(12,5-15) (20,1 -41,3) (64,8 - 143,7)
Carnivoro 25+£2 84+24 98 £ 29
(22,5-27,5) (56,7-110,0) (57,5-123,7)
Carnivoro 17+£2 79 £ 34 96 +23
(14,0-19,6) (40,0 - 130,0) (76,1 - 137,3)
Carnivoro 13+£2 32+£10 65 +34

(10-15)  (18,7-458)  (39,8-128.8)

Onivoro 27+3 353+133 228 £ 114 (95,1
(260,0 - 550,0) -374,1)
(24 -32)
Onivoro 23+7 135+ 144 98 £ 69

(10,8 -50) (12,0 -1774,0) (8,7 -300,5)
Onivoro 18+6 108 + 89 79 £ 81
(10,5-27,5) (22,0 - 322,0) (17,0 - 518,1)
Planctivoro 23+4 137+85 23+13
(19 -33) (67,9 - 286,0) (5,4-41,1)
Planctivoro 22+1 32+7 14+3

(20,5-24,5)  (23,3-42,4) (11,5-17,1)

*Qs individuos foram separados por ano de coleta devido a diferenca significativa entre o comprimento médio

para cada periodo de coleta.

Soares et al. (2016) também encontraram maiores concentragdes de Hg em

espécies de peixes carnivoras na bacia do Rio Negro, Amazdnia. Pinho et al. (2002),

trabalhando com tubardes da plataforma continental, também observou variagdes na

concentragdo de Hg entre espécies com dietas distintas, com maiores concentragdes

encontradas em espécies piscivoras. A dieta especifica, portanto, contribui para uma maior

variancia nas concentragdes de Hg entre espécies de hdbito alimentar semelhante,

demonstrando assim a importancia da anélise de Hg em itens de dieta para uma melhor

compreensdo dos fatores controladores da concentragdo de Hg na biota.
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Figura 3 - Relagdo entre as concentragdes de Hg total e o habito alimentar das espécies de peixes da zona

estuarina do rio Jaguaribe.
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As concentragdes de Hg medidas nas espécies de peixes e invertebrados, da
regido estuarina do rio Jaguaribe estdo muito abaixo dos limites estabelecidos pela legisla¢ao
brasileira vigente (Portaria n°® 685, de 27 de agosto de 1998, da Agéncia Nacional de
Vigilancia Sanitaria). Entretanto, sugere-se que mudangas nas caracteristicas hidroquimcias
e hidrodindmicas desse ecossistema estdo contribuindo para uma maior biodisponibilidade
do Hg, que aliada ao aumento das taxas de consumo pelas comunidades locais, pode tornar-
se um risco de exposicdo humana a longo prazo, apesar das baixas concentragdes

encontradas, como sugerido em estudos anteriores (Costa & Lacerda, 2014; Moura &

Lacerda, 2018).

Conclusao

Apesar das baixas cargas de Hg introduzidas na zona estuarina do rio Jaguaribe,
suas condigdes ambientais contribuem para biodisponibilizagdo desse contaminante.
Contudo, fatores bioldgicos, como o habito alimentar e o tamanho, contribuem com variagdes
nas concentragdes de Hg entre as espécies e individuos, respectivamente, o que pode ser
observado tanto nos vertebrados quanto nos invertebrados, resultando em maiores
concentragdes em espécies carnivoras, quando comparados a espécies proximas a base da

cadeia trofica e dentro de uma mesma espécie, em individuos maiores.
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7.2 Ecological and biological factors associated to mercury accumulation in batoids

(Chondrichthyes: Batoidea) from northeastern Brazil 2

Resumo

O presente estudo tem como objetivo entender como fatores ecoldgicos e bioldgicos afetam
os niveis de Hg em raias ocorridas no litoral nordestino brasileiro. Foram realizadas analises
totais de mercurio (Hg), metilmercurico (MeHg) e isotopo estavel (3'3C e §'°N) em cinco
espécies. Hypanus americanus € Gymnura micrura apresentaram as maiores concentragdes
totais de Hg (300 e 176 ng.g!, respectivamente). Hypanus guftatus apresentou uma
correlacdo significativa entre Hg total e tamanho. Ambas as espécies do género Hypanus
apresentaram o maior percentual de MeHg, em torno de 100%, enquanto as outras espécies
apresentaram percentuais medianos abaixo de 50%. As assinaturas de 8'3C e §!°N sugerem
que todas as espécies estudadas apresentam o mesmo habitat de forrageamento, porém
diferentes posi¢des troficas. A posigdo trofica e o tamanho dos animais foram os principais
fatores que influenciaram as concentragdes totais de Hg e MeHg em espécies batoides. O
género Hypanus, presente no mercado brasileiro de peixes, apresentou concentragdes acima

dos limites aceitos para o consumo humano.

2Moura, V.L.; Rabelo, J.N.; Bezerra, M.F.; Silva, G.B.; Faria, V.V.; Rezende, C.E.; Bastos, W.R.;
Lacerda, L.D. Ecological and biological factors associated to mercury accumulation in batoids
(Chondrichthyes: Batoidea) from northeastern Brazil. Marine Pollution Bulletin.
https://doi.org/10.1016/j.marpolbul.2020.111761
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Abstract

The present study aims to understand how ecological and biological factors affect the Hg
levels in stingrays occurring in the Northeastern Brazilian coast. Total mercury (Hg),
methylmercury (MeHg) and stable isotope (8'°C and §!°N) analyses were performed in five
species. Hypanus americanus and Gymnura micrura showed the highest total Hg
concentrations (300 and 176 ng.g™!, respectively). Hypanus guttatus exhibited a significant
correlation between total Hg and size. Both species of the genus Hypanus presented the
highest percentage of MeHg, around 100%, whereas the other species showed median
percentages below 50%. The §'3C and 8'°N signatures suggest that all studied species present
the same foraging habitat but different trophic positions. Trophic position and animal size
were the main factors influencing total Hg and MeHg concentrations in batoid species. The
genus Hypanus, present in the Brazilian fish markets, showed concentrations above the

accepted limits for human consumption.

Keywords: Hg, MeHg, Stable isotopes, Stingray, Bioaccumulation
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Introduction

Mercury (Hg) is a trace metal naturally occurring in the environment, but
anthropogenic activities have changed its distribution and concentrations in coastal
ecosystems (Fitzgerald et al., 2007). In that context, aquatic organisms can reflect changes in
environmental concentrations because Hg suffers high bioaccumulation and in its organic
form, methyl-mercury (MeHg) it biomagnifies along food chains. Consequently, higher
trophic level species, including human populations, are potentially exposed to Hg
contamination and its negative effects (Streets et al., 2019).

Predatory fishes, like elasmobranchs, often present higher Hg concentrations
compared to other fish species (Wang and Wang, 2019). Slow growth, late maturation, high
trophic level and other characteristics particular to this group contributes to the more efficient
bioaccumulation of contaminants (Gelsleichter and Walker, 2010). Among elasmobranchs,
batoids (e.g. stingrays, skates, and guitar fishes) are potentially more exposed to
contaminants by inhabiting benthic habitats (Frisk, 2010), where Hg concentrations
(Lamborg et al., 2014) and bioavailability (Signa et al., 2017) are generally higher compared
to adjacent water column. In a recent review, Bezerra et al. (2019) discussed Hg accumulation
trends in batoid species worldwide and highlighted the scarcity of contamination
assessments, especially for the South Atlantic Ocean, despite their importance as benthic
predators and high occurrence in fisheries production as by-catch.

To date, for the South Atlantic Ocean, there is only a few studies reporting total
Hg levels in batoid species, Hypanus guttatus (Lacerda et al., 2016); Sympterygia bonapartei
and Myliobatis goodei (Marcovecchio et al., 1988); Zapteryx brevirostris (Muto et al., 2014);
and Dasyatis margarita (Ntow et al., 1989). Therefore, making difficult the understanding
of the biological and ecological factors influencing Hg uptake and accumulation. Also, based
on such few species and locations reported on those studies, it is still impossible to compare
the situation of batoid in the South Atlantic Ocean with other areas of the world’s oceans. To
help improve this situation, the present study aims to understand how ecological and
biological factors (e.g. size, weight, sex, diet, 813C, and 615N) affect the Hg levels in five
batoid species occurring in the continental shelf of the Northeastern Brazilian coast. The
results allowed the evaluation of the potential exposure risk to humans that consume these
batoid species and to contribute to the limited literature of contamination assessments in

batoids worldwide.
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Material and Methods

Batoid samples were obtained from artisanal fishery vessels at Icarai beach,
Ceara State, Northeastern Brazil (Lat. 03°67°S; Long. 38°67°W) between March and July
2015. Cear4 state is part of the East Brazilian Shelf, a region with meso-tide regime under
the influence of the North Brazil current. This region has annual average surface temperature
of 28°C and oligotrophic waters with a low primary productivity (Sherman and Hempel,
2009). Local climate varies from semiarid to sub-humid regimes with annual precipitation of
700 mm to 1,200 mm (Lima et al., 2000). Fishery production is predominantly artisanal
corresponding to 78.2% of all fishing fleets, and responsible for 64.7% of fish captured in
the Ceara state (IBAMA, 2002).

Batoid species were captured using bottom long line and gill-net. Taxonomic
identification, life stage and diet were based on the literature for each species: Aetobatus
narinari - Whitespotted eagle ray (Bassos-Hull et al., 2014; Schluessel et al., 2010),
Rhinoptera bonasus - Cownose ray (Collins, 2005; Smith and Merriner, 2006), Hypanus
americanus - Southern stingray (Nunes, 2015; Silva, 2005), Hypanus guttatus - Longnose
stingray (Silva et al., 2001; Silva, 2005) and Gymnura micrura - Smooth butterfly ray
(Yokota et al., 2013; Yokota and Carvalho, 2017). Individual weight and disk width (DW)
were determined by digital scale (0.1 g precision), and measure tape (0.1 cm precision),
respectively. Sex was determined by the presence of clasper.

The muscle samples from the pectoral fins of each individual were freeze-dried
upon arrival in the lab. Moisture content was calculated for each species and used to report
the results on a wet weight basis. All species showed average moisture content of 77%, except
Aetobatus narinari that presented a slightly but significantly lower average (75%) (F =31.2,
p <0.05).

Total Hg concentrations were quantified by cold vapor atomic absorption
spectrophotometry (CV-AAS). The average limit of detection (LOD) was 0.7 ng.g’l.
Validation of the methods was obtained by simultaneous analysis, in duplicate, of certified
reference material (Mussel Tissue ERM-CE 278K) with recovery of 113 + 35%.

MeHg and stable isotopes (8'3C, and 8'°N) were determined in selected samples,
based on size and total Hg concentration as criteria. We selected sub-samples of the large,
medium and small animals (Table 1). In species with a low range of size, animals with the

highest and lowest total Hg concentrations were selected.
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To quantify MeHg, approximately 100 mg of muscle samples were placed in an
oven at 68 °C for 3-4 h with 3.0 mL of 25% KOH/methanol (degree HPLC) in the dark to
avoid possible degradation of MeHg (EPA-Method 1630., 2001; Lian et al. 1994). The
subsequent ethylation was made using 200 pL of 2 M acetate buffer (pH 4.5) followed by 30
pL of the sample and 50 pL of tetraethyl sodium borate (1%) (Taylor et al. 2011). The
quantification was obtained with a GC-AFS (MERXTM Automated Methyl Mercury
Analytical System, Brooks Rand, USA). Certified standard (DOLT-2) was included in every
sample batch yielding a recovery of 104 + 6%. The limit of detection was 0.5 ng.g! (Ellison
et al., 2002).

The stable isotopes ratios (8'3C and 8'°N) were quantified in a continuous-flow
isotope-ratio mass spectrometer (Delta V Advantage, Thermo Scientific, Germany) coupled
to an elemental analyzer (Flash 2000) using 1 mg of lyophized sub-samples. Isotopes
concentrations are expressed in the conventional delta (6) notation relative to Pee Dee
Belemnite for §!°C and atmospheric N, for §!°N (Peterson and Fry, 1987).

To estimate the risk of human exposure to MeHg, we use equation (1) described
by Vieira et al. (2015), where C corresponding to batoids Hg concentrations (ng.g"! wet
weight), I is the human ingestion per capita, where we adopt the rate of fish consumption of
the region’s population (35.6 g.day!) reported by Sartori and Amancio (2012), and W is the
adult average body weight (70 kg).

E == (Equation 1)

The calculated exposure levels (E) were derived from equation (2) to assess the

Hazard Quotient (HQ) for each species (Newman and Unger, 2002).

HQ = — (Equation 2)

Where, RfD is the reference dose from the World Health Organization (0.1
UEMeHg K@hody weight'.day™'; WHO, 2008). Outliers data were identified and removed from
subsequent statistical analysis. Shapiro-Wilk test was employed to test normality
assumptions. Non-parametric Kruskal-Wallis test was used to compare DW, weight, Hg

concentrations among species and Man-Whitney test was employed to compare differences
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between males and females. Scatterplots of Hg/DW and 6'*C/3!°N plots were used to observe
the relationship between size and Hg concentrations and the influence of feeding ecology of
the sampled species on their Hg content. All significance tests were conducted using an alpha
value of 0.05 (95% confidence). Graphs and statistical tests were performed using Microsoft®

Office 2016 (Microsoft Corporation, 2016) and Copyright® StatSoft. Inc. (1984-2011).

Results

A total of 56 individuals from the five species (Hypanus americanus, H. guttatus,
Aetobatus narinari, Rhinoptera bonasus and Gymnura micrura) were assessed. Species
feeding habit, life stage, disc width, weight, total Hg and MeHg concentrations, and stable
isotopes (8'°C and 8'°N) are presented in Table 1.

Table 1. Median and range of total Hg concentrations, diet composition, 6 13C and 6 15N stable isotope ratios,
life stage, and biometric information (disc width (DW)) of five batoid species from Ceard coast, NE Brazil.

Common name Feeding Diet Life DW Weight Total Hg 3BC 3PN
(Scientific name) habit* Stage® (cm) (kg) (ng.g™h) (%0) (%o0)
Southern stinera Molluscs 74 10 300 -14.4 11.4
(}’; a;ens.cafm; C  Crustacean A  52-91 4-22 200-1,197 -154—-13.9 8.7-13.6

' Fishes m=12) (n=12) (m=12) (n=4) (n=4)
Lonen. inorta Molluscs 32 0.7 56 -14.7 11.1
ONEnose SMeray  « Crygtacean JA  11-72 0.1-11 1-1,089 -153—-13.7 87139
(H. guttatus) . _ B _ B _
Fishes m=17) (m=16) (m=17) n=7) n=7)
Smooth butterfly Crustacean 48 1 176 -14.3 13.0
ray C Fishes JA 24-58 1.1 —1.8 42-417 -147--13.8 11.8—-15.8
(G. micrura) m=6) (n=06) (n=16) (n=3) n=3)
35 0.5 10 -14.8 9.5

Cownose ray

Bivalves NB/A 30-90 0.3-9 4-32 -155--14.0 92-135
(R. bonasus)

=9 (@m=9) n=9) (n=3) (n=3)

41 0.8 6 -15.1 9.7
D Bivalves J 33-48 04-12 1-22 -16.1--144 94-103
n=12) (n=12) (n=12) (n=4) (n=4)

Spotted eagle ray
(4. narinari)

* D — Durophagous; C — Carnivorous.
" NB — Newborn; J — Juvenile; A — Adult.

Total Hg concentrations were highest in H. americanus (300 + 112 ng.g™!), but
not significantly different than G. micrura (median of 176 + 68 ng.g!) (U = 15, p > 0.05),
followed by H. guttatus (56 + 90 ng.g"), R. bonasus (10 + 3 ng.g’") and A4. narinari (6 + 2
ng.g’!) (Table 1).
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The genus Hypanus, in contrast to the other species, presented MeHg
concentrations above the safety limits for human consumption (Table 2). All individuals of
H. americanus and three of H. guttatus showed MeHg concentrations above the maximum
level allowed by the World Health Organization (100 ng.g™!), however only one individual
of each species presented Hg concentrations above the safety limits established by Brazilian
legislation for predatory species (1,000 ng.g™!). Correlations between Hg levels and DW were
only significant for H. guttatus. Concentrations showed an accentuated increase with animal

size for this species (Fig. 1).

Table 2. MeHg percentages (w.w. basis), exposure level (E) and hazard quotient (HQ) of five batoid species
from Ceara coast, NE Brazil.
Common name

0 1yl
(Scientific name) MeHg (%) E (ngkg'.day™") HQ
Southern stingray 9 1_0? 16 162 1.6
(H. americanus) (n=>5) 475-162 1-4.8
. 128
Longnose singray 88 _ 151 280 2.8
(H. guttatus) _ 25-663 0.2-6.6
(n=06)
Smooth butterfly ray 41 4_797 21 0.2
(G. micrura) _ 11-97 0.1-0.9
(n=3)
20
Cownose ray 17— 44 1.4 0.01
(R. bonasus) (n=3) 1-4 0.01 -0.04
Spotted eagle ray 1 5{57 5 3 0.02
(4. narinari) (n=4) 0.8-5.1 0.009 - 0.05

The genus Hypanus displayed a higher MeHg/Hg ratio among the batoid species
studied. Virtually all Hg measured in muscle tissues of H. americanus and H. guttatus was
MeHg (Table 2). In contrast, G. micrura, A. narinari and R. bonasus exhibited 47%, 44%
and 22% MeHg/Hg ratio, respectively (Table 2). Only one specimen of G. micrura showed
a higher proportion (97%). MeHg, similar to total Hg concentrations, presented significant
and strong correlation with DW in H. guttatus. However, no significant correlation was found

between MeHg concentrations and size in the other species.
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Figure 1. Total Hg bioaccumulation curve for H. guttatus from the Ceara coast, NE Brazil.

Differences in Hg concentration and size between male and female were not
statistically significant for H. guttatus (U=10, p > 0.05; Size: U=15, p > 0.05), A. narinari
(U=15, p > 0.05; Size: U=14, p > 0.05) and R. bonasus (U=5, p > 0.05; Size: U=7, p > 0.05).
The species H. americanus and G. micrura were composed mostly of male and female

specimens, respectively, which prevented us to test for sex differences in Hg concentrations.
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Figure 2. Median (+ Standard error) isotopic ratios (§13C and 315N) for stingrays from the northeastern
Brazilian coast.
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Highest 8'°C and 3'°N ratios averages were observed in G. micrura, followed by
H. americanus and H. guttatus, whereas R. bonasus and A. narinari presented the lowest
(Fig.2). However, these observed differences were not statistically significant (8'*C: H=4.4,
p > 0.05; 8'°N: H=5.6, p > 0.05). Considering the relationship between stable isotopes and
Hg concentrations it was possible to observe a general increase in concentrations with
increases in 8'°N ratios for all species, except H. americanus, which presented the highest
median Hg concentrations (Fig.3). H. guttatus was the only species that presented a
significant correlation between Hg concentrations and 8'°N (r = 0.83, p < 0.05) (Fig. 4). The

other species showed no significant correlation, between Hg concentrations and 8'°N.

450 -
300 - — 3 —
2 3 OH. americanus
= X H. guttatus
z inari
— 150 - O A. narinari
jes] AR. bonasus
OG. micrura
0 ﬁ T T T 1
8 10 12 14 16

515N (%o)

Figure 3. Median concentrations of Hg (+ Standard error) concentration in the function of 815N variation for
each stingray species.

The median values of HQ calculated for genus Hypanus surpass the reference
level of exposure (RfD) (Table 2). Three individuals of the H. guttatus and all individuals of
H. americanus showed HQ > 1.0 relative to the RfD, that it is considered the level to cause

adverse effects to consumers.

Discussion

Diet is an important factor that drives Hg and MeHg concentrations in fish
species, due to its capacity to biomagnify along the food web (Chumchal et al., 2010;
Clarkson and Magos, 2006; Li et al., 2009; Moura and Lacerda, 2018). In elasmobranches,
Pinho et al. (2002) found relationship between the Hg concentrations and feeding habits when

analyzing sharks from Brazilian offshore waters. For batoids, Bezerra et al. (2019) shown
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similar results, where Hg concentrations are generally higher in crustacean feeders compared
to zooplankton feeders. In the present study, the highest Hg concentrations were found in A.
americanus, wich presents diets mainly composed of crustaceans and some fishes, and G.
micrura, a strictly piscivorous species (Figueiredo, 1977; Tilley, 2011). In contrast, A.
narinari and R. bonasus presented the lowest Hg concentrations likely because their a diet is
mainly composed by mollusks (Figueiredo, 1977). Except for H. guttatus, which presented
Hg concentrations above that found by Lacerda et al. (2016) for the same species, none of
the sampled species have been previously reported regarding Hg levels which hamper direct
comparisons with our results.

15 -
14 -

8 T T T T T T 1
8 18 28 38 48 58 68 78

DW (cm)

Figure 4. Variation in the diet, expressed as 615N ratios, for H. guttatus according to size.

Another important aspect of Hg accumulation is its relationship with size, in
which older/larger fishes generally present higher Hg content. That is the case for many
predatory bone fish (Junqué et al., 2018; Stafford and Haines, 2001), as well as elasmobranch
species (Murillo-Cisneros et al., 2018; Taylor et al., 2014; Sandoval-Herrera et al. 2016). We
found a significant positive correlation between Hg concentrations and size in H. guttatus
(Tspearman=0.79), which was attributed to differences in diet between juveniles and adults.
Ontogenetic shifts in diet was previously described for this species (Silva et al., 2001) with
juveniles presenting higher frequency of invertebrates in the stomach, while adults presented
some fish species. A positive relationship between 8'°N and size found in this same species
is an important evidence of ontogenetic shifts. Nielsen et al. (2019) and Park et al. (2018)

comparing the stomach content and isotopic signature in Greenland sharks and Walleye
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pollock, respectively, found differences in 8'°N signatures between individuals with distinct
diet composition.

The same author also described a similar diet shift for H. americanus, but because
we only analyzed adult specimens a clear relationship between Hg concentrations and size
was not observed.

Although the increase in size is not related to a rise in Hg concentrations. When
the growth rate is higher than bioaccumulation, it is possible to see a reduction in Hg
concentrations (Pinho et al., 2002). These factors are possible explanations for the absence
of a significant correlation between Hg concentrations and length in the studied species,
except for H. guttatus.

Among the Hg chemical compounds, MeHg deserves a special attention because
of the high toxicity and longer residence time in the organism (WHO, 1990; Bisinoti and
Jardim, 2004). In our study, only the genus Hypanus presented the majority of their Hg
content as MeHg (>100%), while the other species showed lower proportions, varying from
20% to 47%. The relative contents of MeHg found in 4. narinari and R. bonasus are in
agreement with their diet, which is composed mostly by invertebrates (Collins, 2005;
Schluessel et al., 2010). A similar result was found by Pinho et al. (2002) in shark species
from the Brazilian coast, in which the piscivorous Squalus mitsukurii presented higher MeHg
content relative to the total Hg concertation than Mustelus canis, an invertebrate feeder.

The 8'3C ratios observed in all the studied species corroborate a coastal water
feeding habitat (Ben-David et al., 1997; Hobson et al., 1997; Peterson and Fry, 1987). We
found no statistically significant differences in 8'°N and 8'3C among species, however, a
clear increase in Hg concentration was observed in species enriched in 8'°N. This pattern was
previously reported in sharks from the Western Atlantic Ocean (Taylor et al. 2014) and the
North Atlantic (Newman et al. 2011), where increases in Hg concentrations were positively
correlated with 8'°N.

A. narinari, R. bonasus, and G. micrura, which present low MeHg
percentage, showed calculated HQ values below the reference dose, which means the level
of exposure does not cause a threat to consumers, but these species are not frequently
consumed because of the low quality of their meat (Figueiredo, 1977). Although the genus
Hypanus showed high median HQ value with concentrations above the safety limits for

human consumption. These species, differently from another one, presented a high MeHg



57

percentage and are commonly commercialized in the northeastern Brazilian fish market

(Spanopoulos-Zarco et al., 2014).

Conclusion

Our results contribute to the scarce number of studies on the Hg distribution in
batoid species in the South Atlantic, and it is the first study simultaneously presenting MeHg
content and stable isotopes signatures in stingrays from this basin. Animal size and feeding
ecology were the main factors influencing variation in Hg concentrations. However, due to
a small sample size for some species we urge future studies to collect a higher number of
individuals, and including juvenile and adult specimens, in order to assess any eventual
variation in Hg levels due to ontogenetic shifts. Moreover, the genus Hypanus presented high
MeHg levels and high risk of exposure to humans consuming them. We found three
individuals of H. guttatus and all individuals of H. americanus containing Hg levels above
the consumption limit. That is especially concerning for local coastal populations that present
a high consumption rate of these fisheries and may be impacted from potential adverse effects

from Hg concentration.
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7.3 Contrasting Mercury Bioavailability in the Marine and Fluvial Dominated Areas of

the Jaguaribe River Basin, Ceara, Brazil

Resumo

Este estudo avalia a influéncia de fatores ambientais e bioldgicos sobre as concentragdes de
mercurio (Hg) na fauna aquatica na Bacia do Baixo Jaguaribe (LJRB) — NE, Brasil. Duas
campanhas realizadas em 2015 nas areas de influéncia fluvial (FDA) e marinha (MDA)
resultaram em 830 organismos de 16 espécies coletadas (nove de peixes e sete de
invertebrados). Entre os invertebrados, a maior concentracdo de Hg ocorreu no caranguejo
Callinectes bocourti (201 ng.g’!), enquanto entre os peixes a maior concentragdo foi
encontrada na Ubarana, Elops saurus (109 ng.g!), ambos carnivoros e de alto nivel trofico
(TL). A comparagdo intraespecifica mostrou concentragdes significativas de Hg maiores em
individuos capturados na MDA. Além disso, a taxa de bioacumula¢do de Hg no camardo
Litopenaeus vannamei também foi muito maior na MDA. Esses resultados apontam para um
controle concomitante da biodisponibilidade de Hg por variaveis fisico-quimicas ao longo

do gradiente estuarino da LJRB.

*Moura, V.L.; Lacerda, L.D. Contrasting Mercury Bioavailability in the Marine and Fluvial
Dominated Areas of the Jaguaribe River Basin, Ceard, Brazil. Bulletin of Environmental
Contamination and Toxicology. https://doi.org/10.1007/s00128-018-2368-7
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Abstract

This study evaluates the influence of environmental and biological factors upon the mercury
(Hg) concentrations in the aquatic fauna in the Lower Jaguaribe River Basin (LJRB) — NE,
Brazil. Two campaigns conducted in 2015 in the fluvial (FDA) and in the marine-dominated
(MDA) areas resulted in 830 organisms from 16 species collected (nine of finfish and seven
of invertebrates). Among the invertebrates, the highest Hg concentration occurred in the crab
Callinectes bocourti (201 ng.g!), while among the finfish the highest concentration was
found in the ladyfish Elops saurus (109 ng.g™"), both carnivorous and of high trophic level
(TL). Intra-specific comparison showed significant higher Hg concentrations in individuals
captured in the MDA. Also, Hg bioaccumulation rate in the shrimp Litopenaeus vannamei
was also much higher in the MDA. These results, point to a concomitant control of Hg

bioavailability by physical-chemical variables along the estuarine gradient of the LIRB.

Keywords: Estuary, mercury, bioaccumulation, biological factors, environmental factors

Mercury (Hg) is widely distributed in the environment mostly due to natural
sources and may reach high concentrations even in areas without significant human
interference, although anthropogenic activities also contribute significantly with the increase
in emissions and the incorporation of Hg into the environment. Being non-essential, Hg
becomes fairly harmful to the biota when is present in high concentrations and by the
complexity of its biogeochemical cycle that involves chemical species of differing toxicity
and bioavailability, results in relatively high human exposure to populations using natural
aquatic biological resources (Streets et al. 2017). Bioavailability in the aquatic environment

depends on many environmental variables such as water salinity, pH, sulfide concentration,
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redox conditions and substrate type, that vary both temporally (e.g., seasonal variation) and
spatially (e.g., the estuarine gradient). Therefore, the final Hg content of a given organism
will be affected by such variables. On the other hand, biological and ecological parameters,
such as size, age and, trophic state will also influence Hg concentrations in aquatic organisms
(Eagles-Smith and Ackerman 2014).

Contamination by Hg in non-industrialized areas, such as the Jaguaribe River
estuary in Northeastern Brazil, is caused mostly by solid waste disposal (75 kg.year!),
releases of untreated effluents from urban areas (150 kg.year'!) and a small contribution from
shrimp farming (0.35 kg.year™!) (Lacerda et al. 2011). In addition, natural biogeochemical
characteristics and changes in land use, such as the construction of dams, and climate change,
can potentialize Hg contamination and increase Hg bioavailability, as suggested by previous
studies in that region (Lacerda et al. 2013). However, results are from site specific studies
that failed to assess the influence of the estuarine gradient on Hg concentrations. To assess
Hg bioavailability along the Jaguaribe River Estuary, this study presents the distribution of
Hg in organisms that inhabit two contrasting salinity areas and discuss the relative importance
of biological, ecological and environmental factors on Hg bioaccumulation, in order to
understand the dynamics of Hg in the trophic web of the estuary and future responses to

changing environmental conditions.

Materials and Methods

The LIRB (3,275 km?) is located in Ceara State, NE Brazil, under a semiarid
climate with annual precipitation varying between minimum and maximum extremes of 200
and 1,300 mm, distributed in a short rainy season (February-May) with 50 to 200 mm per
month, and a long dry season (June-January), with low monthly rainfall varying between 0
and 50 mm (FUNCEME 2017). Two field campaigns were conducted in May and November
2015 in five sampling stations along the estuarine gradient, which extends about 34 km from
the Itaicaba’s dam to the sea. Two stations (Itaigaba and Cabreiro) were established within
the fluvial dominated area (FDA) (salinity range from 8.4 — 29.9 and 0.1 — 29.4, in the dry
and wet season respectively) and three stations (Vila do Volta, Jardim de Baixo and Fortim)
within the marine dominated area (MDA) (salinity range from 17.7 — 39.1 and 0.2 — 35.3 in

the dry and wet season, respectively) (Figure 1). These two sectors were established based
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on decadal monitoring of the hydrochemistry and hydrodynamics by Marins et al. (2003) and
Lacerda et al. (2013).

' 1FDA

Map legend
B Urban area
EX) Shrimp farm
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Figure 1 Location map of sampling points, urban areas and shrimp farms in LJRB, Ceara.

Specimens of the local aquatic biota were obtained with local fishermen on the
same day of their capture and were subsequently grouped according to their river sector and
sampling stations. Specimens were packed and preserved in thermal boxes with ice for
transportation to the Coastal Biogeochemistry Laboratory of the Federal University of Ceara
(UFC/LABOMAR), for further identification, with aid of identification keys. Individual
weight and length were measured, using an electronic balance (0.1 g precision) and a caliper
and an ichtyometer (0.1 cm precision). Food habit classifications and trophic position of each
species were based on the analyses of scientific studies already developed on their diet (Rios
1975; Coelho and Ramos-Porto 1992; Aratjo et al. 2004) and the FISHBASE platform
(www.fishbase.org).

Muscle samples were taken from individual specimens of fish and crabs; whereas
whole-body soft tissue (without exoskeleton and shells) were pooled from 5 to 10 individuals
of gastropods, bivalve mollusks and shrimps. Samples were preserved by lyophilization soon

after sampling. Duplicate dry sub-samples weighting approximately 0.5 g were digested in
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Teflon tubes with 10 mL of HNO3 (65%), left at room temperature for one hour and then put
in a MARS CEM microwave digester at 200°C for 30 minutes. After digestion, | mL of H>O»
was added to each tube, transferred and diluted in volumetric flasks to 100 mL. Total Hg
concentrations were quantified by cold vapor atomic absorption spectrophotometer (CV-
AAS), in a NIC RA-3 (NIPPON ®) spectrophotometer. The average detection limit (LD)
was 3 + 5 ng.g’!l. Validation of the results was obtained by simultaneous analysis, in duplicate,
of certified reference material (ERM CE278K — mussel tissue), with an average recovery of
81%.

Bioaccumulation curves were made to relate biometric data with the Hg
concentrations of each species with n > 10. Normality of the data was evaluated by Shapiro-
Wilk test. ANOVA and Kruskal-Wallis tests were used to compare Hg concentrations in
species of different feeding habits. Spatial differences in Hg concentrations between the same
species sampled in different sectors (FDA and MDA), were evaluated through the
comparison test of two groups of independent specimens, being the Student's t-test for
parametric data and the Mann-Whitney test for the non-parametric. The significance value
used for the tests was 95% (p < 0.05). Statistical tests and the preparation of graphs were
done with Past 3.05 (Copyright Hammer 1999-2015) and Microsoft® Office 2010 (Microsoft
Corporation 2010).

Results and Discussion

Sixteen species of the local fauna were collected in the LJRB; five species of fish
(Siluriformes, Mugiliformes and Perciformes) and two crustaceans were sampled from the
FDA, totaling 216 organisms. From the MDA, eight fish species (Perciformes, Mugiliformes
and Elopiformes), four crustaceans and three mollusks (Veneroida, Ostreoida and
Neogatropoda) were collected, totaling 604 organisms (Table 1).

Only two crustaceans and two fish species were collected from both river sectors:
the crab Callinactes danae, the shrimp Litopenaeus vannamei, and the fishes Eugerres
brasilianus and Mugil curema. All are capable of supporting large variation in salinity and
displaying migratory behavior, excepting the shrimp (Aratjo and Santos 1999; Cardona
2000; Turner et al. 2003; Decamp et al. 2003). As for L. vannamei, which is an exotic species
and which individuals escape from local farms as juveniles or adults, the typical migratory

behavior associated with different growth phases does not occur.
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Highest Hg concentrations in invertebrates were observed in carnivorous crabs
Callinectes bocourti (201 ng.g™"), C. Larvatus (104 + 43 ng.g'!) and C. Danae (103 +38 ng.g"
. Among the fish, Elops saurus (109 + 15 ng.g") and Menticirrhus americanus (104 + 30
ng.g'"), both carnivorous, also showed the highest Hg content. Other high trophic level fishes,
such as E. saurus (TL =3.5), M. americanus (TL = 3.4) and Lutjanus (L. jocu, TL = 3.7; and
L. synagris, TL = 3.9), also showed relatively high concentrations of Hg, probably due to
biomagnification through the trophic web. Lowest Hg concentrations were found in shrimps,
in particular those sampled from the FDA. Mollusks presented intermediate Hg
concentrations relative to the other groups (Table 1). All species with higher Hg
concentrations were collected at the MDA.

The recorded Hg concentrations are strongly influenced by feeding habit, both
among vertebrates and invertebrates, carnivorous species of higher trophic level always
presented the highest Hg concentrations. The lowest Hg concentrations were found in
planktivores fishes and in detritivores invertebrates (Figure 2). The omnivorous and
detritivores species presented the smallest Hg concentrations, which is directly linked to their
diet consisting primarily of algae, microcrustaceans, polychaetes, organic remains and
sediments (Coelho et al. 2013). Among the carnivorous fish Centropomus parallelus showed
particularly low concentrations (39 + 12 ng.g'!) and this is, probably, due to the small size
(juveniles) of this species sampled. Tonini et al. (2007) reported that juveniles of C. paralleus
have their diet composed of fish larvae, microcrustaceans and shrimps, including
Litopenaeus vannamei, analyzed in the LIJRB that presented the lowest Hg concentrations,
differing from adults whose diet consists mostly of adult fishes and crustaceans (Muller et al.
2015). The carnivorous snail Pugilina morio (49 + 12 ng.g’!), among the invertebrates, also
showed relatively low Hg concentrations, its diet constituted mostly of filter feeding bivalves
(Rios 1975) that show low Hg/MeHg ratios meaning that only a small fraction of bioavailable

mercury is assimilated by P. morio.
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Table 1 Location, group, sampled species, sample number (n), feeding habit, trophic level (TL), length, weight
and total Hg concentration (mean + standard deviation) of species collected in LIRB. *Species with significant

(p<0.05) higher Hg concentrations in MDA than in FDA; **Not available.

Area Group Sp(enc)ies Feedirr}gL flabit L(ecngl;h W(egight (ig?l)
§ Cathorops spixii (26) Omnivorous (3.3) 27+9 203+106 50+ 16
g ] Centropomus parallelus (3) Carnivorous (3.8) 20+£5 58+51 39+12
g Pisces Eugerres brasilianus (7)* Omnivorous (3.3) N.A** NA** 31+9
E Mugil curema (3) Planktivore (2.0) 26+4 164+100 18+ 17
5 Callinectes danae (3)* Carnivorous (3.7) N.A** NA** 3547
E IE:;:‘EG' Callinectes exasperatus (2) Carnivorous (3.7) N.A** NA** 23+3
E © Litopenaeus vannamei (172)* Detritivorous (2.0) 12+2.3 9+6 11+2

Elops saurus (3) Carnivorous (3.5) 25+2 76421 109+15
Menticirrhus americanus (6) Carnivorous (3.4) 14+1 28+8 104+30
Lutjanus jocu (6) Carnivorous (3.7) 13+2 32+10 84+34
= Pisces Lutjanus synagris (5) Carnivorous (3.9) 18+4 85+55 6115
;‘3 Eugerres brasilianus (6)* Omnivorous (3.3) 12+1 28+5 44+6
51 Mugil curema (7) Planktivore (2.0) 21+£3 104+67 24+13
E Gobionellus oceanicus (5) Planktivore (2.0) 22+1 32+7 1443
§ Callinectes bocourti (1) Carnivorous (3.7) N.A** N.A** 201
2» Callinectes larvatus (5) Carnivorous (3.7) 10+£2 74+48 104+43
E Callinectes danae (8)* Carnivorous (3.7) N.A** N.A** 103 +38
= Irl;\r/;g:_ Mytella charruana (200) Filter feeding (2.0) N.A** 1+0.5 52+8
Anomalocardia brasiliana (247)  Filter feeting (2.0) N.A**  4+1  51+14
Pugilina morio (5) Carnivorous (3.0) 9 55+8 49+12
Litopenaeus vannamei (100)* Detritivorous (2.0) 9=+1 5+2 16+5

According to Peterson et al. (2017), the feeding habit occupied by each species

is an important biological factor contributing to variations of Hg concentrations in biota, as

observed in the species captured in the LJRB. Considering both sampled areas, the largest

concentrations were found in the carnivorous species, followed by omnivores and

planktivores, in the fish group, and by filter feeding and detritivores, among the invertebrates

(Figure 2).

In addition to the feeding habit, the trophic position is another element that

influences the variation in Hg concentrations, since Hg shows high residence time in

organisms, which contributes to the increase in biological transport and hindering

elimination, enabling the occurrence of the biomagnification along the trophic web (Bisi et

al. 2012). That way, species found at the top of the trophic web, essentially carnivorous, will

present higher concentrations in relation to species near the base (Fox et al. 2017).
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Figure 3 confirms the positive relationship between Hg concentrations and TL.
The presence of high trophic levels species displaying relatively low Hg concentrations,
however, is due to the inclusion of juvenile individuals that feed basically on small prey
rather than a diet essentially piscivorous in their adult stage. Also, carnivorous species with
different sizes, distinct life phases and/or with different types of diet (generalist, specialist
and opportunist) may also contribute to the large dispersion of concentrations values relative
to trophic position. Apart from biological and ecological factors, environmental aspects such
as landscape modifications, rainfall regime, salinity, temperature, pH, concentration of
organic matter and sulfate control the formation of the bioavailable chemical species of Hg.
Therefore, Hg concentrations among organisms of the same species but inhabiting areas

along an estuarine gradient may be different (Claveau et al. 2015).

250 250

[
=3
S
[
=3
S

[

S
7
S

Carnivorous
B Filter feeders
B Detritivores

Carnivorous

B Omnivorous N

\

—_
o
S

B Plancktivore

-

L

A

(%
S

N\

—— [Hg] Total (ng.g™)

o

Figure 2 Average Hg concentrations in fish (A) and invertebrates (B) of the LIRB according to food habit.
Values are averages irrespective of taxa.

Along the Jaguaribe Estuary, total Hg concentrations in water and sediment vary
little (Lacerda et al. 2013). However, differences in Hg concentrations between organisms of
same species captured in both areas of the estuary are significant; those collected in the MDA
presented significantly higher Hg concentrations than those sampled in the FDA (the fish F.
brasilianus: U= 6, p <0.05; the shrimp L. vannamei: U = 64, p <0.05; and the crab C. danae,
whose small number of sample hampered statistical analyzes). This strongly suggests that
notwithstanding the similar environmental Hg concentrations, its bioavailability should be
higher in the MDA relative to the FDA. Although these species display some migratory
behavior during spawning or as immature (Rodrigues et al. 2017), all our samples were of
non-egged animals and mostly juveniles, thus we believe that we sampled near-sessile

individuals and that the difference in Hg concentrations indeed represent differences in Hg
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availability. Unfortunately, the small number of species occurring throughout the entire
sampled area, presently avoids a generalization of the results for the total biota. These results

strongly suggest higher Hg bioavailability in the MDA relative to the FDA.
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Figure 3 Relationship between Hg concentrations and trophic level (TL) of the different species of aquatic
organisms from the LJRB, NE Brazil.

Among the species simultaneously occurring in the two regions of the estuary,
the white shrimp (L. vannamei), due to its source from scaping local farms, probably reflects
a stronger site specificity compared to E. brasilianus and C. danae. This shrimp showed not
only significantly higher concentrations in the MDA, but also a bioaccumulation rate over
one order of magnitude higher than in the FDA (Figure 4), confirming a higher bioavailability
of Hg in MDA. When comparing literature results on farmed and wild L. vannamei, however,
our results are much lower than those reported for farmed animals (Delgado-Alvarez et al.
2015) and wild (Ruelas-Inzunza et al. 2004) measured in Mexico, but similar to farmed L.
vannamei sampled from local Ceara farms (Soares et al. 2011).

Lacerda et al. (2013) noted that in LJRB, the increase of the marine intrusion and
the reduction of the river flow, due to landscape modifications such as the construction of
dams, intensification of aquaculture, associated with increasing in the frequency and
extension of periods of scarce rainfall in consequence of climate change, caused an increase
of the residence time of the continental water in the estuarine region. This resulted in higher
reactivity of contaminants, in particular Hg, augmenting its bioavailability and concentration

in organisms, mostly in species collected in MDA.
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Figure 4 Mercury bioaccumulation in shrimps (L. vannamei) in different areas of the LJRB, NE Brazil. FDA:
filled diamond (#); r> = 0.7353. MDA: exes (x); 1> = 0.1243.

Therefore, our results show that biological factors, in particular feeding habits
and trophic level, whereas important controllers of Hg concentrations among species or
groups of species of given region, are also strongly affected by regional environmental
factors, which eventually control Hg bioavailability and eventually Hg bioaccumulation as
demonstrated here for the of the Jaguaribe River estuary.
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7.4 Mercury Sources, Emissions, Distribution and Bioavailability along an Estuarine

Gradient under Semiarid Conditions in Northeast Brazil *

Resumo

No litoral semiarido do nordeste brasileiro, as mudangas climaticas € no uso do solo préximos
as bacias de drenagem afetam a hidrodinamica e a hidroquimica dos rios, modificando o
ambiente estuarino, sua biogeoquimica e aumentando a mobilizagdo de mercurio (Hg). Isso
¢ particularmente relevante para a maior bacia semiarida da regido, o rio Jaguaribe. As
principais fontes de Hg para o estudrio do Jaguaribe sdo a disposi¢do de residuos solidos,
esgoto e residuos provenientes da carcinicultura, esta tltima emitindo efluentes diretamente
no estuario. A emissao anual total chega a 300 kg. Nesse estuario, a distribuicdo de Hg no
sedimento e no material particulado em suspensdo diminui em dire¢do ao mar, enquanto as
concentragdes de Hg dissolvido aumentam acentuadamente, sugerindo maior mobiliza¢do na
porcao de influéncia marinha do estudrio, dominada por manguezais, principalmente na
estacdo seca. As concentragdes de Hg nas macroéfitas enraizadas refletem as concentragdes
de Hg no sedimento, sendo maiores na por¢do fluvial do estuario, enquanto nas macrofitas
aquaticas flutuantes, as concentragdes de Hg seguiram as concentragdes de Hg dissolvido na
agua e também foram maiores na estacdo seca. Animais (peixes e crustaceos) também
apresentaram maiores concentracdes e bioacumulag¢ao na por¢ao de influéncia marinha do
estuario. A variabilidade das concentragdes de Hg em plantas e sedimentos corresponde as
fontes continentais de Hg. No entanto, o fracionamento de Hg na dgua e os conteudos nos
animais demonstram uma maior disponibilidade de Hg na porcao do estuario sob influéncia
marinha. Os resultados sugerem que o impacto de fontes antropogénicas na
biodisponibilidade de Hg ¢ modulado por mudangas ambientais regionais e globais e resulta
de um conjunto de caracteristicas bioldgicas, ecologicas e hidroldgicas. Finalmente, o
aumento da aridez devido ao aquecimento global, observado no nordeste do Brasil, bem
como em outros litorais semiaridos em todo o mundo, além do aumento do uso excessivo de
agua, aumenta a biodisponibilidade de Hg, o risco ambiental, a exposi¢do da biota local e a
tradi¢do das populagdes humanas de explorar os recursos biologicos do estuario.

4Moura, V.L.; Lacerda, L.D. Mercury Sources, Emissions, Distribution and Bioavailability along an
Estuarine Gradient under Semiarid Conditions in Northeast Brazil. International Journal of
Environmental Research and Public Health. https://doi.org/10.3390/ijerph192417092
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Abstract

In the semiarid coast of northeastern Brazil, climate change and changes of land uses in
drainage basins affect river hydrodynamics and hydrochemistry, modifying the estuarine
environment and its biogeochemistry and increasing the mobilization of mercury (Hg). In
addition, rapid economic growth of the region results in new Hg anthropogenic sources and
increasing the existing emissions to the estuary. This is particularly relevant to the largest
semiarid-encroached basin of the region, the Jaguaribe River. Major Hg sources to the
Jaguaribe estuary are solid wastes disposal, sewage and shrimp farming, the latter emitting
effluents directly into the estuary. Total annual emission reaches 300 kg. In that estuary,
distribution of Hg in sediment and suspended particulate matter decrease seaward, whereas
dissolved Hg concentrations increase sharply seaward, suggesting higher mobilization at the
marine-influenced, mangrove-dominated portion of the estuary, mostly in the dry season.
Concentrations of Hg in rooted macrophytes respond of Hg concentrations in sediment, being
higher in the fluvial endmember of the estuary, whereas in floating aquatic macrophytes Hg
concentrations followed dissolved Hg concentrations in water and were also higher in the dry
season. Animals (fish and crustaceans) showed higher concentrations and bioaccumulation
also in the marine-influenced portion of the estuary. Variability of Hg concentrations in
plants and sediments agree with continental sources of Hg. However, Hg fractionation in
water and contents in the animals respond to higher Hg availability in the marine dominated
end of the estuary. The results suggest that the impact of anthropogenic sources on Hg
bioavailability is modulated by regional and global environmental changes and results form
a conjunction of biological, ecological and hydrological characteristics. Finally, increasing
aridity due to global warming, observed in the NE Brazilian region of Brazil, as well as in

other semiarid littorals worldwide, in addition to increased water overuse, consequently
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augment Hg bioavailability and environmental risk and exposure of the local biota and the
tradition human populations exploiting the estuary’s biological resources.

Keywords: mercury, emission factors, speciation, sediments, water, biota, estuary

Introduction

Heat accumulation in the oceans and sea level rise due to global warming,
coupled with decreased river flows by dam construction, accentuated by reduction in annual
rainfall in most semiarid regions, makes marine forcing onto estuarine regions more extreme.
Changes in estuarine hydrodynamics result in profound modification of their
biogeochemistry, particularly in the mobilization and increase of the bioavailability of
pollutants, among these, the highly toxic mercury (Hg). Additionally, an accelerated
development of economic activities concentrated in the coastal zone is augmenting Hg loads
from anthropogenic sources to estuaries. In a scenario where regional and global changes are
strengthening, increasing exposure to Hg should be maximized, which results from
significant increases in Hg availability. This process also significantly impacts on marine
biological resources and human exposure risk (Stern et al., 2012, Lu et al., 2018, Lacerda et
al., 2020).

The mobilization and changes in availability of Hg caused by environmental
changes is highly influenced by season, particularly in regions with well-defined rain and dry
periods, such as those under semiarid climate. During the short rainy season, higher river
fluxes reduce the residence time of fluvial waters inside the estuary and the export of
continental-derived materials, including their pollutant load, to the continental shelf (Dias et
al., 2011). On the other hand, during the long dry season, small fluvial fluxes, and long
residence time of fluvial waters inside the estuary are unable to transport particles from the
continental runoff to the sea, accumulating them into the estuary. This is particularly
worsened by increasing pollutant emissions from anthropogenic sources.

In tropical semiarid regions, such as in NE Brazil, estuaries are dominated by
mangroves that are presently expanding their area following global climate change drivers
(Alongi, 2015, Godoy & Lacerda, 2015). These ubiquitous tropical coastal ecosystems
promote highly reactive biogeochemical environments that facilitate swift changes in metal
speciation, and may increase metal bioavailability (Bergamaschi et al., 2012, Lacerda et al.,
2013, Saniewska et al., 2014, Azevedo et al., 2018). The influence of mangroves in the Hg

biogeodynamics in tropical and subtropical ecosystems has been reported in recent
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publications and irrespective of geographical location suggests a similar and consistent
pattern. In summary, there is an export of particulate Hg during the short rainy season,
whereas in the dry season, particulate Hg accumulates in the estuary and most Hg exported
to the sea is soluble reactive Hg (Bergamaschi et al., 2012, Pei et al., 2019, Lacerda et al.,
2020, 2022).

This scenario has been intensified in the past decades due to decreasing annual
rainfall and increasing frequency and length of extended droughts (> 3 years-long),
maximized by river damming (Godoy et al., 2018, Marengo et al., 2018, Alvala et al., 2019).
This has resulted in the augment of Hg concentrations in fish sampled from the marine-
influenced portion of estuaries in the semiarid coast of northeastern and southeastern Brazil,
as well as increasing exposure to Hg of humans inhabiting the lower reaches of these estuaries
(Costa & Lacerda, 2014, Rios et al., 2016, Moura & Lacerda, 2018, Andrade et al., 2018,).
For example, Moura & Lacerda (2018) reported Hg accumulation rates in shrimps
(Litopennaeus vannamei) 10-times higher in the lower marine-influenced portion of the
estuary compared with individuals sampled in the fluvial end of the estuary, thus suggesting
higher bioavailability of Hg in the lower estuary. Costa and Lacerda (2014) reported
increased exposure risk of the tradition human population in the Jaguaribe estuary due to
higher Hg content in local fisheries from the lower Jaguaribe estuary. Azevedo et al. (2018)
reported increases in total mercury and methylmercury concentrations in fish from the lower
Paraiba do Sul River, in the semiarid coast of northern Rio de Janeiro in southeastern Brazil
due to extended droughts. Other bioindicators however, need to be studied in conjunction
with abiotic compartments and the magnitude of drivers of Hg pollution, to further
confirmation of the biogeochemical scenario supposedly created by environmental changes.

Integrative studies on emissions and emission factors of natural and
anthropogenic Hg sources, distribution and speciation of Hg along estuarine gradients
together with multiple bioindicators are urgently needed. Aquatic macrophytes and animals
with different food habits and trophic state are good tools for studying Hg speciation and
bioavailability. Different habits (submerged, floating or rooted) in the case of plants and
different diets in the case of animals, allow to investigate different uptake pathways of Hg
and its bioavailability (Mishra et al., 2009, Lafabrie et al., 2013, Tong et al., 2013, Sitarska
et al., 2014, Moura & Lacerda, 2018). Taking this into consideration, this work analyzes the

Hg concentrations in water, suspended particles and bottom sediments and in aquatic plants
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of different habits and animals with different ecological characteristics, in the dry and rainy
periods along the Jaguaribe River estuary, the largest river entirely enclosed in the semiarid
region of NE Brazil, since the accumulation of Hg in plants and animals is associated with
their different life habits that expose them to distinct compartments of the environment and
to different Hg fractionation among environmental compartments. Therefore, these
organisms are ideal to test the hydro-biogeochemical scenario proposed in earlier studies

resultant from global and regional changes.

Material and Methods

The Jaguaribe River Estuary, which is fully inserted in a semiarid environment,
encompasses three municipalities: Itaicaba, Aracati and Fortim, totaling nearly 90,000
inhabitants. Major Hg sources to the estuary are the inadequate disposal of urban solid
wastes, untreated sewage and diffuse effluents from agriculture and shrimp farming. Former
published inventories of Hg emissions to the Jaguaribe estuary (Lacerda et al., 2011) were
available for the beginning of the 21st century. In this study they were updated using more
recent statistics on emission factors and the dimensions of major sources. These estimates
were performed following methodologies previously detailed in Paula Filho et al. (2015a, b)
and Oliveira et al. (2015).

Sampling campaigns were carried out during the rainy and the dry seasons
between 2015 and 2019, in five transversal sections along the Jaguaribe River estuary, from
the fluvial to the marine endmember, where water and sediments were collected in triplicate

from at least 3 points in each section (Figurel).
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Figure 1. Map showing municipalities and the location of sampling stations along the Jaguaribe River estuary
in northeastern Brazil. 1. Upstream Itai¢aba. 2. Downstream Itaigcaba. 3. Cabreiro. 4. Aracati City. 5. Vila Volta.
6. Jardim. 7. Fortim City.

Water samples were collected manually (gloved) inserting Teflon® 250 mL
bottles, counter-current and at 10-20 cm of depth, following clean protocols (Bloom and
Crecelius, 1983, Marins et al., 2002a). Bottles were double bagged in plastic bags and kept
refrigerated for transport. Upon arrival in the laboratory, samples were filtered in pre-ashed
glass fiber filters (0.7p) and acidified with 2 mL concentrated, ultra-pure, Hg-free HNO3 and

maintained in a refrigerator at 4°C.and taken to analysis no longer than 24 hours after
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sampling. Particulate material collected in filters were stored in petri discs oven dried at 60°C
for 24 h and stored frozen till analysis. Bottom sediments from the top 0-10 cm layer were
collected with a pre-cleaned plastic shovel and double-bagged in plastic bags and kept under
refrigeration until arrival at the laboratory, where they were oven dried (60°C, till constant
weight), powdered, homogenized, preserved in hermetically sealed plastic bottles and stored
for subsequent Hg quantification.

The aquatic macrophytes were harvested manually from each station, when
available, washed in situ and then placed in plastic bags and transported in a cold chamber.
Plant exemplars were stored in the Prisco Bezerra Herbarium of the Federal University of
Ceard, Fortaleza, Brazil. All plant samples from each point were composed (n = 5) for better
representativeness of the environment and were identified to the lowest possible taxonomic
level. The following species were sampled, floating plant species: the water hyacinth
Eichhornia crassipes (Potenderiaceae), rooted submerged species: the Brazilian waterweed
Egeria sp. (Hyrocharitaceae) and the coontail Ceratophyllum sp. (Ceratophyllaceae), rooted
emergent: the grasses Paspalidium paludivagum, Blutaparon portulacoides, Paspalum sp.
and Panicum emergens. Samples were oven dried (60°C, till constant weight), ground with a
porcelain pestle and mortar to avoid contamination and stored in pre-cleaned plastic
containers till analysis. Selected animals occurring along the entire estuary, but sessile or of
small mobility, were also collected from each station when available. Animal species
comprised the white shrimp Littopenaeus vannamei and fishes Eugerres brasilianus and
Cathorops spixii. Animals were frozen upon sampling and sub samples of muscle tissues
were lyophilized and stored in glass vials till analysis.

Total dissolved Hg (Diss-Hg) was quantified in a Merlin PSA cold vapor atomic
fluorescence spectrometer (CV-AFS) after oxidation with 0.2 mL of a bromine monochloride
solution (0.1 mL KBrOs 1% m/v+0.1mL HCI1 20% v/v) at room temperature. After oxidation,
0.1 mL of 1% m/v ascorbic acid solution was used to reduce the excess BrCl. This was
followed by a reduction with 10% SnCl; solution used for reducing the reactive Hg fraction
(Marins et al., 2002a). Filters used were oven dried at 60°C for 24 h. Detection limit,
estimated as three times the standard deviation of reagent blanks, was 0.18 ng.L! in water.
In all cases, the blank signals were lower than 4% of the respective sample’s Hg

concentration.
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Digestion of dried plant, of lyophilized animal tissues, suspended material and
bottom sediment samples was performed similarly, in duplicate. Approximately 0.5 g were
weighed in Teflon® tubes and pre-digested for 1 h, in room temperature, with 10 mL of
concentrated HNOs. The digestion was performed in a microwave oven digester (MARS
XPRESS, CEM Corporation) at 200°C for 30 minutes. Then, 1 mL of H,O> was added and
the final extract transferred quantitatively with MilliQ® water to 100 mL in volumetric
flasks. All glassware and materials used were previously washed in a neutral detergent bath
followed by immersion for 24 hours in a Hg-free HCl 10% solution. Quantification was
performed by cold vapor atomic absorption spectrophotometer (CV-AAS, NIPON® NIC
RA-3) after Hg reduction with NaBHa. Certified reference standards: dried leaves of aquatic
plant Lagarosiphon major (BCR 060 with 340 + 40 ng g'! of Hg), animal (ERM BB422 with
601 ng g! of Hg) and estuarine sediment (NIST 1646A with 40 ng g! of Hg), were
simultaneously analyzed to evaluate the accuracy and recovery of the method. Recovery for
reference materials were averaged 88.4 + 6.6% for aquatic plants and 101.7 + 6.3% for
animals, the detection limit of the procedure was 0.02 ng.g™! and the quantification limit was
0.06 ng.g™!. The concentration values were not corrected for the relative recoveries obtained
for the certified materials.

The normality and the variance homogeneity of the data was tested. Variance
Analysis (ANOVA) and Kruskall-Wallis test were used to compare the concentrations of Hg
in plant parts and the Hg concentrations in water, sediment, and animals along the estuary.
Bioaccumulation curves were designed, and the Pearson correlation coefficients were applied
to observe the relationship between Hg content in animals with their size. Theses graphics
and Mann-Whitney test were also used to recognize contrasts between Hg concentrations in
animals collected in the marine and fluvial end members. Comparisons between seasons were
made thru # and Mann-Whitney tests. The significance value used for the tests was 95% (p <
0.05). Statistical tests and the preparation of graphs were done with Past 3.05 (Copyright
Hammer 1999-2015) and Microsoft® Office 2016 (Microsoft Corporation 2016).

Results and discussion
Sources and emissions of Hg
Major sources of Hg to the Jaguaribe river estuary were first evaluated in 2005

(Lacerda and Sena, 2005) using estimated emission factors from major sources and their
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magnitude. In this study were update using the more recent available statistics on
urbanization, industries and agriculture occurring in the estuarine basin, also using more
recent statistics on emission factors and the dimensions of major sources. These estimates
were performed following methodologies previously detailed in Paula Filho et al. (2015a, b)
and Oliveira et al. (2015). In summary, industrial sources are still inexistent in the estuarine
basin, as was in 2005, and are not considered here. Human population of the three main
municipalities increased by 8% relative to 2005, and this increase was considered when
calculating emissions by urban sources, which include solid waste disposal and wastewaters.
No significant changes in disposal or treatment procedures changed in the past 15 years,
therefore emission factors are likely the same as in 2005 and only the correction to the new
population data was used to estimate loads from untreated waste waters and, solid urban
wastes. There was, however, a huge expansion of shrimp aquaculture, a source presenting
very high emission factors for Hg (Lacerda et al., 2011, 2020). Updated emission factors of
Hg from these three major Hg sources to the Jaguaribe estuary were estimated as 200 mgHg
ha! year!, for urban waste waters, 400 mgHg ha! year! for solid waste disposal and 374
mgHg ha'! year!. Considering the present-day magnitude of major sources and their relative
emission factors, estimated annual Hg emissions to the estuarine basin reach 81 kgHg year!
for waste waters, 162 kgHg year! and 0.35 KgHg year'! from intensive shrimp aquaculture,

summing up a total annual Hg load to the basin approximately 243 kg.

Hydrochemistry

The hydrology and hydrochemistry of the Jaguaribe river estuary were monitored
by innumerous studies since the initial works by Marins at al. (2002b, 2004). Salinity,
temperature and dissolved oxygen observed in the sampling campaigns fall within the
reported range of values for this estuarine environment. In summary, water temperature is
high and quite constant throughout the year and along the past two decades of monitoring.
Temperature diuturnal variation is around 1.5°C between neap (30.5 °C) and spring (29.0 °C)
tides. Year-round temperature variation is slightly larger from 28 to 31 °C. A larger difference
in other state parameters, particularly salinity, is observed along the estuary during extreme
drought and flood events, when salinity may reach 29 in the fluvial endmember at Itaicaba
in the dry season, while in extreme rainy years, this station registers very low salinity (<0.1).

Along most of the estuary, however, salinity typically varies tidally between 5 to 35. The
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estuary main channel is fairly oxic with dissolved oxygen generally > 5 mg.L"!. Exceptions
are tidal creeks dominated by mangroves and those receiving shrimp farm effluents, where
oxygen levels can drop to values <0.5 mg.L"!' (Dias et al., 2009, 2011, 2018, Marins et al.,
2002b, 2004, 2007, 2011, 2020, Lacerda et al., 2013).

Mercury in sediments and water

Average Hg concentrations in bottom sediments were significantly higher (9.94
ng.g’!) in the dry period compared to the rainy season (6.14 ng.g!). On the other hand,
average particulate Hg (Part-Hg) concentrations were higher in the rainy season (7.46 ng.L-
1 than in the dry season (1.10 ng.L"), while average dissolved Hg (Diss-Hg) concentrations
were significantly lower in the rainy season (1.12 ng.L!) than in the dry season (12.32 ng.L-
1 (Table 1).This seasonal distribution pattern of Hg concentrations agrees with previously
estimated balances and modeling of Hg in the Jaguaribe River estuary, suggesting
accumulation in sediments and release of dissolved Hg during the dry season and exportation
to the sea of particulate Hg in the rainy season (Lacerda et al., 2013, 2020).

Figure 2 shows the spatial distribution of Hg in abiotic compartments along the
estuarine gradient. Sediment Hg concentrations were higher in all stations in the dry season
but varied little. Relatively higher concentrations are observed in the middle estuary

(Cabreiro and Vila Volta stations, Figure 1).

Table 1. Seasonal distribution of Hg concentrations (ng.g-1, for sediments and ng.L-1 for dissolved and
particulate Hg) in the dry and rainy season in the Jaguaribe River estuary, considering all sampling stations (n
= 15). *Significantly different at p < 0.05.

Sediments Diss-Hg Part-Hg
Rainy season 6.14 +£0.41 1.12+0.28 7.46 +£2.07
Dry season 9.94 +0.40 12.32 £2.63 1.10+0.44
Student 7 p-Valor 0.001* 0.003* 0.017*

Part-Hg in the rainy season decreases from the river endmember to the middle
estuary and increases thereafter toward the sea. In the dry season, Part-Hg is very low and
varies little throughout the estuary. Diss-Hg in the rainy season is low throughout the estuary
but increases slightly from the fluvial endmember to the middle estuary and then decreases

towards the sea. In the dry season, however, Diss-Hg increases continuously from the fluvial
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endmember to the sea, with highest concentrations in the marine endmember of the estuary

(Fortim station, Figure 1).
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Figure 2. Mercury distribution in water, suspended particles, and bottom sediments along the estuarine gradient
of the Jaguaribe river in northeastern Brazil. Station’s locations are shown in figure 1.

Previous studies in the Jaguaribe River obtained similar results to those found in
this study regarding the concentration of Hg in sediments and waters (Vaisman et al., 2005,
Costa et al., 2013, Lacerda et al., 2013). Marins et al. (2004) also observed that, during the
rainy season, there is a small variation of Hg contents in bottom sediments throughout the

estuary. Lacerda et al. (2013) associated higher Diss-Hg concentrations and fluxes in the dry
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season to extremely low rainfall and the operation of dams, reducing sediment transport and
augmenting the residence time of the fluvial water mass in the estuary, increasing the
reactivity of Hg, which includes the most bioavailable Hg forms, favoring the incorporation
by the biota and biomagnification in the food chain. Extensive and expanding mangroves
favor this by producing large amounts of dissolved organic matter with large Hg complexing
capacity, as observed previously in the Jaguaribe estuary and in other mangrove-dominated
semiarid estuaries (Marins et al., 2002b, Mounier et al., 2018, Lacerda et al., 2020).

Higher Diss-Hg and lower Part-Hg concentrations in dry periods relative to rainy
periods have been reported in many estuaries, mostly in regions with sharp differences in
rainfall, and therefore in river flow, between seasons, e.g. Coulibaly et al. (2012) in Biétri
Bay, Ivory Coast, Saniewska et al. (2014) in the Arctic coast, Cardoso et al., (2014) in Ria
do Aveiro, southern Portugal, Azevedo et al. (2018) in the Rio Paraiba do Sul estuary in the
dry coast of northern Rio de Janeiro. In China, overuse of water resources in the middle and
higher reaches of several rivers, results in less and less water flowing into estuaries.
Consequently, some recent studies have also observed increasing seasonal differences in Hg
partitioning along Chinese estuaries due to upstream excess water withdraw (Tong et al.,
2014, Jiang et al., 2017). Therefore, increasing mobilization and bioavailability of Hg in estuaries
has been highlighted as a ubiquitous environmentally significant response to increasing drought

because of water resource overuse, reducing annual rainfall and increasing the frequency and duration

of extended droughts caused by global climate change (Lacerda et al., 2020).

Mercury in aquatic macrophytes

Aquatic species of plants were not evenly distributed along the estuary, except
for the emergent ones, that occurred in all five stations. The floating E. crassipes and the
submerged Ceratophyllum sp. occurred only in the fluvial endmember (upstream and
downstream Itai¢aba, Figure 1). Therefore, these species were only used to distinguish
between seasonal Hg concentrations rather than Hg concentrations changes along the
estuarine gradient.

Concentrations of Hg in the floating E. crassipes and the submersed
Ceratophylum sp. in the fluvial stations and in the dry and rainy seasons are shown in Figure
3. As for seasonal variability of the Hg content, the results are similar for the two species,
with dry season Hg conservations higher than in rainy season. Both fluvial stations presented

similar concentrations in all plant tissues. Highest concentrations were observed in roots,
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followed by leaves and stems. Higher Hg concentrations occurred in the dry season in the

three tissues of E. crassipes and Ceratophyllum sp. compared to the rainy season.
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Figure 3. Seasonal distribution of Hg concentrations in floating and submersed aquatic macrophytes in the
fluvial stions of the Jaguaribe river estuary.

Figure 4 shows the ratio between Hg concentrations measured in plant tissues in
the dry and wet seasons. The seasonal enrichment of Hg occurred in all tissues and plant
habits, were particularly high (> 3.0) in the stems and leaves of emergent macrophytes. The
seasonal variation in Hg concentrations in plants agrees with the variability of dissolved Hg.
In general, floating and submersed macrophytes efficiently uptake Hg through rhizofiltration
and further translocate and accumulate it in the other plant tissues. However, translocation
rates from roots to other leaves are in general smaller than 1.0 (Mishra et al., 2009). Root/leaf
ratios were similar between dry (0.63) and rainy (0.53) seasons, strongly suggesting that
seasonal changes in Hg contents are due to changes in environmental levels rather that
different seasonal physiological metabolism of the plant. The strong relationship between Hg

concentrations in floating plants and water, has been the basis for using this organism to clean
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up contaminated aquatic ecosystems, for example (Molisani et al., 2006, Mirsha et al., 2009,

Ali et al., 2020).
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Figure 4. Ratios between Hg concentrations observed in different organs of plans from different habits in the
Jaguaribe River estuary in northeastern Brazil.

Rooted, emergent macrophytes Paspalum spp. showed the highest
concentrations of Hg in roots and contrary to floating and submersed plants, presented the
highest Hg concentrations during the rainy season, possibly responding to the increased
sediment concentrations rather than the availability of Hg in water (Figure 5). The response
of rooted aquatic macrophytes to Hg contents in sediments has been observed in many
estuaries, and highest concentrations have also been observed in roots (Marins et al., 1997,
Chen and Yang, 2012). Notwithstanding, there is, in general, an increase in Hg content in all
plant tissues from the fluvial to the marine endmember of the estuary, suggesting an increase
in Hg availability to plant uptake.

In summary, this pattern of Hg distribution between organs and between plants
of different habits is in accordance with previous observations on Hg distribution in aquatic
macrophytes, these plants have different capacities for removal of trace metals in different
plant organs (Molisani et al., 2006). In most cases, metals are more concentrated in plant
roots, as they are considered more important for the absorption of Hg than leaves and stems
(Chen and Yang, 2012, Lafabrieet al., 2013), and this is particularly true in rooted emergent
macrophytes. Aquatic macrophyte species that accumulate higher concentration of metals in

the root than leaves are considered more tolerant. This means that they cannot avoid the
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absorption of these elements, but limit their translocation (Wang and Greger, 2004, Chen and
Yang, 2012). For this reason, these plants are considered potentially phytostabilizing,
retaining Hg in the soil and avoiding its expansion to adjacent areas, since about 80% of the
Hg burden in higher plants remains in root walls forming insoluble precipitates with anionic
compounds (Wang and Greger, 2004). Some species, particularly floating and submersed
species, can absorb metals by roots and rhizomes, as well as by leaves (Chen and Yang,
2012). Lafabrie et al. (2013) found the capture and accumulation of Hg by some plants
through water, highlighting that the capture of Hg can occur from the water column, via

leaves and stems, and sediments, by the roots (Lafabrie et al., 2013).
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Figure 5. Spatial distribution of Hg concentrations along the estuary gradient of the Jaguaribe river estuary in
the dry and rainy seasons.

Our results so far, demonstrate that floating and submersed species respond to

the availability of Hg in the water column, as suggested by the higher Hg content in the dry
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season, whereas rooted emergent species respond to Hg in sediments, and thus show highest

Hg concentrations in the rainy season.

Mercury in aquatic fauna

Distribution of Hg in animals, due to logistical problems, did not cover the two
seasonal periods, thus our discussion will be based on the spatial distribution only. The
distribution of Hg in water and sediments along the estuarine gradient suggests higher Hg
concentrations in animals found in the lower and middle estuary compared to the upper
estuary. Figure 6 displays differences in Hg concentrations in fish Eugerres brasilianus and
Cathorops spixii and shrimps Litopannaeu vannamei sampled from the two portions of the

estuary, areas dominated by fluvial (FDA) and marine (MDA) conditions.
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Figure 6. Mercury concentrations in fluvial dominated areas (FDA) and marine dominated areas (MDA) in
Eugerres brasilianus (A), Cathorops spixii (B), and Litopannaeus vannamei (C).

Significant differences were observed between the areas, with fish and shrimps
presenting higher Hg concentrations in the marine influenced portion of the estuary. Average
Hg concentrations in the fish E. brasilianus varied from 30.8 + 1.2 ng.g”! in the fluvial
endmember to 59.4 + 7.2 ng.g™! in the marine endmember, whereas in the fish C. spixii varied

from 49.2 + 3.2 ng.g! in the fluvial endmember to 101.3 + 10.7 ng.g’! in the marine
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endmember. Average Hg concentrations in the shrimp L. vannamei varied from 10.7 + 0.5
ng.g’! in the fluvial endmember to 13.3 + 1.3 ng.g’! in the marine endmember. Fish Hg
concentrations are over 10-times higher than in shrimps. These differences are associated
with diet, mostly carnivorous fish and detritivores shrimps, and the lifespan of months to a
few years of fish to a few weeks of shrimps.

Costa and Lacerda (2014) also observed higher Hg concentrations in different
fish species sampled in the marine portion of the Jaguaribe estuary, compared to those
sampled in the fluvial dominated portion and these higher concentrations resulted in a three-
times increase in exposure to Hg of the local traditional fishermen populations inhabiting the
river margins. Moura and Lacerda (2018) comparing the same portions of the Jaguaribe
Estuary observed significant higher Hg concentrations in fishes and invertebrates sampled in
the marine influenced portion. In addition, the authors noted an increase in Hg
bioaccumulation rate in marine end-member species, mainly in the white shrimp L.
vannamei. These results suggest a relationship with two major environment conditions that
differ in the two estuarine portions: the residence time of the water mass, which promotes
longer periods of chemical interactions among substances present in water, favor the
production dissolved organic carbon, mostly originated as a by-product of the sulfate
reduction metabolism in the abundant mangrove forests and results in higher reactivity of
metals, (Bergamaschi et al., 2012, Mounier et al., 2018, Lacerda et al., 2020).

The scarce rainfall and the presence of dams in river basins of semiarid regions
reduce water discharge to the coast and, in conjunction with tidal forcing, increases the water
residence time in the estuary from about 0.2 to up to 13 days triggering an accelerated
sedimentation of suspended particles, and colonization by mangroves, increasing the
availability of dissolved organic compounds which strongly bind Hg increasing its
bioavailability. This chain reaction is stronger during extended dry periods. In addition,
global climate change is strengthening these reactions (Dias et al., 2013, 2016, Lacerda et al.
2013, 2020, 2022). Unfortunately, in the present work we could not study the eventual
seasonal impact on Hg concentrations in animals, such as it has been evidenced for plants.
However, this relationship between dry periods and Hg bioavailabity was already described
by Barletta et al. (2012) reporting total Hg content in fish Trichiurus lepturus decreasing with

increasing rainfall, when most Hg entering the systems were low-bioavailable particulate Hg.
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Also, Azevedo et al. (2018) observed increases in Hg concentrations in three fish species in
Paraiba do Sul River in southeastern Brazil during a long term of drought period.

The large amount of dissolved organic carbon (DOC) from mangrove sulfate
reduction in marine-dominated estuarine areas also contributes to methylmercury (MeHg)
production (Bergamarshi et al., 2012, Lacerda et al. 2017, Pei et al., 2019, Chennuri et al.
2020), a Hg species with high bioavailability and toxicity, which can explain the elevated Hg
concentrations in species from marine dominated areas. The spatial distribution of Hg
concentrations in E. brasilianus, the only species which we could sample along the entire
Jaguaribe river estuary (Figure 7), strongly suggest this, with the highest values observed in
Fortim City (97 =27 ng.g™!), followed by Vila Volta (57 + 6 ng.g™!), Jardim (51 + 13 ng.g™"),
Aracati (33 + 2 ng.g!), Cabreiro (30 + 2 ng.g'!) and Itai¢aba (30 + 3 ng.g™).
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Figure 7. spatial distribution of Hg concentrations in the fish E. brasilianus along the Jaguaribe river estuary:
IT- Upstream and downstream Itaicaba, CA- Cabreiro, AR- Aracati City, (fluvial influences) VO — Vila Volta,
JA- Jardim, FO- Fortim City (marine influenced).

Biological factors like age, length and weight strongly contribute to increase Hg
concentrations in aquatic organisms (Bank et al. 2007, Sackett et al. 2013, Razavi et al. 2019,
Julio et al., 2022). Therefore, merely comparing Hg concentrations from different sites in a
gradient may not be significant if these variables are not uniformized throughout. Rather,
bioaccumulation curves relating one of those variables with Hg concentrations and compared
for a give species in different sites of a gradient, could provide a better understanding of the

impact environmental variables play on Hg contents. In figure 8, we can observe that all three
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species presented higher Hg bioaccumulation in marine dominated area than in fluvial. These
results show different bioaccumulation rate between the sample areas, presumably the
influence of the great Hg available due to semiarid condition, like we presented earlier, cause
this difference. The detritivore species L. vannamei showed the highest distinction in
bioaccumulation rate, probably a result of its shorter life-span relative to the fish species.
Beside that elevated size of fluvial organisms, the highest concentrations were found in
marine individuals and presented accumulation rate over one order of magnitude higher than
organisms collected in fluvial area.

A B
600 - 120 -
500 - 100 o

=400 -

2300 -

£ 200 -
100 -

60 80
Length (cm)

0 5 10 15 20 25
Length (cm)

Figure 8. Size and Hg bioaccumulation in E. brasilianus (A), C. spixii (B), and L. vannamei (C) sampled in
fluvial dominated area (x point, dashed line) and marine dominated area (circle point, continuous line).

Conclusion

The monitoring of hydrochemistry and Hg content in different compartments of
the Jaguaribe estuary showed a distinct Hg dynamics due to typical environmental setting of
the semiarid region that mainly affects the biota of marine-influenced areas of the estuary,
where the Hg deposition and reactivity with dissolved organic matter results in relatively
higher concentrations. The initial hydrochemical studies characterize significant differences

between drought and rainy periods, contributing to changes in Hg concentrations. The longer
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retention of water mass in the estuary during drought periods affects the sediment transport
to continental shelf unleashing a high Hg concentration on estuary sediment, as suggested by
the higher Hg concentrations in sediments in the dry period relative to the rainy season. In
water, the Hg dissolved fraction, constituted by high bioavailable species, exhibited high
content during the dry season, and floating and submersed plants responding with higher Hg
concentrations.

Besides the scarcity of data to compare fishes and the shrimp species between
seasons all three species showed similar pattern of bioaccumulation seen in floating and
submersed plants along the estuarine gradient. Species showed an increase in Hg
concentrations downstream with higher contents found in the marine-influenced portion of
the estuary. In addition, bioaccumulation rates were also higher in individuals captured in the
marine-influenced portion, confirming higher Hg bioavailability there.

Finally, the major drivers responsible by the increase in Hg mobility and
bioavailability in estuaries of semiarid regions are strongly affected by global climate change
(Dai et al., 2009, Doile et al., 2010, Marengo et al., 2018, Lacerda et al., 2020). Decreasing
rainfall and increasing ocean forcing will contribute to accelerate the Hg cycling, which
consequently, will increase contamination of the biota and human exposure to this highly

toxic pollutant.
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CONSIDERACOES FINAIS

Através do monitoramento temporal e espacial dos pardmetros hidroquimicos e
teores de Hg em distintos compartimentos ambientais foi possivel observar um
comportamento particular desse contaminante na regido semiarida. A escassez de chuvas,
caracteristica dessa regido, que contribui significativamente com a reten¢do das massas de
agua na regido estuarina, observada por andlises hidroquimicas iniciais e por balangos
hidrodinamicos disponiveis na literatura para estuarios do semidrido, favorece uma maior
deposicado do Hg, no sedimento, e sua reatividade com a matéria organica dissolvida
resultando em elevadas concentragdes disponiveis para a biota. Durante a estacdo seca, os
niveis de Hg na fracdo dissolvida, composto por espécies quimicas com alta
biodisponibilidade, foram mais elevados em amostras de 4gua, sendo observadas maiores
concentragdes de Hg em macrofitas flutuantes e submersas neste mesmo periodo em relagao
a estacdo chuvosa.

Quanto a fauna aquatica, fatores bioldgicos, como o comprimento € 0 peso, €
ecologicos, como a posic¢ao trofica e dieta, foram marcantes como principais influenciadoras
das diferentes concentracdes de Hg observadas em analises intra- e interespecificas. Além
disso, apesar da insuficiéncia de dados que permitissem tragar comparativos entre estagdes
seca e chuvosa, trés espécies apresentaram concentracdes de Hg significativamente
diferentes ao longo do gradiente estuarino, assim como foi observado nas espécies de plantas,
ressaltando a importancia das caracteristicas ambientais nas diferentes por¢des do estudrio.
Os organismos exibiram maiores concentragdes de Hg em dreas do estudrio com maior
influéncia marinha. Além das maiores concentragdes, a curva de bioacumulacdo do Hg,
avaliada através da relacdo entre concentracao de Hg e comprimento do individuo, também
foi mais acentuada a jusante do estuario, comprovando uma maior disponibilidade desse
contaminante nesse setor.

Uma vez que as condicdes ambientais que induzem a uma maior
biodisponibilidade do Hg sdo potencializadas pela mudanga climatica globais, através da
diminuicdo da pluviosidade e consequente aumento da intensidade e da duracdo da estagdo
seca, ¢ pelo aumento da forcante oceanica, que atuam no aumento da mobilidade e
reatividade do Hg em estudrios da regido semidrida, pode-se prever um aumento na
mobilizagdo do Hg e a consequente ampliacdo da contaminacdo da biota e da exposi¢ao

humana.
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