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RESUMO

O petréleo é importante fonte energética e base para a producido de inimeros itens
utilizados pela sociedade humana. Ele representa risco ambiental constante, gerando
prejuizos as comunidades biolégicas marinhas. Como é um composto tdéxico com
caracteristicas fisicas e quimicas peculiares, podem ocasionar efeitos letais, subletais e
alteragdes bioquimicas nos organismos marinhos. O estudo destas alteracdes, através
de bioindicadores e biomarcadores, pode trazer informagdes valiosas para a avaliacéo
das consequéncias da introducdo do 6leo no ambiente. Ostras sido 6timos
bioindicadores, uma vez que sao filtradores sésseis. O presente estudo tem como
objetivo utilizar técnicas de quantificagdo de hidrocarbonetos policiclicos aromaticos e
isotopos estaveis ("*C e ®N) em tecidos de ostras para investigar os impactos do 6leo
sobre estes organismos. Procurando atingir as metas estabelecidas, foram realizadas
amostragens em campo, além de bioensaios em laboratério. Em um primeiro momento
(capitulo 1), foram coletadas ostras em dois pontos de Arraial do Cabo com impactos
antropicos diferenciados. As assinaturas isotépicas de '*C e "N nos tecidos de ostras
nao apresentaram diferencgas significativas entre os pontos de amostragem. Por outro
lado, o seston apresentou diferencgas, indicando um maior aporte terrigeno na estagao
Praia do Forno, ndo sendo possivel identificar influéncia de fontes petrogénicas. Estes
resultados reforgaram a necessidade da realizagao de bioensaios para testar os efeitos
diretos do 6leo sobre estes bivalves. Visando o desenvolvimento destes bioensaios, no
capitulo 2 foi efetuado entio teste de comparacao entre duas técnicas de dispersao de
Oleo em agua: “oil-in-water dispersion” (OWD) e “water accomodated fraction” (WAF).
Neste teste, as duas técnicas se mostraram eficientes quanto a dispersao do 6leo, com
uma maior concentragdo de HPAs atingida pela técnica WAF e maior homogeneidade
das réplicas produzidas com OWD. Com isso foi escolhida a OWD para os bioensaios,
pois, além de ter se mostrado eficiente, possui logistica mais simples. No capitulo 3 foi
efetuado experimento submetendo a ostra Crassostrea brasiliana a exposi¢cao a oleo
diesel disperso em agua através da técnica OWD. Foram quantificados entdao HPAs na
agua e nos tecidos totais das ostras, além de isotopos estaveis 5'°C e &'°N, percentual
de nitrogénio e carbono em branquias, hepatopancreas e musculos em um estudo de
sete dias. Como resultados principais, foi possivel verificar que a concentragdo de HPAs
na agua caiu rapidamente, havendo bioacumulagéo nas ostras nas primeiras 48h. Apds
sete dias as concentragdes nos tecidos também reduziram, demonstrando que houve
depuragéo quanto aos HPAs testados. Estes registros confirmaram o 6leo diesel como

um Ooleo extremamente volatii e a capacidade de Crassostrea brasiliana como



bioindicador. Quanto aos is6topos estaveis, ndo houve diferencas significativas entre
amostras controle e tratamento, o que indica que a taxa de reciclagem lenta e a rapida
reducdo dos contaminantes na agua impossibilitaram uma alteracdo isotdpica
detectavel. Por fim, no capitulo 4, foi realizada nova exposi¢cao das ostras a OWDs
produzidos com 5 concentracdes de dleo diesel (1:5, 1:10, 1:100, 1:1.000 e 1:10.000),
com o objetivo de avaliar a bioacumulagédo e mortalidade das ostras nestes diferentes
contextos. Em geral os resultados demonstraram uma baixissima mortalidade em todas
os casos, nao diferenciando o controle. A bioacumulagéo registrada ndo foi muito
diferente entre as 3 maiores concentragcbes, o que provavelmente ocorreu devido a
rapida redug¢ao dos HPAs mais abundantes (os mais leves, especialmente o naftaleno).
Com isso a espécie Crassostrea brasiliana se mostrou mais uma vez um bom
bioindicador, ndo s6 pelas caracteristicas inerentes a filtrador semi-séssil, mas também

pela sua resiliéncia e capacidade de bioacumulagao.

Palavras-chave: Avaliacdo ambiental; Bioacumulacido; Bioensaio; Bioindicador;

Crassostrea; Derramamento de 6leo; Monitoramento; Poluicdo marinha; Toxicidade.



ABSTRACT

Oilis a crucial energy source and serves as the foundation for the production of countless
items utilized by human society. However, it poses a persistent environmental risk,
inflicting harm on marine biological communities. As a toxic compound with unique
physical and chemical properties, oil can induce both lethal and sublethal effects, as well
as biochemical changes in marine organisms. Investigating these changes through
bioindicators and biomarkers can yield valuable insights for assessing the consequences
of oil introduction into the environment. Oysters are excellent bioindicators due to their
filter-feeding behavior and sessile nature. The present study aims to employ techniques
for quantifying polycyclic aromatic hydrocarbons (PAHs) and stable isotopes ('*C and
®N) in oyster tissues to investigate the impacts of oil on these organisms. To achieve
the established objectives, field sampling was conducted alongside laboratory
bioassays. In the first stage (Chapter 1), oysters were collected from two locations in
Arraial do Cabo, each exhibiting different levels of anthropogenic impact. The stable
isotopes *C and "N in their tissues were analyzed. The isotopic signatures in the oyster
tissues did not reveal significant differences between the sampling sites. Conversely, the
seston displayed variations, indicating a greater terrigenous contribution at the Praia do
Forno station, although the influence of petrogenic sources could not be identified. These
findings underscored the necessity of conducting bioassays to evaluate the direct effects
of oil on these bivalves. Aiming at developing these bioassays, Chapter 2 presents a
comparative test between two oil-in-water dispersion techniques: “oil-in-water
dispersion” (OWD) and “water accommodated fraction” (WAF). This test demonstrated
that both techniques were effective in terms of oil dispersion, with the WAF technique
achieving a higher concentration of PAHs, while the OWD method produced greater
homogeneity among the replicates. Consequently, OWD was selected for the bioassays
due to its efficiency and simpler logistical requirements. In Chapter 3, an experiment was
conducted exposing the oyster Crassostrea brasiliana to diesel oil dispersed in water
using the OWD technique. PAHs were quantified in both the water and the total tissues
of the oysters, along with stable isotopes 8'*C and &'°N, and the nitrogen and carbon
percentages in the gills, hepatopancreas, and muscles over a seven-day period. The
primary results indicated that the concentration of PAHs in the water decreased rapidly,
with bioaccumulation observed in the oysters within the first 48 hours. After seven days,
the concentrations in the tissues also diminished, demonstrating the depuration of the
tested PAHs. These findings confirmed diesel oil as an extremely volatile substance and
highlighted the capacity of Crassostrea brasiliana as a bioindicator. Regarding the stable

isotopes, no significant differences were observed between control and treatment



samples, suggesting that the slow recycling rate and rapid reduction of contaminants in
the water hindered the detection of any isotopic changes. In Chapter 4, oysters were
exposed to oil-water dispersions (OWDs) created with five concentrations of diesel oil
(1:5, 1:10, 1:100, 1:1.000, and 1:10.000) to evaluate bioaccumulation and mortality rates
in these varying conditions. Overall, the results indicated very low mortality across all
treatments, with no difference observed between the experimental groups and the
control. The bioaccumulation levels recorded were similar among the three highest
concentrations, likely due to the rapid degradation of the most abundant polycyclic
aromatic hydrocarbons (PAHs), particularly the lighter compounds such as naphthalene.
Consequently, the species Crassostrea brasiliana demonstrated its effectiveness as a
bioindicator, attributable not only to its inherent characteristics as a semi-sessile filter

feeder but also to its resilience and capacity for bioaccumulation.

Keywords: Environmental assessment; Bioaccumulation; Bioassay; Bioindicator;

Crassostrea; Qil spill; Monitoring; Marine pollution; Toxicity.
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1 CAPITULO 1 - CONTEXTUALIZACAO CONCEITUAL

1.1 Introducéao Geral

1.1.1 Importancia social e riscos associados ao petréleo

O petréleo é uma das fontes energéticas mais importantes para a sociedade
(IEA, 2021a). Em 2020, o consumo mundial deste produto foi de 14,378 milhdes de m?
por dia (IEA, 2021b). Sua extragdo, armazenamento e transporte representam risco
potencial de poluicdo no mar.

Historicamente, o rompimento de dutos, acidentes em navios petroleiros e
plataformas, assim como os residuos de 6leo de pequenas embarcagdes, impacta o
ambiente marinho (Peterson et al, 2003, Christensen et al, 2010, Eichler, 2014, Rabalais
& Turner, 2016, Chen et al., 2019, Magris & Giarrizzo, 2020). Em mar¢o de 1989, por
exemplo, o rompimento do casco do navio Exxon Valdez foi responsavel pelo despejo
de 42.000 m® de oleo pesado no Alasca. A falta de equipamentos de resposta e a
proximidade da linha de costa agravaram a situagdo que culminou em um grande
desastre ambiental, contaminando 1990 km de costdes rochosos e praias e matando
milhares de animais marinhos (Peterson et al, 2003). Posteriormente, em abril de 2010,
a perda de controle sobre um pog¢o submarino e subsequente explosédo de uma
plataforma levou ao derramamento de aproximadamente 790.000 m® no Golfo do
México, o maior volume da histdria, constituindo um marco para a comunidade
internacional (Rabalais & Turner, 2016). No Brasil, em janeiro de 2000, o rompimento de
um duto da Petrobras na baia de Guanabara contaminou 40 km da costa, incluindo
ambientes sensiveis, como manguezais e praias arenosas abrigadas (Eichler, 2014).
Em 2019, um outro grande derramamento ocorreu em territério brasileiro, atingindo
aproximadamente 3000 km da costa e contaminando centenas de praias, estuarios,
recifes e manguezais (Escobar, 2019; Soares et al, 2020; Soares et al, 2021).
Aproximadamente 400 localidades distribuidas do sudeste ao norte do Brasil foram
expostas a centenas de toneladas de residuos de 6leo cru e disturbios fisicos e quimicos
associados (Magris & Giarrizzo, 2020).

Os impactos ambientais decorrentes da presenca de 6leo no mar provocam
alteragdes nas estruturas das comunidades bioldgicas (Peterson et al., 2003; Fukuyama
et al., 2014; Gusmao et al., 2021), podendo ainda ocasionar riscos a saude humana
(D’Andrea & Reddy, 2014; Pena et al., 2020).
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1.1.2 Impacto por 6leo nos organismos marinhos e o potencial dos

bioindicadores

Diversos estudos demonstram que as caracteristicas fisicas e a composicao
quimica do petréleo ocasionam uma série de efeitos deletérios aos organismos
marinhos (Luchmann et al., 2011; Nwipie et al., 2019; Gan et al., 2021; Ferreira et al.,
2023). Quando em contato com animais, a alta viscosidade acarreta aderéncia a
superficie de suas estruturas corporais, podendo levar a perda de mobilidade e bloqueio
de orgaos responsaveis por fungdes como viséo e respiracado (IPIECA, 2015). Multiplas
substancias presentes em sua composicdo apresentam toxicidade elevada levando a
efeitos letais e subletais (IPIECA, Op. Cit.). Em organismos bentdnicos, os efeitos letais
sdo rapidamente observados, e facilmente quantificaveis (Lira et al, 2021; Craveiro et
al, 2021). Apés a morte, os tecidos moles sado extraidos pela acdo das ondas,
alimentacido de outros invertebrados e peixes, e biodegradacdo restando apenas as
carapacas ou o substrato vazio.

Os efeitos subletais, por outro lado, ndo sao tao aparentes. Para a identificagao
destes efeitos é necessario selecionar indicadores fisiolégicos e bioquimicos ligados a
funcdes afetadas pela poluicdo. Um exemplo destes indicadores sao enzimas
especificas que sdo sintetizadas quando o organismo esta sob estresse oxidativo
(Pampanin et al, 2005). Estas enzimas tém sido utilizadas em alguns estudos para a
detecgdo de impacto por 6leo a partir da quantificacdo da expressdo dos genes
codificantes ou do nivel de atividade enzimatica (Sureda et al, 2011; Sardi et al, 2017;
Zamora-brisefio et al., 2021). Is6topos estaveis, como o '*C, tém grande potencial como
marcadores do contato dos organismos com o 6leo, uma vez que se apresentam em
quantidades especificas em fontes petrogénicas (Graham et. al, 2010). A
bioacumulacdo de compostos provenientes do petréleo nos tecidos pode ser medida
diretamente, por exemplo, através da extracdo e identificacdo de hidrocarbonetos
policiclicos aromaticos (HPAs), o que €& bastante util quando se procura uma
identificagao direta da contaminagao (Wang et al., 2020; Gan et al., 2021; Soliman et al.,
2022).

A pesquisa de impactos ambientais depende da selegcdo de organismos
sensiveis aos poluentes a serem avaliados. Moluscos bivalves sao filtradores com
mobilidade reduzida ou inexistente, o que facilita a localizagdo e o manejo das
populagdes e proporciona a submissdo integral as condigées ambientais dos locais onde
vivem, possibilitando sua utilizagdo como indicadores de qualidade do ambiente (Fiori
et al., 2018; Phan et al., 2020). Eles constituem uma importante fonte de proteina animal

para o ser humano, em especial para as comunidades costeiras, sendo explorados
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através da extragao direta ou através de cultivos (Wijsman et al., 2019). Dentre os
bivalves, as ostras assumem papel especial, sendo abundantes em areas costeiras e
possuindo habilidade de bioconcentrar poluentes (Li et al., 2019; Phan et al., 2020;
Soliman et al., 2022). Em especial, as ostras sdo excelentes biomonitores de absor¢ao
de HPAs devido ao seu alto conteudo lipidico (Gan et. al, 2021). Diversos
pesquisadores utilizaram estes organismos com o objetivo de estudar a bioacumulagao
destes compostos organicos (Bustamante et al., 2012; Aguirre-Rubi et. al., 2018;
Soliman et al., 2022). Oros et. al. (2005) realizaram estudo comparativo e detectaram
que Crassostrea gigas bioacumulou quantidades de HPAs superiores a outros dois
bivalves (mexilhdo Mytilus californianus e ameijéa Corbicula fluminea). A espécie
Crassostrea brasiliana é nativa da costa brasileira, com ampla distribuicdo geogréfica,
que se estende do estado do Maranh&o a Santa Catarina (Amaral & Simone, 2014). Seu
cultivo ja € bem estabelecido no pais, o que facilita a aquisigdo para a realizagdo de
experimentos (Souza et al., 2022). Neste contexto favoravel, a espécie tem sido utilizada
frequentemente para o monitoramento de poluigdo com base em marcadores biolégicos
€ quimicos (Zacchi et al., 2018; Nobre et al., 2020; Campos et al., 2022).

1.1.3 O impacto por dleo diesel no ambiente e suas caracteristicas principais

O odleo diesel é um 6leo considerado leve devido a sua composigao ser
predominantemente de hidrocarbonetos com baixa massa molecular, como o naftaleno
(Patel et al., 2021). Esta caracteristica da a este 6leo propriedades singulares, que
devem ser levadas em consideracao quando estudamos seu impacto no meio ambiente
marinho. Os compostos mais leves tendem a ser mais soluveis e mais volateis (Patel et
al.,, 2021). Com isso eles sado rapidamente disponibilizados no ambiente apds um
derramamento, ocasionando toxicidade aguda, diferentemente dos dleos mais pesados,
que em um primeiro momento causam grande impacto fisico (Hettithanthri et al., 2024).
Nesse cenario, a evaporacido e dissolugdo espalha os compostos rapidamente no
ambiente (Hettithanthri et al., 2024).

1.1.4 Hidrocarbonetos policiclicos aromaticos (HPAs) e os bioindicadores

Hidrocarbonetos policiclicos aromaticos (HPAs) sdo compostos organicos
que possuem em sua estrutura quimica pelo menos dois anéis benzénicos. Estao
presentes no petroleo, possuem alta persisténcia no ambiente, e alta carcinogenicidade
e toxicidade (Lawal, 2017). A absorgéo destes compostos pela biota marinha pode

ocasionar efeitos deletérios, assim como para a saude das pessoas devido ao consumo
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de frutos do mar (Pinho et. al, 2022). Neste contexto, a analise de HPAs em animais
marinhos, em especial animais que componham a dieta de comunidades costeiras,
assume especial importancia. A Agéncia de Protecdo Ambiental dos Estados Unidos
(U.S. EPA) definiu 16 HPAs como prioritarios (Zelinkova e Wenzl, 2015) devido a sua
alta toxicidade (tabela 1). A partir deste momento, estes 16 HPAs tém sido utilizados
como referéncia para estudos ambientais, na avaliacao direta da contaminagcao em
frutos do mar (Pinho et al., 2022) e como parametro de correlagdo com biomarcadores
(Sardi et al, 2017; Knapik et al., 2020). Os HPAs podem ser classificados de acordo com
seu peso molecular, que aumenta de acordo com a quantidade de anéis benzénicos
(tabela 1). Compostos com menor peso molecular como o naftaleno, tendem a ser mais
soluveis o que favorece uma contaminacdo aguda, porém sao relativamente menos
téxicos (Gan et al, 2021; Othman, 2023). A volatilidade € outra propriedade que
depende do peso molecular, sendo maior em HPAs com pesos menores (Gbeddy, et al.,
2022).

Tabela 1 - 16 HPAs prioritarios (U.S. EPA).

Numero de Faixa de
HPAs Anéis peso
Benzénicos molecular
Naftaleno 2 Baixo
Acenaftileno 2 Baixo
Acenafteno 2 Baixo
Fluoreno 2 Baixo
Fenantreno 3 Baixo
Antraceno 3 Baixo
Fluoranteno 3 Baixo
Pireno 4 Médio
Benzo(a)antranceno 4 Médio
Criseno 4 Médio
Benzo(b)fluoranteno 4 Médio
Benzo(k)fluoranteno 4 Médio
Benzo(a)pireno 5 Alto
Indeno(1,2,3-cd)pireno 5 Alto
Dibenzo(a,h)antraceno 5 Alto

Benzo(g,h,i)perileno 6 Alto
Fonte: Produzida pelo autor; Referéncias: Zelinkova e Wenzl, 2015; Othman, 2023.

1.1.5 Is6topos estaveis e os bioindicadores
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Os isotopos estaveis sao aqueles cujos nlcleos permanecem com
caracteristicas unicas e imutaveis. Ja os instaveis sao radioativos, ou seja, seus nucleos
perdem matéria e energia, sofrendo decaimento ao longo do tempo e transformando-se
em outra espécie atdmica (Michener & Lajtha 2008; De Barros Ferraz et al., 2009). Com
isto o estudo dos isétopos estaveis € baseado na medicdo das suas massas, que
permite a identificacdo de cada um e posterior quantificacdo da sua abundancia em
determinada amostra. Por convencéo, a composi¢ao isotépica de determinado elemento
€ dada pela relacédo do isétopo mais raro com o mais abundante, o que geralmente
significa a raz&do entre o mais pesado e o mais leve (De Barros Ferraz et al., 2009). Com
isso, por exemplo, a composigéo relativa ao '*C é dada pela razdo entre a abundancia
deste isétopo e a de '?C. Para a padronizagédo da quantificagdo dos isotopos, foram
estabelecidos padrbes reconhecidos internacionalmente. Entdo uma razao isotépica é
expressa sempre relativamente a estes padrdes, dando origem entdo a notagdo &

conforme formula a seguir:

Razao isotopica
da Amostra
Razao isotopica
Padréo

Esta relacéo é entdo multiplicada por 1000, o que gera a notagao d expressa em
%o (partes por mil). Como exemplo, o padrdo utilizado para o *C é a composigdo
isotopica em um fossil calcareo chamado Pee Dee Belemnite (PDB), com razéo
isotopica de 0,0112372, que multiplicada por mil, &€ apresentada como 11,2372 %o (De
Barros Ferraz et al., 2009).

Uma molécula possui as mesmas caracteristicas funcionais independentemente
de suas razdes isotopicas (HOEF, 1997) Por outro lado, as caracteristicas fisico-
quimicas especificas de cada is6topo sao responsaveis pelo fracionamento isotdpico ao
longo dos processos quimicos e bioldgicos (De Barros Ferraz et al., 2009). Com isso, 0
estudo das diferencas quantitativas € muito util para a investigacao dos processos que
deram origem a assinatura isotopica de determinada amostra (De Barros Ferraz et al.,
2009). A aplicacao dos is6topos estaveis para estudos ambientais reside no fato de que
a razao encontrada nos diferentes compostos orgénicos se relaciona as fontes que
originaram estes compostos (De Barros Ferraz et al., 2009). Quando ha uma reagao
quimica, o produto resultante possui relacao isotépica com as substancias de origem,
assim como os tecidos de um animal possuem relagao isotdpica com os alimentos que
ele consome (De Barros Ferraz et al., 2009). Esta relacéo é baseada no principio do

fracionamento isotdpico, que pode ser termodindmico ou cinético (Michener & Lajtha
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2008). O fracionamento termodinamico esta relacionado a reacdes quimicas em
equilibrio, como a evaporacao por exemplo. Neste caso, isétopos mais leves, como o
12C, tendem a passar para a fase gasosa com maior facilidade, enriquecendo a fase
liquida, onde a quantidade e '*C aumenta (Michener & Lajtha 2008). O equilibrio
termodindmico, e consequentemente as razdes isotépicas, sdo dependentes da
temperatura do sistema. Ja o fracionamento cinético é relacionado com reagdes
quimicas unidirecionais, ou seja, que ndo estdo em equilibrio (Michener & Lajtha 2008).
Um exemplo sdo as reagdes enzimaticas que ocorrem durante a assimilagdo do
nitrogénio. Estas reacgdes eliminam de forma preferencial o isétopo mais leve (*N), o
que acaba por enriquecer os valores de 8N de um organismo em relacdo as suas
fontes alimentares em aproximadamente 3%o (Fry, 2006).

A determinacdo do 8"C vem sendo utilizada na pesquisa ambiental com o
objetivo de identificar as fontes de carbono, como terrigenas ou marinhas, poluentes
petrogénicos, entre outros (Wang et al., 2020; Vezzone, 2020; Srinivas et al., 2022).
Desta forma, estes is6topos podem ser Uteis na busca por marcadores que demonstrem
os efeitos da contaminacéo nos organismos marinhos (WILSON et al, 2016; LIU et al,
2019).

Ja a quantificagdo do &'°N tem sido utilizada de forma bastante ampla em
estudos a respeito da cadeia tréfica (Layman et al., 2012). Neste contexto, a distancia
entre o valor de 5'°N detectado entre dois organismos possibilita a inferéncia sobre suas
posigdes hierarquicas na teia tréfica (DeNiro, 1978; Vander Zanden & Rasmussen, 2001;
Post, 2002). Esta caracteristica pode ser util em outros tipos de andlise. A reciclagem
(“turnover”) dos isétopos em diferentes tecidos ndo ocorre de forma similar, podendo ser
mais ou menos acelerada (Deudero et al., 2009; Bearham et al., 2023). Com isso o valor
de 3'°N pode ajudar a indicar mudancgas na dieta devido a alteragdes ambientais, se a
avaliagao for efetuada em variados tecidos (Bearham et al., 2023). Alguns estudos
relacionam o isétopo estavel N com a poluigdo orgénica por esgoto, encontrando
alteragdes significativas ligadas a este tipo de poluicao (Rogers, 2003; Orlandi et al.,
2014). Com isso a utilidade do N para estudos de impacto perpassa tanto o
entendimento das caracteristicas tréficas do organismo, o que ajuda a entender a sua
dieta e origem dos alimentos, quanto a influéncia de poluentes presentes no ambiente
que possam ser absorvidos direta ou indiretamente.

Nesse contexto, os isétopos estaveis sao utilizados para a avaliagao de impactos
antropogénicos, possibilitando inclusive identificar gradientes de poluigéo (Kopprio et al,
2018). Como o valor de isétopos presente em determinados poluentes € caracteristico,
€ possivel que suas analises nos organismos auxiliem na investigacdo do grau de

contaminagao.
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1.2 Objetivo geral

- Investigar o impacto do d6leo diesel sobre ostras através de analises in situ e in

vitro utilizando HPAs e is6topos estaveis como marcadores.

1.2.1 Objetivos especificos

- Avaliar o impacto da contaminagéo sobre as assinaturas isotopicas de *C e >N

em tecidos de ostras em dois pontos antropicamente distintos (Capitulo 1).

- Avaliar duas das principais metodologias de dispersao de 6leo diesel em agua
do ponto de vista da reprodutibilidade e da quantidade de HPAs presentes na mistura
(Capitulo 2).

- Analisar o efeito da exposicao de Crassostrea brasiliana a contaminagao por
Oleo diesel em relagcéo a bioacumulacédo de HPAs nos seus tecidos totais, e assinaturas

isotdpicas em branquias, hepatopancreas e musculos (Capitulo 3).

- Avaliar a mortalidade da ostra C. brasiliana em resposta a diferentes
concentragoes de 6leo diesel, assim como a bioacumulagéo de HPAs nos seus tecidos
totais (Capitulo 4).

1.3 Hipéteses

1 — E possivel avaliar o impacto por éleo diesel no ambiente através da quantificacdo

de hidrocarbonetos policiclicos aromaticos em ostras.

2 — Alteragbes nas assinaturas isotopicas de '*C e '®N em tecidos de ostras podem

sinalizar contaminagao por 6leo.
1.4 Metodologias empregadas nas analises de HPAs e Is6topos Estaveis
Ao longo do estudo, foram efetuadas analises de HPAs em amostras de agua

(ou solugéo aquosa agua:oleo diesel) e tecidos de ostras e, isétopos estaveis em tecidos

de ostras e filtros contendo a fragdo do seston presente na agua do mar. As
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metodologias especificas de amostragem e analises serdo detalhadas nos capitulos 2
a 5, de acordo com o foco de cada experimento.
1.4.1 Analise de HPAs

Descontaminagao do material a ser empregado

Toda a vidraria utilizada ao longo das analises foi descontaminada com o objetivo
de retirar toda a carga orgéanica e evitar interferéncia nos resultados. O procedimento
consistiu em: lavagem com agua corrente; limpeza com detergente neutro a 5%
(Extran®); lavagem com agua corrente; lavagem com agua destilada; secagem natural
ou com acetona HPLC (LICHROSOLV®); e lavagem com diclorometano HPLC
(LICHROSOLV®). No caso de vidrarias ndo volumétricas, a lavagem com diclorometano

foi substituida por descontaminagcdo em mufla a 450 °C por 6 horas.
Extracdo em amostras de agua

Em todas as andlises de HPAs na agua, aliquotas de 1L foram coletadas de cada
unidade amostral com ajuda de garrafas descontaminadas e proveta volumétrica. As
amostras foram armazenadas e resfriadas a 8°C até o momento da extracdo dos HPAs,
nao excedendo 7 dias. O processo de extragao liquido-liquido seguiu o0 método EPA-
3510 (EPA, 1986a) e foi efetuado no Laboratério de Geoquimica Ambiental Forense do
Instituto de Estudos do Mar Almirante Paulo Moreira (LGAF/IEAPM). Cada aliquota foi
transferida para funis de separagdo com capacidade para 1,5 L, aos quais foram
adicionados 30 mL de diclorometano HPLC (LICHROSOLV®) (fig. 1).

Figura 1 — Amostras de agua em funis de separacao para extracdo de HPAs.
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Fonte: Produzida pelo autor; Laboratério da Divisdo de Quimica e Geoquimica
Ambiental / IEAPM.

Para validagao do procedimento de extragao foram adicionados 25 L de solugao
do padrdo sub-rogado p-terfenil-d14 (4 ng.uL™") totalizando a insergdo de 100 ng de
padrao na amostra. Os funis com a solugao foram submetidos entdo a agitagéo vigorosa
por 3 minutos, seguida de repouso de 10 minutos, para a completa separacao das fases.
O solvente foi entdo transferido para frasco TurboVap® e todo o procedimento repetido
por mais duas vezes, totalizando o uso de 90 mL de solvente. Os extratos foram entéo
reduzidos em TurboVap® sob fluxo de nitrogénio (temperatura de banho 38°C, fluxo de
6 L/ min e pressao de 14 PSI) a volumes inferiores a 1mL e adicionado diclorometano a
até completar-se o volume de 1 mL. Cada extrato foi transferido para vials, aos quais
foram adicionados 100 ng de mistura de padrbes internos (compostos deuterados
naftaleno-d8, acenafteno-d10, fenantreno-d10, criseno-d12 e perileno-d12) e
armazenados em freezer até a andlise por cromatografia gasosa acoplada a

espectrometria de massas (figura 2).

Figura 2 — Amostra ja extraida e reduzida em frasco TurboVap@.

Fonte: Produzida pelo autor; Laboratério da Divisdo de Quimica e Geoquimica
Ambiental / [IEAPM.

As etapas seguintes, de clean up e fracionamento foram realizadas apenas para
as amostras de tecido, uma vez que as amostras de agua ja se apresentaram bastante

limpas.
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Extracao em tecidos de ostras

Atualmente sao utilizados diversos métodos para a extragao de HPAs em tecidos
de animais, sendo que a escolha influencia a quantidade de solventes utilizados, o
tempo despendido e a eficiéncia da extracdo (Guimaraes et al., 2022). No presente
estudo, a escolha pela extragdo por Soxhlet visou garantir uma recuperagao
relativamente alta dos compostos pretendidos, a partir da utilizagdo de um método
consagrado (Guimaraes et al., Op. Cit.). O processo de extragdo, assim como a posterior
analise de HPAs, foi efetuado no Laboratério de Geoquimica Orgénica Marinha da
Faculdade de Oceanografia da Universidade do Estado do Rio de Janeiro
(LAGOM/UERJ), Rio de Janeiro, RJ.

Preparacao das amostras em tecidos de ostras e extragao

As conchas de cada ostra foram higienizadas com escovas e agua ultrapura para
evitar a contaminacgao dos tecidos com 6leo aderido a superficie externa das conchas.
Os tecidos moles totais dos individuos foram retirados de suas conchas com a utilizacao
de espatulas e bisturis. As amostras foram homogeneizadas com a ajuda de
equipamento Ultra Turrax (lka Labortechnik). Aliquotas de aproximadamente 3 g
misturadas com sulfato de sédio foram entao inseridas em cadinhos de vidro, aos quais
foram adicionados 100 ng de padrao sub-rogado (p-terfenil-d14). Foi realizada, entao, a
extragcdo em Soxhlet por 24h, através da mistura de solventes diclorometano e acetona
(9:1) (figura 3). Cada rodada de extrac¢des de tecidos de ostras foi acompanhada de um
branco, representado apenas por sulfato de sédio puro. A extracao foi realizada ainda
em amostras de 3g de material de referéncia de tecido de bivalve certificado IAEA-451

(IAEA, 2013) com o objetivo de avaliar a qualidade do processo.
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Figura 3 — Extracao de amostras de ostra por sistema Soxhlet.

Fonte: Produzida pelo autor; Laboratério da Divisdo de Quimica e Geoquimica
Ambiental / IEAPM.

Em seguida, os extratos foram concentrados através de evaporador rotativo a
vacuo (Tecnal®) (vacuo de 290 mbar, temperatura de banho 35 °C) até o volume de
aproximadamente 1mL (figura 4) e transferidos para vial de 10 mL. Quando necessaria
evaporagao extra para atingir o volume requerido foi realizada redugéo sob fluxo de
nitrogénio no proprio vial. Apds este procedimento as amostras foram armazenadas sob

refrigeragcao até realizagdo da etapa de clean up.

Figura 4 — Concentragdo da amostra com evaporador rotativo a vacuo.

Fonte: Produzida pelo autor; Laboratério de Geoquimica Orgénica Marinha da UERJ
(LAGOM).



35

Clean up e fracionamento

A etapa de clean up é realizada com objetivo de reduzir a carga organica das
amostras extraidas. Para isso, foram utilizadas colunas de vidro com 30 cm de
comprimento e 1,8 cm de didmetro previamente descontaminadas. Foram inseridos,
entdo, 20 g de alumina desativada a 2% acomodada sobre pequena camada de la de
vidro e preenchida com diclorometano HPLC (LICHROSOLV®). Apos a adigdo da
amostra, foi realizada a eluicdo com mais 100 mL de diclorometano. O extrato foi
recolhido em frasco TurboVap@. No mesmo frasco, foi feita a troca de solventes para
n-hexano, através da evaporacdo do diclorometano e adicdo de n-hexano em
sequéncia, sem, no entanto, permitir que o extrato seque. Apds a reducido a
aproximadamente 1 mL o extrato foi transferido para vial e armazenado em refrigeracao
até a etapa de fracionamento. Quando necessaria evaporagcado extra para atingir o
volume requerido foi realizada reducdo sob fluxo de nitrogénio no proprio vial. O
fracionamento foi realizado para separar as fragdes de hidrocarbonetos alifaticos e
aromaticos, segundo método EPA-3630C (EPA, 1996). As amostras foram aplicadas em
coluna de 30 cm de comprimento com 1,3 cm de didmetro interno preenchidas com 7 g
de alumina (Oxido de aluminio 90; SHELF LIFE®) desativada a 2%, 10g de silica gel (60;
0,063-0,200 mm; SHELF LIFE®) desativada a 5% e 1 g de sulfato de sodio (Sulfato de
sédio anidro para analise; EMSURE®) descontaminado em mufla. Com a coluna
montada, as amostras foram entao eluidas com solventes de polaridade crescente: para
os alifaticos (descartados apos a extragao) 30 mL de n-hexano e para os aromaticos 75
mL de mistura de n-hexano e diclorometano (1:1) (figura 5). Os extratos obtidos foram
entdo reduzidos em frascos TurboVap® para pouco menos de 1 mL e entdo avolumados
para exatos 1 mL com n-hexano. Apoés esta etapa, foram transferidos para vials de
injecao onde foram adicionados 100 ng de mistura de padrdes internos (compostos
deuterados naftaleno-d8, acenafteno-d10, 1,4-diclorobenzeno-d4, fenantreno--d10,
criseno-d12 e perileno-d12; AccuStandard®, 4mg/mL) e armazenados em freezer até a

analise em cromatégrafo acoplado a espectrémetro de massas.
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Figura 5— Fracionamento das amostras em coluna aberta.

Fonte: Produzida pelo autor; Laboratério de Geoquimica Orgénica Marinha da UERJ
(LAGOM).

Quantificagao dos HPAs

Para a identificacdo e quantificagdo dos HPAs, tanto para as amostras de agua
quanto de tecidos de ostras, foi utilizada cromatografia gasosa acoplada a
espectrometria de massas (CG/EM) seguindo método EPA 8270D (EPA, 1986b) de
acordo com as condi¢cdes descritas na tabela 2. O equipamento utilizado, da marca
Thermo Scientific®, modelo 1SQ, foi calibrado através de dez solu¢des padrao (1, 2, 5,
10, 20, 50, 100, 200, 400 e 1000 ng.mL""; AccuStandard®, 4 mg.mL™") contendo os 16
HPAs estudados, naftaleno, acenafteno, acenaftileno, fluoreno, fenantreno, antraceno,
pireno, fluoranteno, benzo(a)antraceno, criseno, benzo(b)fluoranteno,
benzo(k)fluoranteno, benzo(a)pireno, indeno(1,2,3-cd)pireno, dibenzo(a,h)antraceno e
benzo(ghi)pireno, e os padrdes internos deuterados op. cit. (cada um na concentragéo
de 100 ng L™"). O limite de quantificagdo foi calculado como a razdo entre a menor
concentragao da curva de calibragédo (1ng.mL-1) e o volume ou peso da amostra
extraida. Os limites de detecgao foram calculados a partir da inje¢do de um padréo em
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baixa concentragao para cada HPA analisado. Este processo foi repetido oito vezes e
dos valores obtidos, calculado o desvio padrdo e multiplicado por 3. O resultado é

dividido pelo volume de agua ou massa de tecido de ostra extraido (Araujo, 2008).

Tabela 2 - Condicdes instrumentais para determinacédo de HPAs individuais.

Thermo Scientific® modelo

Equipamento ISQ
Agilent DB-5MS (30m, 0,25 mm de DI e 0,25 um de
Coluna filme)

50 °C durante 5 min
50 °C min*até 80 °C

Programa de 6 °C min't de 80 °C a 280 °C
temperatura 12 °C min-tde 280 °C a 305
°C

305 °C min?por 7 min
Gas de
arraste hélio 1,2 min*?
Volume de injecao 2 uL

Fonte: Produzida pelo autor.

1.4.2 Andlise de is6topos estaveis e percentuais de carbono e nitrogénio

Os tecidos musculo, hepatopancreas e branquias das ostras foram analisados
separadamente para as determinacdes elementares. Para as analises isotopica e
elementar, cada amostra precisou ser seca e reduzida a massas adequadas. No caso
das amostras de tecidos de ostras a secagem foi realizada através de liofilizagéo
(liofilizador Christ®/Beta 1-8 LSCPlus; temperatura inicial da amostra: -15°C; tempo
minimo; 48h; pressédo: 0,1mBar; temperatura da prateleira: -15°C), com posterior

maceragao e pesagem (figura 6).
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Figura 6 — Maceragao e pesagem das amostras de tecidos de ostras.

Fonte: Produzida pelo autor; Laboratério de Radioecologia e Alteragbes Ambientais
(LARA) / UFF.

As analises de isotopos estaveis foram efetuadas no Laboratério de
Radioecologia e Alteragdes Ambientais da Universidade Federal Fluminense (UFF),
Niteroi, RJ. Antes do inicio da analise das amostras, foi realizado teste da massa minima
necessaria para a quantificagdo elementar. Para isso, foram pesadas em balancga de
precisao (Mettler Toledo; resolugao de 1 ug) porgdes de teste das amostras pretendidas
com massas variadas (dentro da faixa de 0,4 e 1 mg). Para efetuar a pesagem as
amostras ja foram introduzidas em capsulas e estanho proprias para as analises
seguintes. As amostras a serem testadas foram entdo inseridas em analisador
elementar acoplado em espectrémetro de massa de razao isotdpica (EA-IRMS;Thermo
Electron Corp., Bremen, Germany) (figura 7), buscando-se entao verificar, em cada uma,
se 0s sinais obtidos de carbono e nitrogénio eram ideais para a quantificacdo. Para a
calibragdo da analise foram utilizados padrdes de proteina (B2155 PROTEIN: 3'3C = -
26,98 + 0.13, 8'°N = 5,94 + 0.08, glicina (3'C = - 20,29 + 0.04, 8"°N = - 20,68 + 0.06)
e uréia (IVA33802174 UREA: 8"°C = - 41.3 + 0.04, 8N = - 0.32 + 0.02), além de
capsulas de estanho vazias. Apos definicdo da massa a ser utilizada, prosseguiu-se com
as analises das amostras pretendidas. Nos capitulos 1 e 3 serdo especificados os

quantitativos especificos de amostras e réplicas para cada estudo.
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Figura 7 — Analisador elementar acoplado em espectrémetro de massa de razao
isotopica (EA-IRMS).

Fonte: Produzida pelo autor; Laboratério de Radioecologia e Alteragbes Ambientais
(LARA) / UFF.
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Abstract

The stable isotopes 8'°C and &'°N are considered valuable biomarkers to analyze trophic
links and nutrient sources, but few studies evaluated their effectiveness for
environmental monitoring. "*C and '®N have distinct signatures in organic compounds,
which can be utilized to identify potential carbon and nitrogen sources. Marine bivalves
are often employed in environmental studies as efficient bioindicators because sessile
filter feeders tend to bioaccumulate pollutants. The present study analyzed 3'*C and &'°N
in seston and oysters inhabiting two areas with different environmental conditions in a
Marine Extractive Reserve. Anjos Beach Pier (AB) is situated near a pier designated for
fishing and tourism vessels, while Forno Beach is located in the rocky shoreline adjacent
to this beach. The isotopic values were compared for two trophic levels and three oyster
tissues, resulting in a broad view of local dynamics. Seston samples from Forno Beach
exhibited depleted 3'3C values, possibly reflecting a terrigenous carbon contribution in
this area. Considering oyster tissues, 8'°C and &'°N values in hepatopancreas were

similar to seston, possibly due to oysters’ role as filter feeders, supporting the use of
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digestive tissues for assessing short-term changes of environmental conditions.
Moreover, isotope values for oyster gills and muscles suggest long-term homogeneous
conditions for AB and FB, with a predominance of marine carbon and nitrogen sources.
Our results underline the relevance of analyzing bivalve tissues separately since they
display different turnover rates and depict variable time frames of environmental
conditions. This article provides valuable information on the variables that must be
considered when applying stable isotope analysis in coastal environmental monitoring,

highlights knowledge gaps, and recommends best practices for future work in this area.

Keywords: carbon isotopes; nitrogen isotopes; tracer; bioindicator; environmental

impact; biomarker.

2.1 Introduction

The uncontrolled population growth along the coast represents a constant
challenge to environmental management (Zhai et al, 2020; Pena et al, 2020). Marine
pollution monitoring often relies on indicator organisms, which experience physiological,
biochemical, or molecular changes in response to seawater contamination (Ferreira et
al., 2023). Bivalve mollusks are often selected as bioindicators because they are sessile
filter feeders that absorb and accumulate seawater pollutants (Fiori et al., 2018; Phan et
al., 2019). These motivated the continuous search for pollution biochemical markers in
bivalve tissues (Sardi et al., 2017; Lopez-Landavery et al., 2019; Araujo et al., 2021).
Recently, several studies have applied stable isotopes *C and "N as pollution
biomarkers due to their particular signature in a variety of organic compounds, which can
be used to identify the type and potential sources of contamination in marine organisms
(Wang et al., 2020; Vezzone et al., 2021; Felizardo et al., 2021; Srinivas et al., 2022).
Besides, the &'3C isotopic signatures in pollutants are expected to be transferred from
producers to higher trophic levels (Zanden and Rasmussen, 2001; Post, 2002). Graham
et al. (2010) employed the 8'3C signature as a marker of oil pollution and observed that
the lighter 8'3C of petrogenic sources led to the decrease of values in planktonic
communities. Regarding the °N signature, several studies reported that a high input of
urban effluents in coastal environments resulted in the reduction of &'°N values in
suspended particulate organic material (Ke et al. 2020) and in fish tissues (Gaston and
Suthers, 2004).

Moreover, stable isotope analyses are broadly used to infer potential sources of
dissolved and particulate organic matter (DOM/ POM) in coastal environments. Indeed,

multiple origins were associated with organic matter in coastal waters, including local
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primary production and microbial decomposition of algal biomass; terrestrial sources by
decomposition of soil and plant matter; and anthropogenic sources, such as industrial
and domestic sewage (Lee et al., 2020). Another important factor to consider is that the
isotopic composition in a consumer's tissue reflects their current diet and consumption
in the preceding weeks and months, allowing for medium-term evaluations (Buchheister
and Latour, 2010). 8"C and 8'N fractioning also provide valuable information for the
study of ecological niches and animal interactions in wild communities. In that sense
Shipley and Matich (2020) reviewed the important factors that interfere on data
interpretation, such as physiological conditions, sampling and storage procedure and
statistical analysis.

Stable isotopes appear as promising tools for environmental monitoring, although
the current literature on the subject remains scarce. The present study applies §'*C and
O'N stable isotopes analysis of seston and bivalve tissues to assess the environmental
conditions of the coastal region in Arraial do Cabo, a tourist destination situated within a
Marine Extractive Reserve (RESEXmar-AC).

2.2 Methodology

2.2.1 Study area

Samples were collected from two sites with varying environmental conditions in
Arraial do Cabo, a marine extractive reserve characterized by multiple uses of the sea,
including boat traffic, diving, swimming, and artisanal fishery (De Melo et al., 2009;
Sarmento et al., 2020; ICMBIO, 2020). Site one is located at the Anjos Beach pier (AB)
(Fig. 1), the primary nautical support point for Arraial do Cabo, housing the Fisher's
Marina, the floating pier of Anjos Beach, and a commercial harbor (ICMBIO, 2020). The
frequent transit and docking of hundreds of boats could be a source of chronic release
of oil at this location (Warnken and Byrnes, 2004; Lin et al., 2007). This area also
experiences occasional sewage discharge events triggered by heavy rainfall (ICMBIO,
2020). Site two is located on the rocky shore of Forno Beach (FB), which is subject to a
low degree of anthropogenic disturbance, restricted to the presence of tourists and a
small bivalve mollusk farm (Galvao et al., 2012; ICMBIO, 2020).
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Figure 1. Location of sampling sites at Arraial do Cabo, RJ, Brazil (AB = Anjos Beach;
FB = Forno Beach).
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2.2.2 Sample collection and preparation

Seawater was collected in 4 L triplicate samples at each site to analyze stable
isotopes in the seston. Samples were pre-filtered using a 200 um mesh to exclude large
organisms and limit the size of the seston to be analyzed, and then vacuum filtered using
0.7 ym GF/F filters (Schoo et al., 2018). The filters were previously dried and
decontaminated in a muffle furnace (8 hours at 450 °C), and individually weighed on a
precision scale. After filtration, the filters were dried at 60°C until they reached a constant
weight and then stored for isotopic analysis. Six individuals from the Ostreidae family
were collected at each sampling point and identified as Saccostrea cucullata and
Crassostrea brasiliana. The specimens were transported in a refrigerated container to
the laboratory and then frozen for later dissection. Each specimen's gills,
hepatopancreas, and muscle tissues were separated, weighed, placed in 2 mL
Eppendorf® tubes, and individually frozen at -20 °C. The tissues were then freeze-dried
and macerated in an agate mortar and pestle. All samples were collected during the low

spring tide in December 2021.
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2.2.3 Stable isotope analysis

The quantification of stable isotopes (8'°C and 8'°N), total carbon (TC) and total
nitrogen (TN) was performed on aliquots of dry filters (12 mg) and of each freeze-dried
oyster tissue (0.7 mg), weighed using tin capsules and a precision scale. Ablank analysis
was conducted to determine the percentage of potential residues of inorganic carbon
and nitrogen present in the filter fabrication material. TC, TN, 8'3C, and &N levels were
quantified using an elemental analyzer coupled to an isotope ratio mass spectrometer
(EA Flash 2000 coupled to an IRMS Delta Advantage; Thermo Electron Corp., Bremen,
Germany), as described by Vezzone et al. (2021). To calculate the analysis error,
reference materials were used, along with empty tin capsules: B2155 PROTEIN (8'3C =
-26,98 + 0.13, 8'°N = 5,94 + 0,08), USGS65 GLYCINE (5"C = -20.29 + 0,04, 3N =
-20,68 + 0.06), and IVA33802174 UREA (5'3C = -41,3 £ 0.04, 8'°N = -0,32 + 0,02). The
measured analytical errors were + 0,04 %o for 8'3C, + 0,04 %o for 8"°N, + 0,5 % for TC
and = 0,6 % for TN.

2.2.4 Statistical analysis

The data were determined to be normally distributed through Kolmogorov-
Smirnov and Shapiro-Wilk tests and compared through analysis of variance (ANOVA),
followed by Tukey multiple comparison tests (Zar, 1996). Significant differences were
identified by a coefficient p < 0.05. The results were represented in boxplot graphics
depicting the mean + standard deviation. All statistical analyses were performed with the
software Excel® and Statistica 7.0®.

2.3 Results

Stable isotope analyses in seston samples revealed a significant decrease of
0"3C at Forno Beach (FB) compared to the Anjos Beach (AB) pier (Fig. 2a, p = 0,048).
0"3C in oyster tissues showed the same trend observed for seston (Fig. 2b, p > 0,05).
When comparing oyster tissues, the hepatopancreas exhibits 5'3C values significantly

lower than gills and muscle, and closer to the values observed for seston (Fig. 2b).
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Figure 2. 8'3C levels in (a) seston (n = 3) and (b) oyster tissues (n = 6) at sampling sites in Arraial do Cabo.
Mean = standard deviation; boxes indicate standard errors. AB = Anjos Beach Pier; FB = Forno Beach. Equal
symbols (*, ", #) indicate no significant differences.
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The 8'°N mean values were similar between AB and FB, considering both seston
and oyster samples (Fig. 3). When comparing different oyster tissues, the
hepatopancreas had the lowest 3'°N values (Fig. 3b), closely resembling those observed

in the seston, whereas the values for muscles and gills exceed the seston by more than

2%o.

Figure 3. 8'5N levels in (a) seston (n = 3) and (b) oyster tissues (n = 6) at sampling sites in Arraial do Cabo.
Mean * standard deviation; boxes indicate standard errors. AB = Anjos Beach Pier; FB = Forno Beach.
Different symbols (*, " #) indicate statistically significant differences.
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The mean total carbon (TC) percentages were significantly higher for seston in
AB than in FB (Fig. 4a, p = 0,025). Oyster tissues did not exhibit significant variations in

TC values between sampling sites (Fig. 4b).
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Figure 4. Total carbon percentage (TC%) in (a) seston (n = 3) and (b) oyster tissues (n = 6) at sampling
sites in Arraial do Cabo. Mean * standard deviation; boxes indicate standard errors. AB = Anjos Beach Pier;
FB = Forno Beach. Different symbols (*, ", #) indicate statistically significant differences.
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A significant difference was also observed between sampling sites for seston TN
levels, with higher values in AB than in FB (Fig. 5a, p = 0,047). TN levels for oyster

tissues were similar between sampling sites and among tissue types (Fig. 5b).

Figure 5. Total nitrogen percentage (TN%) in (a) seston (n = 3) and (b) oyster tissues (n = 6) at sampling
sites in Arraial do Cabo. Mean * standard deviation; boxes indicate standard errors. AB = Anjos Beach Pier;
FB = Forno Beach. Different symbols (*, ", #) indicate statistically significant differences.
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In general, when compared with previous studies (Table A.2-A.3), the isotopic
signatures obtained for seston and oysters were similar to the values found in coastal
regions (Fig. 6). Moreover, seston samples from FB showed variable &N levels,
compatible to coastal and estuary signatures (Fig. 6a). In contrast, 5'*C values for oyster
muscle tissues are out of the range observed for inner estuary samples and similar to

the observed for coastal and outer estuary samples (Fig. 6b).
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Figure 6. 8'3C and &"°N in seston (a) and oyster tissues (b) were compared with those reported in previous
studies for coastal areas, including external (deltas, lagoons, and bays) and internal (rivers) estuarine areas.
Symbols: m = seston; A= hepatopancreas; e = gills; ¢ = muscle. Blue = Anjos Beach Pier; Yellow = Forno
Beach. Gray rectangles represent values obtained from previous studies (References at Tables A.2 and

A.3).
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0"C and TC values for seston suggest different environmental conditions

between the AB and FB stations during collection (Roth et al., 2016; Srinivas et al., 2022).

However, the enrichment of 8'3C at station AB is contrary to the trend of '3C decrease
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observed in areas with a significant input of urban effluents (Rogers, 2003; Gaston and
Suthers, 2004) or subjected to oil spill incidents (Graham et al. 2010). Indeed, local
dynamics may favor the influence of enriched carbon sources of marine origin at AB,
supplanting the effects of occasional oil or sewage pollution (Bhardan et al., 2015;
Kopprio et al., 2018).

Moreover, the decrease of 8'°C at FB could be attributed to terrigenous carbon
input, since this station is located next to rocky shores in a cove surrounded by terrestrial
vegetation. A similar trend in '*C signature was observed by Bearham et al. (2023) and
Bardhan et al. (2015), which demonstrated that depleted 3'C values in particulate
organic matter are characteristics of environments where terrestrial carbon sources
predominate. In contrast, the 3'°C values in oyster tissues were similar between
sampling sites, potentially reflecting longer-term environmental conditions when
compared to seston. The 8'C values for oysters are directly linked to their dietary intake
and indicate feeding patterns over weeks or months (Zanden and Rasmussen, 2001;
Post, 2002). These results suggest the contribution of terrigenous carbon sources at FB
during sampling and the trend to long-term homogenization of carbon sources between
FB and AB.

The nitrogen isotopic ratio observed in both seston and oyster tissues was similar
across the sampling stations, indicating similar nitrogen sources, at least on a scale of
days to months preceding the collections. However, the higher standard deviation
observed for seston 8'°N values in FB suggests a greater variability of nitrogen sources
in this location, when compared to AB. Indeed, &'°N values for seston at FB are
compatible with marine and terrestrial sources (Table A.2). The present results do not
reflect the occurrence of urban effluents at AB, possibly because sewage discharge is
occasional in this area, and restricted to periods of heavy rainfall. Besides, studies using
O'N values to assess the effects of anthropogenic effluents in coastal areas show
contrasting results. Ke et al. (2020), for example, attributed a decrease of recorded
nitrogen isotopic signatures (below 2%o) to the impact of urban sewage, while Rozi¢ et
al. (2015) observed the opposite result (enriched &'°N signatures above 5%o). These
contrasting results reinforce the need to standardize methods in studies that apply 5'°N
analysis for environmental monitoring.

The comparison between oyster tissues showed that the values of '*C and &'°N
were lower in the hepatopancreas than in the other tissues, and closer to those recorded
for seston. This difference in isotopic signatures of digestive tissues is partly attributed
to their higher recycling rate, which reflects recent feeding behavior (Raikow and
Hamilton, 2001; Cabanellas-Reboredo et al., 2009; Ozdilek et al., 2019). On the other

hand, gill and muscle tissues exhibit a distinct isotopic fractionation than
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hepatopancreas, leading to higher values for the studied isotopes (Yokohama et al.,
2008; de Barros Ferraz et al., 2009). The &'°N values for oyster muscles and gills are
more than 2%. higher than those of seston, reflecting the higher trophic position of
oysters in the food chain in relation to seston (Zanden and Rasmussen, 2001; Post,
2002; Layman et al., 2012). Similarly, previous studies demonstrated that the isotopic
fractionation of '3C between muscles and their sources varies on average around 1 + 1
%o, While variations in 3N along the food chain show that consumers have isotopic
signatures higher than those of their diets, with an average value of about 3.0 £ 1.0 %o
per trophic level, considering only the feeding factor (Post, 2002; McCutchan et al.,
2003). Recent studies emphasize that each environment must be carefully evaluated
because trophic structures are unique and intrinsically linked to environmental conditions
(Shipley & Matich, 2020; Kjeldgaard et al., 2021).

Considering the variations of isotope fractioning among different ecological
niches and consumer tissues, the decrease in 8'3C in the seston and hepatopancreas at
FB reflects the short-term environmental conditions, which might indicate the influence
of low 8'C sources at the sampling moment, such as terrigenous material (Riera &
Richard, 1996; Bardham et al., 2015; Bearham et al., 2023). In contrast, 8'3C values for
oyster muscle tissue are higher than the hepatopancreas and out of the range observed
for inner estuary samples (Table A.3), which could indicate the long-term predominance
of marine sources. The difference in isotopic signature between fast and slow turnover
tissues was considered by Bearham et al. (2023) as an important tool to evaluate
environmental variability. The authors noticed that investigating dietary links based on
isotopes is more challenging in dynamic than stable environments.

Indeed, the interpretation of environmental isotopic data is complex and
challenging, because of the myriad of biotic and abiotic factors influencing isotopic
turnover (Liu et al., 2018; Bauer et al., 2021; Yang et al., 2021). The isotopic signature
in indicator organisms is influenced not only by the current environmental conditions but
also by their diet and the recycling rate for carbon and nitrogen in the analyzed tissues.
The recycling speed is influenced by life stage, metabolism (Herzka and Holt, 2000), and
abiotic factors, such as temperature (Dattagupta et al. 2004). The present study
contributes to the understanding of isotope fractioning and turnover in natural marine
environments and in bivalve tissues. Further research is necessary to evaluate the
effects of physicochemical and biological factors on isotope signature and to expand the

application of this tool for environmental monitoring.
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2.5 Conclusion

The 8'C signature was successfully applied to differentiate two areas with
particular environmental characteristics in the RESEXmar-AC, and to identify a possible
influence of terrigenous carbon sources at Forno Beach. The values obtained for 5'*C
and &'°N from seston and oyster hepatopancreas reflect this short-term difference. Still,
the isotopic signature of oyster gills and muscles depicts a long-term scenario of
homogeneous environmental conditions for AB and FB. The present results reinforce the
importance of analyzing bivalve tissues separately since the different turnover rates

could lead to misinterpretation of isotopic values.
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2.11 Appendix A. Supplementary data

Table A.1 — Average values of total carbon (TC), total nitrogen (TN), 8'3C, and 3'N in
tissue samples of oysters and seston from the two sampling stations.

TC (wt%) TN (wt%) &'13C (%o) 85N (%)
Sampling Site Analysis Matrix

(mean * sd) (mean * sd) (mean * sd) (mean * sd)
Gills 35,04 + (3,42) 8,04 + (1,31) -17,9 £ (0,82) 8,29 + (0,46)
Hepatopancreas 43,44 + (3,43) 8,9+ (3,41) -19,8 £ (0,48) 6,5 £ (0,59)

Anjos Beach
Muscle 34,53 £ (3,13) 9,98 £ (1,62) -16,92 + (0,65) 8,98 £ (0,73)
Seston 5,94 + (1,21) 1,13 £(0,22) -21,2 £ (0,38) 5,62 + (0,07)
Gills 30,82 + (2,46) 7,48 £ (0,94) -18,42 + (0,97) 7,65 +(0,61)
Hepatopancreas 38,05 + (3,96) 7,77 £(0,9) -20,19 + (0,58) 6,38 + (0,26)

Forno Beach
Muscle 32,96 £ (2,8) 10,22 + (1,37) -17,63 + (0,44) 8,53 £ (0,57)
Seston 3,35+ (0,42) 0,72 £ (0,11) -22,12 +(0,43) 5,54 £ (0,99)

Source: Produced by the author.

Table A.2 - Values of 8'C and &"°N in seston or suspended particulate organic material
for coastal areas, including external (deltas, lagoons and bays) and internal (rivers)
estuary regions in previous studies.

Ecosystem
type 5'3C 5'°N Reference

Coastal -21,84+0,5 to -19,5+0,6 Riera & Richards, 1996)

-24,8 Malet et al., 2007)

(
(

-20,740,2 6,2+0,2 (Kolasinski et al., 2011)
(

-24,3+0,4 6,1+0,3 Carmichael et al 2012)
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-23+0,3 to -18+4,2

7,0+1,3 to 7,640,3

(Marchais et al., 2013)

-22,8t0-18,4

3,7t09,3

(Han et al., 2015)

-24,7 to -23,6

(Bearham et al., 2023)

Quter estuary

-22,6+0,7 to -21,7

(Riera & Richards, 1996)

4,56+0,5 to 6,74+1,34

(Bucci et al., 2007)

-25,3+0,2

4,940,2

(Carmichael et al., 2012)

-21,1+1,4 to -20,5¢5,2

7,2+0,6

(Marchais 2013)

-22,75+1,62 to -21,48+1,26

3,88+2,15 to 5,242,35

(Ke et al., 2020)

-24 to -17 6,3 to 11,7 (Schoo et al., 2021)
-20,8 5,4+0,9 to 7,8+1,2 (Park et al., 2022)
-25,7 to -20,68 4,59 to 5,41 (Bearham et al., 2023)

Inner estuary
(rivers)

-29,2+0,4 to -22,6+0,5

(Riera & Richards, 1996)

-32,8 to -26,5

(Riera & Richards, 1997)

-31,540,7 to -23,3+1,9

4,0£0,2 to 9,9+0,2

(Piola et al., 2006)

4,560,5 to 6,74+1,34

(Bucci et al., 2007)

-19,2

(Malet et al., 2007)

5,310 13,4

(Fertig et al., 2010)

-22,2+0,1 to -21,9+0,5

6,8+0,3 to 7,4+0,5

(Marchais et al., 2013)

-29,72 to -24.47

0.87 to 4,57

(Bardhan et al., 2015)

-26,2 to -24,8

(Bearham et al., 2023)

Source: Produced by the author.

Table A.3 — Values of '3C and "N in oyster tissues for coastal areas, including external

(deltas, lagoons and bays) and internal (rivers) estuary regions in previous studies.

Ecosystem Species 5'3C 5'°N Reference

Coastal Crassostrea virginica -21,9 (Wade et al., 1989)
Crassostrea gigas -21,8+0,5t0-19,5+0,6 (Riera & Richards 1996)
Crassostrea gigas -19,09 + 0,06 8,12 £ 0,01 (Dubois et al., 2007)
Crassostrea gigas -21,52 +0,9 (Xu & Yang, 2007)

Crassostrea gigas

-20+0,4t0-18,6 +0,3

94+05t096+04

(Yang & Shin, 2009)

Crassostrea gigas

-19,7+0,12t0-17,53 £ 0,17

8,28 £ 0,32 t0 11,79 £ 0,23

(Lefebvre et al., 2009)

Crassostrea gigas

-176+0,3t0-17,3+£0,2

9.7+ 0,3t0 10,4+ 0,5

(Marchais et al., 2013)

Crassostrea gigas -19,4+0,9t0-17,9+0,3 4,5to0 8,6 (Han et al., 2015)
Crassostrea gasar -15,9+1,17 7,59+1,0 (Vinagre et al., 2018)
Crassostrea gigas -20,87 + 0,61 8,18+ 0,5 (Mello, 2019)

Crassostrea gigas

-19,67 + 0,52 to -19,54 + 0,56

8,24 + 0,46 t0 8,31+ 0,48

(Park et al., 2021)

Saccostrea cucullata

-21,41 1,74

4,4 +0,14

(Bearham et al., 2023)

Quter estuary

Crassostrea gigas

-22,6 £ 0,8 to -21,7

(Riera & Richards, 1996)

Crassostrea gigas

-20,2 to -16,2

(Paulet et al., 2006)

Crassostrea gasar

-17,7+0,6

11,510 12,7 + 0,1

(Bodin et al., 2011)

Crassostrea gigas

-17,3+0,3t0-16,9+ 0,2

10.0+0,3t0 10,8 +0,3

(Marchais et al., 2013)
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Saccostrea cucullata -24.4 + 0,58 4,11 +0,21 (Bearham et al., 2023)
Inner estuary (rivers)
Crassostrea gigas -29,2+ 0,4t0-23,2+0,6 (Riera & Richards, 1996)
Crassostrea virginica 12,2 +0,3t0 14,3+ 0,1 (Fertig et al., 2010)
Crassostrea gasar -19,6 +0,1t0-18,8 +0,2 8,0+0,1t08,2+0,1 (Bodin et al., 2011)
Crassostrea gigas -18,2 11+0,7t012,1+04 (Marchais et al., 2013)
Crassostrea gasar -33,6 + 0,45 59+ 1,04 (Vilhena et al., 2021)
Saccostrea cucullata -24.84 + 0,29 5,15+0,15 (Bearham et al., 2023)

Source: Produced by the author.
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Abstract

Bioassays are often employed to simulate the introduction of oil pollutants in marine
environments. However, the current lack of scientific consensus poses the need for
standardization to accomplish efficient and reproducible oil-water dispersions, especially
when large volumes are necessary. This study aimed to quantitatively compare the
frequently used methods Water-Accommodated Fraction (WAF) and Oil-in-Water
Dispersion (OWD) regarding polycyclic aromatic hydrocarbon (PAH) final concentration
and reproducibility among replicates. Both methods achieved concentrations of PAHs
consistent with those observed in seawater after oil spill incidents, although there were
notably higher concentrations in samples generated by WAF. In contrast, this method
resulted in higher variability among replicates for all sixteen analyzed PAHs, compared
to OWD. The differences in techniques were more prominent for low and medium-
molecular weight PAHs. The volatility of diesel oil components, combined with the high
agitation speed used for OWD, is the probable cause of the differences observed
between the methods. In this study, the production of OWD proved to be more effective
than WAF, considering simpler logistics, reduced steps, and lower variability between
replicates. By quantitatively comparing the most frequently used oil dispersion methods
and discussing their advantages and limitations, we contribute to the proposal of a
bioassay framework, which should increase the comparability and reliability of future

studies in the area.

Keywords: Polycyclic aromatic hydrocarbons (PAHs); Oil-in-Water Dispersion (OWD); oil

spill; oil dispersion; ecotoxicology; bioassay.

3.1 Introduction

Qil spill incidents reduce marine biodiversity, impact multiple users in coastal
areas, and are a concern for the scientific community, environmental organizations, and
governments (Asif et al., 2022). Bioassays are often employed to analyze the direct
biological effects and evaluate oil absorption by marine organisms (Ferreira et al., 2023).
However, simulating the introduction of these pollutants in laboratory experiments is a
challenge because the hydrophobic nature of oil hampers the preparation of consistent

oil-water dispersions. The Chemical Response to Oil Spills: Ecological Effects Research
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Forum (CROSERF) was formed in 1994 as an attempt to develop standardized methods
for oil toxicity studies. Since then, several modifications have been proposed to address
new questions from the scientific community as the resolution of analytical methods has
improved. The main oil dispersion methods currently used for bioassays are the Water-
Accommodated Fraction (WAF) and Oil-in-Water Dispersion (OWD) (Wade et al., 2022).

WAF preparation consists of dispersing oil in water using a low energy mixing
with a magnetic stirrer. The CROSERF established strict protocols for WAF, which are
adequate for preparing between 2 and 20 L solutions (Singer et al., 2000; Loughery et
al., 2023). To fully understand the impact of oil spills in aquatic and marine environments,
it is necessary to perform mesocosm experiments with the affected organisms (i.e.
mollusks, crustaceans, fish), which demand the preparation of hundreds of liters of WAF
for toxicity tests. Several studies modified the original WAF protocol to address the
demands for large-scale production (Wade et al., 2017; Parkerton et al., 2023). However,
serial dilution of WAF is not recommended as the absolute and relative hydrocarbon
concentrations may not change linearly due to the variable solubility of the oil
components, making it difficult to obtain the expected values (Singer et al., 2000). On
the other hand, if diluting the WAF is not recommended, producing large volumes of an
aqueous solution through this method requires a robust and rarely available
infrastructure (Wade et al., 2017; Wade et al., 2022; Lee et al., 2023).

In contrast, OWD involves the direct and vigorous mixing of oil-water mixtures.
The more vigorous the agitation, the closer the dispersion is to the original oil, while only
a fraction of the components are detected in the dissolved phase (Wade et al., 2022).
The main advantage of this method is the possibility to produce the oil-water mixtures
with a simple infrastructure. However, little is known about the factors that could influence
the loss of volatile compounds, such as agitation speed and headspace volume.

In the last decades, diverse modifications to the standard CROSERF protocols
were applied to toxicology studies to meet specific experiment requirements (Bejarano
et al., 2006; Lichmann et al., 2011; Muller et al., 2018; Wheeler et al., 2020; Loughery
et al., 2023). The selection of the most suitable technique depends on tests and the
research question to be addressed (Lee et al.,, 2023; Parkerton et al., 2023). Each
method has its specificity and generally does not meet all the researcher's needs, which
motivates constant scientific discussion (Anderson et al., 1974; Echols et al., 2015; Wade
et al., 2022; Lee et al., 2023; Parkerton et al., 2023). Nonetheless, the efficiency and
reproductivity of adapted protocols were rarely evaluated. The present study compared
OWD and WAF regarding the efficiency of dispersing diesel oil in seawater and the
capacity to produce replicates with uniform polycyclic aromatic hydrocarbon (PAH)

concentrations. By comparing the main oil dispersion methods currently used, we
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contribute to the definition of a framework for bioassays, increasing the comparability
between studies and the reliability of the obtained results to support government

decisions during oil spill incidents.

3.2 Materials and Methods

3.2.1 WAF and OWD preparation

Qil dispersions were prepared by using modified WAF and OWD protocols to a
final ratio of 1:100 diesel oil: seawater (Fig. 1). WAF preparation was conducted by
adapting the protocol established by the CROSERF (Aurand & Coelho, 2005). In the first
dilution step, 500 mL of diesel oil was mixed with 4.5 L of artificial seawater (Fauna
Marin® Professional Sea Salt / salinity 35) in a glass container, which was then sealed
and protected from light. The oil: seawater mixture was mixed using a magnetic stirrer
for 24 hours in the dark at a temperature of 25 °C and a speed of 1,080 rpm. After this
period, 0,5 L of the prepared fraction was collected by siphoning and diluted in 4.5 L of
artificial saltwater in a glass container. The diluted solution was homogenized by stirring
with an oil free immersion pump (Sarlobetter® pump / 1000 L.h"") for 1 hour. Three
replicates of the WAF solution (1L each) were then collected for PAH analysis. At this
stage, we aimed to test an adaptation of the WAF technique using serial dilution.

OWD preparation was conducted following the protocol described by Echols et
al. (2015) with modifications. 50 mL of diesel oil was added to 4,95 L of artificial seawater
(Fauna Marin® Professional Sea Salt / salinity 35) in a sealed container protected from
light, to reduce volatilization and photodegradation. The mixture was stirred for 25 hours
using an oil free immersion pump (Sarlobetter® pump / 1000 L.h"), in the dark and at 25
°C. After this period, three replicates of the OWD solution (1 L each) were collected

through siphoning and stored at 8 °C for the analysis of PAH concentration.
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Figure 1 - Methodological scheme adopted for oil dispersion and comparison of Water-
Accommodated Fraction (WAF) and Oil-in-Water Dispersion (OWD) techniques.
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3.2.2 PAH analysis

The extraction of PAHs was performed using the EPA method 3510C (EPA,
1996a). Aliquots of 1 L of seawater and 30 mL of dichloromethane (HPLC-grade, Merck)
were transferred to separatory funnels. The surrogate standard p-terphenyl-d14 (100 ng,
Sigma-Aldrich®) was added to validate the procedure. The PAH extraction method is
considered appropriate if the recovery of the surrogate standard p-terphenyl-d14 is
between 40% and 125% (Sauer & Boehm, 1995). The extraction was conducted by
vigorously shaking for 3 minutes, followed by resting for 10 minutes to allow for complete
separation of the phases. The solvent was transferred to decontaminated bottles, and
the entire procedure was repeated two more times, using a total of 90 mL of solvent. The
extracts were then reduced in TurboVap™ under a nitrogen flow. After that, 100 ng of
internal standard mixtures were added, including deuterated compounds naphthalene-
d8, acenaphthene-d10, 1,4-dichlorobenzene-d4, phenanthrene-d10, chrysene-d12, and
perylene-d12 from AccuStandard® diluted to a concentration of 4 ng yL™'. The reduced
volumes were increased to 1 mL using dichloromethane (HPLC, Merck), transferred to
injection vials, and stored at -20 °C. Qualitative and quantitative analyses of PAHs were
performed using a gas chromatograph coupled to a mass spectrometer (GC/MS -
Thermo Scientific®, model 1SQ), following the EPA method 8270D (EPA, 1996b).
Analyses were performed under the following chromatographic conditions: injection
volume of 2 yL; Agilent DB-5MS column (30 m; 0.25 mm internal diameter; 0.25 pm film);
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carrier gas helium (flow rate of 1.2 mL min™ and purity of 99.999%). The temperature
program used was as follows: 50 °C for 5 min; 50 °C.min"" up to 80 °C; 60 °C.min"" from
80 °C to 280 °C; 12 °C min™" from 280 °C to 305 °C; and finally, maintaining a temperature
of 305 °C for 7 min. For quantitative analysis, a curve was prepared by injecting ten
standard solutions (1, 2, 5, 10, 20, 50, 100, 200, 400 and 1000 ng mL") containing all
non-alkylated PAHs to be analyzed (Naphthalene, Acenaphthylene, Acenaphthene,
Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benzo(a)anthracene,
Chrysene, Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(a)pyrene, Indene(1,2,3
-cd)pyrene, Dibenzo(a,h)anthracene and Benzo(g,h,i)perylene) and the deuterated
internal standards already mentioned (each at a concentration of 100 ng L™). The
quantification limit was calculated as the ratio between the concentration of the lowest
standard solution (1ng mL™") on each calibration curve and the volume of the extracted

sample.

3.2.3 Statistical analysis

Softwares Excel® and Statistica® 7.0 were used for statistical analyses. The data
from these groups were found to be normally distributed according to Kolmogorov-
Smirnov and Shapiro-Wilk tests. The values were compared through T-tests and
significant differences were represented by a coefficient p < 0.05. The similarity analysis

based on Euclidean distances was also performed for comparison between samples.

3.3 Results

The method's quantitation limit was 1 ng L. The average concentration of the
> 16 PAHs was 135.502,51 ng L™ (+ 26.688,79 ng L' ) for OWD and 410.302,37 ng L™
(+ 246.650,29 ng L") for WAF (Table 1). Naphthalene was the most abundant PAH in
OWD and WAF diesel oil dispersions, representing 98.56% of the PAHs in OWD samples
and 98.89% in WAF samples.

Table 1 — Concentration of the 16 polycyclic aromatic hydrocarbons (PAHs) analyzed in Water-
Accommodated Fraction (WAF) and Qil-in-Water Dispersion (OWD). Values expressed in ng L.
Mean =+ standard deviation. Limit of quantification = 1 ng L.

Molecular

PAHs OWD (mean + sd) WAF (mean # sd) Benzene rings weight range
Naphthalene 133552,9 + (25887,75) 405735,13 + (245057,46) 2 Low
Acenaphthylene 324,89 + (159,38) 728,23 + (285,55) 2 Low
Acenaphthene 419,83 £ (225,78) 877,04 + (341,76) 2 Low
Fluorene 376,01 + (203,34) 868,77 + (328,99) 2 Low
Phenanthrene 457,74 + (217,37) 1279,89 + (455,97) 3 Low
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Anthracene 33,67 £+ (16,1) 93,9 + (33,16) 3 Low
Fluoranthene 55,6 + (20,44) 94,54 + (63,58) 3 Low
Pyrene 162,22 £ (75,57) 469,26 + (156,88) 4 Medium
Benzo(a)anthracene 10,79 + (4,47) 16,29 + (6,45) 4 Medium
Chrysene 30,26 £ (11,21) 54 + (18,58) 4 Medium
Benzo(b)fluoranthene 22,07 £ (12,4) 22,59 + (9,64) 4 Medium
Benzo(k)fluoranthene 3,79 £ (1,89) 3,68 +(1,22) 4 Medium
Benzo(a)pyrene 28,57 + (14,35) 27,55 +(10,88) 5 High
Indene(1,2,3 -cd)pyrene 2,82 +(0,23) 4,44 + (2,42) 5 High
Dibenzo(a,h)anthracene 4,62 + (1,87) 7,02 £+ (2,38) 5 High
Benzo[ghi]perylene 17,67 £ (9,16) 21,51 £ (8,16) 6 High
> 16 PAHs 135502,51 + (26688,79) 410302,37 + (246650,29) NA NA

Source: Produced by the autor. NA: Not applicable. PAHs molecular weight References: Peng et al,, 2016;
Alexandrino et al., 2024.

Although the average of the sum of the > 16 PAHs concentration values was
higher in WAF than in OWD, no significant differences were detected between the two
methods (Paired t test, t4 =-1.91, P = 0.13). The standard deviation for WAF was larger
than for OWD, indicating greater variability between replicates (Fig. 2).

Figure 2 - Mean, standard errors (boxes), and standard deviation (bars) of 16 polycyclic aromatic
hydrocarbons (PAHs) in Water- Accommodated Fraction (WAF) and Oil-in-Water Dispersion
(OWD) samples.
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Source: Produced by the author.

PAHSs were analyzed considering the number of benzene rings and the molecular
weight to understand whether different classes of PAH would behave differently on the
evaluated dispersion methods. PAHs with two benzene rings closely resembled the
findings for > 16 PAHs, because naphthalene, the most abundant PAH in the oil used,
belongs to this group. Low and medium molecular weight PAHs were generally more

concentrated in WAF than in OWD, with larger variability among sample concentrations
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in the former method (Table 1, Fig. 3). For high molecular weight PAHs, with five and six
benzene rings, the concentrations were similar for OWD and WAF, with high standard
deviations for both methods. When applying the Paired t-test to compare PAH
concentrations for each class of molecular weight, as represented by the number of
benzene rings, no significant differences were found between WAF and OWD (two rings:
t4 =-1.91, P =0.13; three rings: t4 = -2.62, P = 0.06; four rings: t4 = -2.66, P = 0.05; five
rings: t4 =-0.21, P = 0.84; six rings: t4 = -0.54, P = 0.61).

Figure 3 - Mean and standard deviation of polycyclic aromatic hydrocarbons (PAHS)
separated by number of benzene rings and molecular weight in Water- Accommodated
Fraction (WAF) and Oil-in-Water Dispersion (OWD) samples.
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Source: Produced by the author.

Cluster analysis based on Euclidean distances (Fig. 4) for PAH values revealed
two large groups. The first group consists of all OWD replicates and one WAF replicate
(WAF1), with a Euclidean distance index of 36.044. The second group, with lower
similarity, formed by the remaining WAF replicates, has an index of 190.462. The
Euclidian distance between groups 1 and 2 is 285.858. These results indicate that the

OWD replicates are closer to each other compared to the WAF replicates.
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Figure 4 - Cluster analysis (Euclidean distances) of Water- Accommodated Fraction
(WAF) and Oil-in-Water Dispersion (OWD)samples including values of 16 individual
polycyclic aromatic hydrocarbons (PAHSs).
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3.4 Discussion

The OWD and WAF adapted protocols were efficient in producing oil in water
dispersions and yielded average PAH levels ranging between 135.502 ng L' and
410.302 ng L, respectively, which are comparable to the observed in natural
environments following oil spill incidents. For comparison, Cripps and Shears (1997)
recorded total PAH values ranging from 11.300 to 222.000 ng L™ in seawater after a large
diesel oil spill in Antarctica. In a long-term study, Fernandez-Tajes et al. (2011) analyzed
water samples collected four years after the oil tanker Prestige oil spill in Spain. They
recorded total PAHs ranging from 200 to 800 ng L™, which were significantly higher than
the levels found at the non-impacted reference station.

Although the same dilution factor was applied to both techniques, higher
concentrations of PAHs were obtained through WAF than OWD protocol. In bioassays,
the depletion of PAHs was previously attributed to evaporation and adhesion to the
containers' walls during dispersion preparation and over experiments (Carrasco-Navarro
et al., 2015; Weinnig et al., 2020). Since OWD preparation involves a higher energy
agitation than WAF, evaporation tends to be more relevant, leading to lower PAH
concentrations. Some studies indicate that wind speed, a factor that promotes agitation
on the sea surface, is one of the most significant factors for the evaporation of PAHs after
oil spills (Stiver & MacCay, 1984; Ramirez et al., 2017; Wang et al., 2021).

The lighter fractions of oil are more volatile and tend to be the first to evaporate

(Mishra & Kumar 2015; Pimsee et al., 2014). This should explain why low and medium
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molecular weight PAH, such as the two-benzene ring naphthalene, were less abundant
in OWD than in WAF. In contrast, the concentrations obtained for the heaviest
compounds, with five and six benzene rings, were very similar between OWD and WAF
samples, suggesting that evaporation of low molecular weight volatile compounds may
be the main factor driving PAH depletion in OWD dispersion. According to Wolska et al.
(2005), PAHs with higher boiling points, and consequently higher molecular weights
(Achten & Andersson, 2015), are more prone to adhere to the walls of experimental units.
In the present study, the concentrations of PAHs with five and six benzene rings were
similar between the OWD and WAF methods, suggesting that adhesion to the container’s
walls occurred at an approximately equivalent level.

Contrasting results were observed by Echols et al., (2015), which obtained higher
levels of PAHs and more acute toxicity in OWD than WAF. However, in this study, OWD
was prepared through manual agitation of crude oil: water dispersion for 2 minutes only.
The less vigorous agitation of a heavy crude oil may have reduced the evaporation of
volatile PAHs and was only possible because the authors prepared small volumes of
OWD for toxicity tests using bacteria and small-bodied mysid shrimps. The production of
large volumes of oil in water dispersions poses new challenges and is needed for
ecotoxicological studies using large organisms, such as fishes and crustaceans.

Regarding the reproducibility of the tested dispersion methods, the present study
showed higher standard deviation values for PAH concentrations in WAF than OWD,
especially considering low and medium molecular weight PAHs. The serial dilution of
WAF dispersion may result in higher variability among replicates observed for this
method compared to OWD. Since the magnetic stirring of large volumes requires
laboratory infrastructure often unavailable for researchers, WAF serial dilution was
performed to evaluate the effectiveness and reproducibility of the method when it is
unfeasible to magnetically stir the entire required volume of water-oil dispersion.
However, our results confirm that the serial dilution of WAF is not recommended,
because the variable solubility of individual hydrocarbons makes it difficult to achieve
homogenization (Aurand & Coelho, 2005).

Considering that the adapted WAF and OWD protocols resulted in PAH
concentrations comparable to those observed in oil spill incidents, both methods could
be applied to simulation bioassays. The proposed OWD-adapted protocol is a simple
technique to produce diesel oil: water dispersion with homogeneous replicates. Future
studies should compare the efficiency and reproducibility of OWD protocols with different
agitation speeds and durations. Also, it is advisable to implement contingency measures
to minimize variability among replicates, for example, fractionally collecting aliquots from

the initial stock and randomly distributing them among replicates. Finally, monitoring
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each experimental unit through PAH analysis is recommended to have full control of the

experiment, regardless of the chosen dispersion method.

3.5 Conclusion

The toxicity studies involving large organisms require the preparation of large
volumes of oil in water dispersions. In the absence of updated standardized protocols,
researchers may adapt the original methods according to their needs, sometimes without
proper evaluation of their effectiveness and reproducibility. The present study compared
two adapted methods used to disperse diesel oil in water, and both proved to be efficient.
OWD-adapted protocol resulted in lower PAH values, particularly for compounds with
low and medium molecular weights. This may be attributed to increased evaporation
caused by the higher energy associated with this technique. Despite producing higher
PAH values, WAF adapted protocol displayed higher variability among replicates,
possibly because of serial dilution. Considering the challenges of preparing large
volumes of oil in water dispersions, we suggest OWD is a better fit, but further studies
should be realized to improve the method. Further, we recommend implementing PAH
analysis for each replicate, independently of the method of choice, as a good practice to
reduce uncertainty regarding the oil in water dispersions used in scientific studies.
Considering that the results obtained were related to diesel, a light oil, it would be
interesting to conduct similar tests with other types of oils that have different

compositions.
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4 Capitulo 4 - Polycyclic aromatic hydrocarbons and stable isotopes analysis of
oysters Crassostrea brasiliana following exposure to diesel fuel oil-water

dispersion.

Abstract

The physical characteristics and chemical composition of petroleum can have harmful
effects on marine organisms. To assess and measure contamination in surviving
organisms, it is essential to choose appropriate indicators. The quantitative analysis of
PAHSs found in the tissues of marine organisms is commonly employed to detect marine
oil contamination. Additionally, stable isotopes have distinct signatures in oil and can be
utilized to investigate pollution at a physiological level. However, interpreting this
information can often be challenging due to the numerous variables in the environment.
In this context, bioassays provide the opportunity to quantitatively examine contaminants
in organisms in a controlled setting. The current study aims to assess the presence of
diesel oil in the oyster Crassostrea brasiliana by analyzing PAHs and stable isotopes.
The oysters were exposed to oil-water dispersion (OWD) diesel oil for 24 hours, 48
hours, and 7 days. The concentrations of PAHs in the OWD decreased rapidly, resulting
in a reduction of oyster exposure to 10% of PAHSs after 48 hours from the commencement
of the experiment. Crassostrea brasiliana was able to bioaccumulate PAHs until 48 hours
and eliminated these components by the end of the experiment. Significant differences
in the stable *C and "N isotopes contents were not observed between the “control” and
“treatment” oysters, which could be attributed to a short exposure time. Future bioassays

should consider medium-term oil exposure effects on oysters' stable isotope signatures.

Keywords: Environmental assessment; bioindicator; bioaccumulation; bioassay.

4.1 Introduction

Petroleum is an organic compound with harmful characteristics for the marine
biological community. The effects caused by petroleum and its derivatives largely
depend on their composition. Heavier oils, such as crude oil, tend to cause more physical
damage due to their high viscosity, in addition to having a greater carcinogenic potential
(Serkovskaya, 1996; Pimsee et al., 2014; IPIECA, 2015; Patel et al., 2020). Lighter oils,
such as diesel oil, are more soluble and volatile, and have acute toxicity (Neff et al.,
2000; Hansen et al.,, 2013; Pimsee et al., 2014; IPIECA, 2015; Patel et al., 2020).

Adherence to body surfaces can cause loss of mobility, block sensory organs, and lead
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to death, while high toxicity results in lethal and sublethal effects (IPIECA, 2015). In
benthic organisms, lethal effects cause population reduction and can be directly
guantified (Lira et al., 2021; Craveiro et al., 2021; da Rosa, 2022; Yaghmour et al., 2022).
On the other hand, marine organisms in a region impacted by oil do not always die due
to multiple factors (Filho et al., 2024), and the sublethal effects are not always clear.
Therefore, it is interesting to select biochemical indicators that allow the quantification of
contamination. A classic method for identifying and quantifying oil contamination is the
analysis of Polycyclic Aromatic Hydrocarbons (PAHS) present in the tissues of marine
organisms (Hamacher et al., 2022; Soliman et al., 2022; Al-Shamary et al., 2023).

Another potentially useful technique is the quantification of stable isotopes, as
they are linked to the sources carbon and nitrogen consumed by a given organism (Wang
et al., 2020; Vezzone, 2020; Srinivas et al., 2022). These isotopes have been utilized as
markers to identify sublethal oil impacts on marine organisms (Botello et al., 1982;
Graham et al., 2010; Park et al., 2022). As an example, *°C rates were previously used
as a biochemical indicator by Graham et al. (2010) to assess the impact of the Deepwater
Horizon oil spill on phytoplankton. When conducting studies using biochemical markers,
it is crucial to select effective bioindicator organisms.

Bivalves, benthic filter feeders, have been employed as bioindicators for their
capacity to accumulate PAHSs in their tissues (ldowu et al., 2020; Gan et al., 2021,
Soliman et al., 2022). Studies of oil spills using bioindicators have been frequently
employed, generating a large amount of information (Gesteira & Dauvin, 2000; Bolognesi
et al., 2006; Ferreira et al., 2023). Thus, to verify the effects of contaminants directly on
the organism, an extremely efficient way is to carry out bioassays, since it is possible to
control the variable factors in the environment, reaching a direct response (Briand, 2009;
Podlesinska & Dabrowska, 2019; Luan et al., 2020; Rakaj et al., 2021). The present
study aims toevaluate the contamination of diesel oil in the oyster Crassostrea brasiliana

through a bioassay, analyzing PAHs and stable isotopes.

4.2 Material and methods

4.2.1 Experimental design

The experimental design is illustrated in Figure 1. Crassostrea brasiliana adult
specimens of similar size were obtained from an oyster farming area at the Marine
Mollusks Laboratory (Santa Catarina Federal University) in Floriandpolis, Brazil. The
oysters were screened to remove associated epibiont organisms, acclimatized for 14

days in a tank with artificial seawater (Fauna Marin® Professional Sea Salt) at constant
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temperature (21°C) and salinity (35) and fed with suspension phytoplankton (Brightwell
PhytogoldS®) once a day.

Oil-water dispersed (OWD) mixture was prepared by adding diesel oil to artificial
seawater (1:100), following the method proposed by Echols et al, (2015) with
modifications. Two hundred liters of OWD were agitated for 24 hours using three
underwater pumps (Sarlobetter® pump / 1000 L h™") in a sealed container, protected from
light to minimize volatilization and photochemical degradation of fuel components. The
mixture was introduced into aquariums at a final volume of 9 liters. Oysters were exposed
to OWD (Treatment) or artificial seawater (Control) for 24 hours, 48 hours, and 7 days.
Phytoplankton suspension (Brightwell PhytogoldS®) was added to aquariums once a
day. Five replicates, each containing eight oysters, were utilized for each experimental
period, resulting in a total of 30 aquariums. One-liter samples of control artificial water
and OWD solution were collected at each replicate at the beginning of the experiment (0
hours), and after 24 hours, 48 hours, and 7 days through siphoning Samples were stored
at 8 °C for the analysis of PAH concentration. The oysters were dissected, and three
oysters were used to evaluate PAHs, one oyster was used for stable isotopes analysis
and four oyster used for analyses of gene expression, antioxidant enzymes and
histologic evaluation (data not presented here). To PAHs analysis the total tissue of each
oyster was utilized. For stable isotope analysis, the qill, hepatopancreas, and muscle

were separated, and the samples were subsequently frozen at -20 °C.

Figure 1 — Experimental design.
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4.2.2 PAHs analysis

4.2.2.1 Seawater PAH extraction

The extraction of PAHs was performed using the EPA method 3510C (EPA,
1986a). Aliquots of 1 L of seawater and 30 mL of HPLC-grade dichloromethane
(LICHROSOLV®) were transferred to separatory funnels. To validate the procedure, 100
ng of surrogate standard p-terphenyl-d14 (25 uL of a 4 ng yL™" solution; Sigma-Aldrich®)
were added. The PAH extraction method is considered appropriate if the recovery of the
surrogate standard p-terphenyl-d14 is between 40% and 120% (Sauer & Boehm, 1995).
The extraction was carried out by vigorously shaking for 3 minutes, followed by resting
for 10 minutes for complete separation of the phases. The solvent was transferred to
TurboVap® tubes, and the entire procedure was repeated twice, using a total of 90 mL
of solvent. The extracts were then reduced in TurboVap™ under a nitrogen flow. After
that, 100 ng of internal standard (25 uL of a 4 ng uL™" solution; AccuStandard®) mixtures
were added, including deuterated compounds naphthalene-d8, acenaphthene-d10, 1,4-
dichlorobenzene-d4, phenanthrene-d10, chrysene-d12, and perylene-d12. After this
step, the extract volumes were increased to 1 mL using dichloromethane, transferred to

sealed injection vials, and stored at -20 °C.

4.2.2.2 Oyster extraction, clean-up and extract fractioning

Tissue samples were separately homogenized with an Ultra Turrax grinder (IKA
Works®). About 3 g of each tissue sample were weighed, sodium sulfate was added to
remove water, and then 100 ng of p-terphenyl-d14 subrogated standard was added (25
uL of a 4 ng uL" solution; AccuStandard®). Then, each sample was extracted in Soxhlet
for 24 hours with a mixture of 200 mL of dichloromethane and acetone (Supelco®) (9:1)
according to EPA 3540C (EPA, 1996a). In addition to the samples, four blanks and three
replicates of biological material certified for PAHs (3 g of bivalve reference material IAEA-
451) were extracted. The extracts were reduced in a vacuum rotary evaporator (Tecval®)
to approximately 1 mL. To reduce the organic load, a cleanup step was performed in a
glass column (1.8 cm diameter) filled with n-hexane (LICHROSOLV®) and 20 g of
deactivated alumina at 2% water (aluminum oxide 90; SHELF LIFE®). Each sample was
added and eluted with 100 mL of dichloromethane. The extract was collected in a
TurboVap® flask, reduced under a nitrogen flow. The solvent was changed to n-hexane
and reduced to approximately 1 mL. After the cleanup step, fractionation was performed

to separate the aliphatic and aromatic hydrocarbons, according to EPA 3630C (EPA,
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1996b), by open column chromatography (columns with 30 cm in length and 1.3 cm in
internal diameter were used, filled with 10 g of silica 60 (0,063-0,200 mm; SHELF
LIFE®), 7 g of deactivated alumina at 2% water and 1 g of deactivated sodium sulfate at
5% water (EMSURE®). For the removal of aliphatic hydrocarbons (subsequently
discarded), elution was performed with 30 mL of n-hexane and for aromatics 75 mL of
solution with dichloromethane and n-hexane (1:1). The extract fractions containing PAHs
were collected directly in TurboVap flasks, and reduced under nitrogen flow and
transferred to injection vials after the addition of 100 ng of internal standards mix (as
cited in the extraction of PAHs in water) and HPLC-grade n-hexane to a final volume of
1 mL.

4.2.2.3 Gas Chromatography - Mass Spectrometry Analysis

Qualitative and quantitative analyses of PAHs were conducted at the Laboratory of
Organic and Marine Geochemistry of the Faculty of Oceanography at the State
University of Rio de Janeiro (LAGOM/UERJ). The analyses were performed using a gas
chromatograph coupled to a mass spectrometer (GC/MS - Thermo Scientific®, model
ISQ), following the EPA method 8270D (EPA, 1986b). Analyses were performed under
the following chromatographic conditions: injection volume of 2 uL; Agilent DB-5MS
column (30 m; 0.25 mm internal diameter; 0.25 pm film); carrier gas helium (flow rate of
1.2 mL min™ and purity of 99.999%). The temperature program used was as follows: 50
°C for 5 min; 50 °C min™" up to 80 °C; 60 °C min™' from 80 °C to 280 °C; 12 °C min™' from
280 °C to 305 °C; and finally, maintaining a temperature of 305 °C for 7 min. For
quantitative analysis, a curve was prepared by injecting ten standard solutions (1, 2, 5,
10, 20, 50, 100, 200, 400 and 1000 ng mL™") containing all non-alkylated PAHs to be
analyzed (Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene,
Anthracene, Fluoranthene, Pyrene, Benzo(a)anthracene, Chrysene,
Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(a)pyrene, Indene(1,2,3 -cd)pyrene,
Dibenzo(a,h)anthracene and Benzo(g,h,i)perylene). The limit of quantification was
calculated as the ratio between the concentration of the lowest standard solution on the
calibration curve and the volume of the extracted sample (1 ng mL™). The limit of
detection was determined by constructing a calibration curve for each of the 16 PAHs

and identifying the first point on this curve.
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4.2.3 Stable isotopes analysis

For the quantification of stable isotopes (8'°C and &'°N) and percentages of
organic carbon (C) and nitrogen (N), 0.6 mg of each sample of freeze-dried oyster tissue
(gill, hepatopancreas and muscle) were weighed on a precision scale and placed in tin
capsules. The quantification of TC, TN and &'*C and &'°N values was performed using
an elemental analyzer coupled to an isotopic ratio mass spectrometer (EA-IRMS;
Thermo Electron Corp., Bremen, Germany). Vezzone et. al., (2020) describe the
operation of the equipment. To calculate the analysis error, protein standards (B2155
PROTEIN: 8C = - 26.98 + 0.13, 3'°N = 5.94 + 0.08, glycine (5"C = - 20.29 + 0.04,
O'N = - 20.68 + 0.06) and urea standards (IVA33802174 UREA: 8"°C = - 41.3 £ 0.04,
O'N = - 0.32 + 0.02) were used in addition to empty tin capsules (blank). The measured
analytical error was then £ 0.4 %o for 83C, + 0.4 %o for "N, + 0.5 % for TC and + 0.6 %
for TN.

4.2.4 Data analysis

The softwares Excell®, Statistica 7.0® and R version 4.2.2. were used for
statistical analyses. Data were considered normal after Kolmorogov-Smirnov and
Shapiro Wilk tests. Analyses of variance (One-Way ANOVA) were performed for PAHs.
When significant differences were found, represented by a coefficient p < 0.05, the
multiple comparisons test (Tukey) was applied, aiming to identify where the differences
are (ZAR, 1996). A t-test was applied to stable isotopes to focus on the differences
between the control and treatment groups at each experimental time point. The
bioaccumulation of PAHs in oyster tissues was demonstrated through a regression
analysis, which included a correlation coefficient. To compare PAHs with stable isotopes,

a Spearman correlation was conducted.

4.3 Results

4.3.1 Seawater and tissue PAHs concentration

The surrogate standard p-terphenyl-d14 recovery was between 40% and 120%
in all samples, which is considered adequate (Sauer & Boehm, 1995). The water
samples from the “treatment” tanks showed the highest concentrations of PAHs at the
beginning of the experiment (0 h; ¥ 16 PAHs mean = 3.595ng L™"). Naphthalene was the

major quantified compound through the experiment on both oyster tissue and OWD
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samples (Supplementary Material Table 1 and 2). After 24 hours, the mean for the > 16
PAHs concentration in water was approximately ten times lower when compared to the
initial time, even though it remained significantly higher than the control samples (fig. 2a).
The 16 PAH average concentration continued to decrease 48 h and 7 days after the
beginning of the experiment, reaching values similar to the control at the end (fig. 2a).
Oyster tissues accumulated PAHs 24h and 48h after OWD addition to the tanks (> 16
PAHs mean = 260 ng g' and 303 ng g respectively) (table 2). The values obtained for
treatment samples at 24 h and 48 h were significantly higher than the control (p < 0,05),

but after seven days this difference did not occur (fig. 2b).

Figure 2 — Means, standard error and standard deviation of the } 16 PAHs in the water
(a) and oyster samples (b) during the study period (0 h, 24 h, 48 h, and 7 days). Different
letters above the boxes indicate statistically significant differences (One-way Anova:
water: F(7, 31) = 227.46, p = 0,000001; Oyster: at: F(5, 24) = 15.09, p = 0,000001).
Significant differences in Tukey test: p < 0.05. C = control; T = treatment.
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Analyzing only the oysters exposed to OWD through a regression analysis, a
positive correlation between PAH values for OWD and oyster tissues can be identified

(Coefficient of Determination = 0.60; fig. 3).
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Figure 3 — Regression analysis of > 16 PAHs between oyster and OWD on treatment
samples at 24 h, 48 h and 7 days, including the coefficient of determination.
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4.3.2 Stable isotopes, TN and TC

In general, the values obtained for stable isotopes, TN and TC were similar
between the control and treatment groups across all analyzed tissues and experimental
time points, with no significant differences observed (n = 5; p varied between 0.07 and
0.97) (Fig. 4; Table 3). The exception was noted for 8°N in the gills after 7 days of
exposure, where very similar average values were observed; however, a significant

difference was found between the treatment and control groups (n = 5; p = 0,04).
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Figure 4 — Means, standard errors and standard deviation of 3'3C, 8'°N, TC and TN, in
oyster tissues during the study period (24 h, 48 h, and 7 days). Different letters above
the boxes indicate statistically significant differences. T-tests for each group: df = 8; n =
5; significant differences when p < 0,05. C = control; T = Treatment.
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Regarding the correlation matrix, the high correlation between the values
obtained for PAHs in OWD and oysters stands out (fig. 5). Also noteworthy is the low
correlations of PAHs values with all indicators linked to elemental and isotopic variations.
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Figure 5 — Correlation matrix between ) 16 PAHs, stable isotopes, percentage of carbon
and nitrogen in oyster samples (Pearson’s Rank). The PAHs were measured in all oyster
tissues, while the other indicators were measured in the gills, (G) hepatopancreas (H)
and muscle (M); 3C = 83C; *N = 8'®N; TN = percentage of nitrogen; TC = percentage
of organic carbon. Symbol “*” indicates significative correlation.
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4.4 Discussion

4.4.1 Polycyclic aromatic hydrocarbons

The present study revealed an accelerated decrease in the PAH values in the
treatment units during the first two days of the experiment. In the same way, depletions
were previously reported in other bioassays (Couillard et al., 2005, de Soysa et al., 2012,
Weinnig et al., 2020; Delunardo et al., 2020). These reductions were attributed both to
the adhesion of organic compounds to the aquarium walls and to their volatilization
(Carrasco-Navarro et al., 2015, Weinnig et al., 2020). Cripps & Shears (1996) found a
similar pattern in a large diesel oil spill in a natural environment, with rapid depletion of

total PAHSs in the first 24 hours, possibly due to volatilization. These physical-chemical
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processes could partially explain the percentage of PAH reduction observed in our
experiments. We also observed oyster's PAH bioaccumulation, as evidenced by the
progressive increase in PAH values for oyster tissues in the first 48 hours of the
experiment. Similarly, Liichmann, et al. (2014) analyzed sample units contaminated with
phenanthrene and observed an exponential reduction where oysters were present,
which did not occur in experimental units without these organisms. It is important to
highlight that the volatility of phenanthrene is not as high as that of naphthalene, which
is the main PAH of the OWD analyzed. This factor contributes to a greater availability of
this PAH for the oysters analyzed by Lichmann, et al. (2014).

Naphthalene was the major PAH in OWD, as expected for diesel oil-water
solutions (Luchmann et al, 2011; Delunardo et al., 2020) (tables 1 and 2 of
supplementary material). This pattern was also observed in oyster tissue samples.
Naphtalene is a low molecular weight compound, with only two benzene rings, which
enhances its solubility and bioaccumulation in bivalve tissues (Patel et al., 2020; Gan et
al., 2021). The high initial concentrations of this compound recorded in the OWD and the
subsequent bioaccumulation in oysters confirm this pattern. Wang et al. (2017) recorded
approximately 750 ng g™' of benzo[a]pyrene in the oyster Pinctada martensii tissues after
a 24h exposure to 3640 ng L' benzo[a]pyrene aqueous solution. Our values for
naphthalene in oysters and OWD were 246 ng g' and 3518 ng L™ respectively (tables 1
and 2 in the supplementary material). These values were comparable to those reported
by Wang et al. (2017), despite differences in the contaminant matrices used
(mechanically solubilized diesel oil versus chemically solubilized benzo[a]pyrene). It is
worth noting that benzo[a]pyrene is a high molecular weight PAH. Wang et al. (2017)
further documented the purification capacity of oysters after removing contaminants. A
similar outcome was observed in the current study. By the end of the experiment, with
decreased concentrations of PAHs in the water, the PAH values in oysters were similar
in treatment and control aquariums. The purification process may be a result of the
biotransformation capabilities of oysters, which convert PAHs into excretable compounds
(Gan et al., 2021; Ferreira et al., 2023). The bioaccumulation of PAHs in oyster tissues
during the first 48 hours, followed by purification after 7 days, may provide significant
temporal insights for the management of oil spills at sea.

Oysters have been used as bioindicators in a series of studies regarding the
presence of PAHs in water, both through bioassays (Lichmann et al., 2011; Wang et al.,
2017; Lopez-Landavery et al., 2019) and field studies (Idowu et al., 2020; Wang et al.,
2020; Soliman et al., 2022). The strong positive correlation found in the present study
between PAHSs values in OWD and oyster tissues reinforces the ability of this bivalve to

bioaccumulate these compounds when they are available in the environment.
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4.4.2 Stable isotopes

The absence of significant differences in 81°C, 8'°N, TC and TN between control
and treatment samples (fig. 4) indicates that the exposure to diesel oil dispersed in water
did not alter the isotopic and elemental signatures of Crassostrea brasiliana during a
seven-day monitoring period. This could be explained by a slow turnover of bivalves.
Carmichael et al. (2012) found similar d'C values 60 days after transplanting
Crassostrea virginica from a pristine to an oil-contaminated area. Fukumori et al., (2008)
estimated the turnover of 5*C and 3N in Pinctada fucata martensii to be above 120
days, while Riera and Richards (1997) reached a lower time interval for Crassostrea
gigas, between 30 and 60 days for a complete change. However, in the context of a
bioassay, the absence of an isotopic shift in the tissues of oysters exposed to diesel oil
in the present study is quite revealing. Most in situ stable isotopes studies face
challenges in establishing a cause-and-effect relationship due to the multiple sources
contributing to the final isotopic signature found in the tissues of the analyzed organisms
(Carmichael et al., 2012; Wilson et al., 2016; Peterson et al., 2017).

4.5 Conclusion

The oyster Crassostrea brasiliana was able to bioaccumulate PAHs from diesel
oil while it was present in agquariums, confirming its ability as a bioindicator. In addition,
after seven days of experiment, the average concentrations of PAHs in the tissues of
oysters exposed to oil, which in 48 hours had reached 303 ng g, were similar to those
of the control oysters, measuring only 37 ng g*. This finding is relevant since, in the
event of an oil spill, it indicates the duration required for oysters to be purified and can
serve as a parameter for managing environmental cleanup efforts. Despite being
exposed to high concentrations of diesel oil, Crassostrea brasiliana was able to survive
and eliminate PAH, suggesting a resilience mechanism. Besides, elemental and isotopic
signature were conserved in oil-exposed oysters, possibly due to a high turnover time in
bivalves. Future studies should consider long-term oil exposure and OWD exchange to

maintain high PAHs concentrations throughout the experiment.
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4.7 Appendix A. Supplementary material

Table 1 — PAH means and standard deviation in water samples over the study period. C
= control; T = treatment; and d = days.

ohCc OhT 24hC 24hT 48hC 48hT 7dC 7dT Detection Quantification
(mean + dp) (mean + dp) (mean =+ sd) (mean =+ sd) (mean =+ sd) (mean * sd) (mean =+ sd) (mean =+ sd) Limit limit
Naphthalene 16.95 + (6.53) 3518.87 + (470.14) 17.29 + (4.01) 402.8+(172.78) 16.08+(454)  205.42 + (80.83) 14.87 + (1.06) 23.55 + (6.5) 0,20 1,00
AcenaEhlthene Nd 6.79 + (1.31) Nd Nd Nd Nd Nd Nd 0,20 1,00
Acenaphthene Nd 24.67 + (4.69) Nd 9.17 + (3.77) Nd 6.68 + (1.32) Nd 8.23 + (1.51) 0,16 1,00
Fluorene Nd 16.87 + (2.67) Nd Nd Nd Nd Nd 0.04 + (0.09) 0,20 1,00
Phenanthrene 2.31+(0.7) 12.89 + (2.15) 1.7 +(0.57) Nd 1.34 + (0.08) 1.08 + (2.42) 1.32 +(0.18) 0.01 + (0.02) 0,20 1,00
Anthracene Nd 8.03 + (1.85) Nd Nd Nd Nd Nd Nd 0,10 1,00
Fluoranthene 1.52 +(0.3) 3.37 + (0.91) 1.36 + (0.67) Nd 0.85 + (0.57) Nd 0.65 + (0.6) Nd 0,09 1,00
Pyrene 1.44 + (0.22) 3.93 + (0.64) 1.32 + (0.61) 1.06 + (1.02) 0.63 + (0.73) 0.99 + (0.97) 1.03 + (0.58) 0.72 + (0.66) 0,09 1,00
Benzo(a)anthracene Nd Nd Nd Nd Nd Nd Nd Nd 0,07 1,00
Chrysene 0.62 + (0.57) Nd Nd Nd Nd 0.2 + (0.45) Nd Nd 0,18 1,00
Benzo[blfluoranthene Nd Nd Nd Nd Nd Nd Nd Nd 0,24 1,00
Benzo[K]fluoranthene Nd Nd Nd Nd Nd Nd Nd Nd 0,21 1,00
Benzo[a]pyrene Nd Nd Nd Nd Nd Nd Nd Nd 0,31 1,00
Indeno(1,2,3-cd)pyrene Nd Nd Nd Nd Nd Nd Nd Nd 0,43 1,00

Dibenz[a,h]anthracene Nd Nd Nd Nd Nd Nd Nd Nd 0,36
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Benzo[g.h.ijperylene Nd Nd 0.43 + (0.96) Nd Nd Nd Nd Nd 0,29 1,00
413.03 =

16 PAHs 22.85 + (7.15) 3595.41 + (473.9) 22.1+(3.37) (173.47) 18.9+(4.88)  214.37 + (80.98) 17.88 + (0.84) 32.55 + (6.49) NA NA

p-Terfenil_di4 63.36 + (7.67) 64.08 + (26.94) 75.52 + (67.64) 103.79 + (6.83) 68.4 + (16.91) 80.14 + (12.97) 74.63 + (11.82) 62.26 + (30.13) 1,00

Source: Produced by the author.

Table 2 — PAH means and standard deviation in oyster samples over the study period. C
= control; T = treatment; and d = days.

PAHS 24hC 24hT 48hC 48hT 7dC T Clam Standard Delgc@ion Quan}ifi;alion
(mean + sd) (mean * sd) (mean * sd) (mean =+ sd) (mean + sd) (mean + sd) Limit limit
Naphthalene 0,71+(0,79) 246,13 + (145,95) 0,41 + (0,4) 276,65 + (125,36) 1,13+(254) 24,17 +(15,38)  0.37 + (0.35) 0.15 0,31
Acenaphthylene 0,06  (0,14) 0,59 + (0,2) 0+ (0) 0,82 + (0,39) 0+ (0) 0,28  (0,19) 1.19 + (0.18) 0.04 0,31
Acenaphthene 0+ (0) 1,37 +(0,32) 0+ (0) 1,96 + (0,69) 0+ (0) 0,56 + (0,22) 0+ (0) 0.02 0,31
Fluorene 0,95 + (0,58) 3,12 + (0,62) 0,45 + (0,46) 5,18 + (2,04) 0,38 + (0,45) 1,99 + (0,49) 1.01 + (0.26) 0.06 0,31
Phenanthrene 2,74 + (1,25) 4,94 + (1,29) 1,69 + (1,1) 9,45 + (4,99) 1,33 + (1,03) 4,46 + (1,13) 7.88 + (0.67) 0.05 0,31
Anthracene 0,17 + (0,39) 0,33 + (0,49) 0+ (0) 0,81 + (0,45) 0+ (0) 0,54 + (0,38) 0.48 + (0.3) 0.07 0,31
Fluoranthene 0,34 + (0,22) 0,64 + (0,19) 0+ (0) 1,11 + (0,54) 0,17 + (0,24) 0,56 + (0,4) 33.31 + (4.97) 0.04 0,31
Pyrene 0,35 * (0,23) 1,37 £ (0,51) 0,24 + (0,35) 4,6 + (4,87) 0,44 * (0,15) 1,67 + (1,15) 34.04 + (6.38) 0.04 0,31
Benzo(a)anthracene 0 + (0) 0 + (0) 0 + (0) 0,06 + (0,13) 0 + (0) 0 + (0) 7.79 + (0.31) 0.14 0,31
Chrysene 0,24 + (0,22) 0,62 + (0,13) 0,41 + (0,25) 0,68 + (0,41) 0,1+ (0,22) 0,54 + (0,59) 15.08 + (13.07) 0.08 0,31
Benzo[blfluoranthene 0,07 + (0,15) 0,23 + (0,22) 0,08 + (0,18) 0,29 + (0,28) 0,29 + (0,29) 0,14 + (0,19) 23.69 + (2.8) 0.18 0,31
Benzo[K]fluoranthene 0,2 +(0,18) 0,41 + (0,65) 0,51 + (0,37) 0,33 +(0,4) 0,74 + (0,79) 0,37 + (0,24) 13.05 + (1.31) 0.12 0,31
Benzoajpyrene 0,09 + (0,21) 0+ (0) 0,09 + (0,2) 0,08 + (0,18) 0,08  (0,17) 0,11 * (0,24) 12.05 + (0.54) 0.04 0,31
Indeno(1,2,3-cd)pyrene 0,15 + (0,33) 0,53 + (1,01) 0,47 + (1,05) 1,5 + (2,07) 0,48 * (0,59) 1,36 + (1,36) 4.8 + (3.47) 0.05 0,31
Dibenz[a,hjanthracene 0+ (0) 0,08 + (0,17) 0,06 + (0,14) 0,08 + (0,17) 0 + (0) 0,31 + (0,43) 3.58 + (0.99) 0.07 0,31
Benzo[g,h,ijperylene 0+ (0) 0,07 + (0,16) 0+ (0) 0,08 + (0,17) 0,06 + (0,14) 0+ (0) 11.19 + (2.37) 0.03 0,31
16 PAHs 6,08 + (1,83) 260,43 + (145,06) 4,4 +(2,87) 303,67 + (132,97) 511+ (2,87) 37,05+ (1582)  169.51 + (9.47) NA NA
p-Terfenil_d14 87,78+ (7,47) 94,19+ (17,59) 72,66 * (10,51) 87,19 + (14,14) 94,71 + (19,94) 71 + (11,06) 86.07 + (15.33) - 0,31

Source: Produced by the author.

Table 3 — 8'3C, 8'°N, TC, TN and TC/TN, means and standard deviation in oyster tissue
samples over the study period.

24 hours 48 hours 7 days
Control Treatment Control Treatment Control Treatment
* 5"C -17.6 + (0.34) -17.64 + (0.26) -17.77 +(0.43) -17.56 + (0.16) -17.39 + (0.12) -17.53 + (0.12)
-
-
o "N 9.89 + (0.28) 9.81 + (0.37) 9.4 £ (0.52) 9.86 * (0.12) 9.86 + (0.23) 9.56 * (0.14)
TC (Wt%) 36.87 + (3.99) 38.01 + (3.99) 42.46 + (1.34) 42.52 + (2.21) 39.09 + (0.95) 38.06 + (2.43)
TN (Wt%) 7.24 +(0.24) 7.94 +(0.82) 8.84 + (1.39) 9.88 + (0.25) 9.24 +(0.35) 9.12 + (0.16)
TC/TN (atomic) 5.95 + (0.43) 5.6 + (0.47) 5.75 + (1.17) 5.03 + (0.33) 4.94 + (0.19) 4.87 + (0.34)
2 24 hours 48 hours 7 days
o Control Treatment Control Treatment Control Treatment
% 5 -18.62 + (0.19) -18.4 + (0.4) -18.21 + (0.42) -18.21 + (0.21) -18.3 + (0.28) -18.31 + (0.09)
=
<
& 5°N 8.85 + (0.48) 8.75 + (0.68) 8.74 + (0.71) 8.97 + (0.33) 8.93 + (0.46) 8.53 + (0.11)
T
TC (Wt%) 43.54 + (4.88) 45.51 + (4.88) 46.23 + (2.34) 45.75 + (2.86) 44.45 + (3.59) 42.77 +(3.22)
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TN (wt%) 6.3 + (0.46) 7.04 + (0.65) 7.62 + (0.88) 8.51 + (1.49) 7.8+(0.71) 7.86 + (0.75)
TC/TN (atomic) 8.1+ (0.71) 7.6 +(1.14) 7.18 + (1.04) 6.46 + (1.32) 6.68 + (0.65) 6.42 + (0.99)
24 hours 48 hours 7 days
Control Treatment Control Treatment Control Treatment

w 5Cc -16.88 + (0.27) -16.84 + (0.29) -16.66 + (0.32) -16.45 + (0.28) -16.66 + (0.36) -16.8 + (0.15)
O

é 515N 9.71 + (0.18) 9.68 + (0.24) 9.77 + (0.23) 9.98 + (0.22) 9.83 + (0.24) 9.62 + (0.23)

TC (wt%) 39.34 + (2) 40.91 + (2) 42.5 +(0.77) 41.75 + (1.46) 39.75 + (1.31) 38.65 + (1.68)

TN (wt%) 10 + (0.84) 10.13 + (2.37) 13.14 + (0.34) 13.16 + (0.64) 11.01 + (1.04) 10.54 + (0.38)

TC/TN (atomic) 4.6 +(0.22) 5.05 + (1.79) 3.78 + (0.16) 3.7 £(0.1) 4.23 +(0.27) 4.28 + (0.22)

Source: Produced by the author.
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5 CAPITULO 5 - PAHs accumulation analysis of oysters Crassostrea brasiliana
following exposure to different concentrations of diesel fuel oil-water
dispersion.

ABSTRACT

Oil spills have detrimental effects on marine biological communities due to the high
toxicity and physicochemical characteristics of these compounds. Efficient biomarkers
and bioindicators can be employed to identify these disturbances and promote
environmental monitoring. In this context, the implementation of bioassays is particularly
useful for defining research strategies. The present study aimed to evaluate the lethal
and effect concentrations of polycyclic aromatic hydrocarbons (PAHS) on the oyster
species Crassostrea brasiliana when exposed to different concentrations of diesel
o0il.The oysters were exposed to five oil-to-water concentrations (1:5, 1:10, 1:100, 1:1,000
and 1:10.000) for 48 hours. The concentrations of PAHs in both the water and oyster
tissues were subsequently analyzed to assess bioaccumulation. Mortality rates were
very low, with no major differences between the treatments and controls. The
predominant PAHs in the water were the lighter compounds, with naphthalene being
particularly notable. Between the initial quantification at the beginning of the experiment
and the final measurement after 48 hours, a rapid reduction in water PAH concentrations
was observed. Bioaccumulation was detected in the oysters; however, there were no
significant differences among the three OWDs with the highest concentrations. This
phenomenon is likely attributable to the evaporation of the main PAHs, which resulted in
similar outcomes. The heavier PAHs exhibited a smaller reduction in concentration in the
water by the end of the experiment, and the lighter PAHs were not prominent in the oyster
tissues. The oyster species studied proved to be an effective bioindicator, and based on
the data, the PAHs naphthalene, fluorene, phenanthrene, and pyrene should be closely

monitored in an event of a diesel oil spill.

5.1 Introduction

Petroleum is an organic compound with harmful characteristics to the marine
biological community. Adherence to body surfaces can cause loss of mobility and
blockage of sensory organs, while high toxicity leads to lethal and sublethal effects
(IPIECA, 2015). Lethal effects are easily quantified (Lira et al., 2021; Craveiro et al.,
2021). On the other hand, organisms that remain alive continue to be affected by the oll
dispersed in seawater. To identify sublethal disturbances of oil contamination, it is

necessary to select physiological and biochemical indicators. Oil spills and their
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consequences have been frequently studied and monitored using bioindicators and
biomarkers (Gesteira & Dauvin, 2000; Bolognesi et al., 2006; Ferreira et al., 2023; Mulik
et al., 2023). However, in order to master the techniques that enable the effective use of
these organisms and generate reliable results, it is necessary to carry out tests to
recognize all the tools involved (French-McCay et al., 2023).

Bioassays are an excellent way to study an organism's response to
contamination because they allow the management of certain environmental variables,
enabling a focused analysis on specific markers of interest (Briand, 2009; Podlesirska
& Dagbrowska, 2019; Luan et al., 2020; Rakaj et al., 2021; Colvin et al., 2020; French-
McCay et al., 2023). PAH analysis is an efficient method for identifying and quantifying
the presence of oil in marine organisms (Hamacher et al., 2022; Soliman et al., 2022; Al-
Shamary et al., 2023).

Bivalves, benthic filter feeders, have been used as bioindicators for their ability to
accumulate PAHSs in their tissues (Idowu et al., 2020; Gan et al., 2021; Soliman et al.,
2022; Ferreira et al., 2023). Diesel oil is widely used as boat fuel, which means that there
is a constant risk of spills and waste disposal in coastal areas (Soares-Gomes et al.,
2010; Guerin, 2015; Sardi et al., 2017). While heavier oils are recognized for their greater
physical impact, lighter oils, such as diesel, have more acute toxicity (IPIECA, 2015;
Pannetier et al., 2024). On the other hand, the composition of the oil is complex,
presenting a series of compounds with specific solubilities and toxicities (IPIECA, 2015;
Patel et al., 2020). In this line, the different petrogenic PAHSs, recognized as toxic,
carcinogenic, mutagenic, genotoxic and teratogenic compounds, are also
heterogeneous in their properties (Lourenco et al., 2023). Fluorene, for example, is
relatively more soluble in water and more volatile, but is not classified as carcinogenic
(Patel et al.,, 2020). Benzo(a)pyrene, one of the most carcinogenic PAHS, is poorly
soluble, becoming less bioavailable in the marine environment in oil spills (Patel et al.,
2020; Lourengo et al., 2023). In this context, knowledge about the impact of these
compounds on marine organisms becomes extremely important. The present study aims
to evaluate, through a bioassay, the bioaccumulation of PAHs and the mortality of
Crassostrea brasiliana exposed to different concentrations of diesel oil: water

dispersions.

5.2 Methodology

5.2.1 Experimental design
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The experimental design is illustrated in Figure 1. Crassostrea brasiliana
specimens of similar size (approximately 8 cm) were obtained from an oyster farming
area at the Marine Mollusks Laboratory (UFSC) in Florianépolis, Brazil. The oysters were
cleaned to remove associated epibiont organisms, acclimatized for 14 days in a tank with
artificial seawater (Fauna Marin® Professional Sea Salt) at constant temperature (21°C)
and salinity (35) and fed with phytoplankton suspension (Brightwell PhytogoldS®) once
a day.

Oil-water dispersed (OWD) mixture was prepared by adding diesel oil to artificial
seawater in five crescent concentrations (1:10.000; 1:1.000; 1:100; 1:10; 1:5), following
the method proposed by Echols et al., (2015) with modifications. OWD was agitated for
12h using underwater pumps (Sarlobetter® pump / 1000 L.h"") in individual sealed
containers for each concentration, protected from light to avoid volatilization and
photochemical degradation of fuel components. The mixture was introduced into
aquariums at a final volume of 3,5 L. Oysters were exposed to OWD (Treatment) or
artificial seawater (Control) for 48h. Five replicates and four oysters per replicate were
used for each OWD concentration. The OWD was renewed after 24 hours with a
complete 100% replacement to minimize the loss of PAHs due to evaporation and
adhesion to the aquarium walls. OWD and control water samples with 1 L were collected
from each aquarium for PAH analyzes immediately after preparation (Oh), after renewal
(24h) and in the end of the experiment (48h). The oysters were dissected and used to
evaluate PAHSs (2 oysters), gene expression and antioxidant enzyme activity (2 oyster in
total, data not presented here). Oyster mortality was assessed after 6, 12, 18, 24 and 48

hours of exposure. Tissues for PAH analysis were frozen at -20 °C.

Figure 1 — Experimental design.

ACCLIMATIZATION (14 days)

48h de exposigao com reposigao
de 100% do OWD apoés 24h

X oo () ) (O () ()
OWD 1:5 ', || ﬂ ', U e )%’ |j
Biossay condictions: OwWD 1:10 |"" ﬂl/ |"" Ulﬁljl D
| owp 1:100 (77, I[%7 Ne |j|"'c |]| Al

T: 21°C
Salinity: 35 owo 1:1.000 (77, (7 (% U| Al[eA

Constant aeration
Feeding: daily with OWD 1:10.000 | %%, U L 'Ij e Ul ’ 'Ij L 'Ij

concentrated phytoplankton
PhytogoldS®

Source: Produced by the author.
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5.2.2 PAHs analysis

5.2.2.1 Seawater PAH extraction

The extraction of PAHs was conducted at the Forensic Environmental
Geochemistry Laboratory of the Sea Studies Institute Admiral Paulo Moreira
(LGAF/IEAPM) using the protocol based on the EPA method 3510C (EPA, 1986a).
Aliquots of 1 L of seawater were transferred to separatory funnels and added 30 mL of
HPLC-grade dichloromethane (LICHROSOLV®). To validate the procedure, 100 ng of
surrogate standard p-terphenyl-d14 (Sigma-Aldrich®) from 25 uL of a 4 ng uL™" solution
were added. The PAH extraction methodology is considered appropriate if the recovery
of the surrogate standard p-terphenyl-d14 is between 40% and 125% (Sauer & Boehm,
1995). The extraction was carried out by vigorously shaking for 3 minutes, followed by
resting for 10 minutes to allow for complete separation of the phases. The solvent was
then transferred to decontaminated bottles, and the entire procedure was repeated two
more times, using a total of 90 mL of solvent. The extracts were then reduced in
TurboVap™ under a nitrogen flow. After that, 100 ng of internal standard from 25 uL of a
4 ng.uL" solution mixtures were added, including deuterated compounds naphthalene-
d8, cenaphthene-d10, 1,4-dichlorobenzene-d4, phenanthrene-d10, chrysene-d12, and
perylene-d12 from AccuStandard®. After this step, the extracts were increased to 1 mL

using dichloromethane (HPLC), transferred to injection vials, and stored at -20 °C.

5.2.2.2 Oyster extraction, clean-up and extract fractioning

Tissue samples were separately homogenized with an Ultra Turrax grinder (IKA
Works®). About 3 g of each tissue sample were weighed, sodium sulfate was added to
remove water, and then 100 ng of p-terphenyl-d14 subrogated standard was added.
Then, each sample was extracted in Soxhlet for 24 hours with a mixture of 200 mL of
dichloromethane and acetone (Supelco®) (9:1) according to EPA 3540C (EPA, 1996a).
In addition to the samples, four blanks and three replicates of biological material certified
for PAHs (3g of bivalve reference material IAEA-451) were extracted. The extracts were
reduced in a vacuum rotary evaporator (Tecval®) to approximately 1 ml. To reduce the
organic load, a cleanup step was performed in a glass column (1,8 cm diameter) filled
with n-hexane (LICHROSOLV®) and 20 g of deactivated alumina at 2 % water (aluminum
oxide 90; SHELF LIFE®). Each sample was added and eluted with 100 mL of

dichloromethane. The extract was collected in a TurboVap® flask, reduced under a
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nitrogen flow. The solvent was changed to n-hexane and reduced to approximately 1 mL.
After the cleanup step, fractionation was performed to separate the aliphatic and
aromatic hydrocarbons, according to EPA 3630C (EPA, 1996b), by open column
chromatography (columns with 30 cm in length and 1.3 cm in internal diameter were
used, filled with 10 g of silica 60 (0,063-0,200 mm; SHELF LIFE®), 7 g of deactivated
alumina at 2 % water and 1 g of deactivated sodium sulfate at 5% water (EMSURE®).
For the removal of aliphatic hydrocarbons (subsequently discarded), elution was
performed with 30 ml of n-hexane and for aromatics 75 ml of solution with
dichloromethane and n-hexane (1:1). The extract fractions containing PAHs were
collected directly in TurboVap flasks, reduced under nitrogen flow and transferred to
injection vials after the addition of 100 ng of internal standards mix and HPLC-grade n-

hexane to a final volume of 1 ml.

5.2.2.3 Gas Chromatography - Mass Spectrometry Analysis

Qualitative and quantitative analyses of PAHs were conducted at the Laboratory
of Organic and Marine Geochemistry of the Faculty of Oceanography at the State
University of Rio de Janeiro (LAGOM/UERJ). The analyses were performed using a gas
chromatograph coupled to a mass spectrometer (GC/MS - Thermo Scientific®, model
ISQ), following the EPA method 8270D (EPA, 1986b). Analyses were performed under
the following chromatographic conditions: injection volume of 2 pL; Agilent DB-5MS
column (30 m; 0.25 mm internal diameter; 0.25 pm film); carrier gas helium (flow rate of
1.2 mL min™ and purity of 99.999%). The temperature program used was as follows: 50
°C for 5 min; 50 °C min™" up to 80 °C; 60 °C min™' from 80 °C to 280 °C; 12 °C min*' from
280 °C to 305 °C; and finally, maintaining a temperature of 305 °C for 7 min. For
quantitative analysis, a curve was prepared by injecting ten standard solutions (1, 2, 5,
10, 20, 50, 100, 200, 400 and 1000 ng mL™") containing all non-alkylated PAHs to be
analyzed (Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene,
Anthracene, Fluoranthene, Pyrene, Benzo(a)anthracene, Chrysene,
Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benzo(a)pyrene, Indene(1,2,3 -cd)pyrene,
Dibenzo(a,h)anthracene and Benzo(g,h,i)perylene) and the deuterated internal
standards already mentioned (each at a concentration of 100 ng L™). The limit of
quantification was calculated as the ratio between the concentration of the lowest
standard solution on the calibration curve and the volume of the extracted sample (1 ng
mL™).
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5.2.4 Data analysis

The softwares Excell® and Statistica 7.0® were used for statistical analyses. To
perform the analyses and enable comparisons between the experiment times, the PAH
values called "Initial PAHs in water" refer to the averages between the concentrations
obtained in the water samples at time Oh (immediately before the introduction of the
oysters into the aquariums) and 24h (immediately after the total water change and
OWDs). Data were considered normal after Kolmorogov-Smirnov and Shapiro Wilk tests,
allowing the performance of analyzes of variance (ANOVA). The few outliers, defined as
discrepant data points that fall outside the normal range, were excluded from the analysis
since they were solely responsible for generating this deviation in the dataset. When
significant differences were found, represented by a coefficient p < 0.05, the multiple

comparisons test (Tukey) was applied.

5.3 Results

5.3.1 Oyster mortality

Oyster mortality was very low and apparently random among the OWDs
produced with different concentrations of diesel oil. The concentration with the highest
mortality rate was 10%, resulting in the death of two oysters, while in the other groups,

only one oyster died, including the control (Table 1).

Table 1 — Oyster mortality throughout the experiment

6h 12h 18h 24h 48h Total
Control 1 0 0 0 0 1

20 % Oil:Water OWD
10 % Oil:Water OWD
1 % Oil:Water OWD
0,1 % Oil:Water OWD
0,01 % Oil:Water OWD

1 1
2 2
1 1
0 1
1 2

| O] O] ©| ©
o ol of of ©

0 0
0 0
0 0
1 0
1 0

5.3.2 Polycyclic aromatic hydrocarbons in water and oyster tissues

In general, among all water and oyster tissue samples analyzed, the recovery
measured through the p-terphenyl-d14 standard was satisfactory, except for 3 samples,
which were disregarded. At the beginning of the experiment, Naphthalene stood out with

the highest concentration in all OWDs produced, with the highest average recorded of
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1708 ng L' in OWD 20 %. Other PAHs with relatively high concentrations were Fluorene,
Phenanthrene, and Pyrene (maximum averages of 162 ng L', 124 ng L™ and 100 ng L
' respectively, referring to OWD 20 %). Considering the different OWDs produced, the
highest concentration of PAHs was observed in OWD 20 %, with a sum of the 16
quantified PAHs of 2273 ng L. The lowest PAH values were observed in OWD 0.01 %,
with 225.91 ng L™". In general, the pattern remained regarding the main PAHSs identified,
with Naphthalene, Fluorene, Phenanthrene, and Pyrene standing out. Fluoranthene can
also be mentioned, with intermediate concentrations (33 ng L' for OWD 20 %). Heavier
PAHs, such as Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo[a]pyrene, and
Indeno(1,2,3-cd)pyrene were recorded, but with low concentrations, not exceeding 6 ng

L in any of the OWDs analyzed.

Table 2 — Means and standard deviation of the PAHSs in the initial water samples (ng L
"(produced with 20 %, 10 %, 1 %, 0,1 % and 0,01 % diesel oil: water ratios).

INITIAL WATER PAHs | Control 20% OWD 10% OWD 1% OWD 0,1% OWD 001%OWD  Benzene Mv‘;:gf]'ta’
(média + dp) (méan + dp) (mean * sd) (mean * sd) (mean * sd) (mean * sd) Rings range
Naphthalene 10.5 + (1.08) 1708.51 + (298.95)  840.86 * (150.78)  933.08 * (214.69) 448.88 * (53.36) 128.86 + (18.91) 2 Low
Acenaphthylene 0+ (0) 44.75 + (10.4) 24.52 + (6.62) 17.66 + (5.21) 13.73 + (2.06) 6.47 £ (1.21) 2 Low
Acenaphthene 0.82%(0.5) 58.48 + (19.39) 29.68 * (7.25) 30.67 + (4.23) 21.39 % (2.17) 8.17 + (1.42) 2 Low
Fluorene 2.68 + (1.08) 162.7 + (34.05) 85.26 + (18.33) 95.04 + (10.56) 72.03 £ (9.63) 30.28 + (7.43) 2 Low
Phenanthrene 412+ (1.13) 124.56 + (17.11) 57.32 + (15.69) 48.95 + (11.48) 35.66 = (5.28) 24.84 £ (7.8) 3 Low
Anthracene 1.96 + (0.15) 19.67 + (6.51) 10.23 + (5.02) 6.71 % (1.25) 0+(0) 0+(0) 3 Low
Fluoranthene 2.92 +(1.38) 33.08 + (19.13) 43.65 * (30.76) 10.52 £ (6.81) 24.59 £ (23.42) 421 % (1.19) 3 Low
Pyrene 3.57 +(1.87) 100.2 + (25.56) 84.69 + (37.19) 50.99 * (20.52) 51.62 + (34.38) 18.98 + (6.54) 4 Medium
Benzo(a)anthracene 0+(0) 0.21 £ (0.42) 1.99 + (2.14) 0.43 £ (0.97) 0.75 £ (0.71) 0.4 +(0.48) 4 Medium
Chrysene 0% (0) 2.14 + (2.95) 1.16 + (0.89) 0.34 £ (0.77) 0.93 £ (1.29) 0+(0) 4 Medium
Benzo[b]fluoranthene 0x£(0) 5.94 + (4.9) 2.35+(2.74) 0.26 + (0.58) 1.75 + (2.41) 0+(0) 4 Medium
Benzo[k]fluoranthene 0+ (0) 1.13 £ (2.27) 0.88 + (1.06) 0+ (0) 0.58 + (0.64) 0+ (0) 4 Medium
Benzo[a]pyrene 0+(0) 2.75 + (0.95) 2.42 +(1.31) 0.33 +(0.74) 1.5 + (1.66) 0.21 + (0.42) 5 High
Indeno(1,2,3-cd)pyrene 0.84 £ (0.4) 3.58 + (2.4) 1.76 + (1.14) 1.7 +(0.75) 1.08 +(1.13) 1.74 + (0.23) 5 High
Dibenz[a,h]anthracene 0.43 +(0.27) 1.71 +(0.81) 1+(0.4) 0.43 + (0.26) 0+(0) 0+(0) 5 High
Benzo[g,h,i]perylene 2.31 +(0.43) 4.56 + (2.25) 2.31+(1.22) 2.94 + (1.71) 2.47 +(0.94) 2.01 +(0.35) 6 High
Y16 PAHs 30.14 % (4.01)  2273.96 +(399.45) 1190.09 + (176.51) 1199.96 + (267.77)  676.96 + (115.01)  225.91 + (42.03) NA NA

Source: Produced by the author.

At the end of the experiment, a strong reduction in the identified and quantified
PAHs was observed. The most notable decrease was observed in naphthalene, with
levels of 19 ng L for OWD 20 %, which were two orders of magnitude lower compared
to the initial values. Fluorene, phenanthrene, and pyrene also showed reductions but
remained detectable, with maximum averages of 26 ng L', 21 ng L, and 24 ng L™,

respectively, for OWD 20%. The trend was consistent across different OWDs, with similar
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values observed for OWDs 20 %, 10 %, and 1 %. Heavier PAHs like
Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo[a]pyrene, and Indeno(1,2,3-
cd)pyrene were still present, maintaining low concentrations, without a decrease

compared to the beginning of the experiment.

Table 3 — Means and standard deviation of the PAHSs in the final water samples (ng L")
(produced with 20 %, 10 %, 1 %, 0,1 % and 0,01 % diesel oil: water ratios).

FINAL WATER PAHS Control 20% OWD 10% OWD 1% OWD 01%OWD  0,01%OWD  Benzene Mvc\’ll‘;;‘;l'tar
(média + dp) (méan * dp) (mean = sd) (mean + sd) (mean +sd)  (mean * sd) Rings range
Naphthalene 14.45 £ (1.22) 19.19 + (10) 29.65 * (20.76) 64.19 + (50.09) 12.64 £ (2.28) 12.17 £ (2.2) 2 Low
Acenaphthylene 0.2%(0) 1.66 + (2.93) 212+ (0.1) 2.72 £ (0.45) 0.2 £(0) 0.2 £(0) 2 Low
Acenaphthene 0.98 +(0.16) 6.13 + (3.57) 2.8+ (1.16) 5.35 +(2.13) 0.47 £ (0.63) 0.8 £ (0.43) 2 Low
Fluorene 2.2+(0.2) 26.09 + (10.3) 11.06 + (3.88) 18.3 + (10.86) 3.68 £ (0.84) 2.55 £ (0.27) 2 Low
Phenanthrene 3.22 +(0.64) 20.88 + (4.29) 11.3 +(5.35) 14.3 + (6.53) 3.88%(1.2) 3.35 £ (0.61) 3 Low
Anthracene 1.93 +(0.14) 5.72 +(1.12) 2.4 +(0.35) 3.09 +(0.78) 2.05 £ (0.17) 1.99 £ (0.07) 3 Low
Fluoranthene 4.22 +(5.16) 6.31+(0.34) 6.75 + (7.07) 4.2+ (2.17) 2.88 £ (0.92) 2.13£(0.32) 3 Low
Pyrene 4.84 +(5.35) 23.77 £ (5.19) 14.21 £ (8.67) 13.75 £ (7.64) 438+ (2.16) 2.32 £(0.77) 4 Medium
Benzo(a)anthracene 0.07 + (0) 1.35 + (1.49) 0.07 £ (0) 0.07 £ (0) 1.22 +(0.78) 0.67 £ (0.7) 4 Medium
Chrysene 0.18 + (0) 0.66 + (0.97) 0.18 £ (0) 0.18 £ (0) 0.18 £ (0) 0.18 + (0) 4 Medium
Benzo[b]fluoranthene 0.72 + (0.95) 9.65 * (3.82) 1.09 + (1.46) 0.24 £ (0) 0.24 £ (0) 0.24 + (0) 4 Medium
Benzo[k]fluoranthene 0.21 + (0) 424+ (1.7) 0.61 * (0.69) 0.21 £ (0) 0.21 £ (0) 0.37 £(0.32) 4 Medium
Benzo[a]pyrene 0.31 + (0) 2.01 + (0.45) 1.18 + (1.51) 0.31 £ (0) 1.01 £ (0.82) 0.31 £ (0) 5 High
Indeno(1,2,3-cd)pyrene 0.67 + (0.42) 4.33 * (1.66) 1.37 £ (0.64) 1.69 + (0.31) 1.95 + (1.24) 1.02 +(0.3) 5 High
Dibenz[a,h]anthracene 0.36 £ (0) 2.96 + (1.24) 1.08 +(0.14) 1.22 +(0.19) 0.36 £ (0) 0.36 % (0) 5 High
Benzolg,h,i]perylene 1.72 +(0.23) 5.17 + (1.55) 1.91 + (1.49) 3.4+ (0.53) 3.47 £ (1.63) 1.99 £ (0.52) 6 High
Y16 PAHs 36.28%(11.25)  140.15 £ (27.14) 87.78 £ (50.1) 130.76 £ (71.21) 38.82£(9.72)  30.64%(2.74) NA NA

Source: Produced by the author.

Regarding the bioaccumulation of oysters, Phenanthrene, a PAH with 3 benzene
rings, stands out with the highest values recorded in individuals exposed to the analyzed
OWDs (34 ngL",38ngL",19ngL" 12ngL", 10 ngL", and 12 ng L respectively for
the OWDs 20 %, 10 %, 1 %, 0.01 %, and 0.01 %. Other important PAHs were
Naphthalene, Fluorene, and Pyrene with values generally ranging between 14 and 30
ng L™ for oysters from the OWDs treatments 20 %, 10 %, and 1 %. Among the heavier
PAHSs, the bioaccumulated values were quite low, with the highest recorded being

Benzo[a]pyrene (3.3 ng L") in the oysters exposed to OWD 20 %.

Table 4 — Means and standard deviation of the PAHSs in the oyster samples (ng g)
(exposed to OWDs produced with 20 %, 10 %, 1 %, 0,1 % and 0,01 % diesel oil: water
ratios for 48 hours).

OYSTER TISSUE Control 20% OWD 10% OWD 1%0OWD  0,1%OWD 001%owp , Standard Benzene Molecular
P . bivalve tissue . weight
PAHs (média + dp) (méan * dp) (mean+sd) (meantsd) (meanzsd) (mean *sd) (mean + sd) Rings range
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Naphthalene 3.43 +(1.92) 27.06 £ (23.33) 20.11+(15.78)  14.24+(13.26)  11.02 % (1.87) 3.82£(3.08) 1.47 £ (2.55) 2 Low
Acenaphthylene 0+ (0) 2.3+ (1.76) 1.51 + (0.73) 0.71 + (1.01) 0+ (0) 0.09 + (0.19) 0.91 £ (0.17) 2 Low
Acenaphthene 0+ (0) 6.1+ (7.7) 419+ (1.71) 1.56 + (2.17) 0.14 + (0.25) 0+(0) 0+ (0) 2 Low
Fluorene 0.78 + (0.18) 28.45 + (14.01) 30.1+(7.83)  13.76+(13.35)  9.24%(3.11) 4.4+ (2.68) 0.68  (0.09) 2 Low
Phenanthrene 3.8 £ (0.96) 34.03 £ (19.43) 38.29£(12.31) 19.22+(15.61)  11.76 £ (3.06) 9.9 £ (5.14) 12.29 £ (2.1) 3 Low
Anthracene 0+(0) 2.56 £ (2.42) 2.48 £ (1.65) 1.17 + (1.61) 0+(0) 0.09 £ (0.18) 0.18 £ (0.26) 3 Low
Fluoranthene 0+(0) 0+(0) 0+(0) 0+(0) 0+(0) 0+(0) 39.18 +(8.37) 3 Low
Pyrene 0+(0) 16.03 £ (15.28) 20.9 £ (12.63) 8.1+ (13.38) 0+(0) 0+(0) 43.98 + (33.32) 4 Medium
Benzo(a)anthracene 0.21 £ (0.48) 0.84 + (0.77) 0+(0) 0.43 £ (0.63) 0+(0) 0.09 £ (0.17) 23.21 +(8.95) 4 Medium
Chrysene 0.07 £ (0.16) 0.91 £ (1.19) 0.97 £ (1.64) 0.11 £ (0.24) 0.13 £ (0.23) 0+(0) 33.26 % (3.93) 4 Medium
Benzo[b]fluoranthene 1.72 + (0.67) 1.65 + (1.29) 0.38 + (0.36) 0.65 + (0.26) 0+ (0) 1.09 £ (0.8) 54.55 + (17.78) 4 Medium
Benzo[k]fluoranthene 1.19 + (0.64) 0.64 + (0.15) 0.49 + (0.33) 0.13 + (0.29) 0+ (0) 0.22 + (0.27) 32.59 + (27.73) 4 Medium
Benzo[a]pyrene 3.57 £(0.78) 3.3%(1.07) 2.14 £ (0.29) 1.95 + (0.54) 1.43 + (0.05) 2.38 +(0.83) 32.58 +(37.7) 5 High
Indeno(1,2,3-cd)pyrene 0+ (0) 0+ (0) 0+ (0) 0+ (0) 0+(0) 0+(0) 33.53 +(3.94) 5 High
Dibenz[a,h]anthracene 0+ (0) 0+ (0) 0+ (0) 0+ (0) 0+(0) 0+(0) 7.79 £ (2.66) 5 High
Benzo[g,h,i]perylene 0.1+(0.23) 0+ (0) 0+(0) 0+(0) 0+(0) 0+(0) 28.15 + (10.01) 6 High
516 PAHs 14.88 £ (3.32) 123.88  (68.44) 12155+ (22)  62.01%(53.98) 33.72£(8.18)  22.07+(12.21)  344.29 % (64.35) NA NA

Source: Produced by the author.

5.3.3 Comparative analysis between initial and final OWDs and oyster tissues

When comparing the concentrations of PAHs obtained from the analysis of

samples related to the OWD and control within the sampling units, some particularities
can be identified. Among the } 16 PAHSs, the replicates with OWDs produced with 20 %
diesel oil stand out significantly from the others (average of approximately 2300 ng L™,
p = 0.001), including the replicates with 10 % diesel oil, which had the closest
concentration (figure 2, a). The replicates with 10 % and 1 % oil showed similar
concentrations (averages of approximately 1200 ng L"), with no significant differences
between them, but with significant variances compared to the other OWDs (p < 0.02 and
p < 0.009, respectively) (figure 2, a). The subsequent OWD, 0.1% oil, was significantly
different from all others (approximately 650 ng L', p < 0.05), while the lowest
concentration, 0.01% oil, did not differ from the control samples (figure 2, a).

By fragmenting the analysis and considering the PAH groups based on the
number of benzene rings, specific patterns can be identified. For PAHs with two benzene
rings, the patterns are very similar to those identified when analyzing the sum of the > 16
PAHSs. This similarity is due to the fact that this group of PAHSs is the most abundant in
the sample (figure 2, d). For the groups of PAHs with 3 and 4 rings, the replicates with
OWDs produced with 20 % oil approached the 10 % concentration, but still showed
significant differences in the case of the first group (p = 0.015) and no differences for the

second group (figure 2, g and j). The 1 % and 0.1 % OWDs presented concentrations of
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3-ring PAHs below those above mentioned, significantly different from the control (p =
0.02 and p = 0.04, respectively). However, the concentration of 4-ring PAHs was similar
among control and treatments with 1 % and 0.1 % OWD (figure 2, g and j). The groups
of PAHs with 5 and 6 rings, in general, did not show significant differences between the
OWDs and control samples (figure 2, m and p). The exception was in the 5-ring group,
where the 20 % OWD differed from the others (p < 0.03), being significantly similar only
to the 10 % OWD.

At the end of the experiment, a strong reduction in PAH concentrations was
observed (figures 2 and 3). When comparing the sum of the > 16 PAHs in OWDs at 20
%, 10 %, and 1 %, the values were one order of magnitude lower than the initial
concentrations (approximately 140, 87, and 130 ng L™ respectively) (figure 2a and b),
with no significant differences between them. This reduction trend was consistent in the
replicates with OWDs at 0.1 % and 0.01 % oil, showing no difference from the control
but differing from the other OWDs at 20 % and 1 % (p < 0.03 and p < 0.02 respectively)
(figures 2 and 3).

The decrease in the observed values was more pronounced for PAHs with 2
benzene rings (figure 3, b), which initially had an average of approximately 2000 ng L™
in the replicates with 20 % OWD and 1000 ng L' in 10 % and 1 % OWDs (figure 2d),
decreasing to 53, 45, and 88 ng L™ respectively (figure 2b). By the end of the experiment,
the 0.1 % and 0.01 % OWDs maintained low concentrations, similar to the control
samples, with this pattern being consistent across all benzene ring groups. For PAHs
with 3 and 4 rings, the reduction was relatively smaller (figure 3c and d). Initially, the
average concentrations of PAHs ranged between 90 and 190 ng L' in the OWD samples
with 20 % and 10 % oil, but by the end of the experiment, they ranged from 20 to 40 ng
L' (figure 2g, h, j, and k). Notably, the 20 % OWD had a higher average in the group of
4 rings, significantly differing from the others (p = 0.0001). All OWD preparations showed
very low concentrations of PAHs with 5 and 6 benzene rings, with the 20 % OWD being
the only one significantly different from the control (p = 0.0001 and p = 0.003
respectively), with concentrations of 9 and 5 ng L™ respectively (figure 2n and q).

Regarding bioaccumulation in oysters, an increasing trend in the average
concentrations of PAHs was observed between the OWD produced with the lowest oil
volume percentage (0.01 %) and the highest (20 %) (figure 2c). However, this trend did
not necessarily result in significant differences. The average concentrations of the > 16
PAHs quantified after exposure to OWD 20% and 10 % diesel oil were approximately
120 ng g (figure 2c). Despite the higher average, they did not differ significantly from
the oysters exposed to OWD 1 % (61 ng g™') and 0.1 % (33 ng g”'), due to the high

variability among replicates. The latter two treatments did not differ even from the control
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samples, as well as the samples of oysters exposed to OWD 0.01 %. In general, even
with the fragmentation of the analysis of the PAHs bioaccumulated by the oysters
according to the benzene rings, the patterns observed are quite similar to those found
for the Y16 PAHs. The groups of PAHs with 5 and 6 rings appear with very low

concentrations, the former even below the control samples.

Figure 2 - Means and standard deviation of the PAHSs in the Initial (a) and Final (b) water
samples and oyster tissues (c). The figure illustrates } 16 PAHs, two, three, four, five and
six ring PAH groups in the OWD (produced with 20 %, 10 %, 1 %, 0,1 % and 0,01 %
diesel oil: water ratios), Control solutions and oyster tissues. Different symbols above
bars indicates significant differences.
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Source: Produced by the author.

Figure 3: - Means of the PAHSs in the Initial and Final water samples. The figure illustrates
> 16 PAHSs, two, three, four, five and six ring PAH groups in the OWD (produced with 20
%, 10 %, 1 %, 0,1 % and 0,01 % diesel oil: water ratios) and Control solutions.
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5.3.4 Percentage of PAHs by groups of benzene rings in the OWDs used at

the beginning and end of the experiment and in the oyster tissues

Initially, all the OWDs produced and sampled in the aquariums where the oysters
were introduced presented more than 80 % of PAHs with 2 benzene rings (figure 4, a).
At the end of the experiment, it is interesting to note that the percentage of PAHs
according to their molecular weight (number of rings) no longer follows this pattern (figure
4b). The OWD 20 % appears with 38 % of PAHs with 2 benzene rings, the OWD 10 %
with 52 %, and the OWD 1 % with 66 %. The oyster tissue samples showed great
similarity in the proportion of PAHs according to the group of benzene rings when
comparing the exposures to OWDs produced with 20, 10, and 1 % of diesel oil (figure
4c). The group of 2 rings appeared to vary between 45 and 50 %, the group of 3 rings
between 30 and 33 %, and the group of 4 rings between 15 and 19 %.
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Figure 4 — PAHs percentage by benzene rings in the OWD (produced with 20 %, 10 %,
1 %, 0.1 %, and 0.01 % diesel oil: water ratios) and oyster tissues. a: Initial sampling

PAHs in OWD; b: Final sampling PAHs in OWD; c: PAHSs in Oyster tissues.
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5.3.5 Linear regressions for PAH values in oysters and OWD

In general, the regressions relating to the > 16 PAHs from all replicates analyzed

show an increasing relationship between the PAH concentrations in the water and

oysters (figure 5). The inconsistent fit of the straight lines, as indicated by the low R?

values, is due to the high heterogeneity of the concentrations quantified in the oyster

tissues.
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Figure 5 — Linear regressions of the > 16 PAHs between oyster and OWD from sampling
units and between oyster and the oil:water proportion of OWD.
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Fragmenting the analyses according to the number of benzene rings, the pattern
observed for the } 16 PAHs remains consistent, but with a decreasing alignment of the
lines as the number of rings increases (figure 6). This observation suggests a higher

variability in PAH concentrations with an increase in the number of rings.
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Figure 6 — Linear regression of the PAHs in oyster and OWD inicial samples from
sampling units according to the number of benzene rings.
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At the end of the experiment, the pattern of increasing PAH values in oyster
tissues in relation to the values in the water was consistent with the benzene rings.
However, there was a slight deviation from a straight line, indicating a high variability in
the final PAH concentrations in the sampling units (OWD) (figure 7). This suggests that
both evaporation and bioaccumulation of oysters were not consistent across the
replicates.
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Figure 7 - Linear regression of the PAHSs in oyster and OWD final samples from sampling
units according to the number of benzene rings.
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5.4 Discussion

Very low oyster mortality was recorded in the experiment. This low mortality rate

may be explained by the resilience of these animals, which have a series of physiological

mechanisms that act when they come into contact with contaminants. Examples include

biotransformation, which acts by converting PAHs into excretable compounds, and

antioxidant defense systems, which produce a series of protective enzymes to minimize

the effects on the organism (Gan et al., 2021; Bastolla et al., 2023; Ferreira et al., 2023;

Souza et al., 2023). In addition, studies indicate that bivalves can alter the frequency of

valve opening when exposed to toxic compounds (Redmond et al., 2017; Durier et al.,

2021). A second reason for the low mortality rate may be the rapid reduction in the

concentrations of PAHs available in the water. Factors that lead to reduced available

PAH include evaporation and adhesion to aquarium walls (Carrasco-Navarro et al., 2015;
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Weinnig et al., 2020). High heterogeneity was observed between PAH concentrations in
oyster samples, as can be seen from the high standard deviations found and the scatter
plots. It is possible that, for physiological reasons, such as reduced valve opening
frequency, PAH bioaccumulation varied, thus influencing the recorded concentrations
(Redmond et al., 2017; Durier et al., 2021).

In the initial analysis, the results for the > 16 PAHs in the samples concerning the
OWDs created with 20 %, 10 %, and 1 % oil-to-water ratios (concentrations at the start
of the experiment) was not accompanied by the bioaccumulation in the oysters. Although
the 20 % OWD had nearly double the average number of PAHs compared to the 10 %
and 1 % OWDs, the oysters exposed to these solutions accumulated significantly similar
values. Several factors can explain this observation. The PAHs with two benzene rings,
which were the major contributors to the total of Y 16 PAHs initially, decreased rapidly by
the end of the experiment, making them less available in the water. Lighter PAHs are
more soluble and volatile (Patel et al., 2020), leading to their removal from the water as
they disperse. Consequently, there was a leveling of concentrations among the 20 %, 10
%, and 1 % OWDs, as the PAH levels decreased proportionally more in the OWDs with
higher initial concentrations. The significant reduction mainly occurred in the lighter PAHs
with two rings, which are more volatile (Patel et al., 2020) and are efficiently accumulated
by bivalves due to their lower hydrophobicity, making them more soluble and bioavailable
(Skic et al., 2023). When comparing the oysters exposed to the 20 %, 10 %, and 1 %
OWDs, the distribution of compounds with different benzene rings was more balanced
(initially, the water samples contained around 80 % of PAHs with two rings). These
results, combined with the rapid decline of PAHs with lighter benzene rings in the water,
approached the final concentrations of diesel oil-to-water solutions. Given the tendency
for lighter PAHs to accumulate more in oysters (Skic et al., 2023), it is probable that the
loss of these compounds from the system resulted in lower relative absorption, leading
to higher proportional values for 3 and 4 ring PAHs, which are heavier, less volatile, and
more persistent in the water. Hence, it is likely that evaporation played a crucial role in
reducing the concentrations of 2 ring PAHs in the water.

The main PAHs quantified in the OWD samples, including naphthalene, fluorene,
phenanthrene, and pyrene, were bioaccumulated in the oyster tissues, particularly in the
treatments related to OWDs at 20 %, 10 %, and 1 %. Naphthalene was identified with a
high concentration in the water at the beginning of the experiment, as expected in diesel
oil: water dispersions (Luchmann et al., 2011; Delunardo et al., 2020). It is a compound
with high toxicity (Gardiner et al., 2013); however, volatility is a predominant factor that
prevents its persistence in the system for long periods, yet it was still identified in

Crassostrea brasiliana. Fluorene, the second PAH with the highest concentration in
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water, was also identified with high relative concentrations in oysters, confirming
expectations for a PAH with high relative solubility in water and, therefore, higher
bioaccumulation (Skic et al., 2023). Phenanthrene, a PAH still considered light but with
three benzene rings, showed the highest bioaccumulation, despite not having very high
values in the OWD. lIts lower volatility (Patel et al., 2021) may have contributed to this
result. Pyrene, a heavier compound with four benzene rings, was recorded with slightly
lower values but deserves attention, as the carcinogenicity of PAHs generally increases
with the number of benzene rings, and its quinone-based metabolites are mutagenic
(Saraswathy and Hallberg, 2002; Zada et al., 2021). The heavier PAHs, known for being
highly persistent, carcinogenic, and mutagenic (Lourengo et al., 2023; Obayori et al.,
2024), were detected at low concentrations in the water and were barely recorded in the
oyster tissues. However, it is interesting to note that these concentrations remained at
the end of the experiment, unlike what occurred with the lighter PAHs, which decreased
considerably. The low volatility (Patel, 2020) and lower susceptibility to accumulation by
oysters probably contributed to this, due to their lower availability in the water (Skic et
al., 2023).

5.5 Conclusion

When exposed to high concentrations of PAHs, Crassostrea brasiliana
demonstrated resilience, with low mortality rates. It efficiently bioaccumulated the main
PAHSs identified and quantified in the initial and final OWD samples. A key characteristic
of a good bioindicator is the ability to reflect the environmental conditions it was exposed
to over time, a trait observed in these oysters. Based on the data, the PAHs naphthalene,
fluorene, phenanthrene, and pyrene are the compounds that should be closely monitored
in the event of a diesel oil spill. It is also important to note that the lighter compounds
quantified exhibited a rapid decrease in concentrations, providing valuable insights for a

diesel oil spill scenario.
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6 DISCUSSAO E CONCLUSAO GERAIS

6.1 Discussao

A pesquisa bibliografica realizada a respeito da utilizagao dos isétopos estaveis
3C e ™N sinalizou que eles podem ser de grande utilidade para a utilizagdo como
biomarcadores de contaminagdo, visto que as assinaturas isotdpicas em certo
organismo sao resultado das fontes de carbono e nitrogénio disponiveis ho ambiente
(De Barros Ferraz et al., 2009; Wang et al., 2020; Vezzone, 2020; Srinivas et al., 2022).
Por outro lado, o trabalho demonstrado no capitulo 1, no qual foram efetuadas analises
dos tecidos de ostras em pontos da costa de Arraial do Cabo com diferentes
caracteristicas ambientais, ficou claro que a distingdo das fontes responsaveis pelas
assinaturas isotopicas nao é tao simples. Analisando tecidos de ostras de diferentes
naturezas, sendo os musculos com uma reciclagem mais lenta e no outro extremo
hepatopancreas com reciclagem mais rapida (Raikow and Hamilton, 2001; Yokohama
et al., 2008; de Barros Ferraz et al., 2009; Cabanellas-Reboredo et al., 2009; Ozdilek et
al., 2019; Bearham et al., 2023), nao foi possivel identificar diferencas significativas entre
as estagdes de amostragem. Ja o seston, que representa um retrato de curtissimo prazo
das condicbes ambientais (Roth et al., 2016; Srinivas et al., 2022), indicou a influéncia
de fontes terrigenas na estagao Praia do Forno, onde existe uma maior presenca de
vegetacao nas encostas adjacentes. As ostras, organismos filtradores sésseis, tendem
a refletir as condi¢gdes ambientais a que sdo submetidas (Fiori et al., 2018; Phan et al.,
2019). Porém, com uma taxa de reciclagem mais lenta, provavelmente as assinaturas
isotopicas em seus tecidos retrataram a fonte principal de médio a longo prazo (de
origem marinha), aproximando as estagdes de amostragem.

Em relagao a utilizacao dos isétopos estaveis para a deteccdo da presenca de
Oleo diesel no ambiente, a ferramenta demonstra grandes obstaculos. Segundo estudos
anteriores a taxa de reciclagem dos tecidos de ostras pode chegar a 180 dias (Riera &
Richards, 1997; Fukumori et al., 2008; Carmichael et al., 2012). Ja o 6leo diesel tende
a se solubilizar na agua do mar e evaporar para a atmosfera rapidamente, se tornando
indisponivel em poucos dias, mesmo quando introduzido em grandes quantidades
(Cripps & Shears, 1996; Delunardo et al., 2020). Levando-se em consideragdo apenas
a taxa de reciclagem, o seston seria uma matriz mais eficaz para a analise dos is6topos
estaveis e verificagdo quanto a contaminagdo por Oleo diesel. Porém existe o
inconveniente desta matriz ndo permanecer nos locais de estudo por muito tempo, e,
literalmente, mudar ao sabor das ondas e marés. No caso da implementacdo de uma

estratégia de monitoramento, este inconveniente acarreta a necessidade de redugéo da
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resolucéo temporal e consequente aumento do volume de amostras a serem coletadas
e analisadas, 0 que pode em muitos casos inviabilizar os trabalhos.

Vista a complexidade de se identificar caracteristicas isotdpicas provenientes de
compostos caracteristicos do petréleo no ambiente, um dos caminhos para se testar a
eficiéncia desta ferramenta s&o os bioensaios, uma vez que € possivel reduzir as
variacbes ambientais em experimentos controlados (Podlesinska & Dgbrowska, 2019;
Luan et al., 2020; Rakaj et al., 2021). Porém, no caso do petroleo e seus derivados, a
natureza hidrofébica dos compostos imprime grande dificuldade para se levar adiante
os bioensaios, tornando este um campo em constante atualizacado (Wade et al., 2017;
Wade et al, 2022; Lee et al., 2023; Parkerton et al., 2023). Existem protocolos
estabelecidos para a producdo de solugbes Oleo: agua, como o estabelecido pelo
“Chemical Response to Oil Spills: Ecological Effects Research Forum” (CROSERF) em
1994 (Aurand & Coelho, 2005), porém muitas vezes eles ndo se adequam as demandas
especificas dos experimentos a serem realizados. Com isso 0s pesquisadores se veem
obrigados a efetuar adaptagdes aos protocolos ja existentes (Bejarano et al., 2006;
Lichmann et al., 2011; Miiller et al., 2018; Wheeler et al., 2020; Loughery et al., 2023).
No caso dos bioensaios do presente estudo, a principal barreira a ser transposta foi a
necessidade de producao de um volume grande de solugdo 6leo: agua. O protocolo
existente para a produgao de “water-accomodated-fraction” (WAF), utilizando agitadores
magnéticos, dificulta a produgéo de grandes volumes de dispersao, além de ndo serem
adaptados para estes volumes (Loughery et al., 2023). Com isso foi efetuado teste
(capitulo 2) para validar a técnica “oil-water-dispersion” (OWD), com a utilizagdo de
bombas de circulagdo, empregando assim logistica mais simples e acessivel para a
producdo de grandes volumes de dispersdo em laboratério. A comparacéo entre as
técnicas OWD e WAF resultou na ratificagao da eficiéncia das duas para a disperséo do
6leo em agua, com vantagem para a primeira quanto a producédo de réplicas com
concentragcoes de HPAs menos discrepantes entre si.

O experimento conduzido no capitulo 3, com a exposicao de ostras da espécie
Crassostrea brasiliana ao OWD 1:100 produzido a partir do 6leo diesel produziu uma
série de resultados bastante esclarecedores. As concentragdes dos 16 HPAs prioritarios
(Zelinkova e Wenzl, 2015) na agua foi maxima no inicio do experimento, reduzindo
rapidamente apds 24 h e se igualando as amostras controle apds 7 dias. Este fato ratifica
o0 comportamento deste 6leo quando diluido em agua, uma vez que é considerado leve,
composto predominantemente por HPAs mais volateis e soluveis (Cripps & Shears,
1996; Lichmann et al., 2011; Delunardo et al., 2020; Patel et al., 2020). As ostras
analisadas se mostraram eficientes quanto a bioacumulagcdo de HPAs, conforme

estudos anteriores abordando a exposigao de bivalves a estes compostos (Lichmann,
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et al., 2014; Wang et al., 2017). As amostras de tecidos apresentaram concentragdes
de HPAs crescentes nas primeiras 24 e 48 h reduzindo entdo até o sétimo dia e se
assemelhando ao controle. A depuracdo de HPAs em bivalves tem sido reportada em
experimentos apds a suspensao da exposicdo aos contaminantes (Llichmann, et al.,
2014; Wang et al., 2017). Vista a alta volatilidade do 6leo diesel e, consequentemente,
sua efémera permanéncia no ambiente apdés um derramamento (Cripps & Shears,
1996), as ostras se mostram um valioso bioindicador quanto ao restabelecimento da
qualidade ambiental. Ja em relagéo aos is6topos estaveis '*C e °N, nao foi possivel
estabelecer diferengas entre as amostras controle e tratamento. Possivelmente a
reciclagem lenta destes elementos nos tecidos das ostras (Riera & Richards, 1997;
Fukumori et al., 2008; Carmichael et al., 2012) aliada a volatilidade dos contaminantes
utilizados (Delunardo et al., 2020; Patel et al., 2020), que se tornaram indisponiveis
rapidamente, tenham impossibilitado alteragdes detectaveis nas assinaturas isotopicas
por influéncia do 6leo diesel. Este fato corrobora as dificuldades identificadas no capitulo
1 quanto a utilizacido desta ferramenta para a avaliacao de impactos por 6leo diesel no
mar, principalmente se o derramamento for pontual, cenario testado no capitulo 3.
Conforme verificado no capitulo 4, a bioacumulagcdo das ostras depende de
forma direta da disponibilidade dos contaminantes na agua. Os HPAs predominantes
entre os quantificados nas amostras de agua foram os mais leves, com dois anéis
benzénicos (naftaleno foi o mais abundante), conforme se esperava para o 6leo diesel
(Luchmann et al., 2011; Delunardo et al., 2020). Estes HPAs s&o os mais soluveis, o que
facilitaria sua bioacumulagao (Skic et al., 2023). Porém, o que se registrou ao analisar
os tecidos de ostras expostas aos OWDs produzidos com as trés maiores
concentragdes de o6leo testadas (1:5, 1:10 e 1:100) foi uma bioacumulagédo em niveis
muito proximos. Os HPAs mais leves se tornaram indisponiveis rapidamente,
provavelmente devido a volatizagao (Carrasco-Navarro et al., 2015, Weinnig et al., 2020;
Patel et al., 2020), aproximando as concentra¢des bioacumuladas. Ainda considerando
os trés tratamentos intermediarios com concentracdo de OWD 1:5, 1:10 e 1:100, as
proporcoes entre HPAs de dois, trés e quatro anéis benzénicos nos tecidos das ostras
foi muito mais equilibrada do que na agua ao inicio do experimento, quando mais de 80
% dos HPAs quantificados foram de 2 anéis. Este fato refor¢a a observagdo de uma
rapida reducao da disponibilidade destes compostos mais leves no sistema. Conforme
ja citado anteriormente, a rapida redugao de HPAs em experimentos com 6leo diesel e
derramamentos in situ foram registrados em alguns estudos anteriores (Cripps &
Shears, 1996; Delunardo et al., 2020). Por outro lado, as concentragcdes de HPAs
medidas nos OWDs produzidos nao cresceram proporcionalmente com as quantidades

de dleo introduzidas na agua. Com isso, apesar de, no capitulo 2, a eficiéncia do método
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ter sido demonstrada, é possivel que a dispersdo efetuada através de bombas de
circulacao nao seja tao eficiente para a comparagao entre diferentes concentragdes de
6leo diesel. Neste contexto, o método OWD é reconhecido por produzir dispersées mais
préximas do que realmente ocorreria no ambiente (Anderson et al., 1974; Echols et al.,
2015; Wade et al.,, 2022). Seguindo por esta linha, possivelmente em situagdes
semelhantes ocorrendo em aguas marinhas as concentragcbes de HPAs dispersos
seguiriam padrao semelhante, com baixa homogeneidade entre amostras.

Apesar de os 6leos mais leves serem reconhecidos pela sua toxicidade aguda
(Anderson et al., 1974; IPIECA, 2015; Pannetier et al., 2024), as ostras expostas aos
OWDs com 5 concentragdes crescentes de diesel ndo experimentaram altas taxas de
mortalidade. As possibilidades para esta ocorréncia vao desde a resiliéncia destes
organismos, que possuem mecanismos de prote¢do (Redmond et al., 2017; Durier et
al., 2021; Gan et al., 2021; Bastolla et al., 2023; Ferreira et al., 2023; Souza et al., 2023),
até o fato da possivel volatizacdo dos compostos téxicos em tempo habil para a
manutencdo da vida dos organismos testados. Esta resiliéncia concede a ostra
Crassostrea brasiliana uma caracteristica importante para enquadra-la como um
bioindicador eficiente em relacdo a efeitos sub-letais de poluentes, uma vez que, no
caso de um derramamento de 6leo diesel, espera-se que ela se mantenha sob efeito
dos contaminantes sem perecer. Com isso, em tese, sua utilizacdo para testes com
marcadores quimicos e bioldgicos poderia ser realizada para acompanhar a qualidade
ambiental antes, durante e depois de um acidente. A utilizacdo de bivalves como
bioindicadores tem possibilitado o acompanhamento da bioacumulacao e efeitos dos
contaminantes sob diferentes concentragdes e tempos de exposi¢ao (Lichmann, et al.,
2014; Idowu et al., 2020; Gan et al., 2021; Soliman et al., 2022; Ferreira et al., 2023), o
que reforga a indicagcao das ostras, especificamente Crassostrea brasiliana, como

bioindicador de impactos ambientais no mar.

6.2 Conclusao

Os isétopos estaveis '*C e '®N, marcadores reconhecidos para a detecgdo de
fontes especificas de carbono e nitrogénio, se mostraram ferramentas promissoras de
avaliagdo de condicbes ambientais, uma vez que foi possivel verificar diferengas
significativas entre o seston dos dois pontos estudados na costa de Arraial do Cabo. Por
outro lado, estas diferencas nao foram detectadas nos tecidos de ostras, provavelmente
devido a reciclagem lenta dos mesmos. Este resultado aponta que as assinaturas
isotopicas destes organismos possivelmente refletem as condi¢gdes ambientais de mais

longo prazo, ndo sendo indicados para a avaliagdo de impactos agudos. Estas
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conclusdes foram reforcadas ao realizar-se bioensaios onde a exposicao ao 6leo diesel
nao proporcionou alteragdes nas assinaturas isotopicas dos tecidos das ostras. A
utilizagdo de diferentes tecidos de ostras para as analises de is6topos permitiu a
verificacao de que a assinatura de is6topos estaveis do hepatopancreas se aproximou
do seston, evidenciando uma reciclagem mais acelerada deste tecido quando
comparado as branquias e musculo.

Adispersao do 6leo em agua para a realizagao de bioensaios ainda € um grande
desafio para os pesquisadores. Apesar de existirem protocolos, eles dificimente se
enquadram as especificidades dos experimentos e a infraestrutura disponivel. O teste
realizado comparando as técnicas “Water- Accommodated Fraction” (WAF) e “Oil-in-
Water Dispersion” (OWD) com o oleo diesel foi bem sucedido, possibilitando a
adaptacédo utilizada nos bioensaios.

Nos dois bioensaios realizados, o 6leo diesel se mostrou um 6leo extremamente
volatil. Os PAHs predominantes quantificados foram os mais leves, destacando-se o
Naftaleno. Em geral, as concentracdes destes HPAs reduziram 90% em 24h, tornando-
se rapidamente indisponiveis para as ostras expostas aos contaminantes.

Apesar do pouco tempo de exposigado nos dois bioensaios realizados devido a
rapida indisponibilidade do 6leo diesel, Crassostrea brasiliana se mostrou capaz de
bioacumular os HPAs analisados. Conforme registrado no capitulo 3, apds 7 dias de
experimento os valores de HPAs nas ostras expostas nao se diferenciaram das ostras
controle, demonstrando capacidade de depuracdo. Estas informacbes sao valiosas
quanto ao que se espera de um derramamento de 6leo diesel no mar, ratificando que
as ostras sdo bioindicadores eficientes, para a avaliagao de efeitos sub-letais de impacto
ambiental.

Os acidentes com derramamentos de 6leo ainda sdo uma realidade nas areas costeiras,
causando prejuizos ao meio ambiente e demandando respostas rapidas, mas
principalmente precisas a sociedade. Neste contexto, a pesquisa realizada agrega e
concentra informagdes importantes ao conhecimento ja estabelecido quanto ao estudo
de is6topos estaveis e HPAs como marcadores de impacto por 6leo diesel no mar, em

especial utilizando-se ostras como bioindicadores.

6.3 Referéncias bibliograficas

ANDERSON, J. W.; NEFF, J. M.; COX, B. A.; TATEM, H. E.; HIGHTOWER, G. M. The
effects of oil on estuarine animals: toxicity, uptake and depuration, respiration. Pollution
and Physiology of Marine Organisms, p. 285-310, 1974.



129

AURAND, D.; COELHO, G. M. A model for cooperative research by industry and
government. Technical Report, v. 7, n. 3, p. 105, 2005.

BEARHAM, D.; GORMAN, D.; McLAUGHLIN, M. J.; LIU, D.; KEESING, J. The
importance of blue carbon as a food source to oysters (Saccostrea cucullata) inside a
tropical pristine Australian estuary. Estuarine, Coastal and Shelf Science, v. 283, p.
108269, 2023. https://doi.org/10.1016/j.ecss.2023.108269.

BEJARANO, A. C.; CHANDLER, G. T.; HE, L.; COULL, B. C. Individual to population
level effects of South Louisiana crude oil water accommodated hydrocarbon fraction
(WAF) on a marine meiobenthic copepod. Journal of Experimental Marine Biology
and Ecology, v. 332, n. 1, p. 49-59, 2006.

CABANELLAS-REBOREDO, M.; DEUDERO, S.; BLANCO, A.; TEJADA, S. Stable
isotope fractionation in the digestive gland, muscle and gills tissues of the marine mussel
Mytilus galloprovincialis. Journal of Experimental Marine Biology and Ecology, v.
368, n. 2, p. 181-188, 2009. https://doi.org/10.1016/j.jembe.2008.10.008.

CARMICHAEL, R. H.; JONES, A. L.; PATTERSON, H. K.; WALTON, W. C.; PEREZ-
HUERTA, A.; OVERTON, E. B.; DAYLEY, M.; WILLETT, K. L. Assimilation of oil-derived
elements by oysters due to the Deepwater Horizon oil spill. Environmental Science &
Technology, v. 46, n. 23, p. 12787-12795, 2012. https://doi.org/10.1021/es302369h.

CARRASCO-NAVARRO, V.; JAEGER, I|.; HONKANEN, J. O.; KUKKONEN, J. V. K;
CARROLL, J.; CAMUS, L. Bioconcentration, biotransformation and elimination of pyrene
in the arctic crustacean Gammarus setosus (Amphipoda) at two temperatures. Marine
Environmental Research, v. 110, p. 101-109, 2015.

CRIPPS, G. C.; SHEARS, J. The fate in the marine environment of a minor diesel fuel
spill from an Antarctic research station. Environmental Monitoring and Assessment,
v. 46, p. 221-232, 1997. https://doi.org/10.1023/A:1005788529173.

DE BARROS FERRAZ, E. S.; OMETTO, J. P. H. B.; MARTINELLI, L. A.; MOREIRA, M.
Z.; DE CAMARGO, P. B.; VICTORIA, R. L. Desvendando questdoes ambientais com
isétopos estaveis. 1.Ed. Sdo Paulo: Oficina de Textos, 2009.

DELUNARDO, F. A. C.; PAULINO, M. G.; MEDEIROS, L. C. C.; FERNANDES, M. N.;
SCHERER, R.; CHIPPARI-GOMES, A. R. Morphological and histopathological changes
in seahorse (Hippocampus reidi) gills after exposure to the water-accommodated fraction
of diesel oil. Marine Pollution Bulletin, v. 150, p. 110769, 2020.
https://doi.org/10.1016/j.marpolbul.2019.110769.

DURIER, G.; NADALINI, J. B.; SAINT-LOUIS, R.; GENARD, B.; COMEAU, L. A;
TREMBLAY, R. Sensitivity to oil dispersants: Effects on the valve movements of the blue
mussel Mytilus edulis and the giant scallop Placopecten magellanicus, in sub-arctic
conditions. Aquatic Toxicology, V. 234, p. 105797, 2021.
https://doi.org/10.1016/j.aquatox.2021.105797.

ECHOLS, B. S.; SMITH, A. J.; GARDINALI, P. R.; RAND, G. M. Acute aquatic toxicity
studies of Gulf of Mexico water samples collected following the Deepwater Horizon
incident (May 12, 2010 to December 11, 2010). Chemosphere, v. 120, p. 131-137, 2015.

FIORI, C. S.; RODRIGUES, A. P. C.; VIEIRA, T. C.; SABADINI-SANTOS, E.; BIDONE,
E. D. An alternative approach to bioaccumulation assessment of methyl-Hg, total-Hg,


https://doi.org/10.1016/j.ecss.2023.108269
https://doi.org/10.1016/j.jembe.2008.10.008
https://doi.org/10.1021/es302369h
https://doi.org/10.1023/A:1005788529173
https://doi.org/10.1016/j.marpolbul.2019.110769
https://doi.org/10.1016/j.aquatox.2021.105797

130

Cd, Pb, Zn in bivalve Anomalocardia flexuosa from Rio de Janeiro bays. Marine
Pollution Bulletin, v. 135, p. 418-426, 2018.

FUKUMORI, K:; Ol, M.; DOI, H.; TAKAHASHI, D.; OKUDA, N.; MILLER, T. W.; KUWAE,
M.; MIYASAKA, H.; GENKAI-KATO, M.; KOIZUMI, Y.; OMORI, K.; TAKEOKA, H. Bivalve
tissue as a carbon and nitrogen isotope baseline indicator in coastal ecosystems.
Estuarine, Coastal and Shelf Science, v. 79, n. 1, p. 45-50, 2008.
https://doi.org/10.1016/j.ecss.2008.03.006.

GAN, N.; MARTIN, L.; XU, W. Impact of polycyclic aromatic hydrocarbon accumulation
on oyster health. Frontiers in Physiology, v. 12, p. 734463, 2021.

IDOWU, O.; TRAN, T. K. A.; BAKER, P.; FARREL, H.; ZAMMIT, A.; SEMPLE, K. T;
O'CONNOR, W.; THAVAMANI, P. Bioavailability of polycyclic aromatic compounds
(PACs) to the Sydney rock oyster (Saccostrea glomerata) from sediment matrices of an
economically important Australian estuary. Science of The Total Environment, v. 736,
p. 139574, 2020.

IPIECA. Impacts of oil spills on marine ecology: Good practice guidelines for incident
management and emergency response personnel. |IOGP Report 525, 2015.
https://www.ipieca.org/pt/resources/impactos-de-derramamentos-de-oleo-na-ecologia-
marinha.

LEE, K.; COELHO, G.; LOUGHERY, J.; DE JOURDAN, B. Advances to the CROSERF
protocol to improve oil spill response decision making. Aquatic Toxicology, v. 260, p.
106580, 2023.

LOUGHERY, J. R.; COELHO, G. M.; LEE, K.; DE JOURDAN, B. Setting the Stage to
Advance Oil Toxicity Testing: Overview of Knowledge Gaps, and Recommendations.
Aquatic Toxicology, p. 106581, 2023.

LUAN, X,; LIU, X.; FANG, C.; CHU, W.; XU, Z. Ecotoxicological effects of disinfected
wastewater effluents: a short review of in vivo toxicity bioassays on aquatic organisms.
Environmental Science: Water Research & Technology, v. 6, n. 9, p. 2275-2286, 2020.

LUCHMANN, K. H.; DAFRE, A. L.; TREVISAN, R.; CRAFT, J. A.; MENG, X.; MATTOS,
J. J.; ZACCHI, F. L.; DORRINGTON, T. S.; SCHROEDER, D. C.; BAINY, A. C. Alight in
the darkness: new biotransformation genes, antioxidant parameters and tissue-specific
responses in oysters exposed to phenanthrene. Aquatic Toxicology, v. 152, p. 324-
334, 2014. https://doi.org/10.1016/j.aquatox.2014.04.021.

LUCHMANN, K. H.; MATTOS, J. J.; SIEBERT, M. N.; GRANUCCI, N.; DORRINGTON,
T. S.; BICEGO, M. C.; TANIGUCHI, S.; SASAKI, S. T.; DAURA-JORGE, F. G.; BAINY, A.
C. Biochemical biomarkers and hydrocarbons concentrations in the mangrove oyster
Crassostrea brasiliana following exposure to diesel fuel water-accommodated fraction.
Aquatic Toxicology, V. 105, p. 652-660, 2011.
https://doi.org/10.1016/j.aquatox.2011.09.003.

MULLER, G. A. S.; LUCHMANN, K. H.; RAZZERA, G.; TOLEDO-SILVA, G.; BEBIANNO,
M. J.; MARQUES, M. R. F.; BAINY, A. C. Proteomic response of gill microsomes of
Crassostrea brasiliana exposed to diesel fuel water-accommodated fraction. Aquatic
Toxicology, v. 201, p. 109-118, 2018.


https://doi.org/10.1016/j.ecss.2008.03.006
https://doi.org/10.1016/j.aquatox.2014.04.021
https://doi.org/10.1016/j.aquatox.2011.09.003

131

OZDILEK, S.Y.; DEMIR, N.; GUR, O. Identification of polycyclic aromatic hydrocarbons
in the aquatic environment and their effects on organisms. Environmental Toxicology
and Chemistry, v. 36, p. 679-689, 2017.

PANNETIER, P.; CLERANDEAU, C.; LE FLOCH, S.; CACHOT, J.; MORIN, B. Toxicity
evaluation of water-accommodated fraction of heavy and light oils on the rainbow trout
fish cell line RTL-W1. Environmental Science and Pollution Research, p. 1-12, 2024.
https://doi.org/10.1007/s11356-024-20080-5.

PATEL, A. B.; SHAIKH, S.; JAIN, K. R.; DESAI, C.; MADAMWAR, D. Polycyclic aromatic
hydrocarbons: sources, toxicityy, and remediation approaches. Frontiers in
Microbiology, v. 11, p. 562813, 2020. https://doi.org/10.3389/fmicb.2020.562813.

PARKERTON, T.; BOUFADEL, M.; NORDTUG, T.; MITCHELMORE, C.; COLVIN, K;;
WETZEL, D.; BARRON, M. G.; BRAGIN, G. E.; JOURDAN, B.; LOUGHERY, J.
Recommendations for advancing media preparation methods used to assess aquatic
hazards of oils and spill response agents. Aquatic Toxicology, p. 106518, 2023.
https://doi.org/10.1016/j.aquatox.2023.106518.

PODLESINSKA, W.; DABROWSKA, H. Amphipods in estuarine and marine quality
assessment-a review. Oceanologia, v. 61, n. 2, p. 179196, 2019.
https://doi.org/10.1016/j.0ocean0.2019.02.003.

PHAN, L. T.; HOANG, T. T. T.; TU, L. C. T.;; TRAN, Y. H. T.; LE, B. D.; NGUYEN, D. V.;
DO, H. X.; THAI, N. V. Bioaccumulation and health risk assessment of polycyclic
aromatic hydrocarbons in oyster (Crassostrea sp.) and gastropod (Cymatium sp.)
species from the Can Gio Coastal Wetland in Vietham. Marine and Freshwater
Research, v. 71, n. 6, p. 617-626, 2019. https://doi.org/10.1071/MF19055.

RAIKOW, D. F.; HAMILTON, S. K. Bivalve diets in a midwestern US stream: a stable
isotope enrichment study. Limnology and Oceanography, v. 46, n. 3, p. 514-522, 2001.
https://doi.org/10.4319/10.2001.46.3.0514.

RAKAJ, A.; MORRONI, L.; GROSSO, L.; FIANCHINI, A.; PENSA, D.; PELLEGRINI, D.;
REGOLI, F. Towards sea cucumbers as a new model in embryo-larval bioassays:
Holothuria tubulosa as test species for the assessment of marine pollution. Science of
The Total Environment, V. 787, p. 147593, 2021.
https://doi.org/10.1016/j.scitotenv.2021.147593.

REDMOND, K. J.; BERRY, M.; PAMPANIN, D. M.; ANDERSEN, O. K. Valve gape
behaviour of mussels (Mytilus edulis) exposed to dispersed crude oil as an
environmental monitoring endpoint. Marine Pollution Bulletin, v. 117, n. 1-2, p. 330-
339, 2017. https://doi.org/10.1016/j.marpolbul.2017.02.005.

RIERA, P.; RICHARD, P. Temporal variation of delta '*C in particulate organic matter and
oyster Crassostrea gigas in Marennes-Oléron Bay (France): effect of freshwater inflow.
Marine Ecology Progress Series, V. 147, p. 105-115, 1997.
https://doi.org/10.3354/meps147105.

SKIC, K.; BOGUTA, P.; KLIMKOWICZ-PAWLAS, A.; UKALSKA-JARUGA, A.; BARAN,
A. Effect of sorption properties on the content, ecotoxicity, and bioaccumulation of
polycyclic aromatic hydrocarbons (PAHSs) in bottom sediments. Journal of Hazardous
Materials, v. 442, p. 130073, 2023. https://doi.org/10.1016/j.jhazmat.2022.130073.


https://doi.org/10.1007/s11356-024-20080-5
https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.1016/j.aquatox.2023.106518
https://doi.org/10.1016/j.oceano.2019.02.003
https://doi.org/10.1071/MF19055
https://doi.org/10.4319/lo.2001.46.3.0514
https://doi.org/10.1016/j.scitotenv.2021.147593
https://doi.org/10.1016/j.marpolbul.2017.02.005
https://doi.org/10.3354/meps147105
https://doi.org/10.1016/j.jhazmat.2022.130073

132

SOUZA, I. D. C.; MOROZESK, M.; AZEVEDO, V. C.; GRIBOFF, J.; ELLIOTT, M.;
MATSUMOTO, S. T.; MONFERRAN, M. V.; WUNDERLIN, D. A.; FERNANDES, M. N.
Integrating chemical and biological data by chemometrics to evaluate detoxification
responses of a neotropical bivalve to metal and metalloid contamination. Chemosphere,
v. 340, p. 139730, 2023. https://doi.org/10.1016/j.chemosphere.2023.139730.

SOLIMAN, Y.; WADE, T. L.; SERICANO, J. L.; ALANSARI, I. Seasonal and body size-
dependent variability in the bioaccumulation of PAHs and their alkyl homologues in pearl
oysters in the central Arabian Gulf. Marine Pollution Bulletin, v. 183, p. 114009, 2022.
https://doi.org/10.1016/j.marpolbul.2022.114009.

SRINIVAS, T.; SUKUMARAN, S.; BABU, K. R. Differential food utilization of benthic
amphipods of a tropical estuary: a stable isotopic (3'°C and &'°N) investigation.
Environmental Science and Pollution Research, p. 1-14, 2022.
https://doi.org/10.1007/s11356-022-24231-x.

VEZZONE, M.; DOS ANJOS, R. M.; CESAR, R. G.; MUNIZ, M.; CARDOSO, R,
FELIZARDO, J. P.; VASCONCELOS, D.; POLIVANQV, H. Using stable isotopes to
discriminate anthropogenic impacts of the sedimentary organic matter pollution in the
Rodrigo de Freitas Lagoon (RJ, Brazil). Environmental Science and Pollution
Research, v. 28, p. 4515-4530, 2020. https://doi.org/10.1007/s11356-020-07444-4.

WADE, T. L.; MORALES-MCDEVITT, M.; BERA, G.; SHI, D.; SWEET, S.; WANG, B;
GOLD-BOUCHOT, G.; QUIGG, A.; KNAP, A. H. A method for the production of large
volumes of WAF and CEWAF for dosing mesocosms to understand marine oil snow
formation. Heliyon, V. 3, n. 10, p. e00334, 2017.
https://doi.org/10.1016/j.heliyon.2017.e00334.

WADE, T. L.; DRISCOLL, S. K.; MCGRATH, J.; COOLBAUGH, T.; LIU, Z.; BUSKEY, E.
J. Exposure methodologies for dissolved individual hydrocarbons, dissolved oil, water oil
dispersions, water accommodated fraction and chemically enhanced water
accommodated fraction of fresh and weathered oil. Marine Pollution Bulletin, v. 184,
p. 114085, 2022. https://doi.org/10.1016/j.marpolbul.2022.114085.

WANG, S.; LUO, B. K;; QIN, Y. J.; SU, L. H.; STEWART, S. D.; WANG, T. T.; TANG, J.
P.: HE, B. D.; ZHANG, J. H.: LIN, H. J.; YANG, Y. Consumer-diet discrimination of §'°C
and 8"N: Source-and feeding-oriented patterns based on gut content analysis in a large
subtropical river of China. River Research and Applications, v. 36, n. 7, p. 1124-1136,
2020. https://doi.org/10.1002/rra.3633.

WANG, H.; CUI, L.; CHENG, H.; ZHANG, Y,; DIAO, X.; WANG, J. Comparative studies
on the toxicokinetics of Benzo[a]pyrene in Pinctada martensii and Perna viridis. Bulletin
of Environmental Contamination and Toxicology, v. 98, p. 649-655, 2017.
https://doi.org/10.1007/s00128-017-2035-8.

WANG, S.; LUO, B. K;; QIN, Y. J.; SU, L. H.; STEWART, S. D.; WANG, T. T.; TANG, J.
P.; HE, B. D.; ZHANG, J. H.; LIN, H. J.; YANG, Y. Consumer-diet discrimination of 8'°C
and 8'5N: Source-and feeding-oriented patterns based on gut content analysis in a large
subtropical river of China. River Research and Applications, v. 36, p. 1124-1136, 2020.
https://doi.org/10.1002/rra.3591.

WANG, H.; CUI, L.; CHENG, H.; ZHANG, Y.; DIAO, X.; WANG, J. Comparative studies
on the toxicokinetics of Benzo[a]pyrene in Pinctada martensii and Perna viridis. Bulletin
of Environmental Contamination and Toxicology, v. 98, p. 649-655, 2017.
https://doi.org/10.1007/s00128-017-2035-8.


https://doi.org/10.1016/j.chemosphere.2023.139730
https://doi.org/10.1016/j.marpolbul.2022.114009
https://doi.org/10.1007/s11356-022-24231-x
https://doi.org/10.1007/s11356-020-07444-4
https://doi.org/10.1016/j.heliyon.2017.e00334
https://doi.org/10.1016/j.marpolbul.2022.114085
https://doi.org/10.1002/rra.3633
https://doi.org/10.1007/s00128-017-2035-8
https://doi.org/10.1002/rra.3591
https://doi.org/10.1007/s00128-017-2035-8

133

WEINNIG, A. M.; GOMEZ, C. E.; HALLAJ, A.; CORDES, E. E. Cold-water coral (Lophelia
pertusa) response to multiple stressors: High temperature affects recovery from short-
term pollution exposure. Scientific Reports, v. 10, p. 1768, 2020.
https://doi.org/10.1038/s41598-020-58556-9.

WHEELER, J. R.; LYON, D.; DI PAOLO, C.; GROSSO, A.; CRANE, M. Challenges in the
regulatory use of water-accommodated fractions for assessing complex substances.
Environmental Sciences Europe, v. 32, p. 1-10, 2020.

YOKOHAMA, H.; ISHIHI, Y.; YAMAMOTO, S. Diet—tissue isotopic fractionation of the
Pacific oyster Crassostrea gigas. Marine Ecology Progress Series, v. 358, p. 173-179,
2008. https://doi.org/10.3354/meps07306.

ZELINKOVA, Z.; WENZL, T. The occurrence of 16 EPA PAHs in food—a review.
Polycyclic Aromatic Compounds, v. 35, p. 248-284, 2015.


https://doi.org/10.1038/s41598-020-58556-9
https://doi.org/10.3354/meps07306

	f67eaf34cdddb4221d20130065db930ab8687347a55f89f21f3f3f056b40ca35.pdf
	f67eaf34cdddb4221d20130065db930ab8687347a55f89f21f3f3f056b40ca35.pdf
	f67eaf34cdddb4221d20130065db930ab8687347a55f89f21f3f3f056b40ca35.pdf
	f67eaf34cdddb4221d20130065db930ab8687347a55f89f21f3f3f056b40ca35.pdf

