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Abstract

The occurrence of a range of regulated and emerging organic environmental contaminants was
investigated in 182 samples of edible marine fish sampled mainly from UK marine regions, but
extending northerly to the coast of Norway and south to the Algarve. These species (sprats,
mackerel, turbot, halibut, herring, grey mullet, sea bass, grey mullet, sardines, etc.) are among
those considered to be at the highest risk of contamination with regulated contaminants such
as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs, dioxins), and
polychlorinated biphenyls (PCBs), but the occurrence of polybrominated diphenylethers
(PBDESs) and polybrominated biphenyls (PBBs) was also investigated. Sub-sets of samples (50
- 75) were also analysed for emerging contaminants: polychlorinated naphthalenes (PCNs),
polybrominated and mixed halogenated dibenzo-p-dioxins, dibenzofurans and biphenyls
(PBDD/Fs, PXDD/Fs and PXBs) and perfluoroalkyl substances (PFAS). Contaminant
occurrence varied with species and location, but all measured contaminants were detected, with
sprats, sea bass, sardines, mackerel, and herring showing higher tissue concentrations. The
concentrations of the different contaminants in the various samples were mapped utilising the
GPS coordinate data of the capture locations to visualise spatial distribution levels. In terms of
catch location, fish sampled from the coasts of southern Britain, north-western France and the
Irish Sea appeared to contain proportionately higher levels of some contaminants - e.g. samples
from the Irish Sea tended to show higher PCN concentrations, whereas higher levels of PCBs
were observed in some fish sampled off the coasts of northern France. Similarly, samples of
mullet from the southeast coast of UK showed much higher concentrations of BDE-99 than the
other regions. In terms of occurrence trends, PCDD/F and PCB concentrations show a modest
decline over the last decade but where limited background data is available for emerging
contaminants, there is no evidence of downward trends.

1. Introduction

As a protein-rich and generally low fat food, seafood forms an important part of the human
diet, either because of personal taste or for nutritional reasons. However it is increasingly
recognised that marine fish and shellfish bio-accumulate contaminants and some species, such
as dabs and mussels, have been used as indicators of local pollution. In recent times marine
fish have been shown to contribute significantly to the dietary exposure of a number of organic
environmental contaminants.

Within the EU, the Marine Strategy Framework Directive (MSFD) encourages collaboration
and coordination between member countries in order to reduce pollution inputs and improve
the sustainability of marine ecosystems. Under the directive, one of the descriptors for Good
Environmental Status (GES) involves the reduction of fish and seafood contamination,
including compliance with regulated maximum contaminant levels or other relevant standards.
However, in addition to regulated contaminants, this study also targets a number of other
contaminants that are either listed within the Stockholm Convention or are under assessment
by the European Commission Expert Committee on persistent organic pollutants (POPs) in
Food.

Retail fish in the UK markets are sourced both locally and from other parts of the world.
However, within the geographical scope of this study, the main areas targeted for investigation
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focussed on marine locations around the UK and the European coastal North Atlantic. Other
proximate relevant fishing grounds such as Biscay, the Algarve and the Irish Sea with Celtic
sea sub-regions were also included, specifically because fish from these regions is widely sold
in UK markets.

Commonly consumed fish species were targeted, including oily fish. Earlier studies (Fernandes
et al., 2009; 2009B) had shown that these species showed relatively high contamination levels
and were likely to indicate the upper margin of the contamination range. Thus the focus was
on species such as herring, mackerel, sea bass, sardines, etc. but other species e.g. dogfish,
turbot etc. were also included.

The contaminants selected for this study represent a range of established/regulated and
emerging contaminants that are recognised to be persistent, bio-accumulative and toxic, with
the potential to undergo long-range transport. Most - polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs), polychlorinated biphenyls (PCBs), polychlorinated naphthalenes
(PCNs), polybrominated biphenyls (PBBs), polybrominated diphenylethers (PBDES),
perfluorooctane sulphonate (PFOS) - are listed under the Stockholm Convention.

Dietary intake is recognised to be the major pathway of human exposure to PCDD/Fs and
PCBs, and concentrations of these contaminants in food is subject to EU regulations (European
Commission, 2012). Earlier studies (Fernandes et al., 2004; 2009B) have shown a higher
prevalence of these contaminants in fish and seafood. This was confirmed by the last UK Total
Diet Study (TDS) (Fernandes et al., 2012) which showed a clear elevation of these
contaminants in fish relative to other food groups. The study also noted a decline in the
concentration for the fish group, of 4.6 ng/kg to 3.5 ng/kg WHO-TEQ when compared to the
previous TDS, although this could in part, be due to the revision of the WHO-TEF values (Van
den Berg et al., 2006) that were used in the latter study, which tend to yield lower TEQ values.

PBDEs are a widely studied class of brominated flame retardants (BFRS) that were formerly
mass produced. Although manufacturing has been restricted in recent years, they still occur in
many existing products either as a result of imports or through the recycling of older materials.
Open-ended applications, can result in PBDE diffusion out of materials during manufacture,
use and disposal of the product. Toxicological data shows that PBDEs can cause liver and
neurodevelopmental toxicity, affect thyroid hormone levels and may be particularly harmful
during a critical window of brain development during pregnancy and early childhood (Rose
and Fernandes, 2012). A number of studies (Bichon et al., 2016; Fernandes et al., 2009; 2014,
2016, Martellini et al., 2016; Schecter et al., 2010) have established their frequent and
widespread occurrence which generally tend to show higher concentrations in fish relative to
other foods. Following an earlier call (European Commission, 2014) for occurrence data and
the establishment of a European Union Reference laboratory, it is possible that PBDE levels in
food will be regulated within the EU.

PCNs were industrial chemicals widely used in the 20" century. With physico-chemical
properties similar to PCBs they had very similar industrial applications with the exception that
PCNs were also used as flame retardants. Environmentally, PCNs also demonstrate properties
of persistence and high bioaccumulation potential, coupled with a similarity in structural
configuration to PCDD/Fs. Many congeners have been reported to contribute to dioxin-like
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toxicity (Falandysz et al., 2014; Fernandes et al., 2017) eliciting a range of toxic responses such
as mortality, embryotoxicity, hepatotoxicity, dermal lesions, teratogenicity and
carcinogenicity, although not all can be attributed to a dioxin-like pathway (Behnisch et al.,
2003; Blankenship et al., 2000). Earlier reports ((Fernandes et al., 2010, Fernandes, 2013) and
a recent review of their occurrence in human tissue and foods (Fernandes et al., 2017) show
higher occurrence levels in fish relative to other foods.

Following similar thermodynamic pathways as their chlorinated counterparts, PBDD/Fs can be
formed during incineration, particularly of bromine containing waste, or as inadvertent by-
products during chemical manufacture of brominated products. PBBs however, were
manufactured in large volumes as flame retardants. Both of these classes of contaminants have
been detected in earlier studies on food (FSA, 2006, 2006B) in the UK, including an
investigation on marine fish. These studies showed that PBDF occurrence was more frequent
relative to PBDDs, whilst PBBs were rarely detected or occurred at very low levels. This
pattern of occurrence was confirmed in later studies on individual foods including fish and
shellfish (Fernandes et al., 2008, 2009, Zacs et al., 2013, 2016).

Mixed bromo/chloro-substituted dioxins, furans and biphenyls (PXDD/Fs and PXBs) are also
formed during incineration processes and elicit similar toxicological responses as the other
analogues. Unlike PCBs or PBBs, PXBs were never intentionally produced as industrial
chemicals. Analysis of this class of contaminants is complex due to the large numbers of
possible compounds (4600 PXDD/Fs and 9180 PXBs) and the potential for false positive
detection during mass spectrometric measurement, as these compounds share ions with other
more abundant and less toxic contaminants. Toxicologically, the potency of some PXDD/F
congeners is similar to the most toxic PCDD/Fs, but some congeners reportedly demonstrate a
greater potency (Wall et al., 2015). A difficult analytical access has limited the number of
studies on these contaminants, but occurrence had been demonstrated in foods including fish
(Ohta et al., 2008; Fernandes et al., 2011, 2014; Zachs et al., 2013, 2016) and the current study
will provide a baseline for levels in marine fish.

Perfluoroalkyl substances (PFAS), are a group of persistent and bio-accumulative group of
contaminants which include the widely studied perfluorooctane sulphonate (PFOS) and
perfluorooctanoic acid (PFOA). These industrial chemicals were manufactured for their non-
stick and water repellent properties which found applications as coatings for fabrics and
furnishings. They were also used in fire-fighting foams. PFAS bio-accumulate up the food
chain through utilisation or disposal routes, or enter directly into food through primary
contamination events. Food has been shown to be an important pathway to human exposure
and PFAS are commonly detected in foods (Clarke et al., 2010; Noorlander et al., 2011; Pico
etal., 2011; Fernandes et al., 2012; Stahl et al., 2014; Vassiliadou et al. 2015). All studies report
positive detection of PFAS compounds in fish.

This study aims to characterise the occurrence and spatial distribution of these contaminants in
commonly consumed fish species from UK proximate waters and from other proximate fishing
areas from which retail fish in the UK is commonly sourced. There are a number of possible
outputs from such a study — definition of an occurrence baseline for some hitherto unmeasured
contaminants, the current occurrence levels of the studied contaminants, the geographical
distribution of these contaminants in marine environments around the UK, risk assessment

4
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arising from human dietary intake through fish consumption - some of which will be addressed
in this report —and it provides a baseline of evidence for GES for Descriptor 9 under the MSFD.

2. Sampling and Analysis
2.1 Sampling and Sample Preparation

182 samples covering a range of marine species (sea bass, mackerel, herring, sprats, grey
mullet, sardines, turbot, halibut, various shark species etc.) were collected mainly from the
waters around the UK and the European coastal North Atlantic. The wider sampling area
extended north to the coast of Norway and south to the Algarve. This area included proximate
relevant fishing grounds such as the North Sea and the Greater North Sea sub-region, Biscay,
the Algarve and the Irish Sea with Celtic sea sub-regions.

Samples were dissected to collect edible muscle tissue excluding skin, organs and bones.
However whole fish were used for some of the smaller species, e.g. sprats. In general, the
preparation of samples was guided by domestic fish preparation procedures. Samples thus
prepared were minced and homogenised by blending with an aliquot set aside for PFAS
analysis. The remainder of the sample was lyophilised and re-homogenised to yield a dry
powder which was aliquoted for the other analyses.

2.2 Measurands

The following analytes were determined: Regulated contaminants are highlighted in bold.

e Dioxins - all 17, 2378-Cl substituted PCDDs and PCDFs.

e Dioxin-like PCBs - IUPAC numbers 77, 81, 105, 114, 118, 123, 126, 156, 157, 167,
169, and 189.

e Non Dioxin-like PCBs - IUPAC numbers 18, 28, 31, 47, 49, 51, 52, 99, 101, 128, 138,
153, and 180.

e PBDE congeners: IUPAC numbers 17, 28, 47, 49, 66, 71, 77, 85, 99, 100, 119, 126,
138, 153, 154, 183 and 209.

e PBB congeners: ITUPAC numbers 15, 49, 52, 77, 80, 101, 126, 153, 169 and 209.

e PCNs - PCN-52/60, 53, 66/67, 68, 69, 71/72, 73, 74, & 75.

e Brominated dioxins - 2,3,7-T3BDD, 2,3,8-T3sBDF, and ten, 2,3,7,8-Br substituted tetra
— hepta- brominated PBDD/F congeners (Fernandes et al 2008).

e Mixed halogenated dioxins and biphenyls (PXDD/F and PXBs) - 13, tri - hexa
halogenated PXDD/DFs and 6 coplanar and mono-ortho substituted biphenyls.
(Fernandes et al 2011).

e PFAS - Perfluorooctanesulfonylamide (PFOSA), Perfluorobutane sulfonate (PFBSH),
Perfluorohexane  sulfonate  (PFHxS), Perfluorooctane sulfonate (PFOS),
Perfluorooctanoic acid (PFOA), Perfluorononanoic acid (PFNA), Perfluorodecanoic
acid (PFDeA), Perfluoroundecanoic acid (PFUnA) and Perfluorododecanoic acid
(PFDoA).

2.3 Analysis of dioxin-like contaminants and PBDES
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The analytical methodology used for the extraction, purification and instrumental measurement
of chlorinated, brominated and mixed halogenated dioxins/furans and biphenyls have been
reported previously (Fernandes et al., 2004B, 2008, 2011). Similarly, the methodology for
PBDE and PCN analysis has also been reported earlier (Fernandes et al., 2004B, 2010).
Summarising these procedures, aliquots of the selected samples were fortified with 13C-labelled
analogues of target compounds and exhaustively extracted using mixed organic solvents.
Extracts were fractionated on activated carbon, concentrated and purified using adsorption
chromatography on alumina. Measurement was carried out using high resolution gas
chromatography-high resolution mass spectrometry (HRGC-HRMS) at a resolution of 10,000,
except for the PXDD/Fs and PXBs for which 13,000-15,000 resolution was used.

The methodology used for the analysis has been extensively used in other studies (Fernandes
et al., 2008, 2009, 2009B, 2010, 2011, 2012, 2014, 2016) and was robustly validated prior to
sample analysis. Method performance parameters have been reported before (Fernandes et al.,
2004B, 2008, 2010, 2011). The analytical process that was used for many of the contaminants
was accredited to the ISO 17025 standard. Equivalent standards were used for other
contaminants, with the inclusion of in-house reference materials and method blanks which were
evaluated prior to quantitation and reporting. Further quality assurance measures included the
successful participation in international inter-comparison exercises on PCDD/Fs, PCBs and
PBDEs (Dioxins in Food, 2013, 2014, 2015) over the course of this project. Analytical
recoveries based on the use of 13C labelled surrogates were typically in the range of 50 to 110%
for PCDD/Fs, PCBs, PBDEs, PXDD/Fs and PXBs. Due to their higher volatility, PCN
recoveries were typically in the range of 40 to 80%. More details on quality control aspects can
be found in the sponsor report (Fernandes et al., 2015). Measurement uncertainty (expanded
uncertainty with a coverage factor of 2) estimates range from around 20% (at > 10x the limit
of detection, to around 200% at the limit of detection.

2.4 Analysis of PFAS

A detailed description of this procedure has been given elsewhere (Clarke et al., 2010). Briefly,
replicate samples were fortified with the appropriate unlabelled standards and labelled internal
standards, extracted overnight with methanol, concentrated and treated with aqueous KOH.
Extracts were purified by methanol elution through a preconditioned weak anion exchange SPE
cartridge and analysed using LC-MS/MS (Agilent 1290 LC - Agilent 6490 triple quadrupole
mass spectrometer) in multiple reaction monitoring (MRM) mode.

The specificity of the measurement process for these compounds owes much to the use of LC-
MS/MS in MRM mode in combination with the use of *Carbon labelled and deuterated
analogues as internal standards. All samples were analysed in duplicate with procedural blanks
and additionally with an aliquot over-spiked with the target compounds to validate the
measurement and quantitation process.

2.5 Spatial Distribution
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To better visualise the geographical dispersion of the contaminants, an interactive webpage
(www.fishplots.droppages.com) was designed based on Google Maps which utilised sample
GPS location data and the sample concentrations. Proportionate concentration levels contained
within samples may be efficiently represented by the size of circles located at the associated
sample spatial coordinates of the catch site. This technique provides rapid visualisation of the
spatial distributions of selected contaminants within species.

3.0 Results & Discussion

As would be expected from a study of this magnitude, the volume of raw data generated is very
large, and has been presented in a sponsor report (Fernandes et al., 2015). The results are
statistically summarised in Tables 3.1 to 3.4, by species. As per convention, the concentrations
of PCDD/Fs and dioxin-like PCBs has been summarised as toxic equivalents (WHO-TEQ),
using the 2005 toxic equivalent factors (TEF2005 - Van den berg et al., 2006). The TEQ
approach has also been used for other AhR active contaminants (PBDD/Fs and PCNs) and,
given the scarcity of data for PXDD/Fs & PXBs, the occurrence ranges have been summarised.
Also in keeping with convention, upper bound (UB) TEQ values have been reported for PCDD/Fs,
PCBs and PCNs. This is appropriate mainly because the vast majority of measured congeners were
detected, so UB TEQs would be more representative, but additionally, as a theme of this work is food
safety, UB TEQs also reflect the higher risk limit. However a significant proportion of PBDDs were
not detected, so for this class of contaminants, both, UB and lower bound TEQ has been reported.

The reporting limits (quoted as “<”) for all analytes incorporate the relevant procedural blank
and were estimated as a dynamic parameter following the current guidance on LOQ estimation
(European Commission, 2017). The resulting limits were better than those required for the
regulated contaminants, but for all reported contaminants, the limits were generally either
better than or similar to those reported in current literature.

It is important to note that one of the main foci of the study was food safety and the analytical
samples were composed of edible fish tissue, rather than the whole fish (except for smaller
species where the entire fish is consumed e.g. sprats). Given the physiological characteristics
of fish in general and the lipophilicity of the contaminants studied, the reported concentrations
(which exclude organs such as fish liver, in particular) are likely to be underestimates of the
whole fish concentrations.

3.1 PCDD/F and PCBs

The PCDD/F and PCB concentrations for all the major fish species studied are summarised in
Table 3.1. The levels of occurrence ranged from 0.03 to 12.5 ng sum WHO-TEQ/kg whole
weight (ww), with an average concentration of 1.4 ng WHO-TEQ/kg ww. The corresponding
summed ICES-6 PCB concentrations ranged from 0.1 to 145 pg/kg ww. The extent of
occurrence varied, with some species (sea bass, sprats, sardines) showing higher levels of
bioaccumulation with average sum WHO-TEQ concentrations of 2.5, 2.0 and 2.0 ng/kg
respectively. In comparison to a study conducted approximately twelve years ago (Fernandes
7
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et al., 2009B), with sum WHO-TEQ concentrations of 3.7 and 4.3 ng/kg for sea-bass and sprat
respectively, the current results represent a modest decline in occurrence levels. However, data
from the earlier study would have been calculated using TEF199g factors which generally result
in higher WHO-TEQ values. The existing EU regulation (European Commission, 2011),
specifies a maximum limit for fish muscle of 3.5 ng/kg for PCDD/F WHO-TEQ and 6.5 ng/kg
for summed PCDD/F and PCB WHO-TEQ, respectively. It was found that two of the samples
(one each of sea-bass and mackerel) that were taken from waters off northern France, showed
sum WHO-TEQ concentrations of 12.5 and 7.5 ng/kg respectively. The corresponding summed
ICES-6 PCB concentration for the sea-bass was 145 pg/kg ww relative to the maximum limit
of 75 pg/kg ww. In general, PCBs made a greater contribution to TEQ relative to PCDD/Fs,
an observation that was consistent with other studies on fish and with the earlier study
(Fernandes et al., 2009B).

3.2 PBDEs

With the exception of BDE-126, all measured PBDE congeners were detected at various levels
(Fernandes et al., 2015). A summary of the data is presented in Table 3.1 which provides
descriptive statistics for each of the major fish species for the sum of all measured PBDEs (17
congeners), as well as the sum of the ten PBDES (EU10) specified for EU monitoring (European
Commission, 2014). There are only minor differences between the average values for the sum
of the 17 congeners and the EU1o, which confirms an informed choice of congeners for the EU
list. For the sum of all measured PBDES, concentrations ranged from 0.04 pg/kg to 8.87 ug/kg
ww (corresponding to 0.04 pg/kg to 8.63 pg/kg for EU10). The highest average values were
observed for herring, sea bass, mackerel and sprat (2.08, 2.0, 1.45 and 1.27 ug/kg respectively).
The average concentration across all samples was 1.2 pug/kg (or approximately 35 pg/kg on a
fat weight basis). When compared to earlier fish data from 2007 (Fernandes et al., 2014B), on
individual foods including fish (n=36 mostly oily species) the average concentrations are not
dissimilar (25 and 35 pg/kg fat weight for the 2007 study and current study respectively). Thus
this data provides no evidence of a downward trend in PBDE concentrations in marine species.

PBBs were detected less frequently and at lower concentrations (Fernandes et al., 2015),
confirming other reported data (Fernandes et al., 2008, 2012, 2016). The highest concentration
observed was 0.65 pg/kg for BB-52 for grey mullet from France. In general, most of the higher
PBB concentrations were observed for samples taken from waters off the southern coast of
England and northern France. PBBs are generally not detected, or occur at very low
concentrations in foods in the UK (Fernandes et al., 2016), so these higher concentrations may
reflect a higher level of PBB utilisation in France.

3.3 PCNs

PCNs were measured in a sub-set of 75 samples representing seven species (Table 3.2).
Concentrations are reported as the sum of twelve measured congeners, ranging from 0.7 ng/kg
ww for a turbot sample to 265 ng/kg ww for a sample of sprats. The highest concentrations

8
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were recorded for sprats and mackerel with mean concentrations of 67 ng/kg ww and 68 ng/kg
ww respectively. Converting to TEQ (Fernandes et al 2010), these corresponded to mean PCN
TEQ concentrations of 0.17 and 0.26 ng TEQ/kg ww respectively. An earlier study on
individual UK foods (Fernandes et al., 2010) showed a mean concentration for fish (individual
samples of salmon, herring, sprats, eels, trout, etc.), of 20 ng/kg ww for the sum of 12
congeners, and in a later TDS (Fernandes et al., 2012) the concentration in the fish group was
6.6 ng/kg ww. The TDS fish group is comprised of both white and oily fish, and also includes
shellfish, in comparison to the mostly oily species targeted in this study. In the current study,
the highest PCN concentrations were recorded for samples from the Irish sea, although
locations across the southern/eastern UK coasts and northern France showed a majority of the
higher concentrations.

3.4 PBDD/Fs

As reported in earlier studies on PBDD/Fs (Fernandes et al., 2008, 2009), PBDFs occurred at
a greater frequency than PBDDs, with some congeners such as the penta- and hexa-BDD
remaining undetected. In order to enable comparison with other studies the concentration data
were summarised to yield TEQ values, using the analogous chlorinated dioxin TEFs. The
limitation of this conversion must be recognised as there is no universally recognised TEF
scheme as yet for PBDD/Fs. The resulting TEQs were lower than the corresponding PCDD/F
TEQs ranging from 0.001 to 0.04 ng/kg TEQ ww (Table 3.2) which is comparable to the
PBDD/F TEQ concentration in the fish group in the last TDS (Fernandes et al., 2012) at 0.02
ng/kg ww.

3.5 PXDD/Fs and PXBs

With the exception of two samples of sea-bass, at least one PXDD/F congener was detected in
all 59 samples analysed in this sub-set (Fernandes et al., 2015). Concentrations were low in
comparison to the PCDD/Fs. The data is summarised by species in Table 3.3. PXBs were
detected at a greater frequency than PXDD/Fs, and occurred in all samples with the highest
concentrations being observed in mackerel, sprats and sea-bass. In general, the frequency of
detection was similar to that observed in an earlier study on foods (Fernandes et al., 2014) and
followed the order PXBs>PXDFs>PXDDs. In the earlier study, a set of 40 fish samples were
analysed with concentrations ranging from <0.005 to 1.12 ng/kg fat for PXDD/Fs and <0.005
to 14.7 for the PXBs. In the current study a similar range for PXDD/Fs (<0.005 to 1.62 ng/kg
fat) was observed, but the upper end of the range for PXBs (<0.005 to 42 ng/kg fat) was
approximately a factor of 3 higher than the earlier study. In general, the samples associated
with the higher PXB concentrations were taken from northern France/southern UK waters and
the Irish Sea.

3.6 PFAS
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A sub-set of 50 fish samples covering 6 species was analysed for PFAS with positive detection
in all samples. The higher concentrations were generally seen in sardines, sprats and sea bass,
with PFOS, PFOSA and PFOA usually showing the highest values (Table 3.4). Higher
concentrations tended to be seen more frequently in samples from southern UK waters and the
Irish Sea. It is difficult to make comparison to earlier studies on fish in the UK because of the
very different method sensitivities, which resulted in most analytes remaining undetected in
earlier work. More recently, a total concentration of 12.6 pg/kg ww recorded for the fish group
in the last TDS (Fernandes et al., 2012) was comparable to the recorded range (0.64 to 15.3
pag/kg ww) in this study.

3.7 Geographical distribution of a single contaminant in single/multiple fish species

As an example of the spatial mapping, Figure 1 displays the concentration distribution of BDE-
99 in sea bass along the south coast of England, which clearly shows that the samples from the
southeast coast contain higher concentration of BDE-99 than the other regions. Sea bass may
be a particularly good local indicator as it is both territorial and highly predatory.
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Figure 1. Example of the distribution of BDE-99 in Sea Bass on the UK south coastal area.

Guernsev

Furthermore, the distribution of a single contaminant (e.g. BDE-99) in multiple fish species
may be compared by attaching different colours to different fish species as shown in Figure 2.
Generally, the samples from north of England and English Channel showed much higher
concentration of BDE-99 than the other regions, and it is clearly shown that mackerel and
herring exhibited higher concentration relative to the other species. Compared with BDE-99,
the concentration of BDE-47 in sea bass presented a different distribution pattern along the

10



385
386
387
388

389

390
3901
392
393
394
395
396

397

398

399

south coast of England with samples from the middle reaches of the coast showing relatively
lower concentrations. Most of higher concentrations of BDE-47 in this region were seen in sea
bass and mullet. Similarly, the southern coast also showed the highest concentrations of PCB-
153 in sea bass and other fish species.

3.8 Geographical distribution of multiple contaminants in single/multiple fish species

Similarly in Figure 2, different colours may be used to represent different contaminants in a
single species. Figure 3 shows a spatial distribution of all PBDE congeners in turbot. No clear
geographical distribution trend was found for the PBDEs in turbot, but it is clear that BDE-47
occurs at a higher concentration. Another way of visualisation would be to incorporate TEQ
values to demonstrate the toxicity distribution. Figure 4 demonstrates effective method
representation by showing the spatial distribution of PCN52 in different fish species across the
south of the UK and northern coast off France.
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Figure 2 Geographical distribution of BDE-99 across different fish species
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401 Figure 3 Geographical distribution of PBDE in Turbot in various locations across the UK.

12



402

403
404

405

406

407
408
409
410
411
412
413
414
415
416
417
418
419
420

Species: | All selected + | Contaminants: | [PCNs: PCN 52] v Factor: 25 | Help |

o -

. y : Ipswigch ra
Map Satellite 3 0 La
I'A LES - 5 (M40 Colcl;l)est
R Cotswolds  oxford B om
Swansed s 4 29NE 7 1497ng/k
Q. i ) ' Swindon London 97xg
ED - Cardiff_Jgristol 2 Reading
Y e lalatal’ o K
HaddocK a2
a
Halibut &3 s

H

Specie: Mullet
PCN 52: 4875.36 ng/Kg

Sample details: Grey Mullet, ID ?
APR 1, CaughtFrance, Cherbourg-
Octeville en

Jersey ]

AT ] P%’IS m
o

Versailles

A28 | 'A10]
Parc naturel (A5 |

Perros-Guirec
2

o .
Lannion
Sai jeu
Brest cLandemeau

Figure 4 Spatial distribution of PCN52 in different fish species. The interactive inset box
provides specific details (concentration, location, date, etc) in a sample of mullet.

St-Malo
o

3.9 Discussion

The data generated by this study provides a number of different aspects for investigation. Given
that edible species were measured, a major consideration was food safety and the trend in
contaminant concentrations from previous studies. As some of the species included had not
previously been tested and some emerging contaminants had not previously been measured,
this was only possible for PCDD/Fs, PCBs, PCNs and PBDEs in some species. For sea-bass,
sprat, herring and mackerel measured in 2003-2004 (Fernandes et al., 2009), PCDD/Fs
concentrations reduced from 3.7, 4.3, 3.6 and 1.9 ng/kg ww WHO-TEQt0 2.5, 2.0, 1.2 and 1.4
ng/kg ww WHO-TEQ respectively. The corresponding summed ICES-6 PCB concentrations
declined from 25, 21, 20 and 14 pg/kg ww to 22, 11, 8.5 and 10.5 respectively. This decline in
occurrence levels would correspond to a modest reduction in the dietary exposure of these
contaminants relative to earlier estimates on the consumption of varying portions of these
species per week (COT, 2006). The compliance of the vast majority of samples with the
regulatory limits specified in European commission regulations for PCDD/Fs and PCBs
(European Commission, 2011) taken together with the reduction in mean levels suggest a small
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downward trend in the concentrations of these contaminants. This concurs well with other
reported declines for fish species from European waters (Airaksinen et al., 2014; Perello et al.,
2015). Vuorinen et al., 2017, note a decreasing trend in Baltic herring for PCDD/F plus PCB
TEQ since the late 1970s, although older herring specimens exceeded the maximum limit set
by the EC. Spatial variation was also observed with PCB contamination in Baltic herring being
higher in the eastern part of the Gulf of Finland relative to the western part (Jarv et al., 2017).
This decline is not mirrored for other contaminants where a comparison is possible. PBDEs,
PBDD/Fs and PFAS, for example, show no discernible trend and the mean PCN concentration
of 45 ng/kg ww for the samples in Table 3.2 is higher than the mean concentrations reported
earlier (20 ng/kg ww) for fish in the UK (Fernandes et al., 2010) or that reported (22 ng/kg
ww) for fish from Ireland (Fernandes et al., 2011). These earlier studies were carried out in the
same laboratory using the same methodologies.

For the fish species studied here, the dietary exposure for PCDD/Fs and dioxin-like PCBs
resulting from the consumption of one portion of non-oily fish such as shark and sea-bass was
earlier estimated to be in the range of 0.7 to 1.9 pg TEQ/kg bodyweight/day, and 1.3 to 2.1 pg
TEQ/kg bodyweight/day for oily species such as mackerel and sprat (COT, 2006). When other
dioxin-like contaminants such as PBDDs, PBDFs and PBBs were included, the exposure
increased to range from 1.1 to 2.3 pg TEQ/kg bodyweight/day for non-oily species and 1.7 to
2.5 pg TEQ/kg bodyweight/day for oily species. In very general terms, the reduction in
occurrence levels reported here for PCDD/F and PCB TEQ in these species would correspond
to a modest reduction in dietary exposure as compared to earlier estimates.

Direct comparisons of data from marine species may not be straightforward because individual
sample characteristics such as age of the fish, location of catch, time of year, etc., all contribute
to the observed contaminant concentrations. Nonetheless given the numbers of samples
measured in this study, the average levels suggest variations in trends for emerging
contaminants, rather than the modest decline observed for PCDD/Fs and PCBs. Where levels
in terrestrial based foods show declines, these can be attributed to local and regional emission
control regulations or the voluntary phasing out of contaminants such as PBDEs. It is evident
that the marine environment does not respond to control as easily as regional land controls and
that the effects of controls become evident over a much longer time-scale within the marine
environment as inputs from anthropogenic activity decline.

The other aspect considered in this paper was the spatial distribution of the measured
contaminants in different species and locations. Spatial analysis showed that mackerel from
waters south of the UK and north-west of France appeared to show relatively higher levels of
PCDD/F and PCB contamination, but PBDE levels for this species were higher for samples
from the southern coast of England/north-western France and the Irish Sea (mean
concentrations of 1.6 and 2.1 pg/kg respectively for EU1o PBDES, compared to the mean value
of 1.35 pg/kg for the whole group. Corresponding PCN mackerel levels were generally highest
for Irish Sea samples. Sprats and sea-bass showed relatively higher PCDD/F, PBDE and PCN
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contamination in waters off the south of the UK and north-west of France. Herring from the
waters off the east coast of England and the Irish Sea showed relatively higher levels of
contamination, but the highest levels of PBDE and PCN contamination were more evenly
distributed around the UK. For most of the contaminants studied here, turbot appeared to show
low occurrence levels. This spatial contaminant distribution accords well with known
anthropogenic activity in the areas where fish were found to be more contaminated — e.g. the
English Channel (southern and south-eastern UK/northern France) experiences one of the
highest proportions of maritime traffic, with high levels of industrialisation near the coastal
areas. The findings are also consistent with a known contamination problem in the Seine Bay,
arising from a high loading of PCBs from the river Seine, which led to a French government
ban on sardine fishing in the area (Prefecture de la Seine-Maritime, 2010). Similarly, the coastal
areas around the northern Irish Sea contain pockets of heavy industry such as ship building.
The spatial analysis thus additionally provides an indication of the status of the regional marine
environment with regard to GES and supports evidence based decisions for assessors and
policy makers within the MSFD. The designed interactive webpage provides a convenient
method for the visualization of the geographical distribution of contaminants in different fish
species.
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Table 3.1 Summary of whole weight PCDD/F & PCB WHO-TEQ, ICES-6 PCB and PBDE concentrations (upper bound)

Species— Sardines (n=16) mackerel (n=41) Herring (n=19) GreyMullet (n=26)

MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX
WHO-TEQ ng/kg
PCDD/F 0.13 0.36 0.40 1.20 0.04 0.26 0.43 1.62 0.34 0.55 0.64 1.55 0.02 0.10 0.14 0.51
Non ortho-PCB 0.47 1.10 1.48 3.16 0.06 0.63 0.90 5.56 0.23 0.40 0.56 1.27 0.07 0.32 0.47 1.91
Mono-ortho-PCB 0.03 0.06 0.09 0.33 0.01 0.04 0.07 0.37 0.02 0.04 0.05 0.12 0.01 0.04 0.06 0.22
Sum WHO-TEQ 0.63 1.51 1.97 4.37 0.10 1.05 1.40 7.51 0.64 1.00 1.24 2.78 0.11 0.48 0.67 2.36
ﬁs;‘ln(gICES—G PCBs 5.41 12.35 16.62 54.89 0.86 6.73 10.59 63.64 3.76 7.68 8.49 17.84 0.89 6.92 12.16 43.76
Sum PBDES pg/kg 0.145 0.394 0.504 2.18 0.15 1.24 1.45 3.86 0.61 1.14 2.08 8.87 0.09 0.58 1.10 5.41
Sum EU-10 PBDEs
ug/kg 0.13 0.38 0.49 2.12 0.14 1.16 1.35 3.65 0.58 1.10 2.00 8.63 0.08 0.57 1.08 5.36

Species— Sprat (n=25) Sea Bass (n=25) Turbot (n=16) Shark (various sp.) (n=14)

WHO-TEQ ng/kg
PCDD/F 0.13 0.87 0.91 2.55 0.09 0.34 0.44 1.34 0.02 0.14 0.17 0.44 0.02 0.08 0.12 0.30
Non ortho-PCB 0.09 1.13 1.02 2.25 0.23 1.26 1.92 10.38 0.05 0.42 0.47 1.37 0.01 0.08 0.14 0.46
Mono-ortho-PCB 0.01 0.08 0.07 0.15 0.02 0.09 0.14 0.84 0.01 0.02 0.03 0.10 0.01 0.03 0.07 0.21
Sum WHO-TEQ 0.23 2.14 2.00 4.35 0.35 1.65 2.50 12.49 0.07 0.66 0.67 191 0.03 0.22 0.32 0.93
ﬁg;{‘((;CES'G PCBs 135 11.49 1107 2832 | 276 12.87 2216 14492 | 052 3.97 498 1720 | 041 197 982 3397
Sum PBDEs pg/kg 0.33 1.09 1.27 4.59 0.28 1.75 2.00 5.71 0.07 0.33 0.37 0.84 0.04 0.13 0.54 2.02
*Sum EU-10 PBDEs
ua/kg 0.31 1.05 1.23 4.56 0.27 1.73 1.97 5.64 0.06 0.31 0.35 0.79 0.04 0.12 0.51 191

*EU-10 PBDEs — BDEs 28, 47, 49, 99, 100, 138, 153, 154, 183 and 209.
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Table 3.2 PCN and PBDD/F TEQ concentrations in marine fish species

AQD)

Sum Sum *PCN  PBDD/F  PBDDIF”
PCNs PCNs TEQ TEQ TEQ
Species lower upper  upper lower uppefd3
(number) bound bound  bound bound bound
ng/kg whole weight ng/kg whole Weigﬂ§4
MIN 5.1 5.4 0.004 <0.001 0'031?85
Sardines MEDIAN 16.6 16.6 0.007 0.003 0.019
(12) MEAN 19.7 19.8  0.009 0.006 0.0286
MAX 63.1 63.1 0.031 0.021 0.042
MIN 10.0 10.1 0.002 <0.001 O.Ol4 /
Mackerel MEDIAN 50.3 50.5 0.024 0.003 0.04ng
(14) MEAN 67.9 68.0 0.035 0.004 0.015
MAX 2430 2430 0.170 0.012 0.0%89
MIN 18.3 18.3 0.009 <0.001 0.014490
Herring MEDIAN 29.5 29.7 0.016 0.002 0.016
(6) MEAN 38.5 38.7 0.024 0.005 0.0491
MAX 89.5 89.5 0.069 0.013 0.034
MIN 4.2 42 0.001 <0.001 0.0082
Grey mullet MEDIAN 12.2 124  0.006 0.003 O.Olzf93
9) MEAN 14.6 147 0.007 0.005 0.013
MAX 33.5 33.5 0.014 0.017 0.0204
MIN 29.4 29.4 0.014 <0.001 0.007
Sprat MEDIAN 46.0 46.0 0.027 0.002 O.Olﬁb95
(15) MEAN 66.4 66.5  0.044 0.004 0.0}y
MAX 264.5 264.8 0.204 0.012 0.026
MIN 13.7 142 0.004 <0.001 0.0897
Sea Bass MEDIAN 28.6 29.2 0.008 0.002 0.014298
(13) MEAN 29.3 29.4 0.010 0.003 0.014
MAX 48.5 485  0.026 0.010 0.0289
MIN 0.7 0.7 <0.001 <0.001 0.001
Turbot ~ MEDIAN 3.4 35  0.002 <0.001 0.0680
(6) MEAN 5.3 5.3 0.003 0.002 0.0%%1
MAX 155 155 0.009 0.008 0.013

*Sum of PCN TEQ calculated using TEF values given in Fernandes et al., 2017.
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Table 3.3 Summary of PXDD/F and PXB concentrations in marine fish species

1-B-2,3,7,8-CDD

2-B-1,3,7,8-CDD

2-B-3,6,7,8,9-CDD

2-B-7,8-CDF

3-B-2,7,8-CDF

2-B-6,7,8-CDF

2,3-B-7,8-CDF

1-B-2,3,7,8-CDF

4-B-2,3,7,8-CDF

1,3-B-2,7,8-CDF

PXBs

4'-B-3,3'4,5-CB (PXB126)

3,4-B-3'4'5'-CB (PXB126 di-Br)

3'4'5'-B-3,4-CB (PXB126 tri-Br)

4'-B-2,3',4,5-CB (PXB 118)

4'-B-2,3,3',4-CB (PXB 105)

4'-B-2,3,3',4,5-CB (PXB 156)

<0.005 - <0.093

<0.006 - <0.076

<0.006 - <0.092

<0.014 - <0.075

<0.005 - <0.056

<0.005 - <0.05

<0.005 - <0.704

<0.005-<0.1

<0.011-0.175

<0.005 - <0.089

0.033-0.495

<0.005 - 0.069

<0.005 - <0.05

0.567 -9.428

0.201 - 2.804

0.101 -1.407

<0.008 - <0.046

<0.006 - <0.035

<0.009 - <0.064

<0.012 -0.083

<0.017 - 0.09

0.051 - 0.508

<0.014 - <0.19

<0.006 - <0.066

<0.014 - <0.101

<0.005 - <0.037

0.081 -0.517

<0.005-0.078

<0.005 - <0.048

1.639 - 14.582

0.601 - 4.939

0.286 - 2.853

<0.005 - <0.073

<0.006 - <0.049

<0.008 - <0.122

<0.01 - <0.094

<0.008 - 0.134

0.036 - 1.627

<0.009 - 0.619

<0.005 - <0.061

<0.015 - 0.257

<0.005 - <0.039

0.04 -0.529

<0.005 - 0.062

<0.005 - <0.047

0.842 -17.673

0.317 -9.159

0.118 -2.753

<0.005 -<0.111

<0.005 - <0.097

<0.005 -<0.191

<0.007 - 0.231

<0.005 -<0.172

<0.005 - <0.241

<0.011-1.267

<0.005 - <0.134

<0.005 - 0.255

<0.005 - <0.185

0.008 -0.192

<0.005 - 0.084

<0.005 - 0.225

2.13-42.032

0.684 -9.705

0.302 - 6.567

Sardines Mackerel Sprats Sea bass Turbot
PXDD/Fs n=7 n=13 n=13 n=15 n=4
Range, ng/kg *fat weight
2-B-7,8-CDD <0.01 -<0.145 <0.018 - 0.097 <0.009-0.199  <0.005 - <0.197 <0.027 - 0.186
2-B-3,7,8-CDD <0.006 - <0.033 <0.008 - 0.078 <0.009 - 0.134 <0.005 - <0.16 <0.007 - <0.071
2,3-B-7,8-CDD <0.005 - <0.074 <0.008 - <0.03 <0.005 - <0.07 <0.005 - 0.101 <0.007 - <0.067

<0.011 - <0.106

<0.007 - <0.061

<0.008 - <0.085

<0.011-0.133

<0.015-0.091

<0.006 - 0.3

<0.025-<0.172

<0.005 - <0.06

<0.02 - <0.093

<0.006 - <0.082

0.178-0.532

0.006 - 0.05

<0.007 -<0.1

2.376 - 7.606

0.783 -3.103

0.056 - 1.275

*Reported on fat weight basis in order to comparison with other reported food PXDD/F and PXB data which is generally

reported on a fat weight basis
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Table 3.4 Summary of PFAS concentrations in marine fish species

PFOA

PENA

PFDeA

PFUNA

PFDoA

PFBSH

PFHXSH

PFOS

PFOSA

Species

Range

Mean

Range
Mean

Range
Mean

Range
Mean

Range
Mean

Range
Mean

Range
Mean

Range
Mean

Range
Mean

Sardines
n=8

0.06 - 0.92
(0.34)

0.01-0.27
(0.16)

0.04 - 0.94
(0.37)

0.04 - 2.29
(0.78)

0.02 - 0.51
(0.26)

0.03-0.35
(0.07)

0.01-0.12
(0.03)

0.78 - 3.59
(2.18)

0.06-3.4
(0.92)

Mackerel
n=12

0.06 - 0.35
0.2)

0.04-0.23
(0.1)

0.07 - 1.07
0.4)

0.13-1.89
(0.4)

0.01-2.04
(0.35)

0.01-0.1
(0.02)

0.01-0.14
(0.02)

0.22-4.92
(1.12)

0.04-0.39
(0.22)

Herring Mullet
n=9 n=7
pg/kg whole weight

0.08 - 1.17 0.01 - 0.26
(0.34) (0.13)
0.02 - 0.45 0.02 - 0.19
(0.1) (0.07)
0.02 - 0.87 0.14 - 0.58
(0.3) (0.27)
0.06 - 0.58 0.15-0.84
(0.16) (0.39)
0.03-0.64 0.13-1.34
(0.17) (0.42)
0.01-0.6 0.02-0.15
(0.12) (0.08)
0.04 - 0.06 0.01-0.08
(0.02) (0.02)
0.16-1.84 0.37-12.83
(0.59) (2.58)
0.02 - 0.89 0.29 - 0.67
(0.38) (0.36)

Sprat
n=9

0.13-3.82
(1.48)

0.05 - 0.69
(0.26)

0.05-0.45
(0.25)

0.22-1.09
(0.51)

0.05-0.64
(0.25)

0.02-0.5
(0.11)

0.02-0.15
(0.08)

1.51-9.44
(3.94)

0.08-3
(0.85)

Sea Bass
n=5

0.05-0.24
(0.13)

0.04-0.16
(0.07)

0.06 - 0.33
(0.18)

0.12-0.59
0.3)

0.02-0.48
0.17)

0.01-0.08
(0.04)

0.01-0.1
(0.03)

1.28-10.79
(3.82)

0.43-2.13
(0.84)

4.0 Conclusions

The results of this study demonstrate the occurrence of a wide range of environmental
contaminants in fish taken from marine regions around the UK and other proximate marine

waters from which retail fish in the UK is commonly sourced.
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All of the different contaminant groups that were targeted were detected at varying
concentrations depending on species and location. Sprats, sardines, sea bass, herring and
mackerel, appear to show the highest levels of contamination. The spatial distribution of this
occurrence showed that fish taken from waters around the Southern UK/Northern French coasts
and the Irish Sea tended to show higher levels of most contaminants, but contamination is also
evident for locations off the east coast of the UK.

In comparison to a decade ago, a small reduction in concentration levels is evident for some
contaminants such as PCDD/Fs and PCBs, but similar trends were not observed for other
contaminants. This may be due to a slower rate of decline or because some of the data are
unique (e.g. there are none or very little earlier data for PXDD/Fs, PXBs in turbot) and in these
cases, the study provides a useful concentration baseline for future assessments. However, all
of the data would be useful in allowing risk assessment from dietary consumption.

The high frequency of contaminant occurrence combined with the instances of samples that lie
above the regulated limits (where applicable), suggest that continued vigilance of these edible
marine fish species is advisable.
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