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Polycyclic aromatic hydrocarbons
In tissues of sea turtles stranded
on oil impacted beaches in
Northeastern Brazil
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Exposure to and consequent bioaccumulation of toxic hydrocarbons, particularly polycyclic aromatic
hydrocarbons (PAHs), are a significant concern for ocean health. This study reports the distribution of
parental and alkylated PAHs in the liver and muscle tissues of sea turtles found stranded on locations in
the NE coast affected by the largest oil spill in Brazil, which occurred in 2019. The field trips recovered
nineteen animals along the shores of Pernambuco, Rio Grande do Norte, and Ceara between 2020

and 2021. Chelonia mydas represented 79% of all specimens. PAH determination in liver and muscle
tissues involves extraction using a Soxhlet apparatus, purification by permeation chromatography, and
subsequent analysis by gas chromatography/mass spectrometry (GC-MS). Twenty-six of 37 individual
PAHs were identified, including parent and alkylated compounds, totaling 67.87 + 54.22 ng g™t (ww)

in muscle and 50.19 £ 42.74 ng g~* (ww) in liver. Pyrene, phenanthrene, and their respective alkylated
homologs were the most abundant PAHs. Tissues showed similar PAH concentrations, but pyrenes
were much more abundant in muscle than in the liver. An overall prevalence of light (LMW; 2-3 rings)
over heavy (HMW; 4—6 rings) PAHs was verified, particularly in liver samples. The 16 priority PAHs
accounted for between 60 and 70% of the total PAHs in both tissues. The findings revealed relatively
high contamination, with evidence of exposure to the oil spill in the region and other anthropogenic
sources. More importantly, the results can be considered as short- to medium-term exposure indicators
following the oil spill in the study areas, and it is essential to monitor the evolution of turtle exposure
in the medium- to long-term on the NE coast of Brazil.
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Polycyclic aromatic hydrocarbons (PAHs) are contaminants of significant environmental concern, as they are
ubiquitous, are produced by various anthropogenic sources, are persistent, and exhibit high mobility'. They are
also toxic and display a high bioaccumulation tendency, particularly in invertebrates?. Furthermore, they are
potentially carcinogenic when bioaccumulated and biotransformed by marine animals*~> with the ability to
modify the DNA structure’, leading to tumor development and potentially death’.

PAHs originate from natural sources, such as plant biogenesis, shale erosion, and natural fires. However, their
primary sources are anthropogenic activities associated with producing and consuming fossil energy resources®.
Anthropogenic PAH sources can be categorized as petrogenic when derived directly from petroleum and
petroleum-derived products or pyrolytic when derived from fossil fuels and/or biomass burning or from various
industrial processes conducted at high temperatures’. The diversity of PAH sources produces volatile and semi-
volatile aromatic compounds. Monoaromatic PAHs, such as benzene, toluene, ethylbenzene, and o,m,p-xylenes,
or BTEX, are abundant in petroleum and derivatives but are highly volatile and exhibit no bioaccumulation
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propensity. On the other hand, the semi-volatile fraction includes PAHs containing 2 to 6 aromatic rings, which
are persistent and bioaccumulative. Parental and alkylated compounds are predominant in petroleum in the
lighter range (2-4 rings). In contrast, pyrogenic compounds generally contain >4 rings in their structures and
no alkyl branch!?.

Despite chronic contamination by anthropogenic hydrocarbons recorded throughout the biota of coastal and
oceanic systems worldwide!!"!° among many others, the effects of PAH biota contamination, including animal
health and food insecurity effects, are usually put in the spotlight following significant oil spills'>2-25.

The trophic specificities of sea turtle species serve as the primary entry point for toxic substance
contamination?®, This occurs because certain detrimental food items can accumulate these compounds more
effectively, promoting biomagnification?”. During their hatchling stage, sea turtles generally inhabit pelagic
environments, where they associate with floating clusters and maintain an omnivorous diet®. As they transition
into juveniles, they develop specific dietary habits and begin migratory patterns, which significantly increase
their exposure to contaminants®%°.

Additionally, sea turtles exhibit migratory reproductive patterns, traveling between their feeding and nesting
grounds over a period of one to four years, depending on their species30. This behavior increases their dispersive
potential and, as a result, raises their risk of encountering contaminated environments?>3!. Therefore, sea turtles
are highly vulnerable to environmental contamination due to their long lifespans and multiple ecological
roles®2. The release of oil, petroleum products, and industrial waste into the ocean threatens their development,
reproduction, and feeding habitats. These pollutants can spread through the water, settle in sediments, and
contaminate nesting areas, ultimately affecting their food sources, which may lead to bioaccumulation and
increased exposure to harmful PAHs¥-%,

The green turtle (Chelonia mydas) primarily consumes algae and marine phanerogams in its juvenile and
adult phase®*-32. Consequently, it often inhabits coastal regions, exposing it to human activities on land and the
disposal of toxic waste®*, The loggerhead turtle (Caretta caretta) lives in pelagic habitats as a juvenile, following
a rather unvaried diet of fish, cnidarians, and algae, among others. When it matures, it migrates to the neritic
zone, where it predominantly feeds on benthic organisms?®, making it more susceptible to human impact®*. The
olive ridley turtle (Lepidochelys olivacea) lives in neritic or oceanic surface waters during its juvenile stage and
has an omnivorous diet®®. As it transitions to adulthood, it frequents both pelagic and neritic areas, ranging
from deep to shallow waters®”*%, consuming mainly cnidarians, fish, and mollusks, among others**°. While this
species finds it tougher to forage along the coast, it remains vulnerable to pollution, as waste can be carried over
vast distances by ocean currents?!.

Additionally, sea turtles exhibit migratory reproductive habits, traveling between their feeding and nesting
grounds over one to four years, depending on their species*?. This behavior enhances their dispersive potential
and, as a result, raises their risk of encountering contaminated environments®*3.

Therefore, sea turtles are highly susceptible to environmental contamination due to their long lifecycles and
various ecological roles**. The releases of oil, oil products, and industrial waste into the ocean threaten their
development, reproduction, and feeding habitats. These contaminants can spread through the water, settle in
sediments, and pollute nesting areas, ultimately affecting their food source, which may result in bioaccumulation
and increased exposure to harmful PAHs*~8,

The largest oil spill recorded on the Brazilian coast affected over 3000 km of shoreline from September
2019 to January 2020?!. The Brazilian Institute of Environment and Renewable Natural Resources (IBAMA)
reported that turtles were the most impacted, with 105 animals covered in oil during the cleanup®. This
study examined PAH compounds from 2 to 6 fused rings, including parent and alkylated homologs, in the
liver and muscle tissues of sea turtles that stranded in Northeastern Brazil. The aim was to investigate the
accumulation of polycyclic aromatic hydrocarbons (PAHs) in liver and muscle tissues of sea turtles stranded
along the Northeastern Brazilian coast after the 2019 oil spill, to identify potential sources of contamination,
and to assess the toxicological implications for these sentinel marine species. The findings provide insight into
the environmental consequences of oil pollution and support conservation efforts for vulnerable sea turtle
populations affected by large-scale coastal contamination.

Material and methods

Study area and sample collection

The study was conducted along the northeastern coast of Brazil, which represents the most significant section of
the Brazilian coastline, measuring 3317 km. This area stretches between the Bay of Sdo Marcos in Maranhao and
the Bay of Todos os Santos in Bahia®. The northeastern continental shelf is categorized into three segments: the
inner shelf, the middle shelf, and the outer shelf>!. A gentle topography, the presence of reefs, and influences from
nearby channels and undulations characterize the inner shelf. In contrast, the middle shelf exhibits more varied
elevations, while the outer shelf primarily features flat terrain that gradually slopes as it approaches the break™.
The water masses in this region originate from the east and are carried by the South Equatorial Current, which
divides into two branches when it reaches the Paraiba’s coast, forming the Brazil Current. In the northeastern
coastal zone, the Brazil Current has an average temperature of 27 °C and salinity of 37%°. Data collection took
place in the states of Pernambuco, Rio Grande do Norte, and Ceard, with a focus on documenting strandings
along the coast.

Nineteen sea turtle specimens were collected in 2020 and 2021 (Table S1-Supplementary Material). Sampling
was carried out based on the strandings records from these states at the locations indicated in Fig. 1.

Turtle carcass conditions were analyzed prior to the samplings, and only specimens found in decomposition
stages D1, D2 or D3°* were used. The samplings carried out on the coast of Pernambuco were supported by the
NGO ECOASSOCIADOS, and the specimens were transported to the Herpetological and Paleoherpetological
Studies Laboratory at the Federal Rural University of Pernambuco (LEHP). The specimens from Rio Grande
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Fig. 1. Map of sea turtle specimens stranding sites. Created using QGIS version 3.34.15, https://qgis.org/down
load/.

do Norte and Ceard were sampled and processed with the aid of the Center for Environmental Studies and
Monitoring of the Cetaceans of Costa Branca Project (PCCB) team.

Laboratory procedures

The individuals were collected and sent to necropsy immediately after the stranding, followed by the recording
of death, to avoid tissue decomposition. Biometric measurements, i.e., carapace curvature length (CCL) and
carapace curvature width (CCW), were taken to identify sea turtle developmental stages®”.

Necropsies were then performed to remove livers and skeletal muscle tissues, according to specific turtle
techniques®, in a previously sanitized laboratory, using sterile materials or materials previously sanitized with
70% alcohol and filtered deionized water. No plastic equipment was used to handle or deposit the samples. After
necropsy, tissue samples were stored in sealed glass containers and kept at ~20°C until chemical analysis in the
Marine and Environmental Studies Laboratory (LabMAM) at the Pontifical Catholic University of Rio de Janeiro
(PUC-Rio0).

Polycyclic aromatic hydrocarbon determinations
Polycyclic aromatic hydrocarbons were analyzed following the protocol outlined by Pinheiro et al. (2021
In short, aliquots of 0.25 g (wet weight; precision +0.001 g) of sea turtle liver and muscle tissue samples were
chemically dried using approximately 10 g of decontaminated sodium sulfate (heated at 480 °C overnight), and
500 ng of p-terphenyl-d,, were added as a surrogate. Extraction of polycyclic aromatic hydrocarbons followed
the EPA Method 3540C, which used a Soxhlet apparatus containing 80 mL of dichloromethane for 8 h. The
crude extract volume was reduced to about 1 mL using a rotary evaporator for subsequent purification and
isolation. Initially, the extract was eluted with 80 mL of a 1:1 (v:v) mixture of n-hexane and dichloromethane
through a glass column (25 cm high x 1.5 cm internal diameter) filled with 8 g of silica gel (5% deactivated), over
16 g of alumina (5% deactivated), and 1 g of anhydrous sodium sulfate. The second purification involved a gel
permeation exclusion column connected to a high-performance liquid chromatograph, with PAHs recovered
after 30-40 min of each run, monitored via a UV/Vis detector.

The purified extracts were diluted to 1 mL and used 500 ng of naphthalene-d,, acenaphthene-d,,
phenanthrene-d,, chrysene-d,, and perylene-d,, as internal quantification standards. The PAH determinations
were conducted using the EPA 8270D method, based on the GC-MS technique. The equipment calibration

)45'

Scientific Reports|  (2025) 15:31549 | https://doi.org/10.1038/s41598-025-17129-4 nature portfolio


https://qgis.org/download/
https://qgis.org/download/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

considereda12-pointcalibrationcurve(0,50;1,0;2,0;5,0;10;20;50; 100;200;400; 1000and2000ngmL'1)comprising
a solution containing the 16 PAHs controlled by the method (naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-c,d)pyrene, dibenzo(a,h)anthracene, benzo(ghi)perylene),
dibenzothiophene, perylene and benzo(e)pyrene. The method also includes the following alkylated compounds:
1-methylnaphthalene, 2-methylnaphthalene, C2 naphthalenes, C3 naphthalenes, C4 naphthalenes, Cl
fluorenes, C2 fluorenes, C3 fluorenes, C1 dibenzothiophenes, C2 dibenzothiophenes, C3 dibenzothiophenes,
Cl(phenanthrenes + anthracenes): ~ C2(phenanthrenes+anthracenes), C3(phenanthrenes + anthracenes),
C4(phenanthrenes +anthracenes), C1 pyrenes, C2 pyrenes, C1 chrysenes, and C2 chrysenes. The alkylated
compounds were identified based on the curves of their corresponding parent compounds. A total of 37 parental
and alkylated PAHs were identified and quantified. Quality of analysis and quality control (QA/QC) criteria
consisted of analyzing laboratory blanks, surrogate standard recoveries (between 60 and 120%), precision better
than 20%, and method accuracy through tissue doping with a mixture of PAH standards.

Statistical analyses

Data normality in the PAH distribution was evaluated by the Kolmogorov-Smirnov method using the Stat 3.0
program. Significant differences (p <0.05) between PAH concentrations and analyzed tissues were considered
using Student’s t (parametric) and Mann-Whitney (nonparametric) statistical tests. Hierarchical cluster analysis
involved using Euclidean distances and the Ward method on a normalized data matrix. The total sample
concentrations underwent normalization and Z-score standardization. R Studio draws the data visualization
graphs.

Results

Sea turtle species and general characteristics

A total of 19 sea turtle specimens found stranded between January 2020 and August 2021 were collected, 12
along the coastal strip of Pernambuco, three along the northern coast of Rio Grande do Norte, and four on the
southern coast of Ceara. Twelve were identified as Chelonia mydas, four as Lepidochelys olivacea, and three as
Caretta caretta (Table S1-Supplementary Material). The mean CCL and CCW values and standard deviations for
each of the sampled species are depicted in Table S2-Supplementary Material.

Polycyclic aromatic hydrocarbon concentrations in sea turtle liver and muscle tissues

Table 1 presents the concentrations of polycyclic aromatic hydrocarbons (PAHs) in the muscle and liver of all
sampled sea turtles, showing the means and minimum and maximum values. Detailed values for each species
are displayed in Table S2-Supplementary Material. The table includes the total amounts of identified PAHs,
distinguishing between low molecular weight PAHs (LMW PAHs, parental compounds with 2-3 rings) and high
molecular weight PAHs (HMW PAHs, parental compounds with 4-6 rings) as well as their ratio (LMW/HMW).

Fourteen out of the sixteen EPA priority PAHs were detected in at least one sample, namely naphthalene (N),
acenaphthene (ACF), acenaphthylene (ACE), fluorene (F), anthracene (A), phenanthrene (Ph), fluoranthene (Fl),
pyrene (Py), benzo(a)anthracene (BaA), chrysene (Ch), benzo(b)fluoranthene (BbFl), benzo(k)fluoranthene
(BKFl), benzo(a)pyrene (BaPy) and benzo(ghi)perylene (BghiPe). In addition, twelve alkylated PAHs were
detected: Cl-naphthalene (CIN), C2-naphthalene (C2N), C3-naphthalene (C3N), Cl-fluorene (CIF), C2-
fluorene (C2F), C3-fluorene (C3F), Cl-phenanthrene-anthracene (C1Ph), C2-phenanthrene-anthracene (
C2Ph), C3-phenanthrene-anthracene (C3Ph), Cl-pyrene (C1Py), C2-pyrene (C2Py) and benzo(e)pyrene
(BePy).

The 16 priority PAHsand the total of 37 PAHs were more concentrated in muscle (3, [PAHs = 48.20 + 55.71 ng g ™';
¥, ,PAHs=67.87+54.22 ng g'') compared to the liver (¥ PAH=27.04+18.71 ng g; ¥, PAHs=50.19+42.74 ng
g!). The 37 main PAHs represented 63.35+20.93% of the total PAHs in muscle tissue and 68 +25.67% in liver
tissue. In addition to differences in concentrations, the LMH/HMH ratio was lower in the muscle (1.02+0.98)
compared to the liver (2.55+3.65 ng g™'), with the percentage of alkylated PAHs of 18.8+19.4% in the muscle
and 16.1+22.8% in the liver.

The highest PAH concentration in the muscle was for Py (22.6 +45.8 ng g'!), followed by Ph (7.46+5.79 ng
g!). On the other hand, Ph was the most predominant compound in the liver (Ph=7.89+5.67 ng g*), followed
by BePy (7.02+24.1 ng g!) and Fl (6.45+11.6 ng g!). In addition, Py and Ph were also the most frequently
detected in the analyzed samples, present in 90 and 84.8% of all samples, respectively (Fig. 2).

Polycyclic aromatic hydrocarbon distribution among sea turtle species and sampling sites,
and biometric measurement classes
No significant differences (p<0.05) between liver and muscle PAH concentrations were observed in the sea
turtle specimens sampled from PE (p=0.673) and CE (p=0.286). In addition, no differences between liver
(p=0.46) and muscle (p =0.90) tissues were noted when comparing the same sampling regions. The comparison
between specimens from RN and other states was not performed due to the low sample size (N=2) for each
tissue (Fig. 3). Furthermore, no significant differences were observed when comparing the liver and muscle
samples (p=0.2014) (Fig. 4). This statistical analysis was not conducted separately for each species due to the
limited number of Caretta caretta and Lepidochelys olivacea individuals; instead, data were combined across all
specimens analyzed.

Regarding biometric measurements, the Student’s t-test showed no difference between PAH concentrations
in the liver and muscle with CCL (p=0.6933) or CCW (p=0.8924) measurement (see detailed data in
Supplementary Material). This specific statistical analysis of PAH tissue retention was conducted only for
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Muscle Liver
PAH Mean | SD Median | Minimum | Maximum | Mean | SD Median | Minimum | Maximum
N 2.00 297 <LQ <LQ 7.73 1.83 2.62 <LQ <LQ 7.10
CIN 193 |255 |<LQ <1LQ 7.53 129 |1.82 |<LQ <LQ 424
C2N 1.32 2.34 <LQ <LQ 8.67 1.25 2.29 <LQ <LQ 8.28
C3N 1.65 1.98 <LQ <LQ 4.42 1.51 2.12 <LQ <LQ 4.76
C4N <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
ACF 0.15 0.61 <LQ <LQ 2.44 0.14 0.39 <LQ <LQ 1.33
ACE 3.29 12.52 | <LQ <LQ 50.17 1.00 3.73 <LQ <LQ 13.95
F 0.60 0.96 <LQ <LQ 2.68 0.86 1.27 <LQ <LQ 3.44
CIF 2.23 4.21 <LQ <LQ 13.03 0.50 1.86 <LQ <LQ 6.97
C2F 0.30 0.74 <LQ <LQ 2.39 0.31 0.64 <LQ <LQ 1.94
C3F 0.24 0.66 <LQ <LQ 2.26 0.44 0.77 <LQ <LQ 2.28
DBT <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
C1DBT <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
C2DBT <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
C3DBT <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
Ph 7.46 579 |8.24 <LQ 16.68 7.89 567 |7.01 <LQ 18.85
C1Ph 5.04 6.15 <LQ <LQ 15.22 3.71 6.86 <LQ <LQ 19.53
C2Ph 0.97 2.70 <LQ <LQ 9.06 0.92 343 <LQ <LQ 12.83
C3Ph 0.14 0.31 <LQ <LQ 0.76 0.16 0.32 <LQ <LQ 0.77
C4Ph <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
A 046 |084 |<LQ <1LQ 229 037 |078 |<LQ <LQ 2.82
Fl 2.75 5.15 <LQ <LQ 16.62 6.45 11.61 | 1.19 <LQ 41.07
Py 22.62 |45.84 | 7.00 <LQ 141.75 4.28 386 |2.34 <LQ 10.81
Cl1Py 3.00 |654 |<LQ <LQ 19.41 357 |7.02 |<LQ <LQ 17.81
C2Py 2.87 4.82 <LQ <LQ 12.03 2.47 4.94 <LQ <LQ 12.79
BaA 2.63 2.22 1.26 <LQ 6.70 1.42 1.51 0.95 <LQ 4.10
Ch 2.73 3.76 <LQ <LQ 12.77 0.98 1.64 <LQ <LQ 435
C1Ch <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
C2Ch <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
BbFL 4.00 10.98 |1.33 <LQ 45.03 0.84 0.72 1.02 <LQ 221
BKFI 0.07 |018 |<LQ <LQ 0.47 004 |0.15 |<LQ <LQ 0.56
BePy 1.25 1.73 <LQ <LQ 5.59 7.02 24.14 | <LQ <LQ 90.79
BaPy 0.80 0.76 <LQ <LQ 1.81 0.59 1.11 <LQ <LQ 3.05
Per <LQ | <LQ | <LQ <1LQ <1LQ <LQ | <LQ | <LQ <1LQ <LQ
I-Py <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
DBahA <LQ | <LQ | <LQ <LQ <LQ <LQ | <LQ | <LQ <LQ <LQ
BghiPer 121 |1.88 |<LQ <1LQ 6.34 034 |0.86 |<LQ <1LQ 3.16
16HPAngg 48.20 | 55.71 | 30.23 3.73 192.13 27.04 | 18.71 | 22.09 1.81 60.92
HPAtot_ng g | 67.87 | 54.22 | 54.43 6.01 192.13 50.19 | 42.74 | 28.96 1.81 135.11
LMW 13.96 | 12.37 | 14.37 <LQ 50.17 12.10 | 10.28 | 11.57 <LQ 37.73
HMW 34.24 | 50.64 | 16.12 3.73 174.16 14.94 | 15.80 | 8.14 1.26 56.94
LMW/HMW |1.02 |0.98 |0.83 <LQ 2.85 2.55 |3.65 |1.49 <LQ 12.40
HPAs Alq 18.81 | 19.40 | 13.64 <LQ 63.46 16.13 | 22.78 | 6.09 <LQ 73.75
% 16HPAs 63.35 | 20.93 | 59.31 40.19 100.00 68.00 | 25.67 | 69.79 15.29 100.00
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Table 1. Means, standard deviations (SD), median values, and minimum/ maximum polycyclic aromatic
hydrocarbon (PAH) values (ng g!) in the liver and muscle tissue of the investigated sea turtles. LQ Limit

of Quantification, N naphthalene, ACF acenaphthene, ACE acenaphthylene, F fluorene, A anthracene, Ph
phenanthrene, FI fluoranthene, Py pyrene, BaA benzo(A)anthracene, Ch chrysene, Bbfl benzo(B)fluoranthene,
Bkfl benzo(K)fluoranthene, BaPy benzo(A)pyrene, I-Py indene(1,2,3-Cd)pyrene, BghiPe benzo(ghi)perylene,
DBahA dibenzo(ah)anthracene, CIN Cl-naphthalene, C2N C2-naphthalene, C3N C3-naphthalene, C4N
C4-naphthalene, CIF C1-fluorene, C2F C2-fluorene, C3F C3-fluorene, DBT dibenzothiophene, CIDBT C1-
dibenzothiophene, C2DBT C2-dibenzothiophene, C3DBT C3-dibenzothiophene, CI1Ph Cl1-phenanthrene-
anthracene, C2Ph C2-phenanthrene-anthracene, C3Ph C3-phenanthrene-anthracene, C4Ph C4-phenanthrene-
anthracene, C1Ch Cl-chrysene, C2Ch C2-chrysene, BePy benzo(e)pyrene, Pe perylene, 5 1cPAH sum of the 16
main PAHs according to the USEPA, ¥ 5, PAH sum of the 37 individual PAHs, Y LMW Sum of low molecular
weight PAHs, YHMW Sum of the high molecular weight PAHS, LMH/HMH Ratio between LMW and HMW
PAH concentrations, YPAHalk Sum of the concentrations of alkylated PAHs, %X 1sPAH Percentage ¥, PAH,
%Xalk Percentage %Yalk, *14 compounds were detected among the 16 priority compounds and 26 among the
total of 37 compounds included in the method.
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Fig. 2. Relationship between the identified polycyclic aromatic hydrocarbon (lower X-axis) and the respective
non-detected frequency of the compound, represented by the white area of the figure, considering all sea turtle
samples. *<LQ (%) Percentage of samples below the limit of quantification.
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Fig. 3. Box plots representing the relationship between sea turtle sampling sites (x-axis), polycyclic aromatic
hydrocarbon sums (y-axis), and analyzed tissue (box plots). Horizontal line - median; Whiskers - minimum
and maximum values; YPAHs (ng g'!) - the sum of the 37 PAHs identified in the samples; CE - Ceard; PE -
Pernambuco; RN - Rio Grande do Norte.
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Fig. 4. Box plots representing the relationship between sea turtle species (x-axis), polycyclic aromatic
hydrocarbon (PAH) sums (y-axis), and analyzed tissue (box plots). Horizontal line — median; Whiskers —
minimum and maximum values; ¥ PAHs (ng g!) - the sum of the 37 PAHs identified in the samples.
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Fig. 5. Dendogram obtained by the Cluster Analysis with PAHs data.

Chelonia mydas, as most samples were from this species, and there were few specimens of Caretta caretta and
Lepidochelys olivacea.

Multivariate statistical analysis

The cluster analysis identified three groups based on accumulation patterns (Fig. 5). Group 1 included 10
samples (six from CE and four from RN) with a strong presence of pyrene (Py) and fluorene (Fl). Group 2
contained five samples (two from CE and three from PE), showing greater diversity in PAHs. It featured high
concentrations of pyrene (Py) and phenanthrene (Ph), along with their alkylated compounds, and a “bell”
distribution of naphthalene (N) and alkylated homologs, with C3N being the most abundant. Group 3 comprised
15 samples —14 from PE and one from CE—and was characterized by a strong influence of phenanthrene (Ph),
C1-phenanthrene (C1Ph), C1-fluorene (C1F), and naphthalene with alkylated homologs arranged in decreasing
order: C0, C1, C2, and C3. While Group 3 contained some Pyrene, the concentrations were lower than in the
other groups. Details on Fig. 6.

Discussion
The analysis revealed PAH contamination in all sampled sea turtle specimens (detailed data as Supplementary
Material). In muscle tissue, pyrene, phenanthrene, and benzo(b)fluoranthene were most prevalent, while in the
liver, phenanthrene, benzo(e)pyrene, and fluoranthene were dominant. Previous studies by Rossi et al.>” and
Yaghmour et al.>® have documented similar findings in liver and muscle samples from sea turtles in Brazil and
the Gulf of Oman, respectively (see Table 2).

The alkylated-to-total PAHs ratio was low, representing 33.5+21.2% in the muscle and 25.9+19.2% in the
liver. These values indicate a pyrogenic contamination profile®, although some samples exhibited alkylated PAH
concentrations exceeding 50% of those of the parental compounds. Rossi et al.’” and Ylitalo et al.*’ quantified
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Fig. 6. Polycyclic aromatic hydrocarbon (PAH) profiles are based on the cluster analysis, considering all
analyzed samples. Horizontal line — median; Box - percentiles; Whiskers — minimum and maximum values.

Reference Local Species N | Period Tissue Tissue YtotalPAHs (ng g!)
Ylitalo et al. (2017)* Northern Coast of the Gulf of Mexico | Cm Cc Lk Ei | 66 | 2010-2011 | Liver 14+7.1ngg!
N N
Vilca et al. (2018)% Southeastern Coast of Brazil Cm 44 | 2011-2012 | Liver 148 ng 8, (Non-FP)
17.3ng g' (FP)
oy 1
Yaghmour, et al. (2020)*® | Gulf of Oman - United Arab Emirates | Cm 22 | 2016-2018 | Liver and muscle liver= 1_5'0 +5.ngg 0
muscle=1.39+0.85ng g
Arienzo et al. (2023)% Western Coast of Italy Cc 19 | 2019-2021 | Liver 139+55.1 ng g
Rossi et al. (2023)%7 Northeast Coast of Brazil Cm 17 | 2015-2018 | Liver 1,154+2,232 ng g!
. — 1
This study Northeast Coast of Brazil Cm Cc Lo 19 | 2020-2021 | Liver and muscle liver= 6}‘9 £54.2ng 8 0
muscle=50.2+42.7 ng g

Table 2. Total PAHs (distinct number of compounds in each case) concentrations in sea turtle tissues
described in previous assessments and the present study. *Cm Chelonia mydas, Cc Caretta caretta, Lk
Lepidochelys kempii, Ei Eretmochelys imbricata, Lo Lepidochelys olivacea, Non-FP specimens without
fibropapillomatosis, FP specimens with fibropapillomatosis.

the frequency of alkylated homologs in sea turtle samples. It is common for PAH,, to be more concentrated in
organisms that have been in contact with petrogenic residues, as these are essential petroleum components®®©!.
Alkylated homologs are also more resistant to degradation and lipophilic, facilitating their accumulation in fatty
tissues, such as the liver®>93.

Research on the comparative analysis of alkylated and parental polycyclic aromatic hydrocarbons (PAHs)
in marine tetrapods, particularly sea turtles, is limited. For instance, Waszak et al. (2021) conducted a study on
seabird tissue samples and found that 60 to 70% of the PAHs present were alkylated, indicating contamination
from petroleum sources. Additionally, some studies involving invertebrates have shown that elevated
concentrations of alkylated PAHs are associated with increased toxicity®*%°.

Although there is overlap between the area assessed in this study and that studied by Rossi et al.*’, the
concentrations reported by those authors are at least two orders of magnitude higher for the total polycyclic
aromatic hydrocarbons (YPAHs), measuring 1154+2232 ng g’ (as shown in Table 2). Rossi et al.>” collected
their samples between 2015 and 2018, before the 2019 oil spill in Northeast Brazil. While their values indicate
contamination by anthropogenic hydrocarbons in the study area prior to the oil spill, they are not comparable to
those presented in other studies in Table 2. The reasons for the considerably increased concentrations observed
in their samples remain unclear. One potential explanation is the limited number of samples collected each year
(only five), which may have introduced bias in the data distribution. Additionally, the prevalence of naphthalene
and its alkylated homologs in their samples, which were absent in ours, suggests exposure to lighter PAHs.
These discrepancies in the occurrence of PAHs in turtles stranded on Northeast Brazilian beaches underscore
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the importance of increasing the frequency of sampling and evaluating organic contamination in these animals,
including other contaminants.

In addition to the elevated PAH concentrations reported by Rossi et al.”’, those authors also differentiated
specimens presenting tumors caused by the Chelonid alphaherpesvirus 5 (ChHV5), the causative agent of
fibropapillomatosis (FP) in sea turtles, identifying a correlation between the presence of tumors and benzo(b)
fluoranthene, indene(1,2,3-c,d)pyrene and C1-C3-dibenzothiophene concentrations. Fibropapillomatosis is an
immunosuppressive disease that affects marine testudines, with evidence that occurrence is higher in individuals
exposed to contaminants®>7:%’. Herein, the presence/absence of fibropapillomatosis was not linked to PAH
concentrations, as the number of animals with tumors was not relevant. However, it is noteworthy that IPy,
C1-DBT, and C3-DBT, related to the presence of fibropapillomatosis in Chelonia mydas by Rossi et al.”’, were
below the limit of quantification for the present study. Vilca et al.*® identified higher PAH concentrations in the
liver of Chelonia mydas specimens presenting fibropapillomas, with concentrations lower than those reported in
this assessment (Table 2). On the other hand, Arienzo et al.®® did not consider the presence of FP but indicated
results at least twice as high as those reported herein (Table 2). Thus, it appears that further research is necessary
to establish a correlation between PAH concentrations and the occurrence of fibropapillomatosis in turtles
stranded on Brazilian beaches.

No significant difference (p=0.2014) was observed between PAH concentrations and analyzed tissues.
However, muscle tissue presented slightly higher concentrations of individual PAHs (¥, PAH =67.87 + 54.22 ng
g1, priority PAHs (T, ,PAH =48.20+55.71 ng g!), and high molecular weight PAHs ((HMW =34.24+50.64 ng
g'!) when compared to the values found in the liver tissue. The concentrations of LMW PAHs, on the other hand,
were similar between muscle and liver (\LMW muscle=13.9+12.4 ng g'; JLMW =12.1+£10.3 ng g').

The relative fluoranthene levels in the liver were relevant for the LMW/HMW ratio in this tissue since
fluoranthene was detected at much higher concentrations in this tissue than in the muscle (Fl, , =6.45+11.6 ng
gh Fl .=2.75+5.15 ng g). The liver is the primary organ for metabolizing PAHs®, although degradation
efficiency is associated with molecular weight, where HMW compounds are more easily degraded than LMW
ones>16:69.

The findings reported by Yaghmour et al.”® indicated that the concentration of PAHs was significantly
higher (p <0.05) in the liver (YPAHliver=15.0+5.00 ng g”!) compared to the muscle ({PAHmuscle =1.39 +0.85
ng g!) of sea turtles (Chelonia mydas) sampled from the coast of the Gulf of Oman. This contrasts with the
current results. Conversely, Kuzukiran et al.”’ observed a slightly increased concentration of PAHs in the muscle
(84.2+21.3 ng g'!) compared to the liver (75.8+28.5 ng g!) of male Caretta caretta turtles, but the opposite
was noted for female specimens of the same species. This trend may reflect individual physiological variations
or those associated with the time of exposure and metabolization of the compounds; however, we also do not
exclude any bias in data distribution caused by the relatively low number of turtles analyzed on Brazilian beaches,
which highlights the need for further investigation.

The relative contributions of LMW PAHs such as naphthalene, phenanthrene, fluoranthene, and
acenaphthylene in the analyzed samples indicate petrogenic contamination’". The presence of these compounds
has also been identified in other studies investigating the presence of PAHs in biological samples from animals in
Northeastern Brazil after the 2019 oil spill**’, including a study concerning sea turtle feces’2. Magalhaes et al.?’
determined PAHs in mollusks, crustaceans, and fish affected by the spill in Pernambuco, NE Brazil, identifying
high concentrations of naphthalenes and alkylates, followed by pyrene, phenanthrene, and fluoranthene, while
HMW PAHs were rare. Soares et al.”! investigated PAHs in the muscle tissue of fish and mollusks collected from
the coast of the states of Alagoas and Sergipe in NE Brazil, reporting a predominance of fluoranthene, fluorene,
and acenaphthylene in fish, and phenanthrene, fluoranthene, and naphthalene in mollusks. It is important
to note that both studies aimed at a short-term analysis of the oil spill event in the Brazilian Northeast and
comprised preliminary contamination assessments.

Furthermore, the analyzed biological matrices mentioned above focused on animals presenting limited,
sometimes non-existent, locomotion (sessile animals). This characteristic, alongside the biology of the indicator
biota, indicates different levels from those reported herein, as sea turtles are migratory animals and naturally
accumulate substances due to their slow metabolism”?. However, the qualitative similarity between the detected
LMW PAH may indicate that the sample contamination verified herein is related to the Northeast Brazil oil spill
event of 2019. Additionally, a study recently published by Feitosa et al.” reported the presence of oily residues in
the gastrointestinal tract (GIT) of sea turtles necropsied following this oil spill, with the leading cause of death
comprising topical inflammation caused by the GIT petroleum.

The HMW PAHs dispersed in oceans, known as pyrogenic, generally originate from incomplete combustion
of fossil fuels”>. However, some HMW PAHs can be directly associated with contamination by petroleum residues
when concentrated in biological matrices!’. Pyrene (four aromatic rings) is an example of HMW PAH associated
with petroleum dumping in aquatic systems?’. This compound was one of the most abundant detected in the
animals analyzed herein. Despite high concentrations in the liver, Py values more than tripled in the muscle,
possibly due to the lower metabolic capacity of this tissue’. The high concentrations of Py influence petrogenic
contamination indicators, such as PAH  to total PAHs ratio.

Previous studies have investigated PAH bioaccumulation in sea turtle tissues following oil spill accidents.
For example, Ylitalo et al.*’ analyzed PAH concentrations in livers from 2010 to 2011, following the Deep-Water
Horizon (DWH) blowout, which is recognized as the largest oil spill event in the world. The authors investigated
polycyclic aromatic hydrocarbons (PAHs) in visibly oiled and non-oiled sea turtles, detecting naphthalene,
phenanthrene, and their alkylated derivatives as the most predominant PAHs. Herein, all specimens were visibly
not oiled, although our results exceeded the concentrations reported by Ylitalo*” for non-oiled specimens (Table
2). Camacho et al.”® monitored PAHs in the blood tissue of sea turtles (Caretta caretta) from the Canary Islands
and reported elevated concentrations of naphthalene and phenanthrene over the years (2007-2010). Although
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no recent oil spills were documented at the time, the illegal circulation of oil tankers in the region was commonly
reported, resulting in the uncontrolled dumping of oil waste into the sea””.

The cluster analysis separated all analyzed samples (muscle and liver) into three profiles (Fig. 5). Although
quantitative distinctions in concentrations were observed between the three groups, no significant differences
(p>0.05) in the qualitative composition of PAHs were noted in general, which further supports the indication of
petrogenic contamination due to the relevant presence of N, Ph, Fl, and Py'®%. The influence of some pyrogenic
PAHs was observed in Groups 1 and 2, i.e., Ch, BaA, BePy, and BaPy. BbFl appears at high concentrations in all
three groups. Although relevant for the obtained profiles, pyrogenic compounds were detected at much lower
concentrations than petrogenic compounds. Furthermore, group 3, as defined by the cluster analysis (Fig. 6),
encompassed most of the analyzed samples and was virtually unaffected by pyrogenic PAHs.

There are differences in the ecological profiles of the species, but these were not related to the sampling
criteria used in this study. Importantly, no significant variation was observed in PAH retention between tissue
types (muscle and liver), nor between sampling locations—whether at the state level (Pernambuco, Rio Grande
do Norte, and Ceara) or among municipalities. This absence of difference could be due to the small number of
samples collected from each location and the sampling process itself, which only identifies the stranding point
rather than the actual site of death for the sea turtle.

Interspecific differences in PAH concentrations were not significant, likely because there were fewer
individuals of Lepidochelys olivacea and Caretta caretta compared to Chelonia mydas. For future studies, it is
advised to balance the number of specimens collected across species to enable more reliable comparisons.

Although no significant differences in PAH concentrations were observed in the present study, it is plausible
that each species’ feeding ecology may influence contamination levels. While all species share similar diets
during their early life stages28, their feeding habits diverge significantly as they reach juvenile and adult stages.
Therefore, in addition to trophic level, the habitat occupied by individuals may also be closely linked to PAH
bioaccumulation®’.

The green turtle (Chelonia mydas), for example, mainly feeds on algae and marine phanerogams during its
juvenile and adult stages®®-7°. As a result, it often inhabits coastal areas, which increases its exposure to human
activities and land-based sources of toxic waste’"72. Caretta caretta lives in pelagic zones during its juvenile
phase, feeding on fish, cnidarians, and algae. When it reaches maturity, it migrates to neritic zones and adopts a
benthic diet’?, making it more vulnerable to coastal pollution®. In contrast, the olive ridley turtle (Lepidochelys
olivacea) inhabits neritic or oceanic surface waters during its juvenile stage and has an omnivorous diet’®. As
adults, these turtles use both pelagic and neritic zones, ranging from shallow to deep waters”>’°. While this
species has a harder time foraging along the coast, it still remains vulnerable to pollution, as waste can be
transported over long distances by ocean currents””.

Because few studies report PAH contamination in sea turtle tissues (as shown in Table 2), it is currently
impossible to determine a clear contamination scenario based solely on ecological habits. However, species-
specific trophic and habitat traits are likely important factors affecting PAH bioaccumulation and should be
explored in future research.

Itis also important to recognize that contamination levels are closely linked to other factors, including the type
of exposure—such as duration, volume, density, residue composition, water column distribution, and contact
method (like direct contact, ingestion, and inhalation)*>*3787% Additionally, the ontogenetic and physiological
traits of the animals—such as the presence of enzymes that metabolize specific contaminants—should also be
considered®.

The similarities observed in tissue samples, species, and collection sites—along with high levels of PAHs—
also indicate significant contamination of sea turtles. Therefore, while identifying the exact sources of petrogenic
and pyrogenic PAHs in sea turtles and other marine organisms remains difficult, conducting short- and medium-
term investigative studies after events that cause substantial environmental impacts, such as the 2019 oil spill on
the Northeast coast, is essential. This approach will generate valuable data that can serve as a baseline for long-
term environmental monitoring.

Conclusions

This study demonstrated the widespread presence of polycyclic aromatic hydrocarbons (PAHs) in the liver and
muscle tissues of three sea turtle species (Chelonia mydas, Caretta caretta, and Lepidochelys olivacea) found
stranded after the 2019 oil spill that impacted Brazil’s northeastern coastline. A total of 37 PAHs, including both
parent and alkylated forms, were analyzed, with pyrene and phenanthrene emerging as the most frequently
detected compounds.

Although muscle tissues showed higher average PAH concentrations than liver tissues, the difference was not
statistically significant (p <0.05). This result contrasts with findings from previous studies, which often report
higher hepatic accumulation, and suggests a more complex pattern of PAH distribution that warrants further
investigation.

The chemical profile—dominated by low-molecular-weight compounds and a relatively low presence
of alkylated PAHs—suggests a predominantly petrogenic source, in line with the characteristics of the 2019
spill. Furthermore, the lack of significant variation across species, collection sites, or individual measurements
supports the interpretation of diffuse and widespread contamination, likely amplified by the turtles’ migratory
behavior and the broad dispersal of pollutants in marine environments.

These findings underscore the critical role of sea turtles as sentinels of environmental health in tropical
coastal ecosystems. The presence of toxic hydrocarbons in their tissues not only reflects the lingering impact of
the oil spill but also signals ongoing exposure to pollution from multiple sources.

These findings highlight the importance of ongoing coastal monitoring, which has been vital in assessing
marine wildlife health along Brazil's northeastern coast. However, their limited coverage leaves key areas—
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such as some regions where turtles were found and nearby marine protected zones—unmonitored. To address
these gaps, expanding efforts to track pollutant exposure, especially from persistent contaminants like PAHs, is
essential. Broader, integrated programs will help guide conservation, strengthen policies, and protect vulnerable
species like sea turtles and the coastal ecosystems supporting local communities.
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plementary Information files. Should any raw data files be needed in another format they are available from the
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