Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Science of the Total Environment 708 (2020) 134835

Contents lists available at ScienceDirect

Juvenile harbor porpoises in the UK are exposed to a more neurotoxic 0 )

UL

4

mixture of polychlorinated biphenyls than adults o

Rosie S. Williams ™, David J. Curnick ", Jonathan L. Barber”, Andrew Brownlow °, Nicholas J. Davison ",

Rob Deaville ", Matthew Perkins “, Susan Jobling

d.1 a1

, Paul D. Jepson

A Zoological Society of London, Institute of Zoology, Regent's Park, London NW1 4RY, UK

b Cenire for Environment, Fisheries and Aquaculture Science (CEFAS), Pakefield Road, Lowestoft NR33 OHT, UK

¢ Scottish Marine Animal Stranding Scheme, SRUC Veterinary Services, Drummondhill, Inverness 1V2 4JZ. Scotiand, UK
4 Department of Life Sciences, Institute of Enviranment, Health and Societies, Brunel University, Uxbridge, UBS 3PH, UK

HIGHLIGHTS

« 347 harbor porpoise PCB congener
profiles were analysed.

« Juveniles had higher proportions of
less chlorinated congeners than
adults.

« Porpoises on the West coast of
England and Wales had higher ratios
of persistent PCBs.

« To assess risk the toxicity of different
congener profiles at dilferent life
stages needs to be quantified.

ARTICLE INFO

Article history:

Received 26 June 2014

Received in revised form 3 October 2019
Accepted 3 October 2019

Available online 18 November 2019

Editor: Yolanda Pic

Keywords:

Polychlorinated biphenyls
Harbor porpoises
Congener profile

Pors

# Corresponding author,

E-mail address: rosie.williams@ioz.ac.uk (RS, Williams),
! Joint senior authorship: Susan Jobling, Paul D. Jepson

https://doi.org/10,1016/j.scitotenv.2019.134835

GRAPHICAL ABSTRACT

W Variation batwoen conganer profiles of juveniles
f and adull females suggesls selective maternal
=] ] iransfer of PCB congenars via lactation

ABSTRACT
Polychlorinated biphenyls (PCBs) are a group of 209 persistent and bio-accumulative toxic pollutants pre-
sent as complex mixtures in human and animal tissues. Harbor porpoises accumulate some of the highest
levels of PCBs because they are long-lived mammals that feed at a high trophic level. Studies typically use
the sum of a suite of individual chlorobiphenyl congeners (CBs) to investigate PCBs in wildlife. However,
toxic elfects and thresholds of CB congeners differ, therefore population health risks of exposure may be
under or over-estimated dependent on the congener profiles present. In this study, we found congener
profiles varied with age, sex and location, particularly between adult females and juveniles. We found
that adult females had the highest proportions of octa-chlorinated congeners whilst juveniles had the
highest proportions of rri- and tetra-chlorinated congeners. This is likely to be a consequence of pollutant
offloading between mothers and calves during lactation. Analysis of the individual congener toxicities
found that juveniles were exposed to a more neuratoxic CB mixture at a time when they were most vul-
nerable to its effects. These findings are an important contribution towards our understanding of varia-
tion in congener profiles and the potential effects and threats of PCB exposure in cetaceans.
@ 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/flicenses/by-nc-nd/4.0/).

1. Introduction

Polychlorinated biphenyls (PCBs) are a large group of chemi-
cally related persistent and bio-accumulative pollutants known
to cause neurotoxic and endocrine disrupting health effects in
humans and wildlife (Faroon et al., 2003; Folland et al., 2016).

0048-9697/4 2019 The Author{s). Published by Elsevier B.V.
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Despite the European ban on PCBs in the mid-1980s, vast quanti-
ties still remain in stockpiles or in contaminated materials stored
in landfills (DEFRA, 2013; Stuart-Smith and Jepson, 2017). Such
legacy PCBs continue to enter the marine environment via several
mechanisms such as terrestrial run off, dredging and atmospheric
transport (jartun, 2011; Minh et al., 2006). Additionally, despite
the ban, there are still PCBs in ‘open application’, such as in paints
and sealants, that are also being released into the environment
(Stuart-Smith and Jepson, 2017). Hence, PCBs are found globally
throughout the terrestrial and marine environment and typically
occur in the food chain as complex mixtures. The highest levels
are found in long-lived odontocetes that feed at a high trophic
level, where they have been associated with suppression of the
immune and reproductive systems and are thought to contribute
to population declines in several species (Desforges et al, 2018;
Hall et al., 2006a; Murphy et al,, 2015).

The mechanisms of toxicity and potencies of individual con-
geners vary according to differences in chemical structure
(Hansen, 1998). All 209 chlorinated biphenyl (CB) congeners have
the same basic structure: two connected phenolic rings with
between one and ten chlorine molecules at different positions
around the rings. Dioxin-like (DL) PCBs (similar in structure to
dioxin) bind to the aryl hydrocarbon receptor (AhR) and induce
the cytochrome P450 monooxygenase enzyme (CYP) 1A subfamily.
DL PCBs were classically thought to be the most toxic and anti-
estrogenic congeners due to their persistent and high-level stimu-
lation of the AhR (Kodavanti and Loganathan, 2014). However,
numerous toxic effects have been reported for nondioxin-like
(NDL) PCBs that act independently of the AhR (Hansen, 1998;
Pessah et al., 2019). A review of several neurotoxicity studies con-
cluded that NDL lower chlorinated (di- and tri-) congeners were
the most neurotoxic (Hansen, 1998). NDL tetra-chlorinated con-
geners (e.g. CB47) and less chlorinated mixtures have also been
shown to cause greater disruption to thyroid homeostasis than
highly chlorinated congeners (e.g. CB99, CB153) (Hansen, 1998).
Whilst, NDL lower chlorinated PCBs have been shown to cause
greater oxidative stress in cerebellar neurons than DL PCBs
(Pessah et al., 2019). Hence, studies that estimate PCB mixture tox-
icities based on dioxin-like congeners and toxic equivalent factors
(TEFs) may be inadequate.

To standardise and simplify monitoring of PCBs in human and
animal tissues, the sum of concentrations of certain CB congeners
are traditionally used to determine PCB body burdens. Risk assess-
ments for these PCB exposures in marine mammals are carried out
using toxicity thresholds for summed concentrations of PCBs
derived by combining results from laboratory studies and field
studies on otters, mink and seals (Lutra lutra, Mustela vison, Phoca
vitulina) (Kannan et al., 2000a). Unfortunately, as these thresholds
were based on summed congener concentrations, the CB congeners
and their ratios in the mixtures varied between the studies and
were not published in full. As a consequence, the total toxicity of
PCB burdens in marine mammals may be more or less toxic than
predicted using current approaches, dependent on the complete
profile of PCB congeners present (Pefiin et al., 2018). This may be
particularly important during pregnancy and lactation where ener-
getic demands cause the mobilization of contaminants into circu-
lation and some of the maternal toxicant burden to be
transferred to the calf via lactation, which has been associated with
reduced calf survival in cetaceans (Schwacke et al., 2002). Variation
in congener profiles between mothers and their offspring, as well
as differences in the proportion of highly chlorinated congeners
transferred during gestation compared with lactation, could pro-
foundly affect PCB toxicity (Hamers et al., 2011; Hansen, 1998;
Iwata et al., 2004; Péncikova et al,, 2018). Therefore, to understand
whether calves are at a different risk to adults and whether current
toxicity thresholds are adequate, it is important to determine not

just the total burden, but also the congener profile of the PCB mix-
ture to which they are exposed.

To date no studies have addressed this question in cetaceans at
population level. To investigate this question, we used the largest
available cetacean toxicology dataset in the world, to obtain the
blubber PCB congener concentrations of harbor porpoises stranded
between 1992 and 2015. We used the PCB blubber concentrations
to determine whether the congener profiles of individuals differ by
age class and sex, in response to possible differences in pollutant
offloading from mothers to calves. We also considered whether
the congener profiles of individuals vary according to their strand-
ing location, possibly resulting from different chemical composi-
tions of polluting sources, timings of release and atmospheric
transport.

2. Materials and methods
2.1. Sampling

Between 1992 and 2015 blubber congener concentrations were
determined for 696 UK stranded harbor porpoises. Detailed and
standardised necropsies were carried out according to standard
procedures for cetaceans (Law et al., 2006). Blubber samples were
taken from the left side of the body, at the caudal insertion of the
dorsal fin. To minimise the impact of changes in pollutant levels
and tissue dispersion with body decomposition, toxicological anal-
ysis was prioritised for blubber samples from freshly dead cases as
defined in the necropsy protocol (Law, 1994; Law et al., 2006). Ani-
mals chosen for toxicological analysis were otherwise assumed to
be a random sample of all the strandings that occurred over the
study period.

2.2. PCB analysis

Blubber samples for contaminant analysis were taken and pre-
served at 20 °C using established protocols (Law, 1994), The con-
centrations of 25 PCB congeners, were determined (on a mg kg '
wet weight basis) by the CEFAS laboratory (Lowestoft) using a
method that followed the recommendations of the International
Council for the Exploration of the Sea (ICES) and had been vali-
dated following participation in the QUASIMEME laboratory profi-
ciency scheme (de Boer and Law, 2003; de Boer and Wells, 1997,
ICES, 1998: Webster et al,, 2013). In cases where the congener/iso-
mer concentrations were below the limit of quantification
(<0.0003 or < 0.0004 mg kg ' wet weight), concentrations were
set to zero. The numbers of the International Union of Pure and
Applied Chemistry CB congeners analysed were: 18, 28, 31, 44,
47, 49, 52, 66, 101, 105, 110, 118, 128, 138, 141, 149, 151, 153,
156, 158, 170, 180, 183, 187, 194. These congeners were chosen
for analysis based on their relatively high concentrations in com-
mercial PCB mixtures and their wide range of chlorination. The
individual congener concentrations were calculated and normal-
ized to a lipid basis (mg kg ' lipid) by solvent extracting lipids
from the blubber and calculating the hexane extractable lipid
content.

For Quality Assurance and Quality Control the CEFAS laboratory
(Lowestoft) participates biannually in the QUASIMEME (Quality
Assurance of Information for Marine Environmental Monitoring
in Europe) proficiency testing scheme. All analyses were carried
out under full analytical quality control procedures, which
included the analysis of a blank sample and the analysis of a certi-
fied reference material with every batch of 10 samples to assess
the performance of the methods. Blanks for individual PCBs were
always below the limit of quantitation. Where the levels of target
analytes were beyond the range of the instrument calibration, we
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diluted and re-analysed the extract. We used the reference mate-
rial BCR349 (cod liver oil; European Bureau of Community refer-
ence) and for each compound we plotted the reference material
results as Shewhart quality control charts. The charts were created
previously from repeated analysis of the reference material using
the North West Analytical Quality Analyst software™ (Northwest
Analytical Inc., USA). The warning and control limits for the charts
were defined as 2o and 30 - 2x and 3x the standard deviation
from the mean for each compound. For each of the samples anai-
ysed the certified reference materials were within the limits set
by the control charts. Therefore, all results were deemed to be
valid. The expanded uncertainty MU (calculated as 2*standard
deviation of the control charts for the BCR349 reference material
from the last 10 years) for the ICES7 PCBs ranges from 11.9% for
CB153 to 17.9% for CB28, which is well within the requirement
to be < 50% (SANCO, 2011).

2.3. Statistical analysis

All analyses were carried out using the statistical computer pro-
gramme R (version 3.4.3) (R Core Team, 2016). We used a subset of
the harbor porpoise stranding data (n = 696), which only included
trauma cases with complete age class data (n =347). This was to con-
trol against any confounding influence from the remobilisation of
PCBs that may occur in sick and underweight animals (n = 349),
We expressed the congener concentrations as fractions of the sum
of the 25 congeners that were measured (3_25 CBs). We investigated
any differences due to age class and sex by categorising all animals
by age class and the adults by sex. Individuals were categorized into
age classes according to their body length and sexual maturity. We
determined sexual maturity using gonadal appearance and by look-
ing for histological evidence of spermatogenesis in male testes. To
ensure that the method of classification was reliable over the
extended time period of the study we established that there was
no temporal trend in body length. Individuals with body lengths
greater than 90 cm that were sexually mature were classified as
adults, juveniles were classified as individuals with body lengths
greater than 90 cm that were sexually immature and individuals
with body lengths<90 cm (Jepson, 2003). Exact age was determined
for a subset of individuals (n = 236) by quantification of growth layer
groups from analyses of decalcified tooth sections using the meth-
ods outlined by Rogan et al., (2004) and Lockyer et al., (1995). The
pooled standard deviation associated with this technique has been
shown to be < 0.5 years therefore, associated errors should not
impact age class determination (Bjoerge etal., 1995). We did not cat-
egorise the juveniles by sex as we wanted to investigate the possible
effect of pollutant offloading from mothers to calves, Levels of PCBs
in females accumulate until they reach sexual maturity and success-
fully reproduce and offload some of their PCBs to their calves, after
which their body burdens decline following each successful preg-
nancy. Females that do not successfully reproduce and males con-
tinue to accumulate PCBs over their lifetime via prey ingestion
(Tanabe et al., 1981), Therefore, differences in mean PCB burdens
between the sexes only occurs in sexually mature animals. We con-
ducted analysis that verified that there were no significant differ-
ences between male and female juveniles (See Supplementary
Information Tables 5S4 & S5). Thus, it was only relevant to categorise
adult animals by sex. We were unable to categorise females accord-
ing the whether or not they had successfully reproduced however, if
congener variation is associated with maternal transfer of pollu-
tants, the large sample size should ensure this is still apparent even
if some non-reproducing females are present in the data.

This led to three groups being investigated (juveniles, adult
males and adult females) whereby we compared adult females
with adult males and adult females with juveniles to test whether
there was evidence of selective transfer of congeners via lactation.

To investigate geographical variation, we categorized the stranding
locations into three geographic areas that were previously defined
in a study assessing temporal trends of contaminants in stranded
cetaceans (Law et al., 2012). The three areas were Scotland, the
West (defined as the west coast of England and Wales including
the south-west coast up until Dorset and the Isle of Man) and East
England (defined as the east coast of England and the south-east
coast up to and including Dorset). We chose to categorise the loca-
tions in this way because the division of the east and west coasts in
England and Wales allowed for any longitudinal differences to be
observed. While the division of Scotland from England and Wales
allowed us to abserve any latitudinal differences.

To determine whether the degree of chlorination and the meta-
bolic pathway of congeners affected the PCB profiles we carried
out analyses using two separate classifications (Table 1). First, we
grouped the congeners according to their degree of chlorination.
This method of classification allowed every assayed congener to be
assigned a group and has been proposed in the literature as the most
suitable classification method (Moysich et al., 1999; Warner et al.,
2012). Furthermore, increasing degree of chlorination corresponds
with increasing lipophilicity and can therefore highlight certain
accumulation patterns that may not be apparent when analysing
congeners individually (Safe and Hutzinger, 1984). Second, we clas-
sified the congeners according to their metabolic pathway/struc-
tural activity group (SAG). This classification scheme was
proposed in a study that suggested cetaceans have reduced capabil-
ity of metabolising nondioxin-like PCBs, in comparison to other
mammals, because the activity of their CYP2B enzyme is lower
(Boon et al., 1997).

To investigate congener profile variation, we used principal com-
ponent analysis (PCA) to examine the data before grouping any con-
geners. We then grouped the congeners by degree of chlorination
and carried out PCA to further assess variation between age class
and sex. We fitted linear models and carried out Tukey’s Honestly
Significant Difference (HSD) tests to identify which differences were
statistically significant. We investigated the association between
the metabolic pathway of the congeners and congener profiles by
conducting PCA on the congeners grouped by their structural activ-
ity group (SAG). To explore the differences further the five SAGs were
grouped into two further groups according to their reported persis-
tence in cetaceans {highly persistent and less persistent){Boon etal.,
1997). SAGs 1, 2 & 5 which are not readily metabolised in cetaceans
were grouped together and SAGs 3 and 4, which are metabolised by
CYP-450, were grouped together. SAGs 1,2 & 5 are dominated by the
more highly chlorinated hexa- and hepta-chlorinated congeners
whilst SAGs 3 & 4 are dominated by the less chlorinated tri- and
tetra-chlorinated congeners. Where age data was available
(n = 236) we fitted linear regression models to the data where the
proportion of 325 CBs in each group was the dependent variable
and age was the predictor variable. The proportion of 325 CBs
was log transformed to reduce variance and meet the assumption
of normality. We selected the best models by comparing models
with different variables and forms and chose the models with the
fewest predictors whereby the difference in AIC (Akaike's Informa-
tion Criterion) relative to the minimum AIC was < 2 (Akaike, 1973).

To ensure there was not an overrepresentation of animals from
certain locations, time-periods, age classes or sexes, which could
affect the results, we calculated the proportions in each category
to assess the likelihood of bias. We found that there were no large
overrepresentations (See Supplementary Information Table 57 &
58). The relatively large sample size should also help to mitigate
this risk of bias. We also carried out separate PCAs, for age class
and sex, using subsets of the data. We subsetted the data spatially
and temporally to ensure our conclusions were consistent and not
confounded by overrepresentation (See Supplementary Informa-
tion Figures S5, S6 & S7).
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Table 1

Congener classification schemes, Dioxin like congeners are marked with an asterisk (*).

Structural Activity Group IUPAC Congener Number Definition Persistence
(SAG) Grouping

1 153, 180, 183. 187, 194 No vicinal hydrogen atoms, more than 2 ortho-chlorines Highly persistent

2 128, 138, 170 Only vicinal hydrogen atoms in ortho and meta positions, 2 or more ortho-  Highly persistent
chlorines

3 66, 105°, 118° Only vicinal hydrogen atoms in orthe and mela positions, <2 ortho-chlarines  Less persistent

4 18, 44, 49, 52, 101 Only vicinal hydrogen atoms in meta and para positions, 2 or less ortho- Less persistent
chlorines

5 149, 151 Only vicinal hydrogen atoms in meta and para positions, more than 2 ortho-  Highly persistent
chlarines

Degree of Chlorination IUPAC Congener Numbers Definition

Tri-(Tetra- 18, 28, 31, 44, 47, 49, 52, 66

penta- 101, 105°, 110, 118*

hexa- 128, 138, 141. 149, 151, 153, 1567,
158

hepta- 170, 180, 183, 187

ocla- 194

Congeners contain 3 or 4 chlorine atoms
Congeners contain 5 chlorine atoms
Congeners contain 6 chlorinate atoms

Congeners contain 7 chlorine atoms
Congeners contain 8 chlorine atoms

For all of the analyses detailed above we used the mean propor-
tion of the 3"25CBs made up by each congener or group of con-
geners. For all of the PCAs the congeners were zero centred and
scaled to have unit variance. For each analysis we plotted the first
two components of the PCA and calculated the 70% confidence
ellipses for the variables that we were investigating, Ellipse overlap
between groups was estimated as per Jackson et al, (2011).

3. Results

3.1. Variation of individual congeners profiles between age class and
sex

We found that 25 components were required to describe the
variation in congener profiles. The first two components accounted
for 25% and 19% of the variance respectively and revealed some
clustering by age class and sex (Fig. 1A). We found relatively little
overlap between the groups (overlap: adult-females/juveniles = 0.
19, adult-females/adult-males = 0.14, adult-males/juveniles = 0.2
8). Therefore, it is reasonable to conclude that age class and sex
drove some of the variation in congener profiles between individ-
uals. The congener specific loadings across the first two compo-
nents (PC1 &PC2) are shown in the Supplementary Information
Figure 510, CBs 170, 180, 183, 187 and 194 had high positive scores
across both components. The other congeners had positive scores
in PC2 and negative scores in PC1 with the exceptions of CB 138
and 153, which had positive scores for PC1, and CBs 52, 66,
138,149,151 and 153, which had negative scores for PC2.

The loadings arrows show that adult females had a greater pro-
portion of the highly chlorinated congeners while juveniles had a
greater proportion of the less chlorinated congeners. We tested
the differences for significance between adult males and adult
females and also between adult females and juveniles. We found
adult males had significantly higher proportions of CBs 52, 138,
149, 151 and 153 when compared with adult females (p < 0.05).
We found adult females had significantly higher proportions of
CBs 156, 170, 180, 183, 187 and 194 when compared with juve-
niles and juveniles had significantly higher proportions of CBs 52,
101, 118, 138, 149, 151, 153 when compared with adult females
(p < 0.05). All of the statistical results can be found in the Supple-
mentary Information Table $1.

3.2. Variation of congener chlorination profiles between age class and
sex

We found that five components were required to describe the
variation in congener profiles (when grouped by their degree of

chlorination). The first two components accounted for 53% and
29% of the variance respectively and also revealed clustering by
age class and sex (Supplementary Information Figure S1). We
found relatively little overlap between the groups (overlap:
adult-females/juveniles = 0.20, adult-females/adult-males = 0.16,
adult-malesfjuveniles = 0.29). Analysis of the mean proportions
of congeners (classified by degree of chlorination) found that adult
males had significantly higher proportions of hexa-chlorinated
congeners than adult females (p < 0.05). When we compared adult
females with juveniles, we found juveniles had significantly higher
proportions of tri-, tetra- and penta-chlorinated congeners whilst
adult females had significantly higher proportions of hepta- and
octa-chlorinated congeners (p < 0.05) (Fig. 2). All of the statistical
results can be found in the Supplementary Information Table S6.

3.3. Variation of congener structural activity groups (SAGs) between
age class and sex

When the congeners were grouped by their structural activity
group (SAG) we found that five components were required to
describe the variation in congener profiles. The first two compo-
nents accounted for 57% and 21% of the variance respectively.
The overlap between the ellipses was greater compared with the
ellipses in the PCA plot for the individual congeners, particularly
between adult males and females, suggesting less variation (over-
lap: adult-females/fjuveniles = 0.27, adult-females/adult-males = 0.
64, adult-males/juveniles = 0.29) (Fig. 1B). The loadings for the first
two components (PC1 &PC2) are shown in the Supplementary
Information Figure S11. SAGs 1 & 2 had high positive scores in
PC1 whilst SAGs 3, 4 & 5 had negative scores on PC1. SAGS 2,3, &
4 had positive scores on PC2 whilst SAGs 1 & 5 had negative scores
on PC2. We found adult males had significantly higher proportions
of SAG5 than adult females (p < 0.05). We found juveniles had sig-
nificantly lower proportions of SAG1 and significantly higher pro-
portions of SAGs 3, 4 and 5 when compared with adult females
(p < 0.05). The complete statistical results can be found in the Sup-
plementary Information Table S2.

After fitting linear models to the SAGs grouped by their
reported persistence in cetaceans, (highly persistent [SAGs 1,2 &
5] and less persistent [SAGs 3&4]) we found there was a significant
relationship with age (p < 0.05). For highly persistent congeners
the best fitting model included sex, location, year of stranding
and age (Fig. 3). However, for the less persistent congeners sex
was not included in the final model. The full model results are
available in the Supporting Information Table $9. We found that
propartions of the less persistent congeners declined with age
and the proportions of the highly persistent congeners increased
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with age. Similarly, the proportion of highly persistent congeners
increased over time (year of stranding) and the proportion of less
persistent congeners decreased. Geographically, the proportion of
highly persistent congeners was significantly higher in the West
than Scotland and East England and vice versa for the less persis-
tent congeners (p < 0.05) (Supporting Information Table S3).

3.4. Geographical variation of congener chlorination profiles

As discussed in section 3.2 we found that five components were
required to describe the variation in congener profiles (when
grouped by their degree of chlorination). The first two components
of the PCA revealed clustering by geographic area (Fig. 4). The
ellipses show that the profiles of individuals that stranded on the
east coast of England had the greatest variance and their profiles

- EastEngland - Scolland - West
5.0

8
8

{4

g
i
o 25 iy
3 v %

o 3
£ gl

q [7 3
& oty
o e, ot

§ 00 ol .k

] o el

[+ % . %

E R O 1
(&] > LYy
2 a8
.5 03 b
g ¢
o -2.

%)

2 0 2 4
Principal Component 1 (52.7% explained variance)

Fig. 4. Principle Component 1 plotted against Principal Component 2 for the PCA
carried out on the congeners grouped by degree of chlorination, coloured by
geographical area. The sizing of the confidence cllipses was set at 70%.

overlap with animals that stranded in Scotland and the West (over-
lap: West/Scotland = 0.31, West/East = 0.69, East/Scotland = 0.46).
The data points and ellipses for the West and Scotland overlap the
least suggesting greater variation between the profiles of individuals
that stranded in these areas (Fig. 4). The loadings arrows indicate
that animals that stranded in the West had higher proportions of
highly chlorinated congeners whilst animals that stranded in Scot-
land had higher proportions of less chlorinated congeners.

Analysis of the mean proportions of congeners (classified by
degree of chlorination) found that animals that stranded in Scot-
land had significantly higher proportions of the less chlorinated
(tri-, tetra-, penta- and hexa-) congeners than the West (p < 0.05).
While, animals that stranded on the West coast had the highest
proportion of highly chlorinated (hepta- and octa-) congeners
(p < 0.05). The full statistical results are in the Supporting Informa-
tion Table S4.

Analysis of the mean proportions of congeners (classified by
their persistence as defined by their SAG) found that animals that
stranded in Scotland had the lowest proportion of highly persistent
congeners and the highest proportion of less persistent congeners
(Fig. 5). While, animals that stranded in the West had the highest
proportion of highly persistent congeners and the lowest propor-
tion of less persistent congeners.

4. Discussion

Variation in congener profiles is likely to be driven by a number
of factors such as differences in prey profiles, differences in the
quantities and congener profiles of initial PCB contamination
sources, differences in prey choices as well as differences in the
complex physiochemical and physiological processes that occur
between individuals, However, maternal offloading of pollutants
to calves is the most plausible explanation for the variation we
found between adult females and juveniles. The higher proportions
of highly chlorinated congeners found in adult females and higher
proportions of less chlorinated congeners found in juveniles sug-
gest that the congener profile of the PCB mixture transferred from
mother to calf is partially driven by the degree of chlorination
because lower degrees of chlorination correspond to lower lipid
solubility. However, the dynamics of PCB offloading in cetaceans
are poorly understood.
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Studies on humans and wildlife have found variation between
the congener profiles of mothers, their milk and their offspring
(Aguilar and Borrell, 1994; Debier et al., 2003; Fingstrom et al.,
2005; Ramos et al., 1997). There are several factors driving this
variation, including the molecular structure of congeners affecting
tissue distribution and accumulation, age-related metabolic differ-
ences, foraging differences, milk fat content, lactation duration and
reproductive histories (Addison and Brodie, 1987; Boon et al.,
1997; Hall et al., 2006b; Reddy et al., 2001; Yordy et al., 2010), Con-
taminant transfer rates between mothers and calves have been
shown to decrease with each successful pregnancy as the first calf
receives the highest pollutant load. Therefore, the dynamics of
maternal offloading are heavily influenced by progeny number
(Wells et al., 2005). Environmental factors such as the regional
variation of contaminant concentrations, known to occur in the
UK, are also likely to affect the rate and dynamics of maternal
offloading (Law et al., 2012). Investigation of the contaminant pro-
files of stranded long-finned pilot whales (Globicephala melas)
showed that the ratio of highly chlorinated congeners transferred
between four mother and foetus pairs increased over the gestation
period. Following pregnancy, higher proportions of less chlorinated
congeners were transferred during lactation than during gestation
(Weijs et al., 2013). In grey seals (Halichoerus grypus) the propor-
tion of highly chlorinated congeners in mothers and pups has been
shown to increase with lactation duration. However, the congener
profile of the milk remained constant suggesting highly chlori-
nated congeners are selectively adsorbed (Debier et al., 2003).
The differences between these two marine mammal species fur-
ther illustrate the complexity of pollutant transfer and accumula-
tion dynamics.

The variation between adult females and males that is indica-
tive of maternal offloading was greater when the congeners were
grouped by chlorination or analysed individually than when the
congeners were grouped by their structural activity group. Classi-
fication by structural activity group is based on cetaceans' capabil-
ity to metabolise certain congeners more easily than others and so
is not directly associated with lipid solubility. Therefore, it is likely
that variation is influenced more heavily by age than sex.

For the congeners that were highly persistent and difficult to
metabolise sex was a significant predictor, of the proportion of
$°25CBs, in the model. Cetaceans cannot metabolise these con-
geners easily and so they accumulate high amounts (Boon et al.,
1997). Adult females are able to offload some of their burden to
their calves. However, adult males continue to accumulate these
congeners throughout their life and therefore tend to have higher
proportions of these congeners than adult females because they
do not detoxify through reproduction. We found that proportions
of the highly persistent congeners increased with age. This was
expected as these congeners are difficult to metabolise and excrete
and so levels continue to build up over an animal's lifetime,

For the congeners that were less persistent and more easily
metabolised sex was not included in the final model. It is likely that
individuals across all age classes and sexes accumulate much lower
levels of these congeners. Therefore, relatively small amounts will
be transferred from mother to calf causing there to be no signifi-
cant difference between levels in adult males and females. We
found that proportions of the less persistent congeners declined
with age. This is consistent with the congener metabolic pathway
classification as the congeners are not resistant to biotransforma-
tion in cetaceans and so do not accumulate with age (Boon et al.,
1997).

Year of stranding was a significant predictor in both models
implying that congener profiles vary temporally, and animals are
exposed to different PCB mixtures at different points in time. This
is consistent with findings that showed that at the point of source
congener profiles shift from being similar to the profile of the mix-
ture released to a profile containing heavier congeners as lighter
congeners are mobilised or metabolised (Saba and Boehm, 2011),
Our results show that animals that stranded more recently are
likely to have a higher proportion of more persistent PCBs because
the less persistent PCBs take less time to be broken down. This sug-
gests that the rate of PCB inputs into the environment is likely to be
declining. The most recent Marine Strategy Framework Directive
(MSFD) assessment of PCB concentrations in biota and sediment
corroborates this finding. The assessment found that concentra-
tions of the less persistent congeners (CB52, CB101) had decreased
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while all other congeners measured showed no change. Moreover,
concentrations of the less persistent congeners (CB52, CB101 and
CB118) in biota had decreased in three of the four UK regions
investigated while concentrations of the more persistent CB180
had only decreased in one of the regions (Maes et al, 2018;
OSPAR, 2015).

Part of the reason for the temporal shift in congener profiles is
that lighter congeners are dispersed more readily (Harper and
Bidleman, 1996). Our study found geographical differences
between the congener profiles when they were grouped by degree
of chlorination and when they were grouped by metabolic path-
way. Dispersal dynamics are governed by several factors including
the congener’'s chemical properties, the presence of other com-
pounds and environmental conditions. Hence, the toxicity of a
PCB mixture at a specific geographic location is a function of both
total concentration and the congener profile (Gioia et al., 2013).
The geographical variation that we identified could be explained
by differences in the congener profiles of the initial PCB sources
and the timings of the releases. There may also be regional differ-
ences in diets which cause variation because different prey species
may have different abilities to metabolise PCB congeners (Santos
et al., 2004).

We found that the most significant differences in congener pro-
files, grouped by degree of chlorination and by structural activity
group, were between Scotland and the West. PCBs were tradition-
ally produced on the more heavily industrialised West coast
(Harrad et al.,, 1994; Robin, 2010). In the UK it has been shown that
PCB mixtures in air are dominated by tri- and tetra-congeners and
that relative atmospheric concentrations of tetra-chlorinated PCBs
increase with increasing latitude or decreasing temperature
(Halsall et al.,, 1995; Ockenden et al., 1998). Therefore, the higher
proportions of less chlorinated congeners in Scotland could be evi-
dence of atmospheric transport whereby, the less chlorinated con-
geners are transported more readily than the highly chlorinated
congeners. The variation could also be partly explained by the
metabolic pathway of the congeners whereby, the less persistent
PCBs are bio-transformed over time. Therefore, higher proportions
of more persistent congeners remain at the PCB source, as we see
in animals that stranded in the West. The significant geographic
variation of congener profiles further demonstrates that a single
toxicity threshold for the sum of PCB congeners may not be ade-
quate to determine population risk for UK harbor porpoises.

To gain a better understanding of the significance of these find-
ings the toxicities of the profiles need to be quantified. The vast
range of mechanisms, toxicities, and synergistic and antagonistic
interactions make this a difficult task. Toxicity equivalent factors
(TEFs) can be summed to quantify the overall toxicity of a mixture
(Van den Berg et al., 2006). However, TEFs only exist for dioxin-like
PCBs and so ignore a large number of modes of toxicity. Further-
more, of the congeners analysed in this study only three of them
are dioxin-like. However, the literature can provide some insight
into how chlorination affects toxicity. A review of congener toxic-
ities collated four studies that determined the congener specific
potencies for four different neurochemical end points and found
that in every study lower chlorinated congeners were the most
toxic (Hansen, 1998). The same review also looked at thyroid
homeostasis and found the tetra-chlorinated congener CB47 and
lower chlorinated mixtures decreased serum T4 more than highly
chlorinated congeners. Lightly chlorinated PCBs have also been
shown to impair dopamine signalling, promote tumor growth
and cause increased oxidative stress when compared with
dioxin-like congeners (Péncikova et al., 2018; Pessah et al., 2019).
These results are concerning as we found the highest proportions
of less chlorinated congeners in juveniles.

Dioxin-like (DL) congeners cause toxicity by binding to the aryl
hydrocarbon receptor (AhR). The AhR affects a number of regula-

tory proteins and so DL congeners can cause numerous toxic
effects including immunotoxicity and endocrine disruption
(Kodavanti and Loganathan, 2014). The AhR has also been shown
to mediate neuro and vascular genesis, which are particularly
important processes during development (Lahvis et al., 2000;
Larigot et al., 2018). Of the three dioxin-like congeners measured
in this study juveniles had significantly higher levels than adult
females for CB 118 (Supporting Information Table S1 & Figure S8).
As neurotoxicity, thyroid and endocrine disruption and enzyme
induction are critical end points of toxicity particularly during
development, finding higher levels of congeners, which cause these
effects, in UK juvenile harbor porpoises is a great concern. Further-
more, studies have shown that levels of exposure that cause no
effects in adults can cause biological effects in developing animals
(Baumann et al., 1983; Vitalone et al,, 2010).

We have shown that congener profiles vary by age class and sex
in harbor porpoises and that there is a large weight of evidence to
suggest different congeners have different toxic thresholds and
modes of action. However, when discussing toxicity, it is important
to consider this variation in the context of overall concentrations.
In the absence of congener specific toxicity thresholds for ceta-
ceans we compared congener concentrations with the Environ-
mental Assessment Criteria (EAC) set out by the UK Marine
Strategy Framework Directive used to assess congeners (28, 101,
105, 118, 153 and 180) in fish and shellfish. We found that for
CBs 101, 118, 153 and 180 all juveniles exceeded the EAC. And
for CBs 28 and 105, 60% and 81% of juveniles exceeded the EAC
respectively (Maes et al., 2018; OSPAR, 2015). Furthermore, several
of the juveniles in this study were found to have PCB concentra-
tions that exceed the most widely used toxicity threshold in ceta-
ceans of 9 mg kg ' lipid (Supplementary Information Figure $12)
(Kannan et al., 2000b). Therefore, it is reasonable to conclude that
juveniles in this study were exposed to toxic concentrations of
PCBs.

This is the first study to investigate possible drivers of PCB
congener profile variation in a UK cetacean and we have shown
that profiles vary with age class, sex and geographical location. it
should be noted that due to the nature of strandings data there
may be some biases present. Congener profiles may be altered
by decomposition and therefore profiles of stranded individuals
may vary from those of live animals. Similarly, causes of death
such as infectious disease or those that cause loss of blubber
mass may affect the congener profile (Borrell and Aguilar,
1990). It is also important to note that animal movement is a
limitation of the location stranding data. Some individuals may
move over their lifespan or die and be carried in ocean currents
and strand in a different location causing them to accrue con-
taminants in a different location to where they strand. However,
this effect should be minimised by selecting freshly dead car-
casses because this increases the likelihood that an animal died
close to where they stranded. It is also important to note that
conclusions around the different toxicities of mixtures are lim-
ited as this study has only considered variation of a restricted
number of CB congeners. Much of the cetacean toxicology work
in the UK has focussed on PCBs because levels in cetaceans are
much higher than other measured pollutants. Furthermore, levels
have not declined at the same rate as other pollutants and anal-
yses have shown that levels may have stabilised (Law et al.,
2012, 2008, 2003). Despite this, it is still important to consider
that harbor porpoises are exposed to a wide range of other
legacy and emerging contaminants that will also affect the toxi-
city of pollutant burdens {Andresen et al, 2007; Galatius et al.,
2013). Therefore, it is important for future work to take a mix-
ture toxicology approach to identify the emerging substances
these animals are exposed to and evaluate the toxicology of
the complete pollutant burden to estimate risk.
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5. Conclusion

Ourresults show that congener profiles of harbor porpoises in the
UK vary with age class, sex and location. Despite the ban on the pro-
duction and use of PCBs in Europe in the late 1980 s PCBs continue to
enter the environment and blubber concentrations in cetaceans
remain high (Jepson et al., 2016). Large variations in congener pro-
files are likely to equate to large variations in the overall toxicities
of the congener mixtures and therefore it may no longer be sufficient
to just look at overall burden. Our analysis has shown that calves are
likely to be exposed to a more neurotoxic PCB mixture than adults.
This is particularly concerning as developmental effects of PCBs have
been shown to occur at lower levels of exposure (Baumann et al.,
1983; Vitalone et al,, 2010). Therefore, using toxicity thresholds that
assume the same congener profiles across all age classes may result
in an over or under estimation of risk. This work is animportant con-
tribution towards understanding more about the variation in con-
gener profiles, the drivers of juvenile mortality and the potential
effects and threats of pollutant exposure in cetaceans. However,
the problem appears to be more complex than first thought. Further
work is required to understand how toxic effects vary with different
congener mixtures and at different life stages and how diet factors
play a role so that we can better understand how to mitigate the risk
of legacy pollutants in the marine environment,
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