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The whitemouth croaker (Micropogonias furnieri) is one of the most commercially important species along the
Atlantic coast of South America. Moreover, some of its biological traits (long life span, inshore feeding, high tro-
phic position) make this species a suitable sentinel of coastal pollution. Here, we investigated contamination by
multiple legacy and emerging organic pollutants, such as brominated and chlorinated flame retardants,
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), in whitemouth
croakers from two estuaries (Guanabara and Sepetiba Bays) located in industrialized and urbanized areas in
Rio de Janeiro State, Southeastern Brazil. Furthermore, we assessed how biological and ecological features
could explain the observed contamination patterns. Regarding brominated flame retardants, concentrations of
polybrominated diphenyl ethers (PBDEs) varied from 7.6 to 879.7 pg g~! wet weight (w.w.), with high contribu-
tion of tetra-, penta-, hexa- and deca-BDEs. The sum of chlorinated flame retardants (dechlorane-related com-
pounds, 3DRC) ranged from <LOD to 41.1 pg g w.w., mostly represented by Dechlorane 603 and Dechlorane
Plus (DP). Concentrations of PCDDs and PCDFs varied from <LOD to 1.7 pg g”! w.w., while the Toxic Equivalent
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PCDD/Fs
Stable isotopes

(TEQ-PCDD/Fs) levels ranged from 0.1 to 0.2 pg g”' w.w. Positive correlations between 6'°N and concentrations
of tri-, tetra- and penta-BDEs, as well as 3DRC, DP and anti-DP isomers suggested that ecological factors (namely

biomagnification along the food web) influence contamination of whitemouth croakers in the estuaries studied.
Moreover, the sum of PBDEs (3PBDE), tri- and tetra-BDEs concentrations were negatively correlated with fish
size, suggesting that depuration by fishes and/or habitat shift throughout the whitemouth croaker's life cycle
might also influence concentrations. Overall, our study emphasized the need for further investigations to help
understand the complex patterns of bioaccumulation and biomagnification that seem to exist in Southeastern

Brazil.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Persistent organic pollutants (POPs) comprise a wide range of
chemicals that have received considerable attention due to their persis-
tence in the environment, long-range transport and toxic properties
(Jones and De Voogt, 1999; Walker et al., 2012). Restricted or banned
POPs - known as legacy POPs - are regulated by the Stockholm Conven-
tion, and include substances classified as unintentional products [i.e.
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated diben-
zofurans (PCDFs)], pesticides, and industrial chemicals [ie. flame
retardants (FRs), such as polybrominated diphenyl ethers (PBDEs) com-
mercial mixtures] (UNEP, 2017). On the other hand, the term emerging
pollutants refers to replacement substances for the legacy chemicals,
which have been recently observed in the environment. Among the
emerging pollutants, the category of FRs stand out, including
brominated [i.e. pentabromoethylbenzene (PBEB) and 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE)] and chlorinated flame retardants,
such as the dechlorane-related compounds (DRCs) [i.e. Dechlorane
602 (Dec 602; CAS# 31107-44-5), 603 (Dec 603, CAS# 13560-92-4),
604 (Dec 604; CAS# 34571-16-9) and Dechlorane Plus (Dec 605 or
DP, CAS# 13560-89-9) that are used as substitutes to the banned
Mirex. Legacy and emerging pollutants are prone to accumulate in or-
ganisms and biomagnify throughout food webs due to their persistent
and hydrophobic properties (Kelly et al., 2007; Walters et al., 2016;
Navarro et al., 2016, 2017, 2018). Therefore, marine organisms provide
opportunities to act as monitors of their environment, as levels and pro-
files of these contaminants can serve as intrinsic markers, reflecting the
ecosystem conditions under which biota live and feed (Alonso et al.,
2012; Chouvelon et al., 2014, 2017).

In Brazil, the whitemouth croaker, Micropogonias furnieri
(Desmarest, 1823) (Perciformes, Sciaenidae), has been recommended
as a good indicator of environmental contamination (Dorneles et al.,
2016) due to its distribution along the coastal waters of the western At-
lantic Ocean, to its longevity (~35 years), and high trophic position in es-
tuarine ecosystems (Bisi et al., 2012; Pizzochero et al., 2018; Vazzoler,
1991). Additionally, this species constitutes a commercially-important
resource in coastal demersal fisheries along the Atlantic coast of South
America (FAO, 2018; Haimovici et al., 2016). In this context, investiga-
tions on legacy and emerging pollutants in this species would not only
provide information on the contaminants that are spreading through
marine food webs in Brazilian coastal waters, but would also be relevant
in public and human health assessment as ingestion of seafood consti-
tutes the principal source of human exposure to POPs (Cruz et al.,
2015; Sidhu, 2003).

In the present study, concentrations of legacy and emerging POPs
were measured in white muscle samples of whitemouth croakers
from Rio de Janeiro state, Southeastern Brazil. We aimed to investigate
whitemouth croaker exposure to POPs and its relation with stable iso-
topes ratios of carbon (6!3C), nitrogen (6'°N) and sulfur (834S), in
order to provide a more comprehensive view of their potential use as
sentinels. Combining pollutant determination with measurements of
ecological tracers such as stable isotopes has been shown to be useful
for better understanding sources, pathways, and the trophic flow of tox-
icants (Bisi et al., 2012; Chouvelon et al., 2014, 2017). To the authors'

knowledge, this is the first study to determine emerging pollutants
[brominated (HBB - hexabromobenzene, BB-153 - 2,2/,4,4’,5,5'-
hexabromobiphenyl, PBEB and BTBPE) and chlorinated (Dec 602, Dec
603, Dec 604, DP and Chlordene Plus) flame retardants] in fish from
the southwest Atlantic Ocean.

2. Materials and methods
2.1. Study area and sample collection

Guanabara Bay and Sepetiba Bay are two important fishing areas in
Rio de Janeiro state (R]), in Southeast Brazil (Fig. 1). Located in the
metropolitan area of the Rio de Janeiro city, Guanabara Bay (22°24’
and 22°57' S/43°33’ and 43°00’ W, 328 km?) is the most
anthropogenically-disturbed area along the Brazilian coastline
(Dorneles et al., 2008a, 2008b, 2013). This estuary is under the direct in-
fluence of approximately 11 million people living in its surroundings
(IBGE, 2016), receiving sewage, industrial waste and consequently
many contaminants that are transported along its drainage basin,
which contains >12,000 industries (Baptista-Neto et al., 2016; Kjerfve
et al.,, 1997). Sepetiba Bay (22°55’ and 23° 05’S/43°40’ and 44°40'W,
450 km?) has also been severely impacted by anthropogenic activities
over the past 40 years. Its drainage basin is surrounded by a population
of about 2 million people and over 400 industries, including metallurgi-
cal, petrochemical and pyrometallurgical smelters (IBGE, 2016;
Molisani et al., 2004). Twenty whitemouth croaker (Micropogonias
furnieri) specimens were obtained from commercial fishery landings
in Guanabara (n = 14) and Sepetiba (n = 6) Bays in the 2014 austral
winter (dry season). Each fish was weighed, measured and dissected.
Dorsal white muscle samples were wrapped in individual aluminium
foil and kept frozen (20 °C) until being oven-dried at 60 °C to constant
weight (>72 h) prior to analysis. Biological parameters [size, mass and
lipid content (%)] of the specimens analyzed in the present study are
presented in Table 1.

2.2. Chemicals and reagents

Complete details on the standards used are presented in Table S1
(Supplementary data). Dec 602 (95% purity), Dec 603 (98%), and Dec
604 (98%) were purchased from Toronto Research Chemical Inc. (To-
ronto, ON, Canada). Chlordene Plus (CP; CAS# 13560-91-3) and DP
(syn-DP and anti-DP standards) were obtained from Wellington Labora-
tories Inc. (Guelph, ON, Canada). Mirex (CAS# 2385-85-5) was pur-
chased from Cambridge Isotope Laboratories Inc. (Andover, MA). For
brominated flame retardant (BFR) determinations, BFR-LCS (containing
14 13C;,-PBDEs, 13C-HBB, '3C;,-BB-153 and '3Cs-BTBPE), BFR-ISS (con-
taining 4 '3C;,-PBDEs) and BFR-CVS (five individual calibration solu-
tions containing among others 35 2Cy,-PBDEs, 20 '3C;,-PBDEs, 13Cg
and '?C-HBB, '3C;,- and '2C-BB-153, '3Cs- and '>C-BTBPE) were ob-
tained from Wellington laboratories Inc. (Guelph, ON, Canada). For
PCDD and PCDF determinations, EPA-1613LCS (containing 15 13¢4,-
PCDD/Fs), EPA-1613ISS (containing 2 >C;,-PCDDs) and EPA-1613CVS
(five individual calibration solutions containing among others 17
12¢,,-PCDD/Fs and 17 '3C;,-PCDD/Fs) were obtained from Wellington
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Fig. 1. Map of South America showing Brazil and Rio de Janeiro state. The insert shows the locations of Sepetiba Bay (A) and Guanabara Bay (B) within Rio de Janeiro state.

Table 1

Biological parameters, organic pollutants concentrations (pg g”' wet weight), f,.; values, TEQ values, and stable isotopes ratios of carbon (8'C), nitrogen (5'°N) and sulfur (5>4S) in

whitemouth croaker (Micropogonias furnieri) muscle samples from Southeastern Brazil.

Sampling Code  Size Lipid content Mass SPBDE? (pg  3DRC®(pg  fans SPCDD/FY (pg  TEQ® (pg  6'3C (%) 81N (%) 84S (%)
site (cm) (%) (kg) ) ) g g
Sepetiba Bay Sb#1 49 0.7 1.5 879.7 338 0.6 n.a -14 15.2 115
Sb#2 48 49 1.4 101.6 1.1 n.c. n.a -14.5 15.3 123
Sb#3 47 34 1.4 1111 5.1 0.5 n.a -14.7 15.5 123
Sb#4 46 2.5 1.45 160.8 2.8 0.6 n.a -14.5 15.2 10.8
Sb#5 49 43 14 40.7 3.8 0.7 n.a -15.4 144 12.2
Sb#6 45 4.2 1.05 84.4 4.5 1 n.a -144 149 12.7
Mean 4+ SD 473 4+ 1.6 33+ 16 14402 2297 +£3208 854125 0.7+0.2 - -1464+05 1514+04 12407
Min - max 45-49 0.7-4.9 1.05-1.5 40.7-879.7 1.1-33.8 0.5-1 - -154to-14 14.4-155 10.8-12.7
Median 47.5 3.8 1.4 106.4 42 0.6 - -14.5 15.2 123
Guanabara Bay  Gb#1 46 1.6 0.9 2214 n.d. n.c. n.a -185 133 14.7
Gb#2 47 1.6 1.1 7.6 0.7 n.c. n.a -18.9 13.6 125
Gb#3 49 2.7 1.09 326.2 3.0 04 n.a -15.6 12.8 15.0
Gb#4 50 4.9 13 67.3 7.0 04 n.a -16.6 144 15.0
Gb#5 51 2.2 14 59.7 9.7 1.0 0.4 0.1 -16.4 15.2 16.5
Gb#6 52 49 14 43.1 5.1 0.7 0.6 0.1 -18.3 13.5 12.3
Gb#7 53 3.8 1.9 53.0 2.7 n.c. 0.5 0.1 -16.7 14.0 17.3
Gb#8 56 2.8 1.8 21.0 4.1 n.c. n.d. 0.1 -15.8 14.2 153
Gb#9 61 6.5 2.2 234 2.1 n.c. 03 0.1 -16.5 139 15.2
Gb#10 61 159 1.8 315.2 41.7 0.6 0.2 0.1 -18.1 14.7 16.6
Gb#11 62 34 2.1 30.6 6.6 0.6 14 0.1 -16.6 14.0 17.3
Gb#12 65 34 2.7 43.6 1.0 n.c. 0.01 0.1 -16.1 129 15.8
Gb#13 66 2.7 3 479 3.2 1 1.3 0.1 -15.8 14.1 164
Gb#14 75 1.6 4.4 14.2 1.1 1 1.7 0.2 -154 144 149
Mean &+ SD 56.7 £+ 8.5 41 £ 3.7 19409 9141102 6.8+ 108 0.7+03 0.7+ 0.6 01+£003 -1684+12 139+07 153415
Min - max 46-75 1.6-15.9 0.9-44 7.6-326.2 n.d.-41.7 0.4-1 nd.-1.7 0.1-0.2 -189to-154 12.8-152 123-173
Median 54.5 3.1 1.8 45.8 3.2 0.6 0.5 0.1 -16.6 14 15.3
Total
Mean + SD 53+ 83 39432 1.8+ 08 13264+199.1 73+ 11.1 0.74+02 - -16.1+£14 143 4+08 14342
Min - max 45-75 0.7-15.9 0.9-44 7.6-879.7 n.d.-41.1 0.4-1 - -189to-14 12.8-155 10.8-17.3
Median 50.5 34 1.5 56.4 3.8 0.6 - -16 143 15

n.d. = not detected.
n.c. = not calculated due syn-DP value below LOD.
n.a. = not analyzed.
¢ 3PBDE: sum of PBDEs (IUPAC congener numbers: 17, 28, 47,49 & 71, 66, 77, 85, 99, 100, 119, 126, 139, 140, 153, 154, 156 & 169, 183, 184, 206, 207, 208 and 209).
b SDRC: sum of Mirex, Dechlorane 602, Dechlorane 603, Dechlorane Plus and Chlordene Plus.
€ fanei anti-DP divided by the sum of syn-DP and anti-DP.
4 SPCDD/F: sum of 1,2,3,6,7,8-HexaCDD; 1,2,3,7,8,9-HexaCDD; 1,2,3,4,6,7,8-HeptaCDD; OctaCDD (OCDD); 1,2,7,8-TCDF; 2,3,7,8-TCDF; 1,2,3,7,8-PCDF; 2,3,4,7,8-PCDF; 1,2,3,4,7,8-HCDF;
1,2,3,6,7,8-HCDF; 1,2,3,7,8,9-HCDF; 2,3,4,6,7,8-HCDF; 1,2,3,4,6,7,8-HpCDF,; 1,2,3,4,7,8,9-HpCDF and OCDF.
¢ TEQ: sum of TEQ of PCDDs and PCDFs.
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laboratories Inc. (Guelph, ON, Canada). The other chemicals used, i.e. an-
hydrous sodium sulfate, silica, sulfuric acid (95-97%) and solvents (hex-
ane, dichloromethane, ethyl acetate and toluene) for organic trace
analysis, were all obtained from Merck (Darmstadt, Germany).

2.3. Sample preparation and chemical analysis

The analytical methods used are described in detail elsewhere (De la
Torre et al.,, 2011, 2012). Extractions were performed with an Acceler-
ated Solvent Extraction system (ASE 100, Dionex, Sunnyvale, CA, USA)
using a mixture of hexane:dichloromethane (1:1 v/v) as solvent, at
100 °C, 1500 psi, 90% flush volume and three static cycles (10 min
time each, 70 mL total volume). Prior to the extraction step, the samples
were spiked with '3C;, labeled surrogate standards (see Table S1). The
oven-dried dorsal white muscle samples, ranging from 1 to 8 g, were
homogenized with 15 g of anhydrous sodium sulfate and introduced
into a 30 mL cell previously loaded by inserting two cellulose filters
followed by 2 g of anhydrous sodium sulfate. The resulting extract of
each sample was evaporated to constant weight for gravimetric lipid
determination and then re-dissolved in hexane. Sample purification
consisted of two steps: a liquid extraction with 100 mL of hexane and
50 mL of concentrated sulfuric acid to remove organic matter from the
extracts, followed by the transfer of the organic phase to an open glass
column with 15 g acid silica modified with 44% sulfuric acid, covered
with 1 g anhydrous sodium sulfate and eluted with 150 mL of hexane.
The cleaned extracts were concentrated to approximately 1 mL.
The fractionation step was performed in an automated purification
Power Prep™ System (FMS, Inc., USA) including acidic silica gel,
basic alumina and carbon columns. Two fractions were obtained:
Fraction A containing PCDD/Fs and Fraction B containing BFRs and
DRCs. Both fractions were concentrated to approximately 1 mL
under a flow of nitrogen using a Turbo Vap Il evaporator (Vertex,
Technics, Madrid, Spain), and spiked with the internal standard spik-
ing solutions (see Table S1).

The instrumental analysis was conducted using high resolution gas
chromatography coupled with high resolution mass spectrometry
(HRGC-HRMS; Agilent GC 6890N connected to a Waters Micromass
AutoSpec Ultima NT) at 10,000 resolving power (10% valley) and work-
ing in selected ion monitoring (SIM) mode. The GC column used for
PCDD/F determination was 60 m x 0.25 mm x 0.25 um film thickness
(DB-5MS, J&W Scientific), while a short and narrow column [15 m x
0.25 mm x 0.10 pm film thickness; DB-5MS (J&W Scientific)] was
used for BFR and DRC determinations. Instrument operating conditions
were as described in De la Torre et al. (2011, 2012).

Quantification was carried out using the isotopic dilution method
(US EPA, 1994). Three criteria were used to ensure the correct iden-
tification and quantification of analytes: i) +2 s retention time be-
tween the analyte and the standard, ii) the ratio of quantifier and
qualifier ions had to be within £15% of the theoretical values and
iii) a signal to noise ratio greater than three. Recoveries for DP
(13Cyo-syn-DP and '3C,o-anti-DP), '3C;,-PCDD/Fs, and '3C;,-PBDEs
in this study were 81 4 10%, 79 4+ 14%, 82 4+ 9% (mean =+ SD), re-
spectively. The limits of detection (LODs) and quantification
(LOQs) of the method were calculated as the concentration corre-
sponding to a signal-to-noise ratio of 3 and 10 respectively (see
Table S2). Procedural blanks were processed and analyzed with
every batch of samples under the same conditions. In addition, in-
strumental blanks consisting of nonane were run before each sample
injection to check for memory effects and contamination from the
gas chromatograph system. Concentrations in instrumental and pro-
cedural blanks were below LOD. For statistical descriptive calcula-
tions, samples with concentrations below LODs were considered as
zero. However, for PCDD/F World Health Organization 2005 Toxic
Equivalent (TEQ; Van den Berg et al., 2006) calculations, not de-
tected values were replaced by LODs.

2.4. Stable isotope measurements

The data on stable isotope ratios of carbon (6'3C), nitrogen (8'°N)
and sulfur (&%) in muscle samples of whitemouth croakers from
Guanabara Bay were extracted from Pizzochero et al. (2018). This
dataset was supplemented with specimens from Sepetiba Bay. Oven-
dried dorsal white muscle samples were ground into powder using
mortar and pestle. Approximately 4 mg of dry powdered material
were analyzed. Measurements of stable isotope ratios were performed
via continuous flow - elemental analysis - isotope ratio mass spectrom-
etry (CF-EA-IRMS) at the Laboratory for Oceanology, University of Liege
(Belgium), using a vario MICRO cube C-N-S elemental analyzer
(Elementar Analysensysteme GMBH, Hanau, Germany) coupled to an
IsoPrime100 isotope ratio mass spectrometer (Isoprime, Cheadle,
United Kingdom). Isotopic ratios were expressed using the widespread
d notation (Coplen, 2011), in %o and relative to the international refer-
ences [Vienna Pee Dee Belemnite (for carbon), Atmospheric Air (for ni-
trogen) and Vienna Canyon Diablo Troilite (for sulfur)]. IAEA
(International Atomic Energy Agency, Vienna, Austria) certified refer-
ence materials sucrose (IAEA-C-6; 6'C = -10.8 & 0.5%.; mean = SD),
ammonium sulfate (IAEA-N-2; 8'°N = 20.3 & 0.2%.) and silver sulfide
(IAEA-S-1; 63%S = -0.3%.) were used as primary analytical standards.
Sulfanilic acid (Sigma-Aldrich; §'3C = -25.6 + 0.4%.; 6!°N = -0.1 &+
0.4%o; 5>S = 5.9 + 0.5%.) was used as secondary analytical standard.
Standard deviations on multi-batch replicate measurements of second-
ary and internal lab standards (animal muscle tissue) analyzed inter-
spersed with samples (one replicate of each standard every 15
analyses) were 0.2%. for both 6'>C and 6'°N and 0.4%. for &S
respectively.

2.5. Data analysis

Each dataset (i.e., each pollutant concentration, stable isotope ratio
or biological parameter) was tested for normality using the Shapiro-
Wilk's W test, and non-parametric tests were applied since most
datasets did not follow a Gaussian distribution. All data are presented
as mean = standard deviation.

To test whether fishes from Sepetiba and Guanabara bays presented
differences in their contamination pattern, we used one-way ANOSIM
(ANalysis Of SIMilarity) to compare pollutant concentrations in fishes
from the two sites. ANOSIM is a non-parametric, multivariate procedure
that uses ranked dissimilarities between samples (here, fishes) to inves-
tigate the presence of significant differences between several groups.
ANOSIM is permutation-based and assumption-free, which makes it a
generally applicable way to test the hypothesis that one response vari-
able (here, the sampling site) is linked with significant differences in a
multivariate dataset (here, the pollutant concentrations; Clarke and
Warwick, 2001). All compounds found in at least one individual fish
were used as input variables. The resemblance matrix was built using
Bray-Curtis similarity coefficients, and the number of permutations
was set to 9999. The ANOSIM analyses were conducted using PAST
3.20 (Hammer et al., 2001).

To highlight potential relationships (or the absence thereof) be-
tween pollutant concentrations and stable isotope ratios and biological
parameters [length, mass and lipid content (%)], we performed correla-
tion analyses. 10 pollutants or pollutant classes were retained for
correlation analysis: tri-, tetra, penta, hexa and hepta-BDEs (summed
concentrations of all PBDE congeners with 3, 4, 5, 6 and 7 bromine
atoms, respectively), ZPBDE (summed concentrations of all
polybrominated compounds), 2DRC (summed concentrations of all
dechlorane-related compounds), Dechlorane 603, anti-Dechlorane
Plus, and total Dechlorane Plus (sum of anti- and syn-Dechlorane Plus
concentrations). Correlation analyses between all these pollutants or
pollutant categories (that could be quantified in >50% of the fishes)
and each stable isotope ratio (5'3C, 5'°N and 634S) and biological param-
eter (mass, size and relative lipid content) were performed. Since data
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did not follow a Gaussian distribution, Spearman's rank correlation co-
efficients (rs) were used. Since the ANOSIM test did not reveal signifi-
cant inter-site difference in fish contamination patterns (see below),
correlations were performed grouping all fishes from both estuaries.
Analyses were conducted using Prism 6.07 (GraphPad Software, La
Jolla, US.A.), and the level of significance (o) was set to 0.05. To make
visualization of these numerous correlations easier, results were syn-
thesized in a correlation matrix (Fig. 3). This correlation matrix was
generated using R 3.5.1 (R Core Team, 2018) and the corrplot package
v. 0.84 (Wei and Simko, 2017).

3. Results
3.1. Organic pollutant levels

The sums of PCDD/Fs (2PCDD/F), PBDEs (2PBDE) and DRCs (2DRC)
in each individual sample are listed in Table 1. Additionally, detailed
concentrations in wet weight (w.w.) and lipid weight (L.w.) for all target
analytes are reported in the Supplementary data (Tables S3-S9). Re-
search budget only allowed PCDD/F investigations in 10 specimens
from Guanabana Bay (Tables S3 and S4). Compounds 2,3,7,8-Tetra-
CDD, 1,2,3,7,8-Penta-CDD and 1,2,3,4,7,8-Hexa-CDD could not be de-
tected in any sample. Concentrations of PCDDs were greater than
those of PCDFs in 90% of the individuals, being OCDD predominant
PCDD/F in 80% of the samples, with concentrations ranging from <LOD
to 1.25 pg g ' w.w. (Table S3). Calculated TEQ values ranged from 0.1
to 0.2 pg TEQ g ! w.w. (Tables 1 and S5). For PBDEs, from 35 congeners
evaluated only ten presented quantification frequencies >50%: BDE-47
and BDE-100 (100% of samples; Tables S6 and S7); BDE-154, BDE-49
& 71 and BDE-153 (95%); BDE-66 (85%); BDE-99 (75%); BDE-28
(65%); and BDE-183 (60%). The PBDE profiles observed in whitemouth
croaker (Fig. 2A) indicated a high contribution of tetra-BDE (51 +
20%), penta-BDE (15 + 6%), and hexa-BDE (12 + 7%). The most com-
mon compounds represented were the tetra congener BDE-47 (pre-
dominant congener in 15 samples), the penta congeners BDE-100 and
BDE-99 and the hexa congeners BDE-153 and BDE-154. Although
BDE-209 (decaBDE) was only quantified in 40% of the fish samples
(Tables S6 and S7), its contribution to total PBDE content achieved levels
up to 78% (Fig. 2A). Quantification frequencies decreased for emerging
brominated pollutants. PBEB, BB-153, and BTBPE levels were below
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LOD in all samples, while HBB was only found in one sample from
Guanabara Bay (Gb#3) with a value of 0.1 pg g”! w.w. (Table S6).
Among the dechlorane-related compounds (DRCs), Dec 604 could
not be detected in any sample (Table S8). Detection frequencies of
each DRC ranked as follows: Dec 603 (95% of samples), DP [65% (anti-
DP: 65% and syn-DP: 45%)], Dec 602 (55%), mirex (40%) and CP (10%).
Percentage contributions from individual dechlorane compounds to
3DRC followed the same order as seen in their frequency of detection,
ranking as follows: Dec 603 (61 + 26%), DP (25 + 29%), Dec 602 (7
+ 8%), mirex (6 + 11%) and CP (0.2 + 0.6%) (Fig. 2B). Considering the
samples in which any DP isomer was quantified (n = 13), anti-DP
was predominant in 85% of them. The relative concentrations of the
DP isomers in whitemouth croaker was explored using the values of
the anti-DP fractions (fzn), calculated as the concentration of the anti-
DP divided by the sum of syn- and anti-DP concentrations. The fg,;
values obtained ranged from 0.4 to 1 (0.7 £ 0.2; mean + SD) (Table 1).

3.2. Relationships between pollutant levels, stable isotopes and biological
parameters

The stable isotope ratios of carbon (6'3C), nitrogen (6'°N) and sulfur
(8°4S) measured in the whitemouth croaker muscle samples in the
present study are summarized in Table 1. Considering that the
ANOSIM test did not reveal significant inter-site difference in fish con-
tamination patterns (p = 0.17,R = 0.11), correlations were performed
after grouping individuals from both estuaries. Regarding correlations
between pollutant levels (or grouped pollutants) and stable isotope ra-
tios, 2PBDE values were not correlated to any stable isotope ratios;
however, using the PBDE congener groups according to the number of
bromine atoms, tri-BDE was positively correlated with &'3C (rs = 0.48,
p = 0.03) and 6"°N (rs = 0.45, p = 0.04), while negatively correlated
with 8>S (rs = -0.48, p = 0.03) values (Fig. 3; Table S10). Tetra- and
penta-BDE levels increased with higher 6'°N values (rs = 0.50, p =
0.02 and rs = 045, p = 0.045, respectively). On the other hand, SDRC
was positively correlated with §'°N (rs = 0.46, p = 0.04); DP and
anti-DP were both positively correlated with 6'3C (rs = 0.47, p = 0.04
and rs = 0.48, p = 0.03, respectively) and 6'°N values (rs = 0.59, p =
0.006 and rs = 0.62, p = 0.003, respectively), while a positive correla-
tion was found between Dec 603 and with &S (rs = 0.47, p = 0.04)
values. Regarding biological parameters, a positive correlation was
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Fig. 2. (A) Relative contribution of PBDEs grouped by the number of bromine atoms in the molecule to XPBDE, and (B) relative contribution of individual dechlorane-related compounds to
3DRC in muscle samples of whitemouth croakers from Southeastern Brazil. The figure presents the individual code of each fish, which includes the sampling area (Sep: Sepetiba Bay; Gb:

Guanabara Bay) and the specimen number (#1, #2...).
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Fig. 3. Spearman rank correlation matrix between organic pollutants and biological
parameters [length, mass and lipid content (%)] and stable isotope ratios of carbon
(8'3C), nitrogen (6'°N) and sulfur (5*S) in muscle samples of whitemouth croakers
from Southeastern Brazil. Statistically-significant spearman rank correlations (rs, p <
0.05) are shown in blue (positive correlation) and red (negative correlation) color scale
(color intensity related to rs value), while non-significant correlations are left blank. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

found between Dec 603 and lipid content (rs = 0.45, p = 0.048), while
size was negatively correlated with 3PBDE, tri- and tetra-BDEs (rs =
-0.48,p = 0.03; rs = —0.45, p = 0.046; and rs = -0.54, p = 0.01, respec-
tively). No significant correlations (p > 0.05) were found between
3PCDD/F or TEQ values and biological parameters or stable isotope ra-
tios (6'3C, 6'°N and §34S) (Table S10).

4. Discussion
4.1. Pollutant exposure of whitemouth croakers from Southeastern Brazil

The PCDD/Fs levels in whitemouth croakers from Guanabara Bay
(from <LOD to 512.7 pg g ' Lw.; Table S4) were apparently higher com-
pared to those found in skipjack tuna (Katsuwonus pelamis) from
Brazilian offshore waters (mean: 4.2 pg g”! Lw.) (Ueno et al., 2005).
This is not surprising, given that Guanabara Bay is the most
anthropogenically-disturbed area along the Brazilian coast (Dorneles
et al., 2008a, 2008b, 2013). Additionally, the predominance of OCDD
in whitemouth croaker samples agrees with the results observed in
blubber samples of Guiana dolphin (Dorneles et al., 2013), as well as
in sewage sludge samples from wastewater treatment facilities in the
Rio de Janeiro metropolitan area (Pereira and Kuch, 2005). Such pre-
dominance suggests that combustion processes, i.e. mass combustion,
unleaded gasoline and diesel fuel combustion, and urban wastewater
treatment plants, might be important sources of PCDD/F contamination
in Guanabara Bay (Guerzoni et al., 2007). Regarding TEQ values, the
levels reported in this study were lower than the European action
level (Recommendation 2006/88/EC) and maximum permissible level
(Regulation 1881/2006) for PCDD/Fs in fish muscle meat and products
(setat2.3and 3.2 pg TEQ g ! w.w., respectively) (EFSA, 2010). However,
these results should be taken with caution, since previous research has
demonstrated that PCDD/Fs accounted for <1.2% of the total TEQ in all
Guiana dolphins, indicating that polychlorinated biphenyls (PCBs) are
the main cause for environmental concern in Rio de Janeiro state
when compared to PCDD/Fs (Dorneles et al., 2013).

PBDE levels in marine biota along the Brazilian coast are usually re-
lated to sampling areas close to industrial and urbanized regions
(Alonso et al., 2012, 2017; Dorneles et al., 2010; Magalhdes et al.,
2017; Quinete et al., 2011; Rosenfelder et al., 2012). For example,
Lavandier et al. (2013) have found PBDE values below LOD in muscle
of whitemouth croakers from Ilha Grande Bay, a less impacted estuary
classified as a biodiversity hotspot in the south of Rio de Janeiro state
(Creed et al., 2007). Conversely, fish from the Paraiba do Sul river

(north of Rio de Janeiro state) have shown apparently higher PBDE mus-
cle concentrations than the ones reported here (i.e., with a mean of
2.1 ng g”! w.w.; Quinete et al., 2011). While Guanabara and Sepetiba
bays are among the most impacted areas along the Brazilian coastline
(Baptista-Neto et al., 2016; Dorneles et al., 2008a, 2008b, 2013;
Kjerfve et al., 1997; Molisani et al., 2004), the presence of urban (Rio
de Janeiro and Sdo Paulo cities) and industrial centres (chemicals, tex-
tiles, sugar-alcohol) along the course of Paraiba do Sul river might
play a role in the presence of POPs contamination in its estuary
(Linde-Arias et al., 2008).

The high detection frequency and abundance of tetra- (BDE-47) and
penta- (BDE-99 and -100) PBDE congeners in whitemouth croakers
(Fig. 2A; Table S6), could reflect the use of commercial pentaBDE (C-
pentaBDE) mixtures in Southeastern Brazil (La Guardia et al., 2006). Ad-
ditionally, the high contribution of BDE-47 in whitemouth croakers re-
flects a worldwide trend observed in aquatic biota (Houde et al., 2014;
Mizukawa et al., 2009, Shao et al., 2016), including Brazilian environ-
ments (Alonso et al., 2012; Dorneles et al., 2010; Magalhaes et al.,
2017; Quinete et al., 2011). However, these results probably originate
from the combination of several factors, such as (1) higher release of
BDE-47 and, consequently, higher bioavailability for uptake by biota,
(2) higher assimilation efficiency and resistance to metabolism, and
(3) metabolic transformation via debromination from higher to lower
brominated congeners (Munschy et al., 2011; Roberts et al., 2011;
Stapleton et al., 2006).

Unlike BDE-47, BDE-209 has been less reported in biota. This could
be linked to its physicochemical properties that cause low availability
for, and low uptake by, biota, and by debromination into lower bromi-
nated congeners (Tomy et al., 2004; Stapleton et al., 2006; Munschy
et al,, 2011; Roberts et al., 2011). To the authors' knowledge, this is
the first study reporting BDE-209 in fish from the southwest Atlantic
Ocean, as previous studies have not targeted this congener (Lavandier
et al, 2013; Magalhdes et al.,, 2017; Quinete et al,, 2011). The presence
of BDE-209 in muscle of whitemouth croaker (Tables S6 and S7), as
well as in the blubber of Guiana dolphin (Sotalia guianensis) from
Guanabara Bay (Vidal, 2015), indicates the use of the commercial
decaBDE (C-decaBDE) mixture (>92% of BDE-209; La Guardia et al.,
2006) in Southeastern Brazil. Additionally, the presence of BDE-183 in
whitemouth croaker samples also suggests the recent use of commer-
cial octaBDE (C-octaBDE) mixtures in Southeastern Brazil, since this
congener has not been quantified in previous studies using mussels
(sampled in 1996; Zhu and Hites, 2003), Guiana dolphin (from 1994
to 2006; Dorneles et al., 2010) and rays (Rosenfelder et al.,, 2012) from
Guanabara Bay.

Among emerging BFRs evaluated in the present study, only HBB was
quantified in whitemouth croaker samples. To the best of our knowledge,
only two studies have previously reported levels of emerging BFRs in
aquatic biota from the southwest Atlantic Ocean (Alonso et al., 2012;
De la Torre et al., 2012). According to Alonso et al. (2012), HBB was de-
tected in 13 (25% of individuals sampled) Franciscana dolphins
(Pontoporia blainvillei) from the Southeastern and Southern coasts of
Brazil, while PBEB was detected in four individuals (8% of the total). The
low detection frequency of these compounds in aquatic biota could indi-
cate their low use in Brazil. While HBB can be used directly as flame retar-
dant in manufactured products (Covaci et al.,, 2011; De Wit et al,, 2011),
its presence in the environment can also result from thermal degradation
of commercial mixtures of PBDEs, and volatilization of polymeric bromi-
nated flame retardants, such as pentabromobenzyl acrylate oligomer (De
Wit et al., 2011; Gouteux et al., 2008). These aspects, combined with the
low frequency of HBB detection in our samples, reinforce the hypothesis
of low use of this compound in Brazil.

The dechlorane-related contamination pattern observed in
whitemouth croakers (Dec 603 > DP > mirex = Dec 602 > CP) in the pres-
ent study suggest, for the first time, Dec 603 as the most abundant DRC
in environmental samples. This pattern is notable since Dec 603 is usu-
ally reported as low or non-detected values in biota (Houde et al., 2014;
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Mekni et al., 2019; Rjabova et al., 2016). Patented by Hooker Chemicals
(now Occidental Chemical Company, OxyChem, United States), Dec 603
is identified as a flame retardant, and also as an impurity in technical
products of aldrin and dieldrin (legacy pesticides) (Shen et al., 2011).
Brazil allowed the production of aldrin until 1990 and its use as wood
preservative until 2000, while dieldrin has no register of use in Brazil
but its production for export occurred until 1998 (MMA, 2015;
Almeida et al., 2007). However, since aldrin and dieldrin have been re-
ported in crabs (Souza et al., 2008) and in mussels (Galvao et al.,
2015) from Southeastern Brazil, the occurrence of the emerging pollut-
ant Dec 603 in whitemouth croaker in this region could be associated to
the production and use of these pesticides.

DP showed the second highest contribution to XDRC in whitemouth
croaker, as well as being reported in Franciscana dolphins (Pontoporia
blainvillei) (Mirex > DP > Dec 603 > Dec 602 > CP) from the Southeastern
and Southern Brazilian coasts (De la Torre et al,, 2012). Since the major
applications of DP are industrial polymers used for coating electrical
wires and cables, connectors used in computers, and plastic roofing ma-
terial (Hoh et al., 2006), this suggests that DP in Southeastern Brazil
could be linked to high anthropogenic influence and industrial activity.
The predominance of anti-DP isomer in whitemouth croakers (fy,; =
0.7 £ 0.2; Table 1) is consistent with commercial DP products
(0.6-0.8; from Sverko et al., 2011 and Wang et al., 2010).

Mirex and Dec 602 showed similar contributions to =DRC in
whitemouth croaker, but this is not in agreement with previous studies
in aquatic biota worldwide that report higher levels of Mirex compared
to Dec 602 (De la Torre et al., 2012; Peng et al., 2014; Rjabova et al.,
2016). Mirex was widely used as a pesticide for ant control in Brazil
(MMA, 2015) and, although banned in the 1990s (MMA, 2015), Mirex
persistence remains an important factor to consider for understanding
its detection in representatives of the Brazilian marine biota that have
been recently sampled (Alonso et al., 2017; De la Torre et al., 2012;
Santos-Neto et al.,, 2014). In contrast to Mirex, there is no information
on Dec 602 use in Brazil, however, its presence in the environment ap-
pears to be related to its use as flame retardant in manufactured prod-
ucts (Sverko et al., 2011). The presence of Dec 602 in whitemouth
croaker, as well as in marine mammals off the coast of Brazil (De la
Torre et al., 2012; Alonso et al., 2017) reinforces the need for further re-
search to investigate its ecotoxicological relevance.

Although the pollutant exposure of whitemouth croakers in South-
eastern Brazil can be inferred through the POPs concentrations found
in this study, to the best of our knowledge, no studies have focused on
the mechanisms for accumulation and depuration, or on risk assess-
ment for this species. Overall, the most likely routes of POPs uptake in
fishes are dietary and respiratory via the gills and body surface area,
whereas elimination is primarily via the respiratory surface, kidneys,
and feces, and often involves metabolic transformation (Arnot and
Gobas, 2004; Munschy et al., 2011; Tierney et al., 2013). Regarding
risk assessment for POPs concentrations in fishes, studies on experi-
mental exposure have demonstrated alterations in the immune and en-
docrine systems, as well as in their life-history traits such as
reproductive success, growth and survival (Horri et al., 2018; Johnson
et al., 2013). For example, McCarthy et al. (2003) have shown that pa-
rental exposure to a commercial PCB mixture (Aroclor 1254) through
the diet, during gonadal recrudescence, affected growth and survival
skills of Atlantic croaker (Micropogonias undulatus) larvae, reducing
their growth rates and impairing their startle responses. In this context,
POPs exposure could not only affect the physiological responses, but
also recruitment and population dynamics and, to some extent, the ef-
fects could also affect fisheries productivity for commercial species.

4.2. Linking pollutant exposure of whitemouth croakers to their ecological
habits and biological features

[sotopic ratios of carbon and sulfur are usually used to establish the
sources of organic matter that support food webs (Connolly et al.,

2004; McCutchan et al., 2003). Nitrogen stable isotope ratios can also
be used to trace organic matter sources, but are more commonly applied
to provide information on the position occupied by a species in a trophic
web, as nitrogen isotopes show predictable stepwise increases in values
from prey to consumer (DeNiro and Epstein, 1981). In this context, our
three-isotope approach showed that 5'>N was the isotopic ratio that
was the most commonly correlated with pollutant concentrations in
whitemouth croaker. Specimens with high 6'°N showed higher levels
of tri-, tetra- and penta-BDEs, as well as higher concentrations of DP,
anti-DP isomer and 2DRC. These findings suggest the occurrence of bio-
accumulation and, to some extent, the biomagnification of some target
pollutants through the coastal food web.

Bioaccumulation and biomagnification of organic pollutants can be
influenced by many factors, such as their molecular size and octanol-
water partition coefficients (Kow) (Kelly et al., 2007; Walters et al.,
2016). In aquatic food webs, chemicals with Koy values between 10°
and 108 would have higher bioaccumulation and biomagnification po-
tentials, while the opposite would occur for chemicals with Kgw > 10%
(Kelly et al., 2007; Stapleton et al., 2006; Walters et al., 2016). Therefore,
low brominated PBDEs, such as tri-, tetra- and penta-PBDEs (Kow be-
tween ~10° and ~107) are prone to bioaccumulate and biomagnify in
aquatic food webs, as reported previously (Mizukawa et al., 2009;
Shao et al.,, 2016), while bioaccumulation and biomagnification poten-
tials of DP would be reduced (Kow ~ 10°) (Hoh et al., 2006; Peng et al.,
2014). Due to its high hydrophobicity, DP is mainly adsorbed to organic
materials, and exhibits persistence in sediment (Sverko et al., 2011;
Shen et al., 2010). From this perspective, the use of benthic species or
benthivorous demersal species, such as the whitemouth croaker,
might help to demonstrate bioaccumulation and biomagnification of
DP through aquatic food webs (Carlsson et al., 2018; Na et al., 2017;
Siihring et al., 2016). However, for DP isomers, aspects of stereoselective
bioaccumulation potential and trophic transfer remain unclear. For in-
stance, higher anti-DP concentrations upon organisms with °N-
enriched values were found in aquatic biota from Lake Winnipeg
(Canada) (Tomy et al., 2007), as well as in the marine food webs of
the Fildes Peninsula (Antarctica) (Na et al., 2017); while an opposite be-
haviour was found in the freshwater food web from Longtang Town
(China) (Wu et al, 2010).

Negative correlations between fish size and 3PBDE, tri- and tetra-
BDEs were also found in the present study. This could be caused by
depuration in fish, as reported in previous studies (Munschy et al.,
2011; Tomy et al., 2004). However, it could also be linked with
ontogenic habitat shifts, as older whitemouth croaker move into conti-
nental shelf waters outside of the bays, i.e. out of estuaries that are
hotspots for contaminant exposure. This hypothesis is in accordance
with the higher 63*S values found in larger whitemouth croaker from
Guanabara Bay (Pizzochero et al., 2018), as these large fish probably
mostly feed in continental shelf waters, which are 34S-enriched com-
pared to coastal zones (Connolly et al., 2004; Thode, 1991).

5. Conclusion

This study provides new data on the contamination of Brazilian ma-
rine coastal environments by selected organic pollutants. It reveals the
presence of non-PBDE brominated flame retardants and DRCs (Dec
602, 603, DP and CP) in fish from southwest Atlantic Ocean for the
first time, albeit at low levels. PBDEs were detected in all samples ana-
lyzed, with the predominance of BDE-47, -99, -100, -153, 154, -183
and -209, which might reflect the use of C-pentaBDE, C-octaBDE and
C-decaBDE commercial mixtures in the coastal regions of Rio de Janeiro
state. Dec 603 and DP were the predominant DRCs in whitemouth
croakers and their presence in fish raises concern and strengthens the
need for further research not only on their toxicity and bioaccumulation
potentials, but also on their occurrence and distribution in the environ-
ment. TEQ total levels for dioxins and furans ranged from 0.1 to
0.2 pg ¢! w.w., which is lower than the European action and maximum
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permissible levels for PCDDs and PCDFs for fish muscle meat and prod-
ucts (set at2.3 and 3.2 pg TEQ g ! w.w., respectively). Concentrations of
tri-, tetra- and penta-BDEs, as well as 3DRC, DP and anti-DP isomer were
positively correlated with 8!°N, suggesting biomagnification along the
food web resulting in the contamination levels reported for whitemouth
croaker. On the other hand, PBDE, tri- and tetra-BDEs were negatively
correlated with fish size, which could be linked with depuration by
fishes and/or habitat shift throughout the whitemouth croaker life
cycle. Overall, our study confirms that whitemouth croaker might be a
suitable sentinel species of coastal pollution. Moreover, it emphasizes
the need for further investigations focusing on multiple species, as
well as in water and sediment samples, to help understand the complex
patterns of bioaccumulation and biomagnification. These processes
seem to occur in Southeastern Brazil, and they could impact not only
the marine biota, but also the human population dependent on this
biota for food.

Acknowledgements

We thank the referees for their very helpful comments that have
helped to improve the manuscript. This work was supported by the
CIEMAT (public body for research in the fields of energy, environment
and technology), depending on the Spanish Ministry of Science, Innova-
tion and Universities. The authors would like to thank CIEMAT for
allowing AC Pizzochero stay in the Laboratory of POPs (Madrid,
Spain). This work was also supported by the Brazilian National Council
for Scientific and Technological Development (CNPq) through a Univer-
sal Call CNPg-Project from PRD (proc. 432518/2016-9), as well as
through a scientific cooperation established between the Brazilian
Foundation for the Coordination and Improvement of Higher Level or
Education Personnel (CAPES - process numbers 88881.154725/2017-
01 88887.154724/2017-00 88887.190860/2018-00) and Wallonie-
Bruxelles International (WBI, from Belgium), coordinated by PRD and
KD. This study was also supported by scientific cooperation established
between the Research Support Foundation for the State of Rio de Janeiro
(FAPER]J, proc. E-26/170.018/2015) and the Research Councils UK
(RCUK) in the context of the Newton Fund. IDM was supported by the
Newton Fund Programme by a grant awarded by NERC (NE/N000889/
1) on behalf of the Research Councils UK. GL s a F.R.S.-FNRS research as-
sociate, and KD is a Senior F.R.S.-FNRS research associate. OM and PRD
have research grants from CNPq (PQ-1A proc. 306703/2014-9 and PQ-
2 proc. 306847/2016-7, respectively).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.05.213.

References

Almeida, F.V.,, Centeno, AJ., Bisinoti, M.C., Jardim, W.F., 2007. Substancias toxicas
persistentes (STP) no Brasil. Quim Nova 30 (8), 1976-1985.

Alonso, M.B,, Eljarrat, E., Gorga, M., Secchi, E.R., Bassoi, M., Barbosa, L., Bertozzi, C.P.,
Marigo, J., Cremer, M., Domit, C., Azevedo, A.F., Dorneles, P.R., Torres, J.P.M., Lailson-
Brito, J., Malm, O., Barceld, D., 2012. Natural and anthropogenically-produced bromi-
nated compounds in endemic dolphins from Western South Atlantic: another risk to
a vulnerable species. Environ. Pollut. 170, 152-160. https://doi.org/10.1016/j.
envpol.2012.06.001.

Alonso, M.B., Maruya, K.A., Dodder, N.G., Lailson-Brito, J., Azevedo, A., Santos-Neto, E.,
Torres, J.P.M., Malm, O., Hoh, E., 2017. Nontargeted screening of halogenated organic
compounds in bottlenose dolphins (Tursiops truncatus) from Rio de Janeiro, Brazil.
Environ. Sci. Technol. 51 (3), 1176-1185. https://doi.org/10.1021/acs.est.6b04186.

Arnot, J.A., Gobas, F.A.P.C., 2004. A food web bioaccumulation model for organic chemicals
in aquatic ecosystems. Environ. Toxicol. Chem. 23, 2343-2355.

Baptista-Neto, J.A., Barreto, CF., Vilela, C.G., Fonseca, E.M.F., Melo, G.V., Barth, 0.M., 2016.
Environmental change in Guanabara Bay, SE Brazil, based in microfaunal, pollen and
geochemical proxies in sedimentary cores. Ocean Coast. Manag. 143, 4-15. https://
doi.org/10.1016/j.0cecoaman.2016.04.010.

Bisi, T.L., Lepoint, G., Azevedo, A.d.F., Dorneles, P.R., Flach, L., Das, K., Malm, O., Lailson-
Brito, J., 2012. Trophic relationships and mercury biomagnification in Brazilian

tropical coastal food webs. Ecol. Indic. 18 (0), 291-302. https://doi.org/10.1016/j.
ecolind.2011.11.015.

Carlsson, P., Vrana, B., Sobotka, J., Borgd, K., Nizzetto, P.B., Varpe, @., 2018. New bromi-
nated flame retardants and dechlorane plus in the Arctic: local sources and bioaccu-
mulation potential in marine benthos. Chemosphere 211, 1193-1202.

Chouvelon, T., Caurant, F., Cherel, Y., Simon-Bouhet, B., Spitz, ]., Bustamante, P., 2014.
Species- and size-related patterns in stable isotopes and mercury concentrations in
fish help refine marine ecosystem indicators and provide evidence for distinct man-
agement units for hake in the Northeast Atlantic. ICES J. Mar. Sci. 71, 1073-1087.
https://doi.org/10.1093/icesjms/fst199.

Chouvelon, T., Brach-Papa, C., Auger, D., Bodin, N., Bruzac, S., Crochet, S., Degroote, M.,
Hollanda, SJ., Hubert, C., Knoery, J., Munschy, C., Puech, A., Rozuel, E., Thomas, B.,
West, W., Bourjea, J., Nikolic, N., 2017. Chemical contaminants (trace metals, persis-
tent organic pollutants) in albacore tuna from western Indian and south-eastern At-
lantic Oceans: trophic influence and potential as tracers of populations. Sci. Total
Environ. 15 (596-597), 481-495. https://doi.org/10.1016/j.scitotenv.2017.04.048.

Clarke, K.R., Warwick, R.M., 2001. Change in Marine Communities: An Approach to Statis-
tical Analysis and Interpretation. 2nd edition. PRIMER-E, Plymouth (172 pp).

Connolly, R.M., Guest, M.A., Melville, AJ., Oakes, ].M., 2004. Sulfur stable isotopes separate
producers in marine food-web analysis. Oecologia 138, 161-167. https://doi.org/
10.1007/s00442-003-1415-0.

Coplen, T.B., 2011. Guidelines and recommended terms for expression of stable-isotope-
ratio and gas-ratio measurement results. Rapid Commun. Mass Spectrom. 25,
2538-2560. https://doi.org/10.1002/rcm.5129.

Covaci, A, Harrad, S., Abdallah, M.A.-E., Ali, N., Law, R, Herzke, D., De wit, C.A., 2011.
Novel brominated flame retardants: a review of their analysis, environmental fate
and behaviour. Environ. Int. 37 (2), 532-556. https://doi.org/10.1016/j.
envint.2010.11.007.

Creed, J.C,, Oliveira, A.E.S,, Pires, D.O., Figueiredo, M.A.O., Ferreira, C.E.L,, Ventura, CRR.,
Brasil, A.CS,, Young, P.S., Absaldo, R.S., Paiva, P.C,, Castro, C.B,, Serejo, C.S., 2007. RAP
Ilha Grande - um levantamento da biodiversidade: histdrico e conhecimento da
biota. In: Creed, ].C., Pires, D.O., Figueiredo, M.A.O. (Eds.), Biodiversidade Marinha
da Bafa da Ilha Grande. MMA/SBF, Brasilia, pp. 43-63.

Cruz, R, Cunha, S.C,, Casal, S., 2015. Brominated flame retardants and seafood safety: a re-
view. Environ. Int. 77, 116-131.

De la Torre, A., Alonso, E., Concejero, M.A,, Sanz, P., Martinez, M.A.,, 2011. Sources and be-
haviour of polybrominated diphenyl ethers (PBDEs), polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs) in Spanish sewage sludge. Waste Manag. 31,
1277-1284. https://doi.org/10.1016/j.wasman.2011.01.021.

De la Torre, A., Alonso, M.B., Martinez, A.M,, Sanz, P., Shen, L., Reiner, E.J., Lailson-Brito, J.,
Torres, ].P., Bertozzi, C., Marigo, J., Barbosa, L., Cremer, M., Secchi, E., Malm, O., Eljarrat,
E., Barceld, D., 2012. Dechlorane-related compounds in franciscana dolphin
(Pontoporia blainvillei) from southeastern and southern coast of Brazil. Environ.
Sci. Technol. 46, 12364-12372.

De Wit, CA,, Kierkegaard, A, Ricklund, N., Sellstro, U., 2011. Emerging brominated flame
retardants in the environment. In: E. Eljarrat and D. Barcel6 (eds.), Brominated Flame
Retardants. Hdb Env Chem 16, 241-286. https://doi.org/10.1007/698_2010_73.

DeNiro, M.J,, Epstein, S., 1981. Influence of diet on the distribution of nitrogen isotopes in
animal. Geochim. Cosmochim. Acta 45, 341-351. https://doi.org/10.1016/0016-7037
(81)90244-1.

Dorneles, P.R., Lailson-Brito, ]., Azevedo, A.F., Meyer, ]., Vidal, L.G., Fragoso, A.B., Torres,
J.P.M., Malm, O., Blust, R., Das, K., 2008a. High accumulation of perfluorooctane sulfo-
nate (PFOS) in marine tucuxi dolphins (Sotalia guianensis) from the Brazilian coast.
Environ. Sci. Technol. 42 (14), 5368-5373. https://doi.org/10.1021/es800702k.

Dorneles, P.R,, Lailson-Brito, J., Fernandez, M.A.S,, Vidal, L.G., Barbosa, L.A., Azevedo, AF.,
Fragoso, A.B.L., Torres, ].P.M., Malm, O., 2008b. Evaluation of cetacean exposure to
organotin compounds in Brazilian waters through hepatic total tin concentrations.
Environ. Pollut. 153 (3), 1268-1276. https://doi.org/10.1016/j.envpol.2008.03.007.

Dorneles, P.R,, Lailson-Brito, ], Dirtu, A.C., Weijs, L., Azevedo, AF., Torres, ].P.M., Malm, O.,
Neels, H., Blust, R., Das, K., Covaci, A., 2010. Anthropogenic and naturally-produced
organobrominated compounds in marine mammals from Brazil. Environ. Int. 36,
60-67. https://doi.org/10.1016/j.envint.2009.10.001.

Dorneles, P.R,, Sanz, P., Eppe, G., Azevedo, A.F., Bertozzi, C.P., Martinez, M.A., Secchi, ER.,
Barbosa, L.A.,, Cremer, M., Alonso, M.B., Torres, J.P.M., Lailson-Brito, J., Malm, O.,
Eljarrat, E., Barceld, D., Das, K., 2013. High accumulation of PCDD, PCDF, and PCB con-
geners in marine mammals from Brazil: a serious PCB problem. Sci. Total Environ.
463-464, 309-318. https://doi.org/10.1016/j.scitotenv.2013.06.015.

Dorneles, P.R., Lailson-Brito, J., Bisi, T.L., Domit, C., Barbosa, L.A., Meirelles, A.C.0., Carvalho,
V.L, Malm, 0., Azevedo, A.F., Brose, F., Das, K., Scippo, M.L., 2016. Guiana dolphins
(Sotalia guianensis) and DR-CALUX for screening coastal Brazilian environments for
dioxins and related compounds. Arch. Environ. Contam. Toxicol. 71 (3), 336-346.
https://doi.org/10.1007/s00244-016-0299-z.

EFSA, 2010. European Food Safety Authority Journal. Results of the monitoring of dioxin
levels in food and feed. 8 (3), 1385 (36 pp).

FAO - Food and Agriculture Organization, 2018. Fisheries and Aquaculture Software.
FishStat] - Software for Fishery Statistical Time Series. FAO Fisheries and Aquaculture
Department, Rome online. Updated 21 July 2016. Available from. http://www.fao.
org/fishery/, Accessed date: October 2018.

Galvdo, P., Henkelmann, B., Longo, R., Torres, ].P.M., Malm, O., Schramm, K.W., 2015. The
brown mussel Perna perna (L., 1758) as a sentinel species for chlorinated pesticide
and dioxin-like compounds. Environ. Sci. Pollut. Res. Int. 22 (17), 3522-3533.
https://doi.org/10.1007/511356-015-4607-3.

Gouteux, B., Alaee, M., Mabury, S.A., Pacepavicius, G., Muir, D.C., 2008. Polymeric bromi-
nated flame retardants: are they a relevant source of emerging brominated aromatic
compounds in the environment? Environ. Sci. Technol. 42 (24), 9039-9044. https://
doi.org/10.1021/es8022336.


https://doi.org/10.1016/j.scitotenv.2019.05.213
https://doi.org/10.1016/j.scitotenv.2019.05.213
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0005
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0005
https://doi.org/10.1016/j.envpol.2012.06.001
https://doi.org/10.1016/j.envpol.2012.06.001
https://doi.org/10.1021/acs.est.6b04186
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0020
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0020
https://doi.org/10.1016/j.ocecoaman.2016.04.010
https://doi.org/10.1016/j.ocecoaman.2016.04.010
https://doi.org/10.1016/j.ecolind.2011.11.015
https://doi.org/10.1016/j.ecolind.2011.11.015
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0035
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0035
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0035
https://doi.org/10.1093/icesjms/fst199
https://doi.org/10.1016/j.scitotenv.2017.04.048
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0050
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0050
https://doi.org/10.1007/s00442-003-1415-0
https://doi.org/10.1007/s00442-003-1415-0
https://doi.org/10.1002/rcm.5129
https://doi.org/10.1016/j.envint.2010.11.007
https://doi.org/10.1016/j.envint.2010.11.007
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0070
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0070
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0070
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0070
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0075
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0075
https://doi.org/10.1016/j.wasman.2011.01.021
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0085
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0085
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0085
https://doi.org/10.1007/698_2010_73
https://doi.org/10.1016/0016-7037(81)90244-1
https://doi.org/10.1016/0016-7037(81)90244-1
https://doi.org/10.1021/es800702k
https://doi.org/10.1016/j.envpol.2008.03.007
https://doi.org/10.1016/j.envint.2009.10.001
https://doi.org/10.1016/j.scitotenv.2013.06.015
https://doi.org/10.1007/s00244-016-0299-z
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0125
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0125
http://www.fao.org/fishery/
http://www.fao.org/fishery/
https://doi.org/10.1007/s11356-015-4607-3
https://doi.org/10.1021/es8022336
https://doi.org/10.1021/es8022336

A.C. Pizzochero et al. / Science of the Total Environment 682 (2019) 719-728 727

Guerzoni, S., Rossini, P., Saretta, A., Raccanelli, S., Ferrari, G., Molinaroli, E., 2007. POPs in
the lagoon of Venice: budgets and pathways. Chemosphere 67, 1776-1785.

Haimovici, M., Cardoso, L.G., Unpierre, R.G., 2016. Stocks and management units of
Micropogonias furnieri (Desmarest, 1823) in southwestern Atlantic. Lat. Am.
J- Aquat. Res. 44 (5), 1080-1095.

Hammer, O., Harper, D.A.T., Ryan, P.D., 2001. PAST: Paleontological Statistics software
package for education and data analysis. Palaeontol. Electronica. 4 (1), 1-9.

Hoh, E., Zhu, L., Hites, R.A., 2006. Dechlorane plus, a chlorinated flame retardant, in the
Great Lakes. Environ. Sci. Technol. 40, 1184-1189.

Horri, K., Alfonso, S., Cousin, X., Munschy, C., Loizeau, V., Aroua, S., Bégout, M.-L., Ernande,
B., 2018. Fish life-history traits are affected after chronic dietary exposure to an envi-
ronmentally realistic marine mixture of PCBs and PBDEs. Sci. Total Environ. 610-611,
531-545. https://doi.org/10.1016/j.scitotenv.2017.08.083.

Houde, M., Berryman, D., de Lafontaine, Y., Verreault, ., 2014. Novel brominated flame
retardants and dechloranes in three fish species from the St. Lawrence River,
Canada. Sci. Total Environ. 479-480, 48-56. doi:https://doi.org/10.1016/j.
scitotenv.2014.01.105.

IBGE - Instituto Brasileiro de Geografia e Estatistica, 2016. Base Cartografica Continua, ao
milionésimo - BCIM 2016: 5° versao digital.Rio de Janeiro. Available at:. http://down-
loads.ibge.gov.br/downloads_geociencias.htm, Accessed date: October 2018 (In
Portuguese).

Johnson, L.L., Anulacion, B.F.,, Arkoosh, M.R., Burrows, D.G., Da Silva, D.A.M., Dietrich, ].P.,
Myers, M.S., Spromberg, ].A., Ylitalo, G.M., 2013. Effects of legacy persistent organic
pollutants (POPs) in fish - current and future challenges. In: Tierney, K.B., Farrell,
A.P., Brauner, CJ. (Eds.), Fish Physiology: Organic Chemical Toxicology of Fishes.
vol. 33. Academic Press, San Diego, California, pp. 53-140.

Jones, K., De Voogt, P., 1999. Persistent organic pollutants (POPs): state of the science. En-
viron. Pollut. 100, 209-221. https://doi.org/10.1016/S0269-7491(99)00098-6.

Kelly, B.C., Ikonomou, M.G., Blair, ].D., Morin, A.E., Gobas, F.A.P.C., 2007. Food web-specific
biomagnification of persistent organic pollutants. Science 317, 236-239. https://doi.
org/10.1126/science.1138275.

Kjerfve, B., Ribeiro, C.H.A,, Dias, G.T.M.,, Filippo, A.M., Quaresma, V. da S., 1997. Oceano-
graphic characteristics of an impacted coastal bay: Baia de Guanabara, Rio de Janeiro,
Brazil. Cont. Shelf Res. 17 (13), 1609-1643. https://doi.org/10.1016/S0278-4343(97)
00028-9.

La Guardia, M., Hale, R.C., Harvey, E., 2006. Detailed polybrominated diphenyl ether
(PBDE) congener composition of the widely used penta-, octa-, and deca-PBDE tech-
nical flame-retardant mixtures. Environ Sci Technol 40, 6247-6254.

Lavandier, R, Quinete, N., Hauser-Davis, R.A,, Dias, P.S., Taniguchi, S., Montone, R., Moreira,
1., 2013. Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers
(PBDEs) in three fish species from an estuary in the southeastern coast of Brazil.
Chemosphere 90, 2435-2443. https://doi.org/10.1016/j.chemosphere.2012.11.001.

Linde-Arias, A.R., Inacio, AF., Novo, L.A.,, de Alburquerque, C., Moreira, J.C., 2008.
Multibiomarker approach in fish to assess the impact of pollution in a large
Brazilian river, Paraiba do Sul. Environ. Pollut. 156, 974-979.

Magalhdes, C.A,, Taniguchi, S., Lourenco, R.A., Montone, R.C,, 2017. Organochlorine pesti-
cides, PCBs, and PBDEs in liver and muscle tissues of Paralonchurus brasiliensis,
Trichiurus lepturus and Cathorops spixii in Santos Bay and surrounding area, Sdo
Paulo, Brazil. Reg. Stud. Mar. Sci. 16, 42-48. https://doi.org/10.1016/j.
rsma.2017.08.010.

McCarthy, I.D., Fuiman, L.A., Alvarez, M.C., 2003. Aroclor 1254 affects growth and survival
skills of Atlantic croaker Micropogonias undulatus larvae. Mar. Ecol. Prog. Ser. 252,
295-301.

McCutchan, J.H., Lewis, W.M., Kendall, C., McGrath, C.C., 2003. Variation in trophic shift for
stable isotope ratios of carbon, nitrogen, and sulfur. Oikos 102, 378-390. https://doi.
org/10.1034/j.1600-0706.2003.12098 x.

Mekni, M., Barhoumi, B., Aznar-Alemany, O., Touil, S., Driss, M.R,, Barceld, D., Eljarrat, E.,
2019. Occurrence of halogenated flame retardants in sediments and sea urchins
(Paracentrotus lividus) from a North African Mediterranean coastal lagoon (Bizerte,
Tunisia). Sci. Total Environ. 654, 1316-1325.

Mizukawa, K., Takada, H., Takeuchi, I, Ikemoto, I., Omori, K., Tsuchiya, K., 2009.
Bioconcentration and biomagnification of polybrominated diphenyl ethers (PBDEs)
through lower-trophic-level coastal marine food web. Mar. Pollut. Bull. 58,
1217-1224.

MMA - Ministry of the Environment, 2015. National Implementation Plan Brazil.
Stockholm Convention, Brasilia (182 p).

Molisani, M.M., Marins, R.V., Machado, W., Paraquetti, H.H., Bidone, E.D., Lacerda, L.D.,
2004. Environmental changes in Sepetiba Bay, SE Brazil. Reg. Environ. Chang. 4 (1),
17-27.

Munschy, C.,, Héas-Moisan, K, Tixier, C,, Olivier, N., Gastineau, O., Le Bayon, N., Buchet, B.,
2011. Dietary exposure of juvenile common sole (Solea solea L.) to polybrominated
diphenyl ethers (PBDEs): part 1. Bioaccumulation and elimination kinetics of individ-
ual congeners and their debrominated metabolites. Environ. Pollut. 159, 229-237.
https://doi.org/10.1016/j.envpol.2010.09.001.

Na, G, Yao, Y., Gao, H,, Li, R, Ge, L., Titaley, L.A., Santiago-Delgado, L., Massey Simonich, S.L.,
2017. Trophic magnification of Dechlorane Plus in the marine food webs of Fildes
Peninsula in Antarctica. Mar. Pollut. Bull. 117, 456-461. https://doi.org/10.1016/j.
marpolbul.2017.01.049.

Navarro, I, De la Torre, A, Sanz, P., Pro, J., Carbonell, G., Martinez, M.A., 2016. Bioaccumu-
lation of emerging organic compounds (perfluoroalkyl substances and halogenated
flame retardants) by earthworm in biosolid amended soils. Environ. Res. 149,
32-39. https://doi.org/10.1016/j.envres.2016.05.004.

Navarro, I, De la Torre, A., Sanz, P., Porcel, M.A., Pro, J., Carbonell, G., Martinez, MD.LA,
2017. Uptake of perfluoroalkyl substances and halogenated flame retardants by
crop plants grown in biosolids-amended soils. Environ. Res. 152, 199-206. https://
doi.org/10.1016/j.envres.2016.10.018.

Navarro, I, De la Torre, A, Sanz, P., Porcel, MAA., Carbonell, G., Martinez, M.D.LA,, 2018.
Transfer of perfluorooctanesulfonate (PFOS), decabrominated diphenyl ether (BDE-
209) and Dechlorane Plus (DP) from biosolid-amended soils to leachate and runoff
water. Environ. Chem. 15 (4), 195-204.

Peng, H., Wan, Y., Zhang, K., Sun, J., Hu, ], 2014. Trophic transfer of dechloranes in the ma-
rine food web of Liaodong Bay, north China. Environ. Sci. Technol. 48 (10),
5458-5466. https://doi.org/10.1021/es500229y.

Pereira, M.S., Kuch, B., 2005. Heavy metals, PCDD/F and PCB in sewage sludge samples
from two wastewater treatment facilities in Rio de Janeiro State, Brazil. Chemosphere
60, 844-853.

Pizzochero, A.C,, Michel, LN., Chenery, S.R,, McCarthy, .D., Vianna, M., Malm, O., Lepoint,
G., Das, K., Dorneles, P.R., 2018. Use of multi-element stable isotope ratios to investi-
gate ontogenetic movements of Micropogonias furnieri in a tropical Brazilian estuary.
Can. J. Fish. Aquat. Sci. 75 (6), 977-986. https://doi.org/10.1139/cjfas-2017-0148.

Quinete, N., Lavandier, R, Dias, P., Taniguchi, S., Montone, R., Moreira, 1., 2011. Specific
profiles of polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls
(PCBs) in fish and tucuxi dolphins from the estuary of Paraiba do Sul River, South-
eastern Brazil. Mar. Pollut. Bull. 62, 440-446. https://doi.org/10.1016/j.
marpolbul.2010.11.021.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria Available from. https://www.R-project.
org/.

Rjabova, J., Bartkevics, V., Zacs, D., 2016. The occurrence of Dechlorane Plus and related
norbornene-based flame retardants in Baltic wild salmon (Salmo salar).
Chemosphere 147, 210-217. https://doi.org/10.1016/j.chemosphere.2015.12.122.

Roberts, S.C., Noyes, P.D., Gallagher, E.P., Stapleton, H.M., 2011. Species-specific differ-
ences and structure-activity relationships in the debromination of PBDE congeners
in three fish species. Environ. Sci. Technol. 45, 1999-2005. https://doi.org/10.1021/
es103934x.

Rosenfelder, N., Lehnert, K., Kaffarnik, S., Torres, J.P.M., Vianna, M., Vetter, W., 2012. Thor-
ough analysis of polyhalogenated compounds in ray liver samples off the coast of Rio
de Janeiro, Brazil. Environ. Sci. Pollut. Res. 19, 379-389.

Santos-Neto, E.B., Azevedo-Silva, C.E., Bisi, T.L., Santos, J., Meirelles, A.C., Carvalho, V.L.,
Azevedo, AF., Guimaraes, J.E., Lailson-Brito, J., 2014. Organochlorine concentrations
(PCBs, DDTs, HCHs, HCB and MIREX) in delphinids stranded at the northeastern
Brazil. Sci. Total Environ. 472, 194-203. https://doi.org/10.1016/j.
scitotenv.2013.10.117.

Shao, M., Tao, P., Wang, M., Jia, H., Li, Y.F., 2016. Trophic magnification of polybrominated
diphenyl ethers in the marine food web from coastal area of Bohai Bay, North China.
Environ. Pollut. 213, 379-385. https://doi.org/10.1016/j.envpol.2016.02.034.

Shen, L., Reiner, EJ., MacPherson, K.A,, Kolic, Sverko, E., Helm, P.A., Bhavsar, S.P., Brindle,
.D., Marvin, C.H., 2010. Identification and screening analysis of halogenated
norbornene flame retardants in the Laurentian Great Lakes: Dechloranes 602, 603,
and 604. Environ. Sci. Technol. 44 (2), 760-766. doi: https://doi.org/10.1021/
€s902482b.

Shen, L., Reiner, E.J., MacPherson, K.A,, Kolic, T.M., Helm, P.A,, Richman, L.A.,, Marvin, CH.,
Burniston, D.A., Hill, B., Brindle, I.D., McCrindle, R., Chittim, B.G., 2011. Dechloranes
602, 603, 604, dechlorane plus, and chlordene plus, a newly detected analogue, in
tributary sediments of the Laurentian great lakes. Environ. Sci. Technol. 45,
693-699. https://doi.org/10.1021/es1027844.

Sidhu, K.S., 2003. Health benefits and potential risks related to consumption of fish or fish
oil. Regul. Toxicol. Pharmacol. 38, 336-344. https://doi.org/10.1016/j.
yrtph.2003.07.002.

Souza, A.S., Torres, J.P.M., Meire, R.O., Neves, R.C., Couri, M.S., Serejo, C.S., 2008. Organo-
chlorine pesticides (OCs) and polychlorinated biphenyls (PCBs) in sediments and
crabs (Chasmagnathus granulata, Dana, 1851) from mangroves of Guanabara Bay,
Rio de Janeiro State, Brazil. Chemosphere 73, S186-S192.

Stapleton, H.M., Brazil, B., Holbrook, R.D., Mitchelmore, C.L., Benedict, R., Konstantinov, A.,
Potter, D., 2006. In vivo and in vitro debromination of decabromodiphenyl ether (BDE
209) by juvenile rainbow trout and common carp. Environ Sci Technol 40,
4653-4658.

Siihring, R., Busch, F., Fricke, N., Kétke, D., Wolschke, H., Ebinghaus, R., 2016. Distribution
of brominated flame retardants and dechloranes between sediments and benthic fish
- a comparison of a freshwater and marine habitat. Sci. Total Environ. 542, 578-585.

Sverko, E., Tomy, G.T., Reiner, EJ., Li, Y.F., McCarry, B.E., Arnot, J.A,, Law, R], Hites, RA,
2011. Dechlorane plus and related compounds in the environment: a review. Envi-
ron. Sci. Technol. 45, 5088-5098. https://doi.org/10.1021/es2003028.

Thode, H.G., 1991. In: Krouse, H.R., Grinenko, V.A. (Eds.), Sulphur isotopes in nature and
the environment: an overview. In Stable Isotopes: Natural and Anthropogenic Sul-
phur in the Environment. John Wiley and Sons, Chichester, UK, pp. 1-26 Chap. 1.

Tierney, K.B., Kennedy, CJ., Gobas, F., Gledhill, M., Sekela, M., 2013. Organic contaminants
and fish. In: Tierney, K.B., Farrell, A.P., Brauner, CJ. (Eds.), Fish Physiology: Organic
Chemical Toxicology of Fishes. vol. 33. Academic Press, San Diego, California,
pp. 1-52.

Tomy, G.T., Palace, V.P., Halldorson, T., Braekevelt, E., Danell, R., Wautier, K., Evans, B.,
Brinkworth, L., Fisk, AT., 2004. Bioaccumulation, biotransformation, and biochemical
effects of brominated diphenyl ethers in juvenile lake trout (Salvelinus namaycush).
Environ. Sci. Technol. 38 (5), 1496-1504. https://doi.org/10.1021/es035070v.

Tomy, G.T., Pleskach, K., Ismail, N., Whittle, D.M., Helm, P.A., Sverko, E.D., Zaruk, D.,
Marvin, C.H., 2007. Isomers of dechlorane plus in Lake Winnipeg and Lake Ontario
food webs. Environ. Sci. Technol. 41, 2249-2254. https://doi.org/10.1021/es062781v.

Ueno, D., Watanabe, M., Subramanian, A., Tanaka, H., Fillmann, G., Lam, P.K,, Zheng, GJ.,
Muchtar, M., Razak, H., Prudente, M., Chung, K.H., Tanabe, S., 2005. Global pollution
monitoring of polychlorinated dibenzo-p-dioxins (PCDDs), furans (PCDFs) and copla-
nar polychlorinated biphenyls (coplanar PCBs) using skipjack tuna as bioindicator.
Environ. Pollut. 136 (2), 303-313.


http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0145
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0145
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0150
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0150
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0150
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0155
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0155
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0160
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0160
https://doi.org/10.1016/j.scitotenv.2017.08.083
https://doi.org/10.1016/j.scitotenv.2014.01.105
https://doi.org/10.1016/j.scitotenv.2014.01.105
http://downloads.ibge.gov.br/downloads_geociencias.htm
http://downloads.ibge.gov.br/downloads_geociencias.htm
https://doi.org/10.1016/S0269-7491(99)00098-6
https://doi.org/10.1126/science.1138275
https://doi.org/10.1126/science.1138275
https://doi.org/10.1016/S0278-4343(97)00028-9
https://doi.org/10.1016/S0278-4343(97)00028-9
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0190
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0190
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0190
https://doi.org/10.1016/j.chemosphere.2012.11.001
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0200
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0200
https://doi.org/10.1016/j.rsma.2017.08.010
https://doi.org/10.1016/j.rsma.2017.08.010
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0210
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0210
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0210
https://doi.org/10.1034/j.1600-0706.2003.12098.x
https://doi.org/10.1034/j.1600-0706.2003.12098.x
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0220
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0220
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0220
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0225
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0225
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0225
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0230
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0230
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0235
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0235
https://doi.org/10.1016/j.envpol.2010.09.001
https://doi.org/10.1016/j.marpolbul.2017.01.049
https://doi.org/10.1016/j.marpolbul.2017.01.049
https://doi.org/10.1016/j.envres.2016.05.004
https://doi.org/10.1016/j.envres.2016.10.018
https://doi.org/10.1016/j.envres.2016.10.018
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0260
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0260
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0260
https://doi.org/10.1021/es500229y
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0270
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0270
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0270
https://doi.org/10.1139/cjfas-2017-0148
https://doi.org/10.1016/j.marpolbul.2010.11.021
https://doi.org/10.1016/j.marpolbul.2010.11.021
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.chemosphere.2015.12.122
https://doi.org/10.1021/es103934x
https://doi.org/10.1021/es103934x
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0300
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0300
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0300
https://doi.org/10.1016/j.scitotenv.2013.10.117
https://doi.org/10.1016/j.scitotenv.2013.10.117
https://doi.org/10.1016/j.envpol.2016.02.034
https://doi.org/10.1021/es902482b
https://doi.org/10.1021/es902482b
https://doi.org/10.1021/es1027844
https://doi.org/10.1016/j.yrtph.2003.07.002
https://doi.org/10.1016/j.yrtph.2003.07.002
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0325
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0325
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0325
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0325
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0330
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0330
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0330
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0335
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0335
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0335
https://doi.org/10.1021/es2003028
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0345
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0345
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0345
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0350
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0350
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0350
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0350
https://doi.org/10.1021/es035070v
https://doi.org/10.1021/es062781v
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0365
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0365
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0365
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0365

728 A.C. Pizzochero et al. / Science of the Total Environment 682 (2019) 719-728

UNEP - United Nations Environmental Programme, Stockholm Convention on Persistent
Organic Pollutants (POPs), 2017. The 16 new POPs. An introduction to the chemicals
added to the Stockholm Convention as Persistent Organic Pollutants by the Confer-
ence of the Parties. Available from. http://chm.pops.int/Portals/0/download.aspx?
d=UNEP-POPS-PUB-Brochure-16NewPOPs-201706.English.pdf, Accessed date: Oc-
tober 2018.

US EPA, 1994. United States Environmental Protection Agency. Tetra- through Octa-
chlorinated Dioxins and Furans by Isotope Dilution HRGC/HRMS: Method 1613, Revi-
sion B. Available at. https://19january2017snapshot.epa.gov/sites/production/files/
2015-08/documents/method_1613b_1994.pdf, Accessed date: June 2018.

Van den Berg, M., Birnbaum, LS., Denison, M., De Vito, M., Farland, W., Feeley, M., Fiedler,
H., Hakansson, H., Hanberg, A., Haws, L., Rose, M., Safe, S., Schrenk, D., Tohyama, C.,
Tritscher, A., Tuomisto, ., Tysklind, M., Walker, N., Peterson, R.E., 2006. The 2005
World Health Organization reevaluation of human and mammalian toxic equivalency
factors for dioxins and dioxin-like compounds. Toxicol. Sci. 93, 223-241. https://doi.
org/10.1093/toxsci/kfl055.

Vazzoler, A.E.AA.M.,, 1991. Sintese sobre a ecologia da corvina no Brasil. Atlantica 13 (1),
55-74.

Vidal, L.G., 2015. Organic Contaminants in Boto-cinza (Sotalia guianensis, Cetartiodactyla:
Delphinidae) from the Coast of Brazil. PhD Thesis. 143p,. Federal University of Rio de
Janeiro, Brazil (Abstract in English).

Walker, C.H., Hopkin, S.P., Sibly, R.M., Peakall, D.B., 2012. Principles of Ecotoxicology.
Fourth edition. Taylor & Francis, London 321p.

Walters, D.M,, Jardine, T., Cade, B., Kidd, K.A., Muir, D.C.G., 2016. Trophic magnification of
organic chemicals - a global synthesis. Environ. Sci. Technol. 50 (9), 4650-4658.
Wang, D.G,, Yang, M., Qi, H., Sverko, E., Ma, W.L, Li, Y.F,, Alaee, M., Reiner, EJ., Shen, L.,
2010. An Asia-specific source of Dechlorane Plus: concentration, isomer profiles,
and other related compounds. Environ. Sci. Technol. 44, 6608-6613. https://doi.org/

10.1021/es101224y.

Wei, T., Simko, V., 2017. R package “corrplot”: visualization of a correlation matrix (Ver-
sion 0.84). Available from. https://github.com/taiyun/corrplot.

Wau, ].P., Zhang, Y., Luo, XJ., Wang, ], Chen, S.J., Guan, Y.T., Mai, B.X., 2010. Isomer-specific
bioaccumulation and trophic transfer of dechlorane plus in the freshwater food web
from a highly contaminated site, South China. Environ. Sci. Technol. 44, 606-611.
https://doi.org/10.1021/es902744b.

Zhu, L., Hites, R., 2003. Determination of polybrominated diphenyl ethers in environmen-
tal standard reference materials. Anal. Chem. 75, 6696-6700.


http://chm.pops.int/Portals/0/download.aspx?d=UNEP-POPS-PUB-Brochure-16NewPOPs-201706.English.pdf
http://chm.pops.int/Portals/0/download.aspx?d=UNEP-POPS-PUB-Brochure-16NewPOPs-201706.English.pdf
https://19january2017snapshot.epa.gov/sites/production/files/2015-08/documents/method_1613b_1994.pdf
https://19january2017snapshot.epa.gov/sites/production/files/2015-08/documents/method_1613b_1994.pdf
https://doi.org/10.1093/toxsci/kfl055
https://doi.org/10.1093/toxsci/kfl055
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0385
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0385
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0390
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0390
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0390
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0395
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0395
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0400
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0400
https://doi.org/10.1021/es101224y
https://doi.org/10.1021/es101224y
https://github.com/taiyun/corrplot
https://doi.org/10.1021/es902744b
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0420
http://refhub.elsevier.com/S0048-9697(19)32252-1/rf0420

	Occurrence of legacy and emerging organic pollutants in whitemouth croakers from Southeastern Brazil
	1. Introduction
	2. Materials and methods
	2.1. Study area and sample collection
	2.2. Chemicals and reagents
	2.3. Sample preparation and chemical analysis
	2.4. Stable isotope measurements
	2.5. Data analysis

	3. Results
	3.1. Organic pollutant levels
	3.2. Relationships between pollutant levels, stable isotopes and biological parameters

	4. Discussion
	4.1. Pollutant exposure of whitemouth croakers from Southeastern Brazil
	4.2. Linking pollutant exposure of whitemouth croakers to their ecological habits and biological features

	5. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


