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ARTICLE INFO ABSTRACT
Handling Editor: Magali Houde Polychlorinated biphenyls (PCBs) can provide crucial information into the bioaccumulation and bio-
magnification of POPs in marine mammals. Muscle tissue samples were obtained for detailed PCB congener
Keywords: specific analysis of all 209 PCBs in 11 species of marine mammals stranded across the coast of the UK between
Polychlorinated biphenyls 2010 and 2013. At least 145 PCB congeners were found in each individual. The highest concentrations of PCBs
PCBs

were recorded in a killer whale (318 mg/kg lipid) and the highest toxic equivalent in a Risso’s dolphin (1687 pg/
g TEQ2005 wet). Concentrations of PCBs in the majority of samples exceeded toxic thresholds (9 mg/kg lipid) for
marine mammals, highlighting the health risk they face from PCB exposure. Many PCB profiles did not fit typical
‘Aroclor’ signatures, but instead indicated patterns of congeners that are resistant to biotransformation and
elimination. However, this study identified a novel PCB signature in a sei whale that has not yet been previously
observed in marine mammals. The whale had a PCB profile that included lighter and inadvertent PCB congeners
such as PCB 11, suggesting that the main source of exposure was through atmospheric deposition, rather than
terrestrial discharges. Seven subsamples were chosen for chiral analysis of PCB 95, 136 and 149. The enantiomer
fractions (EFs) of C-PCBs 95 and 149 were non racemic suggesting there may be enantiomer selective metabolism
in marine mammals. Although there has been a shift in the literature towards emerging pollutants, this study acts
as a stark reminder that PCBs continue to pose a significant risk to wildlife.
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1. Introduction

Persistent organic pollutants (POPs) are a subset of chemicals that
persist in the environment, bioaccumulate through the food web, and
pose a risk of causing adverse effects to human health and the envi-
ronment. Polychlorinated biphenyls (PCBs) are some of the most widely
studied POPs, they are ubiquitous in the environment, and as a result are
routinely detected in marine environmental samples (Domingo and
Bocio, 2007; Letcher et al., 2010). Health risks from PCBs and their
bioaccumulation in the environment have been known for decades,
which has helped lead to either voluntary restrictions in their use or bans
on their production (ATSDR, 2000), however inadvertent or uninten-
tionally produced sources of PCBs (u-PCBs) are staring to become of
increased importance (Hu and Hornbuckle, 2010; Hu et al., 2011; Gar-
mash et al., 2013; Guo et al., 2014; Vorkamp, 2016; Liu and Mullin,
2019; Megson et al., 2019b; Hermanson et al., 2020; Rodenburg et al.,
2020).

Long range atmospheric transport of POPs has been widely docu-
mented and results in the accumulation of POPs in the Arctic with major
source regions identified as North America and Western Europe
(O’Sullivan and Sandau, 2013). The North Atlantic Ocean therefore
presents an excellent study area for the presence of POPs as it boarders
two major PCB source regions (N. America and Europe) and is a major
global sink (Axelman and Gustafsson, 2002). The high lipophilicity and
biomagnification of POPs results in the accumulation of high concen-
trations of these compounds in top predators, especially marine mam-
mals with high blubber contents in Arctic and sub-Arctic areas (Tanabe
et al., 1983, 1987; Aguilar et al., 1999; Arnot and Gobas, 2004; Kelly
et al., 2007).

Many marine mammals such as whales, dolphins and seals are found
in the North Atlantic Ocean and due to their varying habitats and diets
can be good bioindicators of ocean health, as well as providing insight
into the fate, breakdown and transport of POPs. Some species such as the
bearded seal (Erignathus barbatus) and Risso’s dolphin (Grampus griseus),
live in localised colonies around the UK and have relatively small home
ranges and so are good indicators of local contamination from source
regions. Other species have much larger home ranges but predominantly
feed in the deeper ocean depths far from the mainland, such as the long-
finned pilot whale (Globicephala melas) and sperm whale (Physeter
macrocephalus). These species are excellent indicators for the transport
of POPs away from the major source and sink regions. Marine mammals
with their high lipid contents and high tropic positions are some of the
most at-risk species from contamination by POPs (Houde et al., 2005;
Weijs et al., 2013; Jepson et al., 2016; Desforges et al., 2018; Jeong
et al., 2020). Although PCB use has been phased out, PCB pollution
continues to impact killer whales (Orcinus orca) and other dolphins in
European waters (Jepson et al., 2016). Most research on marine mam-
mals has focused on calculating total PCB concentrations and estab-
lishing health risks, with less research performed on identifying sources
of PCBs or investigating the biological activity of chiral PCBs.

Polychlorinated biphenyls were originally produced as technical
mixtures such as Arolcors (U.S.), Clophen (Germany), Phenochlor
(France), Sovol (Sovjet). Although “Aroclor” PCBs are still found in the
environment, an increasing importance is being placed on non-Aroclor
(inadvertently produced) PCBs. Unlike Aroclor PCBs, inadvertently
produced PCBs were never intentionally produced and were believed to
be of minor concern as they were thought to only be present in small
quantities in the environment. However, research using methods
capable of determining all 209 PCBs have helped to identify that thy are
of concern and in some cases are now significantly influencing PCB
profiles in some samples (Hu and Hornbuckle, 2010; Hu et al., 2011;
Garmash et al., 2013; Guo et al., 2014; Vorkamp, 2016; Bartlett et al.,
2019; Liu and Mullin, 2019; Megson et al., 2019b; Hermanson et al.,
2020; Rodenburg et al., 2020). Many PCBs studies only focus on a subset
of PCBs such as the 7 indicator PCBs (which are relatively cheap to
determine and easy to work with) or the WHO12 dioxin like PCBs
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(DL-PCBs) (that are commonly used to assess health risks). Whilst these
can be useful when comparing PCB concentrations in different data sets,
they are not as useful when attempting to establish sources of contam-
ination or understand fate and transport mechanisms (Megson, 2019b).
By undertaking comprehensive congener specific analysis, it is possible
to identify and quantify the impact of inadvertent PCB sources and how
they are impacting the marine environment.

Despite the relatively large number of studies undertaken on PCBs,
chiral PCBs (C-PCBs) remain an understudied area. However, they can
provide valuable insight into the different pathways and metabolism of
PCBs in organisms and the wider environment (Serrano et al., 2000;
Warner et al., 2005; Bordajandi and Gonzélez, 2008; Kania-Korwel and
Lehmler, 2016a). C-PCBs produced in technical mixtures and synthetic
C-PCBs are present as a racemic mixture (i.e. ratio of 1:1, enantiomer
fraction of 0.5). Enrichment of C-PCBs 95, 136 and 149 differs per or-
ganism, though in many marine mammals and sharks C-PCB 95 and 149
are found in racemic or nearly racemic mixtures. Studies suggest dif-
ferences in enantiomer composition can be explained by diet, in vivo
biotransformation and elimination of PCBs as well as trophic transfer
(Blanch et al., 1996; Serrano et al., 2000; Warner et al., 2005; Lu et al.,
2014).

This current study determines the concentrations of all 209 PCBs in
19 marine mammals from 11 different species. It aims to quantify total
PCB concentrations in all samples and produce detailed PCB congener
profiles. These profiles will be used to identify potential inadvertently
produced PCBs and processed using multivariate statistics to establish if
differences in PCB profiles can be distinguished based on geographical
location and feeding habits of the marine mammals. Selected samples
were also analysed to determine the enantiomer fractions of C-PCBs 95,
136 and 149 to investigate any enantioselective species-specific factors.

2. Materials and methods
2.1. Sample collection

Muscle tissue samples were obtained from the following 19 stranded
marine mammals; bearded seal (Erignathus barbatus) (n = 1), Sowerby’s
beaked whales (Mesoplodon bidens) (n = 1), white-beaked dolphins
(Lagenorhynchus albirostris) (n = 3), long-finned pilot whales (Globice-
phala melas) (n = 5), Risso’s dolphin (Grampus griseus) (n = 1), sperm
whale (Physeter macrocephalus) (n = 1), killer whale (Orcinus orca) (n =
1), sei whale (Balaenoptera borealis) (n = 1), minke whale (Balaenoptera
acutorostrata) (n = 1), Atlantic white-sided dolphins (Lagenorhynchus
acutus) (n = 3), and fin whale (Balaenoptera physalus) (n = 1). Samples
were collected by the Scottish Marine Animal Stranding Scheme
(SMASS), all samples were retrieved from stranded animals collected
from the Scottish coast during 2010-2013. Sample locations are pro-
vided in SI1 and age group in SI2 approximately 1 g of sample was freeze
dried and stored in the freezer prior to extraction.

2.2. Sample preparation

Samples were extracted using the method described in Megson et al.
(2013) which was adapted from Brown et al. (2013). Lipid content was
determined gravimetrically through solvent extraction on approxi-
mately 0.5 g of tissue. For PCB analysis approximately 0.5 g of sample
was accurately weighed, then freeze-dried (—45 °C; 0.2 mbar; 72 h) and
ground into a powder. Prior to extraction all samples were spiked with
20 pL of a recovery standard solution containing mass labelled PCBs
from every level of chlorination (PCBs: 3,15,31,52,118,153,180,194,
206,209) (MBP-GC solution, Wellington Laboratories). Samples were
then extracted by adding dichloromethane/methanol (2:1 v/v) and
ultrasonicating (80 min). Extracts were filtered, dried and re-suspended
in hexane before being separated into a non-polar fraction by column
chromatography (SiOs). Samples were blown down to incipient dryness
using nitrogen and reconstituted with 50 pL of spiking solution
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containing mass labelled BDE 79.

2.3. Congener specific analysis by GC-APCI-qqqgMS

Analysis was undertaken using gas chromatography atmospheric
pressure chemical ionisation triple quadrupole mass spectrometry (GC-
APCI-qq@MS). An Agilent 7890 A GC was fitted with an Agilent DB-5MS
column (60 m x 0.25 mm ID x 0.10 pm) coupled to Waters Xevo TQ-XS
tandem quadrupole mass spectrometer with APGC source. Quantifica-
tion of PCBs was performed by isotope dilution to enable trace level
analysis of less abundant PCB congeners. Due to the high concentrations
of PCBs present 1 pL of sample was injected at a split ratio of 10:1 and
constant flow rate of 1.7 mL/min. Analysis was performed for all 209
PCBs, but only PCBs present above detection limits (10 fg on column)
were reported. Further information on this method is presented in SI1
and concentration data for all PCBs presented in SI2.

2.4. Chiral analysis by GC-EI-HRMS

Enantiomer Fractions (EFs) of chiral PCBs (C-PCBs) 95, 136 and 149
were analysed according to the method of Robson and Harrad (2004),
using an Agilent 7890 gas chromatograph fitted with a Chirasil-Dex
column (25 m x 0.25 mm x 0.25 pm) coupled to a Micromass Auto-
Spec Premier high-resolution mass spectrometer (GC-HRMS) tuned to
greater than 10,000 mass resolution (10% valley definition). The two
most abundant isotopes of each enantiomer were recorded in Selected
Ion Recording Mode (SIR). These were m/z 325.8804 and 327.8775 for
C-PCBs 95, and m/z 359.8415 and 361.8385 for C-PCBs 136 and 149.
These PCBs were chosen because they are; (a) able to be baseline
separated on the Chirasil-Dex column, (b) free from any co-eluting
congeners that may bias the results and (c) normally present in the
environment in high enough concentrations to be accurately measured.

Enantiomeric Fractions were calculated as per Harner et al. (2000)
using the following formula:

EF = El/ (Bl + E2)

Where E1 equals the first eluting of the (+) enantiomer and E2 the
second eluting enantiomer.

2.5. Toxic Equivalents (TEQ)

Toxic Equivalents (TEQ4q¢s) were calculated for all dioxin-like PCBs
(DL-PCBs) (non-ortho: 77, 81, 126, 169 and mono-ortho: 105, 114, 118,
123, 156, 157, 167 and 189) for 19 samples: Atlantic white-sided dol-
phins (n = 3), bearded seal (n = 1), fin whale (n = 1), killer whale (n =
1), long-finned pilot whales (n = 5), minke whale (n = 1), Risso’s dol-
phin (n = 1), sei whale (n = 1), 1 Sowerby’s beaked whale (n = 1), sperm
whale (n = 1) and white beaked dolphins (n = 3) using the 2005 World
Health Organisation’s (WHO) Toxic Equivalency Factors (TEFs) (van
den Berg et al., 2006).

2.6. Data quality

For congener specific analysis, instrument detection limits
(excluding chiral analysis) were tentatively set at 10 fg on column as this
represented the lowest concentration standard solution which could
consistently be detected with a S:N ratio >10. Average recovery rates
were for PCBs in each sample were generally between 60 and 80% with
recovery rates for all levels of chlorination in all samples within the
acceptable range specified by USEPA method 1668C. To measure pre-
cision calibration solution CS4 (Wellington WP-CVS) (containing 10 pg
pol of PCBs 81, 118, 167 and 189) was analysed after each batch of 10
samples. This resulted in a total of 3 measurements where the analytical
precision (standard deviation) was 1.9%. There were low femtogram
levels of several PCBs detected in the procedural blanks (1 per batch of
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10 samples). PCBs detected in the procedural blanks were PCB11 (30 fg/
uL), PCB18 (20 fg/puL), PCB31 (30 fg/uL), PCB 43 (15 fg/pL), PCB 48 (15
fg/uL), PCB 95 (15 fg/uL), PCB 101 (20 fg/pL), PCB99 (20 fg/uL), PCB
139 (30 fg/pL), PCB 118 (30 fg/pL), PCB 153 (50 fg/uL), PCB105 (10 fg/
pL), PCB 138 (40 fg/pL), PCB 180 (30 fg/pL). As these levels were
several orders of magnitude lower that the concentrations observed in
the samples no blank correction was performed.

For chiral analysis, the chromatographic performance of the method
was assessed prior to each run of 8 samples by analysis a 1:1:1 mixture of
Aroclors 1248, 1252 and 1260. Samples where only accepted for
quantitation if the enantiomeric fractions of the three atropisomers
studied were 0.50 (40.01) in the Aroclor mixture (results of 0.49,0.50,
0.51,0.51 and 0.50 were obtained from the 5 standards run throughout
the experiment), the least abundant enantiomer of the pair had a signal
to noise (S:N) ratio greater than 10:1, the isotope ratios were within 20%
of their theoretical values and the analytical recovery of the sample was
greater than 30%. The instrument LOD was estimated by analysing a
standard mixture of C-PCB 95 and C-PCB 149, LODs were calculated at a
concentration of 2.5 pg puL~! per enantiomer. Procedural blanks were
prepared for each batch of 8 samples; no chiral PCBs were detected in
the blanks above the limits of detection.

2.7. Statistical analysis

The results for the marine mammal tissue samples were subjected to
principal component analysis (PCA) following the general methodology
outlined by Johnson et al. (2015). Data pre-processing included
screening for non-detects. Congeners/coeluting peaks reported below
detection limits (non-detects) in all 19 samples were removed from the
data matrix, reducing the data matrix to 19 samples and 156 variables.
Remaining non-detects in the matrix were substituted with zero. Before
performing PCA the data were normalised by transformation to a
percent metric to remove concentration/dilution effects. The data were
then mean centred and scaled (autoscale transform) to prevent high
concentration variables from dominating the analysis (Johnson et al.,
2015). The PCA was conducted on this transformed matrix using the
Matlab computational software package, using Matlab’s the ‘pca’ func-
tion. The number of principal components was evaluated based pri-
marily on evaluation of Miesch CD scatter plots (included in
Supplementary Information (SI3). See also Johnson et al. (2015).

3. Results and discussion
3.1. Total PCB concentrations

Total concentrations of PCBs in the samples ranged from 1.9 to 318
mg/kg lipid (Fig. 1 & SI2), which is comparable to concentration data
compiled by Jepson et al. (2016) for cetaceans in the North Atlantic.
Whilst the Jepson et al. (2016) study focused on a subset of PCB con-
geners (18-25) this current study determined the presence (or absence)
of all 209 congeners. On average 150 different PCB congeners were
detected in the samples analysed, with at least 145 PCBs being detected
in each sample. The greatest number of congeners were detected in the
white beaked dolphin and Risso’s Dolphin (155 different PCBs), which is
amongst the greatest number of different PCBs ever detected in one
environmental sample. The highest concentration of PCBs was detected
in a killer whale (318 mg/kg lipid) with concentrations in dolphins
generally greater than those in the whale species. This difference is most
likely attributable to the different tropic positions that each species feed
in. Filter feeders such as the sei whale and fin whale consume plankton
as well as small fish and copepods (Flinn et al., 2002) whereas the
dolphins and killer whale have a more varied diet including organisms
that are higher in the food web and therefore contain greater PCB
concentrations.

The total concentrations of PCBs detected in the majority of tissue
samples exceed the “applied” marine mammal toxicity thresholds (lower
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bound: 9 mg/kg lipid and upper bound: 41 mg/kg lipid, Fig. 1) (Helle
et al., 1976; Kannan et al., 2000; Jepson et al., 2005, 2016). Onset of
physiological effects in marine mammals are observed at concentrations
as low as 9 mg/kg lipid, with extreme physiological effects such as
reproductive impairments and immunosuppression occurring when the
higher threshold of 41 mg/kg lipid is exceeded, and in some extreme
cases lead to death (Alonso Farré et al., 2010; Murphy et al., 2010, 2018;
Jepson et al., 2016). This is concerning as although PCBs have been
banned their levels are still above toxicological thresholds. Concentra-
tions of PCBs found in one killer whale and white beaked dolphin are
almost eight times over the maximum toxic threshold for marine
mammals which suggests that their health could be significantly
impacted. Trophic level data obtained from Pauly et al. (1998) revealed
that there was a significant positive correlation (Spearman’s: R = 0.57,
p < 0.0103) between the trophic level and total dioxin-like PCBs con-
centrations in marine mammals, though no significant correlation was
observed for concentrations of total PCBs (Spearman’s: R = 0.408, p =
0.0828). Marine mammals typically occupy high trophic levels, which in
combination with their k-life strategies (e.g. few offspring, long lived
and large size) makes them more susceptible to bioaccumulation of
pollutants (Tanabe, 2002; Dorneles et al., 2013; Jepson et al., 2016;
Chouvelon et al., 2018). Variations in total PCB concentration could in
large part also be driven by variation in diets, for example killer whales
feed at higher trophic levels compared to sei whales, Atlantic white
sided dolphins and pilot whales (Desforges et al., 2018; Jourdain et al.,
2019; Jourdain et al., 2020a, 2020b). Marine mammals also often have a
high percentage of blubber which allows for the accumulation of lipo-
philic pollutants, such as organochlorines, PCDD/Fs and PCBs (Muir
et al., 1988; Borrell and Aguilar, 1993; Jeong et al., 2020).

Dioxin like PCB (DL-PCB) concentrations and TEQ values (pg/g wet)
are presented in Table 1. Total DL-PCB concentrations were the highest
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in the killer whale (6970 ng/g wet), followed by one long-finned pilot
whale (1419 ng/g wet) and bearded seal (1312 ng/g wet). However, the
highest TEQ value was observed in Risso’s dolphin (1687 pg/g TEQ2005
wet), followed by the sperm whale (1339 pg/g TEQ2005 wet) and one
white beaked dolphin (1100 pg/g TEQ2gos wet).

3.2. PCB profiles

The percent normalised congener profiles for the different samples
are presented as bar-graphs in the Supplementary Information (SI4).
These profiles were compared against existing Aroclor profiles which
revealed a poor match for all samples. Even when considering a best fit
mixture of Aroclors similarity metrics (Cosine theta and R?) the data still
displays a poor match. For the majority of samples, this deviation from a
simple Aroclor mixture was due to elevated proportions of PCBs such as
PCB 138 and 153 (Fig. 2a). These have previously been identified as
congeners that are resistant to biotransformation and elimination in a
wide range of different species (Safe, 1993; Hansen, 1998, 1999; Grimm
et al., 2015). Several samples displayed a different congener profile
enriched in many of the less chlorinated congeners in the Aroclor 1242
range, but with an elevated proportion of the inadvertent PCBs 11 and
PCB 20&30 (Fig. 2b). Interestingly, nearly all samples displayed
elevated proportions of PCB 139 which is only present in trace levels
(<0.2%) in technical mixtures (e.g. A1254).

The PCB signature of the killer whale exhibits a congener profile
typically found in most marine mammals (Fig. 2a), with elevated pro-
portions of the metabolism-resistant congeners such as PCB 132 & 153 &
186. The signature of the sei whale, however, does not match this
‘typical’ profile (Fig. 2b). The PCB signature of the sei whale can be more
closely compared to one commonly found in air or surface depositions,
with higher concentrations of lighter PCB congeners such as PCBs 8, 11,
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Fig. 1. Total PCB concentrations (mg/kg lipid) determined in each sample. The toxic threshold in marine mammals was indicated by a lower value of 9 mg/kg lipid
(black dashed line) and a higher value of 41 mg/kg lipid (red dashed line) (approach adapted from (Jepson et al., 2016)). (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)



Table 1
Total dioxin-like-PCB (DL-PCB) concentrations (pg/g wet) and Toxic Equivalency Factors (TEQ) WHO 2005 (pg/g wet) in marine mammals from the North Atlantic Ocean.
Sample Species Non-ortho PCBs Mono-ortho PCBs Total DL- Total PCBs % DL- TEQWHO
no. PCBs PCB 2005
77 81 126 105 114 118 123 156 157 167 169 189

1 Atlantic white sided 828 94.4 68.2 24,200 1160 90,800 291 3870 5250 13,100 37.0 5160 1,45,000 73,20,000 2.0% 30.0
dolphin
(Lagenorhynchus acutus)

2 Atlantic white sided 551 61.0 69.7 25,200 1320 98,000 486 4610 5310 14,700 81.2 5110 1,55,000 92,10,000 1.7% 27.0
dolphin
(Lagenorhynchus acutus)

3 Atlantic white sided 1890 341 239 62,200 3770 2,34,000 5530 11,100 10,600 26,600 94.8 7240 3,64,000 1,40,00,000 2.6% 241
dolphin
(Lagenorhynchus acutus)

4 Bearded seal (Erignathus 1820 227 2850 2,59,000 16,300 8,76,000 ND 80,600 35,700 34,900 106 5170 13,10,000 1,21,00,000 10.8% 1010
barbatus)

5 Fin whale (Balaenoptera 490 85.1 311 7240 1110 60,200 840 7410 2010 6880 30.9 840 87,400 18,20,000 4.8% 68.0
physalus)

6 Killer whale (Orcinus 4920 798 5490 11,90,000 75,500 41,70,000 31,500 5,69,000 2,61,000 5,23,000 5460 1,40,000 69,70,000 15,40,00,000 4.5% 1920
orca)

7 Long finned pilot whale 2300 ND 344 1,66,000 8870 4,78,000 2800 31,300 16,400 34,300 516 4280 7,45,000 1,01,00,000 7.3% 188
(Globicephala melas)

8 Long finned pilot whale 1600 572 482 2,75,000 18,900 9,39,000 5230 73,200 29,500 66,200 1040 8550 14,20,000 1,80,00,000 7.9% 305
(Globicephala melas)

9 Long finned pilot whale 853 278 294 1,06,000 6450 3,57,000 4540 28,500 10,400 23,400 493 3190 5,41,000 68,70,000 7.9% 405
(Globicephala melas)

10 Long finned pilot whale 896 443 228 35,500 2740 1,20,000 1760 12,200 4150 9890 209 1750 1,89,000 29,90,000 6.3% 124
(Globicephala melas)

11 Long finned pilot whale 4120 1120 840 90,500 6280 2,98,000 3470 25,100 9850 15,800 324 2280 4,58,000 62,70,000 7.3% 220
(Globicephala melas)

12 Minke whale 1550 516 669 18,600 1640 89,800 1540 8580 3070 7130 225 1260 1,35,000 23,00,000 5.9% 378
(Balaenoptera
acutorostrata)

13 Risso’s dolphin 28,200 2980 13,800 2,02,000 11,600 6,98,000 7140 82,700 25,100 64,100 7860 14,100 11,60,000 1,10,00,000 10.5% 12,100
(Grampus griseus)

14 Sei whale (Balaenoptera 1040 189 88 4350 452 18,800 269 1140 383 932 25.6 137 27,900 8,67,000 3.2% 26.0
borealis)

15 Sowerby’s beaked whale 1280 465 1510 29,800 2780 1,31,000 2000 10,100 3070 4990 69.5 1390 1,89,000 27,10,000 7.0% 506
(Mesoplodon bidens)

16 Sperm whale (Physeter 13,400 2940 11,500 2,91,000 15,100 6,80,000 8330 85,700 27,900 48,900 4550 9510 12,00,000 2,07,00,000 5.8% 6600
macrocephalus)

17 White beaked dolphin 994 ND 10,700 1,57,000 8980 5,42,000 ND 17,300 9390 23,300 146 4390 7,74,000 56,10,000 13.8% 5860
(Lagenorhynchus
albirostris)

18 White beaked dolphin 157 47.8 52.1 10,200 859 67,500 1110 3360 3160 10,000 32.7 3090 99,600 5,15,00,000 0.2% 570
(Lagenorhynchus
albirostris)

19 White beaked dolphin 15,200 ND 1640 1,62,000 8470 4,64,000 6690 4,66,000 20,200 46,800 1370 10,800 12,00,000 1,88,00,000 6.4% 1400
(Lagenorhynchus
albirostris)
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Fig. 2. Congener profiles with associated (poor) best fit matches to technical PCB mixtures for two marine mammals; (a) killer whale and (b) sei whale.

15, 20&30 (Bartlett et al., 2019; Hermanson et al., 2020). Note in
particular the presence of PCB 11 and PCB 20&30 (annotated in red text
on Fig. 2b) in sei whale sample M300. These congeners have been re-
ported in sediments and birds and thought to be inadvertent PCB con-
geners, rather than from technical mixtures, as is discussed in more
detail in Section 3.3. Sei whales are filter feeders (Cooke, 2018) that
predominantly feed at the top of the water column that is directly
exposed to atmospheric deposition. They do not consume animals from
higher trophic positions that will have experience PCB bioaccumulation
and biomagnification. This may explain the unusual pattern seen in this
sei whale and why it differs from the other marine mammals.
Principal component analysis (Fig. 3) revealed a general two end

o
o 9: Long Finned pilot whaleg, @5 Sowerbys beaked whale
e 5: Finwhaleg @2 Minke whale
8: Long Finned pilot whald” o Long Finned pilot whale
10: Long Finned pilot whale® o

3 (8.8% of Variance)
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ridge .0
18: White beaked dolphin o
6: Killer whale

5~

PC 2 (15.5% of Variance)

13: Rissos dolphin

#1: Long Finned pilot whale

member continuum between the two congener profiles displayed in
Fig. 2. Sei whale sample M300 (which exhibits higher proportions of
lower chlorinated congeners) plots to the far right. Killer whale sample
M143 (with higher proportions of higher chlorinated, metabolism-
resistant congeners) plots towards the left of Fig. 3. The point at the
base of the plot that is located away from the main data cluster is the
bearded seal sample, which is the only non-cetacean in the dataset. The
majority of the mammals display a congener profile that is commonly
observed in wildlife, with PCBs 153 and 138 being most abundant. This
is evident by inspection of individual sample bar-graphs, which are
included in SI4. Similar profiles have been recorded in killer whales,
ringed, elephant and harbor seals (Ross et al., 2000; Muir et al., 2003;
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Fig. 3. Scores plot from principal components analysis (PCA) of 19 samples, 156 variable data set. Samples are color-coded by total PCB concentration. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Wolkers et al., 2004; Debier et al., 2006). Many of the animals that
displayed this signature are in fairly advanced levels of the trophic scale
(e.g. killer whale, white beaked dolphin, sperm and log finned pilot
whale) and therefore are at positions where biomagnification of con-
geners that are resistant to biotransformation and elimination is able to
occur (Muir et al., 2003).

3.3. Non-Aroclor sources

The presence of non-Aroclor sources of PCBs in the environment has
been gaining more attention over the last decade. Significant inputs of
PCBs such as PCB11 and PCB209 have been reported in sediments and
birds (Hu and Hornbuckle, 2010; Hu et al., 2011; Grimm et al., 2015;
Vorkamp, 2016; Megson et al., 2018; Bartlett et al., 2019; Hermanson
et al., 2020; Rodenburg et al., 2020). There are a variety of different
processes that can create PCBs and this results in the production of many
different PCB congeners including PCB11 and PCB209 (Grimm et al.,
2015). These are often used as indicators of inadvertent PCB sources as
they were not present in high proportions in technical PCB mixtures
(although PCB 209 was used a major congener some technical mixtures
that were not widely used e.g. A1268, 1270, A1271, A1272). Other
potential indicators for inadvertent PCB sources include PCBs 21, 68, 90
and 169, which are also produced by inadvertent PCB sources but not
found in technical mixtures. An additional layer of complexity comes
from PCBs that are abundant in both inadvertent and Aroclor sources
(such as PCBs 28 and 52). Identifying non-Aroclor contributions from
these congeners is much more of a challenge, however Bartlett et al.
(2019) and Hermanson et al. (2020) attributed elevated levels of PCB 28
in Arctic samples to non-Aroclor sources. Whilst we appreciate PCBs can
be degraded and biotransformed in the environment, to provide a con-
servative “lower bound” estimate of the contribution of inadvertent
sources, the sum of PCBs 11, 209, 21, 68, 90 and 169 are presented as
>~u-PCBs and converted to a percentage total in each sample (Fig. 4).
These are presented alongside (a conservatively high) “upper bound”
estimate of Y u-PCBs which includes contributions from an additional
38 PCBs identified in Megson et al. (2019b) which are present in both
inadvertent sources and technical products (Fig. 4). These include PCBs;
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1,2,3,4,5,6,7,8,10,12, 13, 15, 18, 20, 26, 28, 31, 33, 34, 35, 40, 47,
48, 51, 52, 56, 64, 72, 77, 99, 101, 109, 118, 126, 146, 153, 206, 208.

The results show that the conservative estimates of the proportion of
uPCBs is relatively low for most samples, however contributions of
greater than 5% of the total were observed in the sei whale (Fig. 4).
Notable contributions conservative estimates of uPCBs were also found
in white beaked dolphin (3.0%), sperm whale (2.8%) and minke whale
(2.3%). When these values are compared against the upper uPCB esti-
mations they become much more significant, with estimates between 20
and 50% of the total PCB content and total concentrations of over 100
mg/kg lipid in a white beaked dolphin. In most cases we assume 100% of
these additional 38 PCBs have arisen from Aroclor sources. These are not
minor congeners and so this research shows that it may be important to
not jump to this assumption as inadvertently produced PCBs could be
making up a larger proportion of the total PCB values than we previously
anticipated. More research is needed to help deconvolute the pro-
portions of PCBs that are found in both inadvertent sources and tech-
nical mixtures. Specific research is also required to identify the potential
source of PCB 139 as this was common across most samples but is not
present in high proportions in technical mixtures.

White beaked dolphins are continental species that feed predomi-
nantly on fish as well as squid, octopus and crustaceans (Canning et al.,
2008; Jansen et al., 2010). Sperm whales are often found in deeper
waters, feeding on cephalopods and fish in mesopelagic and benthic
habitats (Spitz et al., 2011). Minke whales are found in all oceans and
have a broad diet that includes schooling and demersal fish, krill and
copepods (Haug et al., 2002). Although these species have higher pro-
portions of inadvertent PCBs, they don’t share similar diets or habitat.
They may be exposed to these PCBs at lower depths, through their diet or
when they contact the surface of the water. The killer whale had high
concentrations of PCBs but lower proportions of inadvertent PCBs. This
difference could be explained by the diet of killer whales as they target
marine mammals (e.g. seals), sea turtles, sea birds, cephalopods and
bony fish (e.g. herring and lumpfish) (Jourdain et al., 2019). Their
generalist diet means they may be exposed to higher concentrations of
PCBs with less volatile PCBs. These differences highlight how little we
know about the magnitude of different pathways for animal exposure to
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Fig. 4. (a) Total concentrations of u-PCBs determined in each sample along with the (b) percentage of Aroclor and inadvertent PCBs. “Lower bound” is a conservative
estimate of the contribution of inadvertent sources, the sum of PCBs 11, 209, 21, 68, 90 are presented as (a) >_u-PCBs and (b) converted to a percentage total in each
sample, and “upper bound” is a ) u-PCBs which includes contributions from an additional 38 inadvertently produced PCBs identified in Megson et al. (2019).
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inadvertent PCBs.

3.4. Enantiomer fractions (EF)

There has been limited research in the environmental behaviour and
enantioenrichment of chiral PCBs (C-PCBs). C-PCBs are produced as a
racemic mixture (EF = 0.5) and due to various biological process, the
biotransformation and elimination of these compounds may be enan-
tioselective (Blanch et al., 1996; Serrano et al., 2000; Chu et al., 2003;
Harrad et al., 2006; Bordajandi and Gonzalez, 2008; Megson et al., 2015;
Zheng et al., 2016).

A subset of 7 samples (1 sperm whale, 1 Sowerby’s beaked whale, 1
minke whale, 1 long-finned pilot whale, 1 fin whale, 1 killer whale and 1
sei whale) were selected for chiral analysis to cover a wide range of
different species, the EFs for PCB 95, 136 and 149 in these samples are
presented as Fig. 5. For C-PCB 95 and C-PCB 149 all species had EF
values = /< 0.5 (EF values ranged from 0.41 to 0.5 for C-PCB 95 and
0.4-0.5 for C-PCB 149), whereas all samples for PCB136 were close to
racemic (0.47-0.53). The long-finned pilot whale showed the largest
enrichment of C-PCB 95 and C-PCB 149 with an EF value of 0.41. The
Sowerby’s, minke and long-finned pilot whale showed the largest
enrichment of C-PCB 149 with EF values ranging from 0.40 to 0.41.
These results are similar to those reported previously by Megson et al.
(2015) and Zheng et al. (2016) for human serum but contradict some of
the other existing literature (Blanch et al., 1996; Serrano et al., 2000).
PCB 95 (236-2'5'-CB) and 149 (236-2'4'5'-CB) possess free chlorine in
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either the meta or/& para (4/4° & 5/5') positions, whereas PCB 136
(236-2'3'6’-CB) does not. This has led others to conclude that lower
biotransformation rates occur with C-PCB 95 and C-PCB 149 relative to
C-PCB 136 which resulted in hardly detectable changes of enantiomeric
composition of these two PCBs in the liver of Portuguese dogfish (Cen-
troscymnus coelolepis) (Blanch et al., 1996). Similar findings were also
reported by Serrano et al. (2000) who reported racemic or nearly
racemic results for C-PCB 95 and C-PCB 149 in almost all of the groupers
(Epinephelus marginatus) and sharks.

Our data was assessed to establish if there was a link between PCB
concentrations and EFs. There was a weak positive trend between total
PCB concentrations and EF, as well as DL-PCB concentrations and EF
(Fig. 5). As concentrations of PCBs increased the EF of C-PCB 95 and C-
PCB 136 increased, but conflicting evidence was observed for C-PCB
149. Despite the slight positive trends in Fig. 5 no significant correla-
tions were observed between the EF for C-PCBs 95, 136 and 149, and the
total PCB concentration (a-c). Similarly, no significant correlations were
observed between the EF for C-PCBs 95, 136 and 149, and the total DL-
PCB concentration (d-f) (See SI for test output) so it is still unclear what
is driving these changes in EFs of C-PCB 95 and PCB 149.

The large variation in the enantiomer composition of different or-
ganisms suggests that the PCBs are biotransformed and eliminated in
different ways, i.e. through cytochrome P450 metabolism, which in-
creases as the meta-para hydrogen atoms increase (Bordajandi and
Gonzalez, 2008; Kania-Korwel and Lehmler, 2016b; Zheng et al., 2016).
There could also be variation due to trophic level and geography, for
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Fig. 5. Enantiomer fraction of C-PCB 95 (Fig. 5a and d), C-PCB 136 (Fig. 5b and e) and C-PCB 149 (Fig. 5c and f), and their relationship with total PCB (a—c) and DL-
PCB (d-f) concentrations. The dashed line (dark red for total PCBs and dark blue for total DL-PCBs) on the scatter plots represents an EF of 0.5 (i.e. a racemic
composition). C-PCB 149 was not detected in the sperm whale. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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example the Sowerby’s, minke and long-finned pilot whale showed the
largest variation from the racemic composition for C-PCB 149, all
enriched with the second eluted enantiomer. Both species have higher
trophic positions (4.3 and 4.4 respectively) (trophic level ranges ob-
tained from Pauly et al., 1998), although the killer whale has the highest
trophic position and shows the least variation from the racemic mixture.
Kania-Korwel and Lehmler (2016b) suggested that the toxicokinetics of
C-PCBs is congener specific as well as being species dependant. They
found that trophic levels may play an important role, where species at
lower trophic levels have more abiotic process that are involved in the
breakdown of C-PCBs. This may explain the large variation from racemic
for the minke whale and fin whale for C-PCB 95. The sei whale shows the
least variation from the racemic mixture which could be explained by
the PCB signature that contains a high proportion of lighter PCB con-
geners, or because it had the lowest total PCB concentrations and so may
have therefore have had the least active cytochrome P450 system.
Despite the few samples in this study, the variation of EF in C-PCB 95
and 149 indicate that there may be biotransformation processes occur-
ring in the organism themselves (i.e. CP450) or along the food chain
(dechlorination, weathering and microbial decomposition).

4. Conclusions

This study performed comprehensive congener specific PCB analysis
in 11 different species of marine mammals. In total 19 samples were
collected from mammals that had been stranded across the coast of the
UK. As this study made use of opportunistic sampling from stranded
animals in the UK there are some limitations that are discussed in SI1.

Total and dioxin like concentrations of PCBs found in this study were
comparable with those found in the existing literature, however our
study identified some of the highest number of different PCBs ever
identified in environmental samples. At least 145 different PCBs were
detected in each sample, with an average of 150 and maximum of 155
different PCBs (observed in the white beaked dolphin and Risso’s Dol-
phin). The majority of the samples had concentrations exceeded the
toxic threshold for marine mammals. Killer whales had the highest total
PCB concentrations (318 mg/kg), as well as having the highest con-
certation of DL-PCBs (6970 ng/g wet) which highlights the significant
risk that PCBs still pose in the marine environment.

Detailed congener profiles allowed us to identify a novel PCB profile
in sei whales which was dominated by volatile and inadvertent PCBs.
The PCB profiles in many of the other species were generally consistent
with bioaccumulation profiles and technical mixtures found in other
marine mammals. These PCB profiles suggest that the contribution of
inadvertent PCBs to the total PCB burden in some marine mammals may
be greater than 5% for some species (sei whale). Further research is
recommended to identify better ways to differentiate sources of inad-
vertent PCBs from PCBs found in technical mixtures.

Seven subsamples were selected for chiral analysis of C-PCBs 95, 136
and 149. For C-PCB 95 and 149 all species had EF values = /< 0.5,
whereas all samples for C-PCB 136 were close to racemic (0.47-0.53).
These results contradict some existing literature which found racemic or
almost racemic mixtures of C-PCB 95 and 149 in groupers and sharks,
and supports existing literature that suggests C-PCB 136 enantiose-
lective elimination of this PCB does not occur in mammals.
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