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ABSTRACT:

The 2019 oil spill along the Brazilian coast affected extensive mangrove ecosystems and raised concerns
regarding hydrocarbon contamination in seafood resources. This study evaluated the accumulation of
polycyclic aromatic hydrocarbons (PAHs) in marine bivalves collected from mangrove areas along the
Bahia coast, including oil-spill-affected sites, a chronically contaminated estuary (Sdo Paulo River), and a
reference area (Itacar¢). Crassostrea rhizophorae, Mytella charruana, and Anomalocardia flexuosa were
sampled during two campaigns (August—September 2020 and February—April 2021), and PAHs were
quantified by gas chromatography—mass spectrometry. Total PAH concentrations ranged from 25.9 to 537
ng g' dry weight. Spatial differences were evident, with higher concentrations generally observed in
Belmonte and the Sdo Paulo River and lower levels at the reference site. Significant differences among
species were detected (one-way ANOVA, p = 0.009), with M. charruana exhibiting the highest
concentrations, which may be related to its closer association with fine, organic-rich sediments that favor
PAHs retention. No significant temporal variation was observed between sampling campaigns (two-way
ANOVA, p = 0.765),suggesting continued exposure to PAHs after the spill period. Multivariate analysis
revealed distinct compositional patterns among sites and indicated the influence of multiple contamination
sources. The results support a multifactorial contamination scenario involving residual oil-derived inputs,
pre-existing contamination, and ongoing diffuse anthropogenic sources. Incremental Lifetime Cancer Risk
(ILCR) assessment indicated negligible to low carcinogenic risk for most samples under short- and
medium-term exposure scenarios, whereas potential risk was restricted to a small number of samples from
Belmonte and the Sdo Paulo River under long-term exposure conditions. Non-carcinogenic risk remained
negligible for all evaluated compounds. These findings demonstrate that contamination patterns in tropical
estuaries affected by oil spills may be strongly influenced by pre-existing chronic pollution, complicating

the assessment of environmental recovery and seafood safety
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1 INTRODUCTION

In August 2019, an oil spill occurred off the coast of Brazil with international repercussions. Bahia
state, which has the longest coastline in Brazil (over 1,100 km), received a substantial portion of the oil
residue. More than 130 coastal locations in Bahia were affected, and approximately 1,700 tons of oily waste
were collected along the shorelines (IBAMA 2020). Several affected areas contain highly sensitive and
ecologically valuable habitats such as coral reefs and mangrove forests. Mangroves rank among the most
productive tropical coastal areas and provide key ecosystem services, functioning as nurseries for marine
organisms, carbon sinks, and natural barriers against coastal erosion (Barbier et al. 2011). They are also
highly vulnerable to oil contamination. Hydrophobic compounds tend to be retained in fine organic-rich
sediments, which make oil removal from mangrove sediments particularly difficult (Duke et al. 2016). In
addition, this prolongs contaminant persistence and increases the exposure of benthic and other marine
organisms, making mangroves a priority area for environmental protection and monitoring during oil spill
events (Matos-Barbosa et al. 2025; Garcia and Martins 2021).

Petroleum is a complex mixture of hundreds of hydrocarbons, including polycyclic aromatic
hydrocarbons (PAHs). These are organic substances that contain more than one condensed benzene ring
and can be of major concern in areas affected by chronic or acute oil contamination. They are known to be
toxic, environmentally persistent, bioaccumulative in organisms, and possess carcinogenic and mutagenic
properties (Ohiozebau et al. 2017; Oliva et al. 2017). Natural sources of PAHs include volcanic eruptions
and forest or coastal fires. However, they more commonly originate from anthropogenic sources such as
oil spills, incomplete combustion of organic matter, and industrial processes (Abdel-Shafy and Mansour
2016). Once released, they can be transported from their original source to marine systems, including
estuarine and coastal habitats, via riverine discharge, surface runoff, sediment resuspension, and
atmospheric deposition (Ko et al. 2014; Cheng et al. 2018).

One of the main challenges in evaluating PAHs contamination after large oil spill events is
distinguishing recently introduced petroleum-derived compounds from hydrocarbons associated with long-
term contamination. Chronically contaminated estuaries may maintain elevated background levels of PAHs
for extended periods, complicating the interpretation of post-spill contamination patterns and ecological
recovery processes (Patel et al. 2020). Therefore, understanding the combined influence of residual oil
contamination and pre-existing anthropogenic sources is essential for accurately assessing environmental
quality and potential risks to marine organisms and human populations.

Marine bivalves are considered global indicator species for assessing PAHs contamination. Their
sedentary behavior, high filtration rates, and limited metabolic capacity for organic contaminants make
them effective bioindicators of PAHs contamination (Martins et al. 2020; Eca et al. 2021). As bivalves filter
suspended particles from the surrounding waters, PAHs accumulation in their tissues generally reflects
local contamination levels, although species-specific biological factors may influence accumulation
patterns (Wade et al. 1988; Baumard et al. 1999; Sericano et al. 1995, Sericano 2000). Besides, bivalves
are a common food source (Costa et al. 2023). Therefore, they are key organisms for assessing human
exposure to these pollutants through diet and the associated health risks. The use of bivalves as biomonitors
for long-term monitoring has proven effective in monitoring programs such as Mussel Watch, which has

been operating since the 1970s (O’Connor 1998; Wade et al. 1998).



Despite the extensive geographic extent of the 2019 Brazilian oil spill, information on long-term
PAHs accumulation in commercially important bivalves from impacted mangroves remains limited,
particularly regarding the distinction between spill-derived contamination and pre-existing chronic sources.
Given the ecological sensitivity of mangroves, their role as natural reservoirs of hydrophobic contaminants,
and their socioeconomic value, it is essential to quantify PAHs accumulation in native bivalves to assess
the environmental impacts of the 2019 oil spill and any potential effects on human health. This study aimed
to evaluate the accumulation and distribution patterns of PAHs in marine bivalves collected from mangrove
ecosystems along the Bahia coast, including areas affected by the 2019 Brazilian oil spill, a chronically
contaminated estuary, and a relatively preserved reference site. By comparing different species, sampling
locations, and collection periods, this study investigated the relative influence of residual oil contamination
and long-term anthropogenic inputs on PAHs bioaccumulation, as well as the potential implications for

environmental quality and human health risk.

2 MATERIALS AND METHODS
2.1 STUDY AREA SELECTION

The study areas were selected based on the occurrence and spatial distribution of the 2019 oil spill.
Socioeconomic relevance was also considered, including the presence of tourism, artisanal fisheries,
shellfish harvesting, and aquaculture (Machado et al. 2025). Many of these territories are inhabited by
traditional communities, such as artisanal fishers, marisqueiras (traditional shellfish gatherers), quilombola
groups (Afro-Brazilian communities descended from enslaved people who escaped), and Indigenous
populations, whose livelihoods directly depend on healthy marine and estuarine ecosystems (Régo et al
2026; Machado et al. 2025). Furthermore, many impacted areas were previously considered relatively well-
preserved, with limited anthropogenic pressure (Soares et al. 2022), reinforcing the need for environmental
quality assessments to better understand the ecological impacts of the spill (Soares et al. 2020).

Sampling sites included Belmonte (Jequitinhonha River estuary), Canavieiras (Salsa River
estuary), Siribinha (Itapicuru River estuary), Boipeba (Bainema Point), and Cumuruxatiba (Queimado
River estuary) (Figure 1). The degree of contamination in these areas varies markedly, with some areas
showing heavy accumulation of oil and others exhibiting more diffuse or intermittent impacts (Soares et al.
2022) (Table 1). Additional samples were collected from a relatively non-contaminated reference site
(Itacaré, Contas River estuary) and a chronically impacted estuary (Candeias, Sdo Paulo River estuary)

(Figure 1).

2.2 SAMPLE COLLECTION

Crassostrea rhizophorae (mangrove oysters), Mytella charruana (charru mussel), and
Anomalocardia flexuosa (wedge shell clam) were sampled in August-September 2020 and February-April
2021 at the mangroves of the Bahia coast (Figure 1, Table 1). The three bivalve species were selected based
on their recognized role as sentinel organisms (Ega et al. 2021) and their high consumption by local
populations (Lucena-Frédou et al. 2021).

Sampling was performed manually. For each species and site, soft tissues from at least ten

individuals were pooled to obtain a composite sample representative of each sampling campaign (Table 1).



Not all bivalve species were present at all sampling sites or during both sampling campaigns, reflecting the
natural differences in species distribution and local ecological conditions along the Bahia coast. Therefore,
species collection depended on their natural availability in each mangrove ecosystem and during the
sampling period. Owing to the limited number of individuals, only one sample was analyzed per species,

site, and sampling period.

Fig. 1. Geographical location of the Bahia coast and sampling areas of the present study indicating the

species found in each region.



Table 1. Geographic location (coordinates), sampling dates, and environmental classification of the studied areas.

Study area Municipality Oil impact* Anthropogenic pressures** Latitude  Longitude Campaign 1 Campaign 2
Paper industry, untreated sewage,
Belmonte Belmonte, BA Highly impacted by the oil spill agricultural runoff, and upstream 15.850°S  38.868°W August 2020 February 2021
mining activities
Rio Sdo Paulo  Candeias, BA ot dircctly impacted by the ol Oil refinery, sewage discharge, and 1, 75105 385380 W  September 2020 April 2021
spill/Chronically impacted high population density
Canaviciras ~ Canaviciras, BA ~ Moderately impacted by the oil - Artisanal fisheries and shrimp 5 7530 g 35 8990 Wy _ February 2021
spill farming
Artisanal fisheries and coconut
Siribinha Conde, BA Highly impacted by the oil spill plantation 11.751° S 37.522° W  September 2020 April 2021
Cumuruxatiba Prado, BA Moderately 11’18111)) ﬁfted by the oil Tourism and artisanal fisheries 17.011°S  39.173° W — February 2021
Ttacaré ltacare, BA Vot directly impacted by the oil Tourism 14278°S  39.004°W  September 2020 February 2021
spill/Relatively preserved
Boipeba Cairu, BA Moderately impacted Tourism and offshore oil extraction  13.635°S  38.896° W  September 2020 February 2021

* Oil impact categories (highly, moderately, and not directly impacted) were defined qualitatively based on documented shoreline oiling, reported environmental impacts, and
official records for the 2019/2020 oil spill along the northeastern Brazilian coast (Soares et al. 2022; IBAMA 2023).
** Anthropogenic pressures were summarized from published descriptions of coastal uses and environmental impacts along the northeastern Brazilian coast, including industrial
activities (oil refining, paper industry), shrimp farming, tourism, and artisanal fisheries (Soares et al. 2022; Mussi et al. 2022).



2.3 LABORATORY ANALYSIS

For PAHs analysis, the procedures were based on Pinheiro et al. (2021) with minor modifications.
Briefly, p-terphenyl-D14 (200 ug L") was added to approximately 1 g of dry tissue as a surrogate standard.
Pressurized liquid extraction was performed using an accelerated solvent extractor system (ASE 300) with
an in-cell purification step during three cycles with a dichloromethane (DCM):methanol mixture (4:1 v:v).
The resulting extracts were concentrated to 1000 pL. Purification was performed using a chromatographic
adsorption column containing 10 g of silica (5% water deactivated) and 7 g of alumina (2% water
deactivated) and eluted with a 75 mL mixture of DCM:n-hexane mixture (1:1; v:v). The final eluate was
concentrated and adjusted to a final volume of 1000 pL.

A gas chromatograph (Agilent 7890B) coupled to a mass spectrometer (Agilent 5977A) was
operated in the single ion monitoring (SIM) mode to analyze the PAHs. An HP-5MS silica capillary column
(30m*250 pm; film thickness 0.25 pm) was used. The oven was programmed from an initial temperature
of 50 °C, increased at the rate of 20 °C min up to 200 °C, and held for 1.5 min before further increasing
to 300 °C at a rate of 25 °C min'. The temperature was maintained at 250 °C for 2 min, and the final ramp
was increased at a rate of 5 °C min! until it reached 300 °C. The ion source and quadrupole temperatures
were set at 230 °C and 150 °C, respectively. High purity helium was used as the carrier gas at a constant
flow rate of 1.5 mL min'!. A calibration curve was constructed by injecting five standards at concentrations
ranging from 10.0 to 200 ug L™'. The accepted linear correlation coefficient of the analytical curve was
higher than 0.995.

Target analytes included the 16 priority polycyclic aromatic hydrocarbons (PAHs) defined by the
United States Environmental Protection Agency (USEPA): Naphthalene (Nap), Acenaphthylene (Acy),
Acenaphthene (Ace), Fluorene (Flu), Phenanthrene (Phe), Anthracene (Ant), Fluoranthene (Flt), Pyrene
(Pyr), Benz[a]anthracene (BaA), Chrysene (Chr), Benzo[b]fluoranthene (BbF), Benzo[k]fluoranthene
(BkF), Benzo[a]pyrene (BaP), Indeno[1,2,3-cd]pyrene (IP), Dibenz[ah]anthracene (DBahA), and
Benzo[ghi]perylene (BghiP). The final results were expressed as individual concentrations in dry weight
(dw).

The recovery of the surrogate standard (p-terphenyl-D14) ranged from 59% to 127% in all samples
(Online resource 1), indicating acceptable performance of the extraction and clean-up procedures for most
analyses. Concentrations were not corrected for recovery. The limit of detection (LOD) was estimated from
seven replicate measurements of the lowest-concentration fortified procedural blank and defined as three
times the standard deviation of these measurements. LOD values ranged from 0.95 to 1.87 ng g™! dw (dry
weight) (Online resource 1). All analytical data were checked using procedural blanks and matrix-spike
samples. PAH concentrations in all blanks were below the respective LODs, indicating low contamination
throughout the analytical procedures. Matrix-spike samples prepared from three pooled estuarine matrices
(fish — Mugil curema, fish — Rachycentron canadum and crab — Ucides cordatus) were used to evaluate
accuracy. Mean recoveries ranged from 32.7% to 133.9%, with approximately 94% of compound—matrix
combinations falling within the 50-120% range considered acceptable for complex biological matrices
(Wade and Cantillo 1994). PAH analysis was also performed on replicate spiked samples to evaluate

method precision. The relative standard deviation was < 20% for all compounds, except for naphthalene,



which showed values of 38.8% (Group 2) and 144.1% (Group 3) in two compound—matrix combinations,

reflecting the higher volatility and instability of this analyte in complex biological matrices.

2.4 HEALTH RISK ASSESSMENT

Health risk calculations were performed using concentrations expressed on a wet weight basis,
which is more directly comparable to food safety guidelines and dietary exposure assessments. So results
were converted, accomplished by obtaining average moisture content values for all species from

publications and regional environmental monitoring reports, which can be found in Table 2.

Table 2. Average moisture content values of bivalve species used to convert PAHs concentrations from dry

weight to wet weigh

Species % Average Moisture Reference Source
Crassostrea rhizophorae 82% Martino and Cruz (2004)
Mytella charruana 82% Lira et al. (2004)
Anomalocardia flexuosa 80% Lira et al. (2004)

The PAHs concentrations were converted to a wet weight basis using Eq. (1) (Rakib et al. 2021):

100 — % ws.

(:wwz(:dwX ( 100

) (D
where: Cyw = PAHs concentration on a wet weight basis (ng g in wet weight), ws = water content of the
sample (%), Caw = PAHs concentration on a dry weight basis (ng g'!' in dry weight).

The benzo[a]pyrene-equivalent toxicity concentrations (TEQpup) in bivalve tissues were

calculated using the following equation (Yu et al. 2016):

TEQpapr = X(C; X TEF;)

where C; (ng g™') is the concentration of an individual PAHs in the seafood and TEF; is the toxicity
equivalency factor for that compound. These values were obtained from Nisbet and Lagoy (1992).

The daily dietary intake (DDI) of PAHs in adults due to seafood consumption was calculated as
proposed by Xia et al. (2010) using the following equation:

DDI=TEQgup % IR

where IR is the daily seafood intake (g day ). We assumed an IR of 60 g day! for shellfish, as proposed
by ANVISA (2019).



The incremental lifetime cancer risk (ILCR) in adults caused by shellfish ingestion by adults was

calculated as described by Xia et al. (2010):

DDI x EF x ED x SF x CF
BW x AT

ILCR =

where EF is the Exposure Frequency (assuming seafood consumption occurs 1/3 of the year for the fisheries
population, EF = 122 days year™'), ED is the Exposure Duration (it was calculated for 5, 10 and 30 years),
SF is the oral cancer slope factor (7.3 mg kg™ day™) (Xia et al. 2010), CF is the conversion factor (10
®mg ng™) (Xia et al. 2010), BW is body weight (60 kg for adults) (ANVISA 2019), AT is the average
lifetime for carcinogens (25,550 days), as proposed by Xia et al. (2010).

Non-carcinogenic risks were preliminarily assessed for PAHs with robust chronic oral reference
doses (RfDs) available in regulatory databases. For each sample and compound, the the average daily dose

by ingestion (ADD, mg kg ~! day ~1) was calculated as:

CxIRxEF xED x CF

ADD = BW x AT

where C is the PAH concentration in seafood on a wet weight basis (ng g'), IR is the ingestion rate (g
day™), EF is the exposure frequency (days year™!), ED is the exposure duration (years), CF is the unit
conversion factor (10°° mg ng™'), BW is the body weight (kg), and AT is the averaging time (days). For
non-carcinogenic effects, AT = ED X 365 was adopted, following the usual approach for chronic non-

carcinogenic exposure assessment. Hazard quotients for each compound were then calculated as:

_ ADD,
~ RfD;

HQ;

where Rf D; is the chronic oral reference dose of compound i, expressed in mg kg™ day'. RfD values from
the EPA IRIS database were used for naphthalene, fluorene, fluoranthene, and pyrene.

The non-carcinogenic hazard index (HI) was calculated as the sum of the individual hazard
quotients:

HI=Y HQi

Because RfDs are not consistently available for all 16 analyzed PAHs, the resulting HI should be
interpreted as a partial indicator, potentially underestimating the overall non-carcinogenic risk associated

with the complete PAH mixture.

2.5 STATISTICAL ANALYSIS
All statistical analyses were performed using PAHs concentrations expressed on a dry weight basis
(dw). Statistical tests were conducted using Jamovi (v. 2.3), an open-source software based on the R

language (Jamovi Project, 2022), and Microsoft Excel were used for data organization and preliminary



checks. Normality was evaluated using the Shapiro—Wilk test, inspection of histograms, and assessment of
residual normality using Q—Q plots. Homogeneity of variances was assessed using Levene’s test. For all
analyses, a significance level of 95% (p < 0.05) was adopted.

To investigate spatial differences in total PAHs concentrations, a two-way analysis of variance
(ANOVA) was applied, with campaign as factor 1 (fixed, two levels) and site as factor 2 (fixed, seven
levels). When appropriate, one-way ANOVA was used to compare sites within each campaign. Tukey’s
test was used for post-hoc comparisons.

Taxonomic differences in PAHs accumulation were evaluated using a separate one-way ANOVA
on total PAHs concentrations (dw), with species as a fixed factor (three levels: Crassostrea rhizophorae,
Mpytella charruana, and Anomalocardia flexuosa). To avoid the confounding effects of spatial differences
in contamination among estuaries, this analysis was restricted to data from Belmonte, the only site where
the three species were sampled in both campaigns. When significant differences were detected, Tukey’s
test was used to identify the species that differed from each other.

Temporal variations in PAHs concentrations were assessed using only C. rhizophorae and A.
flexuosa, as these species showed the most consistent occurrence across sampling campaigns. For this
analysis, only sites sampled in both campaigns were included, allowing a direct comparison between
Campaign 1 (August—September 2020) and Campaign 2 (February—April 2021). For each individual
sample, the total PAHs, low-molecular-weight PAHs (LMW; 2-3 rings), and high-molecular-weight PAHs
(HMW; 4-6 rings) were calculated on a dry weight basis. Owing to the small and unequal sample sizes
among sites and campaigns, temporal patterns were primarily explored graphically using individual data
points and site-specific campaign medians rather than boxplots, without the application of paired or
longitudinal statistical tests. Accordingly, the temporal analysis was interpreted descriptively, and any
statistical results were considered with caution.

To explore the patterns of PAHs composition and potential source influences in the bivalve
samples, Principal Component Analysis (PCA) was performed. PCA was applied to log-transformed and
standardized concentrations of the 16 target PAHs (dw basis) and computed from the correlation matrix.
The analysis was conducted using Python (v. 3.13) using the scikit-learn library for PCA, with data
preprocessing carried out in pandas and graphical outputs generated using matplotlib. This multivariate
approach was used as an exploratory tool to summarize the main compositional gradients among species,
sampling locations and campaigns recognizing that interspecific differences, selective bioaccumulation and

limited biotransformation capacity may modify the original contaminant signatures in bivalve tissues.

3. RESULTS AND DISCUSSION
3.1 OCCURRENCE, SPATIAL DISTRIBUTION AND PAHs COMPOSITION

PAHs were detected in all bivalve samples (Online resource 2 and 3), with total concentrations
(Total PAHs) ranging from 25.9 to 537 ng g dw across all sites and sampling periods (Figure 2). These
values are comparable to those reported for bivalves collected along the coast of Bahia by E¢a et al. (2021),
who found Total PAHs concentrations between 66 and 505 ng g™! dw in bivalve tissues. Thay also fall
within the range observed in other marine organisms affected by the 2019 oil spill, with concentrations

ranging from 8.71 to 418 ng g' ww (Magalhdes et al. 2022). Consistently, Matos-Barbosa et al. (2025)
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detected PAHs in all mangrove sediment samples collected at the same sites as those in the present study,
reinforcing the evidence of regional contamination. Although differences in analytical scope (number of
compounds) and reporting basis (dry vs. wet weight) limit direct comparisons, these results indicate that
PAH levels reported here are broadly consistent with previously described contamination patterns in the

region.

Fig. 2. Total concentration of the 16 priority PAHs (dry weight, ng g™!) in bivalve samples collected from

seven different areas and two periods evaluated in the present study.

Extending this comparison to other major oil spills worldwide provides additional context for the
magnitude of the contamination observed along the Bahia coast. In the context of large tanker accidents,
the PAH concentrations measured in the present study are lower than the highest levels reported for heavily
impacted coasts, but still fall within the range documented for contaminated bivalve populations. Following
the Prestige tanker accident on the Galician coast (north-western Spain), Soriano et al. (2006) reported
YPAH concentrations in wild mussels (Mytilus galloprovincialis) ranging from 17 to 7782 pg kg™ dry
weight, with the upper end of this range reflecting intense local oiling. After the Sea Prince spill in South
Korea, Yim et al. (2002) found IPAH concentrations of 144-664 ng g' dry weight in oysters
(Crassostrea spp.) and 172—1364 ng g! dry weight in mussels (Mytilus spp.) five years after the accident,
indicating persistent contamination of coastal food webs. By comparison, the 25.9-537 ng g! dry weight
range measured in bivalves along the Bahia coast lies within the lower to intermediate portion of the ranges
reported for bivalves in other oil-impacted coasts, remaining well below the most extreme values
documented for the Prestige spill and supporting the interpretation of a mixed scenario involving spill-
derived inputs superimposed on pre-existing and ongoing anthropogenic sources.

At the opposite end of the contamination gradient, Itacaré, located on the southern coast of Bahia
within the Itacaré/Serra Grande Environmental Conservation Area (ECA), was used as a reference site. In
this area, the Total PAHs concentrations in bivalves were the lowest among all sites, ranging from 25.9 ng
g dw in Mytella charruanato 120 ng g! dw in Crassostrea rhizophorae. Except for this single C.
rhizophorae sample collected in February 2021, most concentrations were lower than or close to 50 ng g™
dw (Figure 2), a range typically associated with environments with little or no PAH input (Soriano et al.
2000). Itacaré was only lightly affected by the 2019 oil spill, with oil residues reported on beaches but not
in the estuaries or mangroves (IBAMA 2020). Overall, the Total PAHs levels in bivalves from this site
were consistent with background pollution and indicated minimal hydrocarbon inputs in this preserved
region.

In contrast, higher PAHs concentrations were observed in Belmonte, Sdo Paulo River, and
Canavieiras, where several samples reached Total PAHs values around or above 200 ng g' dw. Belmonte,
located within the Canavieiras Marine Extractive Reserve (MER), showed the highest concentrations, with
M. charruana samples reaching 537 ng g dw in August 2020 and 515 ng g' dw in February 2021.
Concentrations close to or greater than 500 ng g™ dw are usually associated with areas under active PAHs
input and are often described as contamination “hotspots” (Soriano et al. 2006). Belmonte was one of the

regions most affected by the 2019 oil spill and receives hydrocarbon inputs from the Jequitinhonha River.
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Additional pressures, including untreated sewage, agricultural runoff, upstream mining activities, and the
local paper industry, may help explain the persistent enrichment of PAHs in local bivalves, despite the
protected status of this coastal zone.

The S@o Paulo River represents a contrasting scenario of chronic contamination in Brazil. This
estuary is located in a region that has been historically affected by industrial and petroleum-related activities
(Miranda et al. 2016). In this area, the Total PAHs concentrations reached 363 ng g™' dw in M. charruana
and 355 ng g' dw in C. rhizophorae. These elevated values, combined with the known history of
contamination, suggest that long-standing anthropogenic inputs are the dominant factor controlling PAHs
accumulation in the local biota. Thus, in the Sdo Paulo River, contamination cannot be attributed solely to
the 2019 oil spill but reflects a combination of recent and legacy sources.

Intermediate Total PAHs levels were detected in the mangroves of Canavieiras, Siribinha,
Cumuruxatiba, and Boipeba, all of which are located within environmentally protected areas. Canavieiras
lies within the Canavieiras MER, Siribinha within the Northern Coast of the State of Bahia Environmental
Conservation Area (ECA), Boipeba within the Boipeba—Tinharé ECA, and Cumuruxatiba within the
Cumuruxatiba MER. In these regions, Total PAHs concentrations generally ranged between 114 and 315
ng ¢! dw. The maximum values were 315 ng g! dw in Canavieiras, 195 ng g*! dw in Cumuruxatiba, and
144-218 ng g! dw in Siribinha, whereas Boipeba exhibited comparatively lower maximum concentrations
of 114 ng g™' dw. Under baseline conditions, PAHs levels in protected areas are expected to remain low.
However, these mangroves were severely impacted by the 2019 oil spill and may also be influenced by
local and regional inputs, such as riverine discharge and urban effluents, which likely contributed to the
intermediate levels observed.

Taken together, PAH concentrations in bivalves differed markedly among sites, with the lowest
values at the reference area (Itacaré), higher concentrations at Belmonte and at the chronically impacted
Sdo Paulo River, and intermediate levels at the remaining mangrove areas (Canavieiras, Siribinha,
Cumuruxatiba, and Boipeba). These contrasts are consistent with the varying intensity of local
anthropogenic pressures and with the documented oil and industrial contamination histories of these sites.

To better understand the compositional patterns underlying these concentration differences,

Principal Component Analysis (PCA) was applied to the PAHs dataset (Figure 3).

Fig. 3. Principal Component Analysis (PCA) biplot of PAHs concentrations in bivalve samples, expressed
on a dry weight basis. The points represent individual samples, colors indicate sampling locations, and
symbols indicate sampling campaigns. The arrows represent the PAHs loading vectors, and only the most

influential loadings are labeled to improve visual clarity.

The first principal component (PC1), which accounted for 37.1% of the variance, was primarily
associated with medium- to high-molecular-weight PAHs, including fluoranthene (FIt), pyrene (Pyr),
benzo[b]fluoranthene (BbF), and benzo[ghi]perylene (BghiP). Similar sets of compounds have been
reported as dominant contributors to compositional variability in coastal and estuarine environments,

particularly in multivariate analyses of biota and sediments (Soclo et al. 2000; Baumard et al. 1998). In this
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context, PCI represents a compositional gradient in which samples with higher scores show increased
contributions from these higher molecular weight compounds.

PC2, which accounted for 17.5% of the variance, captured additional differences in PAH
composition that did not reflect a simple contrast between low- and high-molecular-weight compounds.
Therefore, this axis likely represents more complex variability among sites that is not straightforward to
attribute to a single environmental or biological driver. Similar patterns have been reported in multivariate
analyses of PAHs in marine organisms, in which secondary components are often interpreted cautiously as
reflecting mixed influences of environmental availability and biological processes affecting PAH
bioaccumulation (Baumard et al. 1999).

Together, PC1 and PC2 explained 54.6% of the total variance in PAHs composition, leaving
approximately 45% of the variability unaccounted for by the first two components. This indicates that
additional factors, such as local hydrodynamics, sediment characteristics, and species-specific physiology,
also play important roles in shaping the PAHs patterns in bivalves. Consequently, the PCA results should
be interpreted as an exploratory summary of the main compositional gradients, rather than as a complete
description of all processes controlling PAHs accumulation in these organisms.

Spatially, the PCA revealed distinct, yet partially overlapping, compositional patterns among the
sampling areas. Samples from Belmonte were broadly distributed across the ordination space, with a
tendency to associate with phenanthrene (Phe) and fluorene (Flu). These compounds are often more readily
accumulated in bivalve tissues and have been linked to relatively recent or less weathered hydrocarbon
inputs in marine environments, although such interpretations must be made cautiously when based solely
on multivariate patterns. The mixed position of the Belmonte samples in the ordination supports a scenario
in which multiple contamination pathways coexist, including contributions from the 2019 oil spill,
river-borne hydrocarbons, and local anthropogenic activities.

In contrast, samples from the Sao Paulo River and, to a lesser extent, Siribinha were more
frequently associated with vectors representing higher molecular weight PAHs, such as Pyr, Flt, and BghiP.
These compounds are typically more persistent and have been widely reported in environments influenced
by chronic anthropogenic inputs, particularly combustion-derived sources (Soclo et al. 2000; Baumard et
al. 1998). The association of these sites with high-molecular-weight PAHs supports the interpretation that
long-term, combustion-related and industrial inputs play a major role in controlling PAHs composition in
these estuaries.

Intermediate compositional patterns were observed in Canavieiras, Boipeba, and Cumuruxatiba,
where samples occupied positions between the gradients defined by the Belmonte and Sdo Paulo
River/Siribinha. This distribution suggests mixed PAHs profiles and the contribution of multiple sources,
combining oil-related inputs with more diffuse and chronic contamination. Finally, samples from Itacaré,
the reference site, showed a more dispersed distribution and generally weaker association with the dominant
loading vectors, consistent with lower contamination levels and reduced anthropogenic influence on PAHs
composition.

Overall, the multivariate analysis indicated that the PAHs composition in bivalve tissues reflects
the influence of multiple contamination sources and environmental processes rather than a single dominant

origin. Source inputs related to the 2019 oil spill, legacy industrial contamination, combustion-derived
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hydrocarbons, and diffuse anthropogenic discharges interact with hydrodynamic conditions, sediment
dynamics, and species-specific bioaccumulation capacities to shape the observed patterns. These results
support the hypothesis that, along the Bahia coastline, PAHs accumulation in bivalves arises from a

complex, multifactorial contamination scenario in which both acute and chronic inputs play important roles.

3.2 DIFFERENCES BETWEEN SPECIES (TAXONOMIC VARIATION)

Statistically significant differences in PAHs concentrations were found among the species (p =
0.009). Post-hoc comparisons indicated that M. charruana (the most contaminated species) differed
significantly from both C. rhizophorae (p tykey = 0.01) and A. flexuosa (p rykey = 0.03). These species
have different modes of exposure to the contaminants.

C. rhizophorae is found attached to the roots and stems of Rhizophora mangle and is therefore
primarily exposed to contaminants present in the tidally influenced water column (Nishida et al. 2006). In
contrast, A. flexuosa and M. charruana are infaunal species that inhabit the surface sediments. While A.
flexuosa occurs on intertidal sand—clay banks, which are generally more dynamic and oxygenated, M.
charruana buries itself in muddier sediments (Leonel et al. 1982; Narchi 1972). Finer sediments, such as
mud, generally exhibit higher contaminant concentrations because of their larger surface area and higher
organic matter content, which favor the adsorption of hydrophobic compounds such as PAHs (Guimaraes
et al. 2020). Furthermore, these finer sediments tend to present lower oxygen concentrations (anoxia or
hypoxia) due to reduced water circulation, which can decrease PAHs degradation rates by microorganisms
and increase their residence time within the sediment matrix. These factors may have increased the
bioavailability of PAHs to M. charruana.

The infaunal habit of M. charruana, which lives buried in these muddy sediments, likely increases
its exposure to sediment-bound contaminants compared with epifaunal species such as C. rhizophorae.
Similar patterns have been reported in other studies, in which infaunal bivalves tend to accumulate higher
PAH concentrations because of their closer interaction with contaminated sediments and their bioturbation
activity, which redistributes particles and associated contaminants within the sedimentary matrix (Bendell
et al. 2020).

Biological factors may also contribute to the observed differences. Although it was not possible to
analyze the lipid content in the samples from the present study, differences in lipid content among species
can influence the accumulation of hydrophobic compounds such as PAHs, given their affinity for adipose
tissues (Arnot and Gobas 2006). Therefore, species-specific physiological traits, such as lipid content,
metabolic rates, and detoxification capacity, may also modulate PAH accumulation and should be
considered when interpreting these patterns. Overall, the higher PAH concentrations observed in M.
charruana are most plausibly explained by the combined influence of sediment characteristics and species-
specific ecological traits, particularly its closer association with fine, organic-rich, and poorly oxygenated

sediments.

3.3 TEMPORAL VARIATION OF PAHs CONCENTRATION
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Only the total PAH concentrations measured in Crassostrea rhizophorae and Anomalocardia
flexuosa were used in the temporal analysis, as these species provided the largest number of observations
across sites and campaigns. For this reduced dataset, total PAH concentrations ranged from 31.0 to 355.6
ng g' dw in the first sampling campaign and from 91.1 to 315.8 ng g' dw in the second campaign, with
median values of approximately 146.6 and 176.2 ng g' dw, respectively. No significant temporal
differences in total PAH concentrations were detected between the sampling periods (two-way ANOVA on
YPAHs, time effect: F = 0.12, p = 0.765), and the interaction between site and period was also non-
significant (F = 1.27, p = 0.485), indicating that short-term temporal trends were weak relative to the
pronounced spatial variability among mangroves.

This result must be interpreted in the context of the sampling design. Collections began several
months after the spill because of restrictions imposed by the COVID-19 pandemic and therefore did not
capture the immediate post-impact phase. Consequently, the available data do not allow a direct
reconstruction of the initial contamination trajectory.

The lack of a clear temporal trend suggests that PAHs exposure in these estuarine organisms may
reflect the combined influence of residual oil-derived contamination and pre-existing or ongoing chronic
inputs. This interpretation is consistent with evidence from northeastern Brazil, indicating that sediments
affected by the 2019-2020 oil spill may record overlapping acute and chronic PAHs sources rather than a
single contamination signal (Bertoldi et al. 2024). This is also consistent with previous studies of
petroleum-influenced estuarine systems in Bahia, such as the S&o Paulo River estuary in Todos os Santos
Bay, where PAHs were already present in surface sediments prior to this event, with spatial and seasonal
variability linked to local environmental conditions and historical anthropogenic pressure (Aratjo et al.
2018; Martins et al. 2020).

Overall, the persistence of PAHs in filter-feeding bivalves across the sampling periods indicates
continuous exposure after the initial contamination event. However, the available data are insufficient to
precisely separate the relative contribution of the 2019 spill from that of chronic local or regional sources.
Long-term monitoring integrating biota, sediments, and the hydrodynamic context would be necessary to
clarify whether the observed contamination reflects gradual post-spill attenuation, recurrent remobilization

of previously deposited residues, or sustained diffuse anthropogenic inputs.

3.4 FOOD SAFETY / ASSOCIATED RISKS

The incremental lifetime cancer risk (ILCR) associated with bivalve consumption was estimated
based on the benzo[a]pyrene toxic equivalency (TEQ-BaP), using concentrations expressed on a wet weight
basis. The calculated ILCR values ranged from 4.8 x107® to 4.9 x10°¢ for the 5-year exposure scenario,
from 9.7 x107® to 9.8 x107¢ for 10 years, and from 2.9 X107 to 2.9 x10~* for 30 years of exposure (Table
3). According to widely adopted risk classification criteria, ILCR values below 107 are considered
negligible, values between 10 and 10~ indicate potential carcinogenic risk, and values above 10~
represent an unacceptable or high risk to human health (Usepa 1989, 2005; Xia et al. 2010; Tiwari et al.
2017; Gereslassie et al. 2018). Based on these thresholds, most samples analyzed in this study fell within

the negligible-to-low risk categories, particularly under the 5- and 10-year exposure scenarios.
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Under the 30-year exposure scenario, a limited number of samples exceeded the threshold of 1073,
indicating a non-negligible carcinogenic risk under prolonged consumption. Specifically, three out of 25
samples (12%) showed ILCR values above this level: Mytella charruana from the Sdo Paulo River
(Sep/2020; 1.5 x107°) and Belmonte (Aug/2020; 2.9 x107°), and Anomalocardia flexuosa from Belmonte
(Aug/2020; 1.3 x107°). The remaining samples presented ILCR values between 2.6 x1077 and 9.7 x10°¢,

remaining below, but in some cases approaching, the intermediate risk threshold.
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Table 3. The incremental lifetime cancer risk (ILCR) was calculated for adults due to the consumption of
contaminated bivalves for 5, 10, and 30 years. Values in bold represent non-negligible carcinogenic risks.
Crassostrea rhizophorae: CR, Mytella charruana: MC, Anomalocardia flexuosa: AF.

ILCR adult ILCR adult ILCR adult

Local Bivalve Period 5 exposure 10 exposure 30 exposure
Year Year Year
MC Aug/2020 4.9 x10°° 9.8 x10°¢ 2.9 x10°5
Feb/2021 2.3 x107 4.6 X107 1.4 x10°¢
AF Aug/2020 2.2 x10°¢ 4.4 x10° 1.3 X105
Belmonte Feb/2021 1.6 x10°¢ 3.2 x10°° 9.7 x10°¢
Aug/2020 6.3 x107 1.3 x10°¢ 3.8 x10°¢
CR Aug/2020 4.3 x10°8 8.6 x10°® 2.6 x1077
Feb/2021 3.9 x107 7.8 x1077 2.3 x10°¢
MC Sep/2020 7.8 1078 1.6 x1077 4.7 x1077
AF Sep/2020 5.1 x107 1.0 x10°¢ 3.1 x10°¢
Siribinha
C Sep/2020 4.7 x1077 9.3 x1077 2.8 x107¢
R
Apr/2021 6.0 x1077 1.2 x10°¢ 3.6 x10°¢
MC Sep/2020 4.8 x10°8 9.7 x10°® 2.9 x1077
AF Sep/2020 2.6 x1077 5.1 x107 1.5 x107¢
Itacaré
C Sep/2020 4.0 x1077 8.1 x107 2.4 x107°
R
Feb/2021 6.0 x10°® 1.2 x1077 3.6 X107
Sep/2020 5.4 x10°® 1.1 x1077 3.2 x107
Boipeba CR
Feb/2021 8.7 x10°® 1.7 x1077 5.2 %107
c Sep/2020 2.6 x107° 5.1 x10°¢ 1.5 x10°5
M
Apr/2021 2.5 x107 5.0 x107 1.5 x10°¢
AF Sep/2020 9.2 x10°® 1.8 x1077 5.5 %107
Sao Paulo River
Sep/2020 2.0 x1077 4.0 x1077 1.2 x10°¢
CR Apr/2021 1.5 x1077 2.9 x1077 9.3 x107
Apr/2021 1.4 x1077 2.9 x1077 8.7 x107
Canavieiras CR Feb/2021 1.2 x10°¢ 2.4 x10°¢ 7.1 x10°¢
Cumuruxatiba CR Feb/2021 4.8 x10°8 9.7 x10°® 2.9 x1077

Under realistic short- and medium-term exposure scenarios, the consumption of bivalves from the
studied areas is associated with a low carcinogenic risk. However, under long-term exposure conditions,
localized increases in risk may occur, particularly in areas such as Belmonte and the Sao Paulo River, where
higher PAHs concentrations were observed. The spatial distribution of ILCR values was consistent with
the contamination patterns discussed in the previous sections, with higher risks associated with sites
influenced by either chronic contamination (S&o Paulo River) or combined inputs from multiple sources
(Belmonte). This reinforces the interpretation that long-term exposure risks are more closely related to

persistent and multifactorial contamination processes than to a single contamination event.
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It is important to emphasize that these results represent a conservative and preliminary assessment
of the potential health risks. The ILCR estimates are based on a limited number of samples, generalized
exposure parameters, and toxicity equivalency factors derived from the literature rather than site-specific
consumption data. In addition, the temporal scope of this study may not fully capture the variability in
PAHs concentrations over time.

Therefore, the non-negligible, but relatively low ILCR values observed in a small subset of
samples should not be generalized to entire populations or locations. Nevertheless, given the dependence
of local communities on bivalve consumption, the identification of non-negligible risk under prolonged
exposure conditions represents an important signal that warrants attention.

Overall, these findings highlight the need for continued monitoring and more refined risk
assessments that incorporate larger datasets, site-specific consumption patterns, and long-term
environmental data to better evaluate the potential health impacts associated with seafood consumption in
contaminated coastal regions.

Regarding non-carcinogenic risk, all HQ values calculated for the individual PAHs with available
oral reference doses (naphthalene, fluorene, fluoranthene, and pyrene) remained below 1 in all exposure
scenarios, and the HI values also remained below 1 for all samples (Table 4).

These results indicate negligible non-carcinogenic risk for the assessed compounds under the
assumed consumption conditions. However, because oral RfDs are not consistently available for several
other PAHs detected in the samples, the overall non-carcinogenic risk associated with the full PAH mixture

may be underestimated and should therefore be interpreted with caution.
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Table 4. Hazard quotients (HQ) and hazard indices (HI) for Naphthalene (Nap), Fluorene (Flu),

Fluoranthene (Flt), and Pyrene (Pyr) in the muscle of Crassostrea rhizophorae, Mytella charruana, and

Anomalocardia flexuosa by sampling site and period.

Local Bivalve Period HQn~ar HQrLu HQrLt HQpryr HI

Anomalocardia flexuosa 1 4.1x10  1.3x10°¢ 3.8x10° 8.0x10°¢ 5.4x10°
Crassostrea rhizophorae 1 2.2x107°  1.2x10°¢ 24x10°¢ 7.1x10°¢ 3.2x10°°
Belmonte Mpytella charruana 1 2.3x107°  2.3x10°° 4.6x10°¢ 1.5%x10° 4.4x10°
Anomalocardia flexuosa 2 2.8x10°  1.7x10°¢ 4.6x10° 1.3x10° 4.7x10>
Crassostrea rhizophorae 2 3.2x107°  83x107 3.0x10°¢ 5.8x10°¢ 4.2x107
Mpytella charruana 2 2.4x107°  4.0x10° 3.9x107 2.5x107 2.9x107
Crassostrea rhizophorae 2 5.6x10° 1.9x10°¢ 6.7x107 3.6x10¢ 1.2x107°

Boipeba
Crassostrea rhizophorae 2 2.1x107%  6.8x1077 5.9x10°¢ 2.1x107° 4.8x107
Canavieiras Crassostrea rhizophorae 2 3.3x10°  3.6x10° 1.7x10° 6.7x10=> 1.2x10*
Cumuruxatiba  Crassostrea rhizophorae 2 2.8x107°  1.6x10° 3.7x10°¢ 7.7x10°¢ 4.1x10>
Crassostrea rhizophorae 2 1.2x107%  7.7x107 7.9x10¢ 2.9x107° 5.0x107°
) Anomalocardia flexuosa 1 3.3x10°¢ 3.6x107 1.3x10°¢ 4.0x10°¢ 9.0x10°
Hacare Crassostrea rhizophorae 1 8.3x10¢ 1.3x10°¢ 1.9x10° 6.4x10° 1.8x107
Mpytella charruana 1 4.6x10¢ 1.7x107 1.3x10° 5.0x10°¢ 1.1x10°°
Crassostrea rhizophorae 2 1.3x10°  1.2x10¢ 5.1x10°¢ 1.2x10~° 3.1x10°
Mpytella charruana 2 1.2x10%  9.7x107 4.8x10°¢ 1.1x10~° 2.9x10°
Sdo Paulo River  Anomalocardia flexuosa 1 1.5x107°  2.7x1077 3.7x10°¢ 1.3x10° 3.2x10°°
Crassostrea rhizophorae 1 1.2x10%  5.8x107 3.4x10°¢ 1.0x10° 2.6x10°
Mytella charruana 1 9.4x10°  2.4x107 6.4x10°¢ 2.1x10° 3.7x10°
Crassostrea rhizophorae 2 4.4x10¢  7.5x107 4.5x10° 3.2x107° 4.1x10°°
Siribinha Anomalocardia flexuosa 1 9.8x10° 2.0x10° 8.0x10°¢ 4.1x10° 6.1x10°
Crassostrea rhizophorae 1 9.0x10°¢ 9.1x107 3.3x10°¢ 1.4x10° 2.7x10°
Mpytella charruana 1 4.2x10° 6.6x107 9.2x107 4.0x10° 9.8x10°°

4. CONCLUSIONS

This study provides an integrated assessment of PAH accumulation in marine bivalves from

multiple coastal environments along the Bahia coast, including areas affected by the 2019 oil spill, a

chronically contaminated estuary (S@o Paulo River), and a reference site (Itacaré). PAH concentrations

varied markedly among locations and species, reflecting the combined influence of site-specific

contamination patterns and species-specific ecological traits on contaminant accumulation.

Among the species analyzed, Mytella charruana consistently showed higher PAH concentrations,

primarily attributed to its stronger association with fine, organic-rich sediments that favour the retention

and persistence of hydrophobic contaminants. In contrast, Crassostrea rhizophorae and Anomalocardia

flexuosa exhibited lower levels, reflecting differences in habitat and exposure pathways.
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No consistent temporal trends in PAH concentrations were observed between the sampling
campaigns. This absence of a clear decline indicates that short-term monitoring is insufficient to capture
the environmental evolution of contamination following oil-spill events. Instead, the results show that PAH
exposure in these tropical estuarine systems arises from the superposition of residual oil-derived inputs,
long-standing industrial contamination, and diffuse anthropogenic sources. The contrasting behaviour of
sites such as Belmonte and the Sdo Paulo River reinforces the importance of local environmental conditions
and chronic contamination in shaping current PAH patterns.

The ILCR assessment indicated that, under short- and medium-term exposure scenarios, the
consumption of bivalves from the studied areas is associated with a negligible to low carcinogenic risk.
Under long-term exposure conditions, however, a limited number of samples, primarily from Belmonte and
the Sdo Paulo River, reached values indicative of non-negligible risk, suggesting that potential health
concerns are spatially localized and dependent on prolonged exposure rather than being widespread across
the study area.

In parallel, non-carcinogenic risk assessment based on hazard quotients (HQ) and hazard indices
(HI) for naphthalene, fluorene, fluoranthene, and pyrene showed that all values remained below 1 in all
samples and exposure scenarios, indicating negligible non-carcinogenic risk under the consumption
assumptions adopted in this study. Nonetheless, this evaluation should be regarded as preliminary and
partial, because chronic oral reference doses are not available for several other PAHs detected in the
samples, and the overall non-carcinogenic hazard associated with the complete PAH mixture may therefore
be underestimated.

Taken together, these findings demonstrate that post-spill contamination in tropical estuarine
systems cannot be interpreted solely as the consequence of a single acute event, but rather as the outcome
of interactions between residual oil residues and pre-existing chronic contamination. This insight is
particularly relevant for tropical estuaries worldwide, where historical industrial activities and diffuse
coastal pressures are likely to modulate the ecological and human-health consequences of future oil-spill
events. Consequently, our results highlight the need for integrated and long-term biomonitoring strategies,
combining multiple bioindicator species and environmental compartments, to distinguish chronic and
episodic contamination sources and to support evidence-based spill-response planning and coastal

management in vulnerable tropical regions.
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Fig. 1. Geographical location of the Bahia coast and sampling areas of the present study indicating the

species found in each region.
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Fig. 2. Total concentration of the 16 priority PAHs (dry weight, ng g ') in bivalve samples collected from

seven different areas and two periods evaluated in the present study.
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