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Figure 4.2: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
in the PCB profiles (normalised to the concentration of CB153) across the three marine
mammal species. The circled harbour seal and harbour porpoise samples highlight
individuals with a different FA profile reported in Chapter 3 (Figure 3.4) and PCB profile
in comparison to the other SAMPIES. ... 168
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(n=10), harbour porpoise (h=18) and sperm whale (n=5) blubber samples, expressed as
a percentage of the 2PCB3, concentration (ug/kg Iw). Error bars are to one standard
deviation. The number of chlorine atoms decrease from a maximum of 7 for CB180 to a
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Figure 4.5: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
in the PCB profiles (normalised to the concentration of CB153) across the four shark and

fish liver sample categories. Hake (h=2) arecircledinred................ccoooiiiiiininnn.n 176
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Figure 4.7: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
in the PCB profiles (normalised to the concentration of CB153) across the demersal
roundfish liver biogeographic sampling locations. Four samples (hake=2, whiting=1,
haddock=1) circled in red are fromthe Holy Loch..................coi . 180

Figure 4.8: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
in the PCB profiles (normalised to the concentration of CB153) across the demersal

roundfish liver category localised regional sampling locations in the Irish Sea........... 182

Figure 4.9: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation

in the PCB profiles (normalised to the concentration of CB153) across the demersal
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roundfish liver category localised regional sampling locations in the Northern North

Figure 4.10: ¥PCB3, concentration in pooled haddock from the Holy Loch (n=2), Moray
Firth (n=4), Solway Firth (n=2), Burra Haaf (n=1 composed of 5 individuals), Pladda (n=1
composed of 6 individuals), Montrose Bank (n=1 composed of 5 individuals) and the
Outer Firth of Forth (n=2). Error bars are to one standard deviation. There was only one
sample pool analysed from Burra Haaf, Pladda and Montrose Bank because of limited
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demersal shark liver, pelagic roundfish liver, demersal roundfish liver and flatfish liver
sample pools, expressed as a percentage of the ZPCB3, concentration (pg/kg lw). Error
bars represent one standard deviation. The order is from high level of chlorination
(CB180 has 7 chlorine atoms per molecule) to a low chlorination level (CB28 has 3
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Figure 4.15: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
in the PCB profiles (normalised to the concentration of CB153) across the four benthic
invertebrates sample categories. Two shore crab sample pools are circled in green and
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Figure 4.16: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
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Figure 4.17: (a): PCA loading plot and (b): PCA score plot, both demonstrating variation
in the PCB profiles (normalised to the concentration of CB153) across the three benthic
invertebrates biogeographic sampling 10Ccations..............oooviiiiiiiii 193
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and the Scottish Continental Shelf. (b) Relationship between geometric mean trophic
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(yellow), fish liver: demersal (pink), flatfish (grey), pelagic (black) and benthic
invertebrate whole, muscle, brown meat, soft body (green) from the lIrish Sea
Biogeographic Region, Northern North Sea, Minches and Western Scotland and the
Scottish Continental Shelf........ ... e 201
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flatfish (grey), pelagic (black) and benthic invertebrate whole, muscle, brown meat, soft
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where shark and fish liver samples were collected. Error bars represent one standard
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Figure 4.30: The mean proportion of each PBDE congener in each individual harbour
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within the Scottish Continental Shelf include Orkney (n=2). Error bars are one standard
deviation. The individual location discussed with a different PBDE profile is outlined in

Figure 4.32: The mean proportion of each PBDE congener in pooled demersal shark
liver, pelagic roundfish liver, demersal roundfish liver and flatfish liver samples,
expressed as a percentage of the ZPBDE,y concentration. Error bars are one standard
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Marine mammals were not included in the analysis due to their selected tissue
(discussed in Section 5.2.1.1) and zooplankton was not included in the analysis as the
Hg concentration was below the LoD. One edible crab and one European lobster sample
pool were identified as data outliers (p<0.05). Error bars represent one standard
AEVIat ON. . 267

Figure 5.4: Box plot comparing the sample distributions of Logio Hg Concentration pg/kg
ww in each biogeographic region. Flatfish collected from the Irish Sea Biogeographic
Region (n=2) have a significantly higher concentration of Hg in their muscle than those
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(p<0.05). Error bars represent one standard
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Figure 5.5: Bar graph showing the Hg concentration (ug/kg ww) in the tissue of each fish
category (demersal roundfish, pelagic roundfish and flatfish) in comparison to the
EQSiota) (horizontal dashed trendline). Error bars are to one standard deviation. Flatfish
were analysed using their muscle and liver tissues only as whole tissue was not available
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invertebrate species (benthic and demersal). Error bars are to one standard deviation.
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Figure 5.7: (a) Relationship between trophic level and logarithmically transformed Hg
concentration (ug/kg ww) in demersal shark muscle (yellow), fish muscle: demersal
(pink), flatfish (grey), pelagic (black) and Invertebrates: demersal invertebrate muscle
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Relationship between geometric mean trophic level and logarithmically transformed
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Figure 5.8: (a) Relationship between trophic level and logarithmically transformed Hg
concentration (ug/kg ww) in fish muscle: demersal (pink), flatfish (grey), pelagic (black)
and Invertebrates: demersal invertebrate muscle (brown) and benthic invertebrate
whole, muscle, brown meat, soft body (green). (b) Relationship between geometric mean
trophic level and logarithmically transformed geometric mean Hg concentration (ug/kg

ww) in fish muscle: demersal (pink), flatfish (grey), pelagic (black) and Invertebrates:

25



demersal invertebrate muscle (brown), and benthic invertebrate whole, muscle, brown
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Figure 5.9: (a) Box plot of Logio Cd concentration (ug/kg ww) in ten sample categories
(demersal shark, fish muscle, demersal invertebrates, benthic invertebrates and
zooplankton (marine mammals were not included in the analysis due to their selected
tissue (discussed in Section 5.2.1.1). Error bars represent one standard
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Figure 5.10: Box plot comparing the sample distributions of Logio Cd concentration pg/kg
ww in benthic invertebrates soft bodyacross the two biogeographic regions. There was
no significant difference of Logio Cd concentration pug/kg ww in benthic invertebrates
making up the soft body category collected from the Irish Sea Biogeographic Region
(n=12) and the Northern North Sea (n=5) (p>0.05). Error bars represent one standard
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Figure 5.11: Box plot comparing the sample distributions of Logio Cd concentration pg/kg
ww in benthic invertebrates soft body across the seven localised regions. There was no
significant difference of Logio Cd concentration g/kg ww in benthic invertebrates making
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34 individuals), Moray Firth (n=1; made up of 28 individuals), Outer Firth of Forth (n=2),
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Figure 5.12: Box plot comparing the sample distributions of Logio Cd concentration pg/kg
ww across the four benthic invertebrates soft body species. Horse mussel (n=2) had a
significantly higher concentration of Cd in its tissues than shore crab (2), swimming crab
(6) and whelk (7) (p<0.05). Error bars represent one standard
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Figure 5.13: (a) Relationship between trophic level and logarithmically transformed Cd
concentration (ug/kg ww) in demersal shark liver (yellow), fish liver: demersal (pink),
flatfish (grey), pelagic (black), Invertebrates: demersal invertebrate muscle (brown) and
benthic invertebrate whole, muscle, brown meat, soft body (green) and zooplankton
(blue). (b) Relationship between geometric mean trophic level and logarithmically
transformed geometric mean Cd concentration (nug/kg ww) in demersal shark liver

(yellow), fish liver: demersal (pink), flatfish (grey), pelagic (black), Invertebrates:

26



demersal invertebrate muscle (brown), and benthic invertebrate whole, muscle, brown

meat, soft body (green) and zooplankton (blue)..............coooiiiiii i 280

Figure 5.14: (a) Relationship between trophic level and logarithmically transformed Cd
concentration (ng/kg ww) in demersal shark liver: fish: demersal (pink), flatfish (grey),
pelagic (black), Invertebrates: demersal invertebrate muscle (brown), and benthic
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Figure 5.15: Box plot of Logio Cu concentration (ug/kg ww) in ten sample categories
(demersal shark, fish muscle, demersal invertebrates, benthic invertebrates and
zooplankton (marine mammals were not included in the analysis due to their selected
tissue (discussed in Section 5.2.1.1). Two horse mussel sample pools were identified as
data outliers. Error bars represent one standard
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Figure 5.16: Box plot comparing the sample distributions of Logio Cu concentration pg/kg
ww across the four benthic invertebrates soft body species. Horse mussel (n=2) had a
significantly lower concentration of Cu in its tissues than shore crab (2), swimming crab
(6) and whelk (7) (p<0.05). Error bars represent one standard
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Figure 5.17: (a) Relationship between trophic level and logarithmically transformed Cu
concentration (ug/kg ww) in shark liver (yellow), fish liver: demersal (pink), flatfish (grey),
pelagic (black), Invertebrates: demersal invertebrate muscle (brown), and benthic
invertebrate whole, muscle, brown meat, soft body (green) and zooplankton (blue). (b)
Relationship between geometric mean trophic level and logarithmically transformed
geometric mean Cu concentration (ug/kg ww) in shark liver (yellow), fish liver: demersal
(pink), flatfish (grey), pelagic (black), Invertebrates: demersal invertebrate muscle
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Figure 5.18: (a) Relationship between trophic level and logarithmically transformed Cu
concentration (ug/kg ww) in demersal shark liver, fish liver: demersal (pink), flatfish
(grey), pelagic (black) and Invertebrates: demersal invertebrate muscle (brown), and
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Cu concentration (ug/kg ww) in fish muscle: demersal (pink), flatfish (grey), pelagic
(black) and Invertebrates: demersal invertebrate muscle (brown), and benthic
invertebrate whole and muscle (green) and zooplankton (N=3)............ccccviiieiniennnn. 287

Figure 5.19: Box plot of Logio Ni concentration (ug/kg ww) in ten sample categories
(demersal shark, fish muscle, demersal invertebrates, benthic invertebrates and
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Figure 5.20: Box plot comparing the sample distributions of Logio Ni concentration pg/kg
ww in whiting liver across the three biogeographic regions. There was no significant
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Figure 5.21: (a) Relationship between trophic level and logarithmically transformed Ni
concentration (ng/kg ww) in demersal shark liver (yellow), fish liver: demersal (pink),
flatfish (grey), pelagic (black), Invertebrates: demersal invertebrate muscle (brown), and
benthic invertebrate whole, muscle, brown meat, soft body (green) and zooplankton
(blue). (b) Relationship between geometric mean trophic level and logarithmically
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(yellow), fish liver: demersal (pink), flatfish (grey), pelagic (black), Invertebrates:
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Figure 5.22: Box plot of Logio Zn concentration (ug/kg ww) in ten sample categories
(demersal shark and fish muscle, demersal invertebrates, benthic invertebrates and
zooplankton (marine mammals were not included in the analysis due to their selected
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Figure 5.23: (a) Relationship between trophic level and logarithmically transformed Zn
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Summary

There is a global programme of action in place for the protection of the marine
environment to ensure our seas are clean and safe. One of the biggest threats to our
oceans is man-made pollution and it is the responsibility of governments to conduct
assessments to advise policy. Across the North-East Atlantic, Contracting Parties to the
OSPAR Convention for the Protection of the Maine Environment of the North-East
Atlantic, including the United Kingdom, are required to undertake monitoring and
assessment of contaminants. The assessment utilises assessment criteria, including
Background Assessment Concentrations (BAC) and Environmental Assessment Criteria
(EAC). Guidelines for monitoring contaminants in biota include specific shellfish, flatfish
and roundfish, as well as seabird eggs. Extending the assessment to other species has
considerable merit, but such species may, for example, be more difficult to sample, with
generic trophic level values obtained from literature and databases adding additional
uncertainty to assessments. Currently, assessment criteria for organic and inorganic
contaminants either do not account for secondary poisoning as a route of exposure, or
a proxy is used due to the lack of ecotoxicological data available. Secondary poisoning
is a result of biomagnification, which can be expressed as the trophic magnification factor

(TMF; the average increase in concentration per trophic level).

Fatty acid (FA) signatures and stable isotope (Sl) ratios were used to develop an
understanding of Scottish marine food web ecology and reliably ascribe trophic levels to
a wide range of species. Analysis was conducted on 215 samples from different
locations around Scotland which comprised of seven fish species, one shark species,
fourteen marine invertebrate species, three marine mammal species and two
zooplankton species. The concentrations of three priority heavy metals and six
additional trace metals and metalloids, thirty-two PCB congeners and nine PBDE
congeners were determined to investigate the relationship between concentration and
potential influencing factors (trophic level, region, sample categorisation and
physiological features). TMFs were calculated using two methods on selected PCB and
PBDE congeners and metals and metalloids possessing a significant trophic
relationship. It was concluded that ecosystem specific TMFs can be used as a reliable
tool, permitting the assessment of a wider range of species, but a reasonable balance
with respect to sample numbers of lower- versus higher-trophic level organisms is highly

recommended when calculating TMFs.

Key words: Trophic level, Fatty acids, Stable Isotopes, PCBs, PBDEs, Trophic

magnification, Bioaccumulate, Contaminant, Assessment, Scotland
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General Introduction
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1.1 Introduction

Scotland’s seas cover an area six times that of the Scottish landmass and support a rich
and abundant variety of marine life and habitats. This includes over 120 species of fish,
both demersal and pelagic, rich cold-water coral communities, algal communities,
aggregations of sponges as well as the varied marine mammals and seabirds, all of
which contribute to maintaining the balance of the natural environment and rely on clean

and healthy seas to flourish.

The most significant pressure influencing the marine environment is human activity
(Halpern et al., 2019). There is proven evidence that ecosystem components have been,
and continue to be, impacted through activities such as overfishing, aquaculture, land-
based pollution and transport (Derraik, 2002). The seas’ economic contribution to
Scotland cannot, however, be overstated, netting billions of pounds from oil and gas,
transport, fishing, and in more recent years tourism, including eco-tourism (The Scottish
Government, 2019). Other activities that have impacted the marine environment include
the disposal of treated industrial effluent and urban wastewater, leisure and recreational
use and developments in the renewable energy sector (Dolman and Simmons, 2010).
There are actions in place for EU marine waters to mitigate the effects of many pressures
on the marine environment to achieve the aim of having “clean, healthy, safe, productive
and biologically diverse marine and coastal environments, managed to meet the long-
term needs of nature and people”. These include the development and improvement of
monitoring, management, scientific research and the raising of awareness through

education.

1.2 Ecosystems and food webs

The term “ecosystem” was first used in print in 1935 by A.G. Tansley in his paper
describing vegetational concepts and terms (Tansley, 1935). He expanded on the
concept of a system or “biome” which describes the whole community of organisms
inhabiting a particular region. Tansley stressed the importance of the interactions
between biotic and abiotic elements forming one physical system. He concluded that
“the ecosystem may be formally defined as the system composed of physical-chemical-
biological processes active within a space-time unit of any magnitude” (Lindeman, 1942).
Subsequently the term ‘trophic level’ was established, categorising organisms depending

on their energy level and nutritional requirements.
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Ecosystems are therefore defined by food webs which describe a network of energy flow
composed of overlapping and interconnecting food chains. A food chain describes one
possible path that energy and nutrients may take as they move from primary producers
(autotrophs) who produce their own food and energy (photoautotrophs and
chemoautotrophs) to consumers (heterotrophs) that feed upon them (Jacob et al., 2011;
Ashok, 2016). Food webs support short and/or complex food chains (Figure 1.1)
composed of a variety of trophic levels (Briand and Cohen, 1987). The position an
organism occupies in a food chain is represented using a level followed by numerical
value from 1, primary producers, to 5, apex predators (Pavluk and Vaate, 2008). For a
single species there will be a natural variation in its trophic level as individuals or
populations may feed at more than one level. In addition, the life stages of some species

occupy different trophic levels (Davis et al., 2012: Giraldo et al., 2016).
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Figure 1.1: The major components of an aquatic food web showing the network of feeding relationships
(from primary producers to apex predators) existing among species in a marine community and their trophic
level. A food chain represents the movement of energy through a group of biota. The numbers 1 — 5

represent the trophic levels.
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1.2.1 Fatty acids

Establishing the impact of contaminant concentration on the wider marine food web
requires an understanding of trophic level structure, feeding patterns and nutritional
relationships (Burkhard, 2003; MIME, 2016). Lipids, including fatty acids (FAs) are an
important source of energy in marine ecosystems and are involved in several biochemical
pathways (Ibarguren, Lopez and Escrib4, 2014). When lipids, such as triacylglycerols,
are digested in marine organisms, FAs are released and absorbed, but not degraded.
The FAs of interest exist as long lipid-carboxylic acid chains and FA profiles in storage
and structural lipids and are indicative of an organisms’ average, long-term feeding
pattern. The FA profiles of primary producers are passed up the food chain and modified
at each trophic level through biological processes such as metabolism and biosynthesis,

but there are recognised patterns due to the conservation of specific FAs (Sikorski, 2006).

To describe the structure of a FA molecule, the length of the carbon chain (number of
carbons), the number and position of double bonds present and the position of the first
double bond relative to the methyl terminal must be considered. An example of a
polyunsaturated FA (PUFA) is 22:6(n-3) (docosahexaenoic acid; DHA) which is shown in
Figure 1.2.

Methyl Terminal
Methylene interrupted

Q -3

HO

4 7 -

Figure 1.2: The polyunsaturated fatty acid (PUFA) cis-4,7,10,13,16,19-docosahexaenoic acid (22:6(n-3))
containing six double bonds in its hydrocarbon chain. The nomenclature numbers from the carboxylic acid
while the (n-3) specifies the position of the first double bond relative to the methyl terminal.

The FA composition of marine lipids is more complex than those found in terrestrial plants
and animals. The carbon chain is generally from 14 to 24 carbons and marine FAs are
particularly high in unsaturated compounds. Most of the PUFAs of fish lipids occur as
the n-3 type whereas the n-6 type only makes up a small percentage (Colombo et al.,
2016). Fish lipids can also contain FAs with an odd number of carbons in the chain such
as 15 and 17. Two important FAs in marine organisms are all-cis-5,8,11,14,17-
eicosapentaenoic acid (20:5(n-3), EPA), which is synthesised by marine algae, and all-
cis-4,7,10,13,16,19-docosahexaenoic acid (22:6(n-3), DHA) which is synthesised by

zooplankton (Budge, lverson and Koopman, 2006). The feeding habits of marine
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organisms can be determined using the ratio of these FAs; organisms feeding on
zooplankton will contain a higher proportion of 22:6(n-3) in their lipids than 20:5(n-3).
Specific signatures like these are known as “fatty acid trophic markers” (FATM) which
can be used to indicate the trophic level and diet of an organism (Dalsgaard et al., 2003).
Connelly, Deibel and Parrish (2014) found FATMs to be a powerful tool, predicting marine
taxa with 99% accuracy. FA analysis has advantages over stomach content analysis
(SCA) in that it provides information on time-averaged feeding patterns and can be
applied to many different species. For example, a study by Varela et al., (2019) found
FA analysis to be more effective in segregating skipjack tuna geographical groups (three
Spanish marine regions) than SCA, and a study by Pethybridge, Daley and Nichols
(2011) found FA analysis of 16 co-occurring shark species and chimeras to detect relative
diet variation, diet specialisation, niche partitioning within species and developmental
shifts in diet which SCA could not detect. This study also found that FA analysis required
less specimens and was less destructive than SCA techniques, was more cost effective
and tangible for species that are of high conservation concern and are logistically difficult

to obtain (especially deep-water species).

Previous studies have used FAs as biomarkers for trophic level indication in marine
mammals (Budge et al., 2008; Guerrero et al., 2016), shark (Pethybridge, Daley and
Nichols, 2011), fish (Wlrzberg et al., 2011; Olsen et al., 2015), invertebrates (Allan et al.,
2010; Soler-Membrives, Rossi and Munilla, 2011; Rabei et al., 2018) and zooplankton
(Goncalves et al., 2012; Deschutter et al., 2019). However, these biomarkers can be
affected by an organism's ability to metabolise and transform FAs which may vary within
and between species at the same or similar trophic levels. They should therefore be
used with caution or in conjunction with other quantitative techniques for identifying

trophic level such as stable isotopes (SI) (Alfaro et al., 2006).

1.2.2 Stable isotope ratios

Isotopes are atoms of the same element that have different numbers of neutrons but the
same number of protons and electrons (Kendall and Doctor, 2003). Although the atomic
number remains the same, the difference in the number of neutrons between the various
isotopes of an element means that the various isotopes have different weights. The
superscript number to the left of the element abbreviation indicates the number of protons
plus neutrons in the isotope. Isotopes of the same element share the same chemical

character, whilst isotopologues, containing at least one stable isotope, have different
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physical properties (melting points, boiling points etc.). The nuclei of some isotopes are
unstable and radioactive (Stewart, 2009).

The elements C, N, S, H, and O all have more than one isotope. Carbon, for example,
has three naturally occurring isotopes: 2C (carbon-12), **C (carbon-13) and **C (carbon-
14), where *C is radioactive and gives out beta ray and 2C and **C are classed as stable
isotopes, with *2C the more abundant of the two amounting to 98.93 % of carbon. Stable
isotopes (Sl) are therefore defined as non-radioactive forms of atoms (Waring and
Running, 2007).

Stable isotope analysis (SIA) has emerged as a common tool in ecology and has proven
especially useful in the study of animal diet, habitat use, movement, and physiology
(Newsome, Clementz and Koch, 2010). The ratio of Sl is expressed for those with relative
abundances affected by isotope fractionation in nature. Stable isotopic abundances of
15N and *3C in biochemical compounds in animals, as expressed by 6*°N and 6*C values,
are influenced by diet. Analysis of these isotopic signatures can be indicative of trophic
position. The positive shift of 0 to +1 %o in mixed tissue from one trophic level up to the
next is too small for precise determination of trophic level (Hobson et al., 2002) but can
be used to establish diet and general feeding habits; for example, phytoplankton tends to
be more depleted in *C than benthic primary producers such as eukaryotic algae and
cyanobacteria possibly due to reduced water turbulence (France, 1995). There is
however a large degree of intraspecific variation due to factors such as species, region
and season. For example, a study by Gearing et al., (1984) found the *C from
phytoplankton varied with taxon and size, ranging from —=20.3 £ 0.6 %o to —=22.2 + 0.6 %o
and a study by Wada et al., (2012) reported the natural abundances of **N and *3C for
cyanobacteria which was characterised by extremely low 6°N and widely ranging 6**C
(-25 to -3 %o).

The 6'°N has a positive shift of 3.4 - 3.8 %o (DeNiro and Epstein, 1981; Fry and Sherr,
1984; Hobson and Welch, 1992; Post, 2002; McCutchan et al., 2003) with each
increasing trophic level, allowing more accurate identification of trophic position. A fixed
value of 3.4 %o is commonly used to estimate relative species trophic level and food web
structure in additive food web structure models. A study by Hussey et al., (2014)
suggests, however, that consumer discrimination is not constant between trophic levels
but decreases (narrows) with increasing dietary °N. It is suggested that failure to take
this into account using a ‘scaled’ model rather than an additive model results in the
underestimation of the trophic level of top predators and leads to the compression of food

web length contrary to field data. Despite this, the “narrowing effect” is not currently
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considered in trophic level adjustments as more data is required to establish a procedure
which has the potential to alter the recalculated assessment values of organic and
inorganic contaminants in the marine environment (European Commission, 2014).
Current studies on contaminant transfer continue to use 3.4 %o as a fixed value (Fliedner
et al., 2018).

SIA is widely used to estimate food web trophic levels and dietary composition. A study
by Jansen et al., (2012) on marine mammals, found that the analysis of **C and 6N in
muscle and bone samples collected from 157 stranded porpoises and 30 prey species
along the Dutch coast revealed geographic differences in isotopic composition in prey
and identified dietary patterns, foraging areas and seasonal groupings in harbour
porpoise. In fish, a study by Croizier et al., (2019) caught around Africa, found that in the
muscle of 132 fish from 23 different species, &2C differentiated between
demersal/coastal species and reflected the use of estuarine habitat rather than offshore
pelagic signatures. They found a positive correlation between mercury (HQ)
concentration and &'C, suggesting Hg exposure in individuals is a result of the
involvement of the coastal estuarine environment and sediments. Within invertebrates,
a study in India by Bouillon et al., (2002) found a distinct spatial gradient in consumer
6'3C values in benthic invertebrate species between bay regions with varying distances
from mangroves (22 sites). They found that mangrove-derived and other terrestrial
carbon is not a significant food source for benthic invertebrate communities in this
ecosystem during the pre-monsoon period, with a marked selectivity for pelagic and
benthic microalgal food sources. The 8N was found to be a useful indicator of trophic
level but overlap between 6'°N values of presumed low and higher trophic levels did
occur due to differences in inorganic nitrogen sources and availability; Also, in
zooplankton, a study by School et al., (2018) used SIA and FA analysis to examine how
the variability at the base of the food web affects trophic interactions between primary
producers and copepod consumers. They found that relative contributions of autotrophic
and heterotrophic fractions in the zooplankton determined the Sl signal of the 8°N in

copepods, showing the complexity of trophic relations in planktonic food-webs.

The combination of FA analysis and SIA has proven to be a more powerful tool to
determine trophic interactions in complex food webs (van der Bank et al., 2011; Falk-
Petersen and Gislason, 2012; Galillard et al., 2017). The advantage of this combined
approach is mainly attributed to the fact that FAs are more specific to dietary source than
stable carbon isotopes, particularly when differences in the §3C of different carbon

sources are small (El-Sabaawi et al., 2009). For example, a study by McMeans, Arts
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and Fisk, (2015) combined the techniques of SIA and FA trophic markers whilst analysing
Hg contamination in Greenland Sharks. They found that the Logi0cTHg (total mercury)
increased significantly with trophic position (calculated using &'°*N) and regressions
between shark THg and individual FA proportions revealed that 18:1(n-9) explained a
significant amount of the variability of LogioTHg in shark. It was concluded that Hg
bioaccumulated in this species and concentrations were within the previously reported
range for warm-blooded Arctic predators and a better understanding of feeding
behaviour and food web characteristics was achieved using both techniques compared
to each in isolation. Another study by Young et al., (2018) found that the analysis of 6'°N
and 6'3C was limited in distinguishing a diverse group of prey species (including fish,
cephalopods, and crustaceans), as most of the prey had similar 6*°N ranges. FA profiles
were able to resolve four separate prey groups with clarity, providing a temporal contrast

to the stomach content “snapshot”.

1.3 Contaminants

Understanding the transport and fate of contaminants in marine ecosystems and their
potential effects on aquatic organisms is critical for hazard assessment, especially in
areas where agriculture or urbanisation are dominant. Hazardous materials are defined
as ‘accumulative substances’ with the ability to inflict harmful effects on marine life and
ultimately humanity (OSPAR, 2009a). Contaminants can often reach concentrations that
threaten aquatic life due to their persistent and bioaccumulative properties, resulting in
the disruption of biological processes, reproductive abnormalities, alterations in
development and behaviour and mortality (Crump and Trudeau, 2009; Murphy et al.,

2015). These contaminants can either be of an organic or inorganic nature.

1.3.1 Persistent organic pollutants

Persistent organic pollutants (POPs) represent a vast category of synthetic
heterogeneous organic compounds including polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs). PCBs and PBDEs are ubiquitous
environmental contaminants and are classified as POPs by the Stockholm Convention
due to their persistence, bioaccumulation in the environment and toxicity to humans and
wildlife (Kaw and Kannan, 2017). The Stockholm Convention is a global environmental
treaty, signed in 2001 and effective from May 2004, that aims to eliminate or restrict the
production and use of persistent organic pollutants (United Nations, 2015). PCBs have

a long half-life (2 months — 30 years) dependent upon their chemical structure
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(Sinkkonen and Paasivirta, 2000) and poor solubility in water. Environmental fate and
transport behaviour can be predicted from the octanol-water partitioning coefficient (Kow),
typically expressed in logarithmic form, which is a measure of how a chemical will
partition in a solution of a polar and non-polar solvent (Cicilio, 2013). The Log Kow value
of PCBs has been reported to have a range of 4-9 in 209 congeners (Hawker and
Connell, 1988) and PBDEs reported to have a range of 3-6 in 23 congeners (Bao, You
and Zeng, 2011) indicating hydrophobic character. OSPAR define persistent pollutants
as having a half-life of greater 250 days and hydrophobic as having a Log Kow 24
(OSPAR, 2019). Due to their persistent and lipophilic properties, PCBs and PBDEs
bioaccumulate in various lower trophic organisms such as plankton, moving up the food
chain through bivalve molluscs, fish, reptiles, marine mammals, birds, and terrestrial

mammals (Kodavanti, 2017).

PCBs make up a group of congeners composed of 209 individual chlorinated biphenyl
rings based on the number and position of chlorine atoms attached to the ring structure
(Figure 1.3). Each carbon is numbered, and the position of the chlorine atom(s) provides
the basis for the systematic numbering system proposed by Ballschmitter and Zell

(1980). This system is widely accepted and known as Ballschmitter nomenclature.

PCBs are categorised under two major groups based on their toxic potential: the dioxin-
like PCBs, which share common toxicity mechanisms with dioxins (highly toxic range of
compounds produced as a by-product in some manufacturing processes), and the non-
dioxin-like PCBs (Renieri et al., 2019). Dioxin-like PCBs have no more than one chlorine
atom at the ortho-position (polychlorinated non-ortho and mono-ortho biphenyls) and the
molecules can rotate and adopt a coplanar structure, while non-dioxin PCBs have two
or more of the ortho-positions in the biphenyl molecules occupied by chlorine molecule
and the two phenyl rings are consequently not in the same plane (Ssebugere et al.,
2019). The planar conformation of the non- and mono-ortho PCBs (as with dioxins and
other dioxin-like compounds) is a requirement for high affinity binding of such the
compounds to the aryl hydrocarbon receptor (AhR) binding pocket (Zhang et al., 2012).
AhR is a widely expressed nuclear transcription factor found in the cytosol; and the
binding of a suitable ligand to the receptor induces translocation of the ligand-receptor
complex into the nucleus, where further downstream signalling occurs leading to a range
of harmful biological effects which have been previously reviewed (Okey et al., 1994).
Non-ortho PCBs are normally found at much lower concentrations when compared to

the ortho-PCBs but are more biologically active. The rest of the PCBs, with non-planar
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conformation due to chlorine substitution at ortho position, do not bind to the AhR and
are referred to as non-dioxin-like PCBs (Viluksela et al., 2012).
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Figure 1.3: General structure of PCBs and structures of selected CB congeners. The numbers in the
generalised structure indicate the position of the chlorine atoms. The letters (0), (m), and (p) indicate ortho,
meta-, and para- substitutions for chlorine side groups. Non-dioxin like CB47 and CB153, as well as dioxin-
like CB77 are shown here as examples (Kodavanti and Loganathan, 2014).

PBDEs are a group (209 congeners) of brominated flame retardants. PBDESs consist of
a diphenyl ether, with 1-10 bromine atoms substituted on the rings and are classified
according to the average number of bromine atoms in the molecule (Figure 1.4). The
number and position of bromine atoms on the diphenyl ring structure determines the
congener identification number. Highly brominated PBDEs (>5 bromine atoms) can
undergo de-bromination in the environment to form lower brominated PBDEs. This can
result in the production of congeners with increased toxicity (Crawford and Quinn, 2017).
Although PBDE congeners belong to the same chemical class of compounds, their
distinct structures display different chemical properties (Manchester-Neesvig, Volters
and Sonzogni, 2001), giving rise to different toxic effects. Toxic effects include disrupting
several endocrine mechanisms, which culminate in neurotoxicity, sexual dysfunction,
hepatotoxicity and even liver cell death by apoptosis (Souza et al., 2016). For example,

PBDEs are structurally similar to thyroid hormones and thereby have the ability to bind
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to thyroid hormone receptors and thyroxin transporting molecules (transthyretin). The
toxicity of metabolically transformed hydroxylated PBDEs (OH-PBDES) exceeds that of
PBDEs, showing a greater affinity for hormone receptors than PBDEs (Legradi et al.,
2017).
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Figure 1.4: General structure of PBDEs and structures of selected BDE congener, BDE47, as an example.
The numbers in the generalized structure of PBDE indicate the position of the bromine atoms. The letters
(0), (m), and (p) indicate ortho-, meta-, and para- substitutions for bromine side groups (Kodavanti and
Loganathan, 2014).

PBDEs are commercially available in three technical mixtures; penta-, octa- and deca-
BDEs and are widely used in numerous polymer-based commercial and household
products such as textiles, furniture and electronics. These compounds were used to
meet increasingly strict fire safety standards by increasing flame ignition resistance
(Shaw and Kannan, 2009; Chang et al., 2020). Annual global production of PBDEs is
estimated to be around 67,125 metric tonnes (13% penta-, 5.7% octa- and 82% deca-
BDESs) (Arias, 1992; BSEF, 2003). The European Commission (EC) brought a proposal
to the European Union (EU) in 2001 that would ban the use of penta- and octa-
brominated diphenyl ethers (BDE) fire retardants over the concern of human and
environmental health. The EU voted to accept this proposal and banned the use of penta-
and octa-BDEs by August 2004 and extended the ban to the use of deca-BDE by January
2006 (Siddiqi, Laessig and Reed, 2003).

PCBs were extensively used as heat exchange fluids in a wide range of electric and
electronic devices including transformers and capacitors (Lavandier et al., 2019).
Production of PCBs was however, banned in Western Europe and North America in the
late 1970s (Henretig, 2009). Octa- and penta-PBDE mixtures were banned in 2004 and

deca-BDE was later phased out of production by 2013 and is now prohibited.

Current sources of PCB and PBDE pollution include leaching from landfills (electrical
waste and furniture) and incineration of waste producing dangerous by-products. These

can enter the marine environment through mechanisms such as direct spillage or
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discharge, atmospheric transport (wet and dry deposition), re-suspension of sediments
during storms and diffusive air—water exchange (Del Vento and Dachs, 2007). Both
PCBs and PBDEs have the ability to bioaccumulate in fatty tissues and the persistent
nature of these compounds (chemically stable and resistant to abiotic and biotic
degradation) can result in their bioaccumulation and biomagnification in marine food
webs. PCBs and PBDEs reach their highest concentrations in marine mammals, which
in many cases, have a lower capacity to metabolise and excrete organohalogen
compounds as compared to terrestrial mammals, although this is species dependent
(Krahn et al., 2009). Orcas (killer whales; Orcinus orca) are recognised as the most
contaminated animals on this planet. An individual referred to as “Lulu” by researchers,
stranded on the Isle of Tiree, on the west coast of Scotland in 2016 and is recognised as
one of the most contaminated worldwide. Analysis conducted by CEFAS found 957
mg/kg Iw (lipid weight) of the sum of 25 PCB congeners (SMASS, 2016; SRUC, 2017).
This is 80 times higher than the accepted total PCB toxicity threshold for marine
mammals (11 mg/kg Iw), where a toxicity threshold of 17 mg/kg in the blubber of marine
animals has been reported as leading to reproductive impacts (Kannan et al., 2000).
Toxic effects are also known to occur in lower trophic level organisms, for example, a
study by Tomy et al., (2004) found that lake trout dosed with a mixture of 13 PBDE
congeners had depressed levels of circulating free thyroxine and 3,5,3'-triiodothyronine
in their plasma, which are responsible for regulating body temperature, metabolism, and

heart rate.

1.3.2 Trace metals and metalloids

The chemical elements can be broadly divided into metals, metalloids and non-metals
according to their shared physical and chemical properties. Metals are good conductors
of heat and electricity, have low ionisation energies and electronegativities and form
alloys with other metals. Metalloids occupy a position between metals and non-metals
and are semi-conductive and allow a moderate transmission of heat, maintaining a solid
but brittle state of matter (Anastas and Maertens, 2018). Elements classed as metalloids
include arsenic (As) and selenium (Se) which are widely distributed in minerals, soil,
water, atmosphere, and biological tissues (Reis and Duarte, 2019). Metals and
metalloids are naturally present in the environment due to erosion (removal) of
underlying rocks, volcanic emissions and weathering (breakdown) of rocks and soils,
however their extraction, production, use and release anthropogenically can lead to the
increase of their environmental levels to concentrations that may be toxic to biota (Richir
and Gobert, 2016).
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Metals and metalloids can be divided into two categories — essential and non-essential.
Essential elements are required in organisms for normal bodily functions and are
depleted by a variety of metabolic processes utilising energy. Examples include the
cofactor zinc (Zn), which is used in over 100 enzyme reactions, chromium (Cr) which is
involved in lipid metabolism and required for maintaining normal glucose metabolism;
and cobalt (Co), which is a key component of vitamin B12, a coenzyme in a number of
cellular processes including the oxidation of FAs and the synthesis of deoxyribonucleic
acid (DNA) (Pouill et al., 2017). Essential metals and metalloids are however toxic at a
threshold concentration, above which adverse biological effects begin to occur
(Scheuhammer et al., 2015). Factors affecting toxicity include those affecting the
organism's ability to handle and detoxify accumulated elements and those influencing
metal uptake, which varies between and within species (Rainbow, Phillips and Depledge,
1990). For example, a study by Hédouin et al., (2010) analysed Ni accumulation in clams
and oysters. Although both bivalve species were shown to efficiently assimilate Ni
ingested with their food (especially clams) and retain it very efficiently (especially
oysters), they displayed different bioaccumulation behaviour for Ni suggesting different

environmental interactions and/or physiological ability.

Heavy metals are defined as “naturally occurring metals having an atomic mass number
above 20 and an elemental density greater than 5 g/cm?® (Ali and Khan, 2018b). Non-
essential metalloids and heavy metals persist in the marine environment for millions of
years and move through various biogeochemical cycles and unlike organic chemicals,
the majority of metals cannot be easily metabolised into less toxic compounds (Morel
and Price, 2003).

The most common heavy metal and metalloid pollutants are Cr, nickel (Ni), copper (Cu),
Zn, cadmium (Cd), lead (Pb), Hg and As, with the non-essential elements Hg, Pb, Cd
and As of the greatest environmental concern. Non-essential elements produce toxic
effects in plants and animals even at very low concentrations, particularly when ingested
over time (Tchounwou et al., 2014). These elements are biomagnified to higher trophic
levels (marine top predators) including marine mammals and seabirds, with total Hg, in
particular, reported to have an estimated biomagnification rate of 6.0 £ 3.7 times for each
trophic level in polar marine food webs (Lavoie et al., 2013; Ali and Khan, 2018a) and

5.4 times for each trophic level in tropical marine food webs (Kehrig et al., 2013).

Hg, considered the most toxic heavy metal, exists in nature as an elemental or metallic
form, in inorganic salts and as organomercurial compounds and has different

bioavailabilities and toxicities associated with them. After its release into the
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environment (soil and water), inorganic Hg is acted upon by bacteria, leading to its
transformation to methylmercury (MeHg). Of the different chemical forms of Hg, MeHg
is the most toxic and abundant in the marine food web (Maage et al., 2017). Because it
is lipophilic in nature, MeHg can easily permeate across biomembranes such as the
blood-brain barrier into the central nervous system (CNS) causing sensory and motor
deficits and behavioural impairment, resulting in animals becoming anorexic and
lethargic (Krishna et al., 2003). Inorganic Hg follows a non-uniform pattern of distribution,
accumulating mainly in the kidneys; thereby, causing acute renal failure (Jan et al.,
2015). Hg is also easily transferred across the placenta (Wagemann et al., 1988) and
thus concentrates in the foetal brain, resulting in development alterations and often death
(Wolfe, Schwarzbach and Sulaiman, 1998).

1.4 Contaminant monitoring

The monitoring of contaminants in the marine environment is vital to guide the
conservation, protection and sustainable management of marine ecosystems. The
oldest intergovernmental organisation associated with the marine environment is the
International Council for the Exploration of the Sea (ICES) established in 1902. This
organisation is concerned with marine and fisheries science and is still a leading scientific
forum for the coordination of research by 20-member countries (ICES, 2020) including
the United Kingdom (UK). ICES was formed to provide decision makers with the best
available science to make informed choices on the sustainable use of the marine

environment and ecosystems, particularly on marine policy and management issues.

The OSPAR Commission is the Regional Sea Convention for the North-East Atlantic.
The Hazardous Substances and Eutrophication Strategies of the OSPAR Convention
cover pollution sources and matters relating to the protection of the marine environment
in respect of nutrients and hazardous substances. It was adopted in Paris, France in
1992 and replaced the Convention for the Prevention of Marine Pollution by Dumping
from Ships (Oslo convention) adopted in 1972 and the Convention for the Prevention of
Marine Pollution from Land-Based Sources (Paris convention) adopted in 1974 (JNCC,
2013). The convention was signed by 15 European countries with the aim of reducing,
preventing, and if possible, eliminating pollution from anthropogenic sources (e.g.
industrial discharges, offshore installations and from atmospheric deposition (OSPAR,
2000).
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The European Union (EU) Water Framework Directive (WFD; 2000/60/EC) was adopted
in 2000 to reduce (eliminate or achieve concentrations near background values for
naturally occurring substances) the emissions of hazardous substances to water
(Fliedner et al., 2016). It was concluded that the improvement of water quality in surface
(including coastal) and ground water must be monitored by EU Member States and a
standardised approach developed for the sampling, analysis and monitoring of water.
Coastal waters and transitional waters (estuaries) are included and three types of
monitoring were established: surveillance monitoring (river basins), operational
monitoring (water bodies) and investigative monitoring (when thresholds are unknown,

or objectives not met during surveillance monitoring) (WFD, 2008).

After extensive consultation, the EU Marine Strategy Framework Directive (MSFD;
2008/56/EC) was adopted in 2008 with the aim to have European marine waters
achieving or progressing to ‘Good Environmental Status’ (GES) by 2020. The Directive
establishes European marine regions and sub-regions on the basis of geographical and
environmental criteria. The Directive lists four European marine regions — the Baltic Sea,
the North-East Atlantic Ocean, the Mediterranean Sea and the Black Sea — located within
the geographical boundaries of the existing Regional Sea Conventions. The four
European Regional Sea Conventions are: The Convention for the Protection of the
Marine Environment in the North-East Atlantic of 1992 — the OSPAR Convention
(OSPAR), The Convention on the Protection of the Marine Environment in the Baltic Sea
Area of 1992 - the Helsinki Convention (HELCOM), The Convention for the Protection of
Marine Environment and the Coastal Region of the Mediterranean of 1995- the
Barcelona Convention (UNEP-MAP) and The Convention for the Protection of the Black
Sea of 1992 — the Bucharest Convention. Each EU member state is required to develop
a continually updated marine strategy. The MSFD created a list of eleven (11) qualitative
descriptors of environmental status for GES to be achieved by 2020. Descriptor 8
“Concentrations of contaminants are at levels not giving rise to pollution effects” is
specifically relevant to this project and is assessed mostly using Background
Assessment Concentrations (BACs) and Environmental Assessment Criteria (EACS) or

proxys for these assessment criteria.

In May 2008, OSPAR Contracting Parties (CP) started preparations on a collective
approach on the regional aspects of the implementation of the MSFD (Directive
2008/56/EC). The OSPAR maritime area encompasses the MSFD ‘North-East Atlantic
Ocean’ Region, and in particular its sub-regions ‘Greater North Sea’, ‘Celtic Seas’, ‘Bay
of Biscay and ‘Iberian Coast’. To address Descriptor 8 of the MSFD, OSPAR affirmed
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its strategy on hazardous substances with the ultimate aim of achieving concentrations
in the marine environment near background values for naturally occurring substances

and close to zero for synthetic substances (OSPAR, 2012).

To achieve the OSPAR’s vision of a clean, healthy and biologically diverse North-East
Atlantic Ocean, used sustainably, monitoring of how the seas function is required to
determine whether the Programme of Measures the OSPAR Contracting Parties agree
to take are having the intended effect. The OSPAR common indicators assess the
changes in populations of marine mammals, seabirds, fish, changes in the phyto- and
zoo-plankton communities, benthic habitats and food webs (OSPAR, 2014a). Common
indicators have been developed to provide regionally comparable assessment outputs
across the OSPAR maritime area. Parameters can be assessed against a threshold
value or assessment value to establish whether or not biological effects on marine biota

are likely.

Developing a shared data and information system between the EU and the Regional Sea
Conventions is vital for achieving an improved scientific understanding of the marine
environment, to contribute to the periodic review of policy objectives and associated
targets and indicators. Monitoring and assessment based on scientific knowledge of the
seas is the basis for the management of human activities in our seas. OSPAR's Joint
Assessment & Monitoring Programme (JAMP) describes the strategy, themes and
products that OSPAR Contracting Parties are committed to deliver, through collaborative
efforts in OSPAR (OSPAR, 2014b). A number of JAMP guidelines were implemented,
including the adoption of the revised Coordinated Environmental Monitoring Programme
(CEMP) in 2016, designed to deliver comparable data from across the OSPAR Maritime
Area to support OSPAR assessments; indicating the extent of contamination of fish,
shellfish and sediments with hazardous substances and the intensity of their biological
effects. The data collected under the OSPAR CEMP for North-East Atlantic

contaminants in biota, sediment and water are quality controlled and hosted at ICES.

The CEMP is divided into the following themes reflecting the different issues that OSPAR

is addressing under its thematic objectives, as set out in the JAMP:
Theme A: Cross Cutting Components (ocean acidification),
Theme B: Biodiversity and Ecosystems,

Theme E: Eutrophication,
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Theme H: Hazardous Substances,
Theme O: Offshore Oil and Gas Industry; and
Theme R: Radioactive Substances.

These data are assessed annually by the OSPAR Working Group on Monitoring and on
Trends and Effects of Substances in the Marine Environment (MIME) to assess the
effectiveness of measures to reduce releases of hazardous substances to the
environment (OSPAR, 2013). CEMP monitoring is suitable to track contaminants which
accumulate through the food chain in marine organisms, but which cannot easily be
detected in seawater. Therefore, CEMP assessment results may lead to different
conclusions about the chemical quality status than water-based monitoring under the
WEFD.

OSPAR's monitoring work on hazardous substances comprises of the monitoring and
assessment of the sources and pathways of contaminants and their concentrations and
effects in the marine environment. Data supporting the aims of Theme H of the CEMP
are to be measured on a mandatory basis and include the following components: heavy
metals Cd, Hg and Pb in biota and sediment, PCB congeners - CB28, CB52, CB101,
CB118, CB138, CB153, and CB180 in biota and sediment, polycyclic aromatic
hydrocarbons (PAHs) - anthracene, benz[alanthracene, benzo[ghilperylene,
benzo[a]pyrene, chrysene, fluoranthene, ideno[l1,2,3-cd]pyrene, pyrene and
phenanthrene in biota and sediment; brominated flame retardants
hexabromocyclododecane (HBCD) and PBDE congeners - BDE28, BDE47, BDEG66,
BDES85, BDE99, BDE100, BDE153, BDE154 and BDE183 in biota and sediment, and
BDE 209 in sediment; and tributyl tin (TBT)-specific biological effects and TBT in
sediment or biota. Monitoring of TBT concentrations in the marine environment in either
sediments or biota carried out in parallel with monitoring of TBT-specific biological

effects.

The Clean Seas Environmental Monitoring Programme (CSEMP) is the main UK
monitoring programme for contaminants in sediment and biota and, in Scotland, is
undertaken by Marine Scotland Science (MSS) and the Scottish Environment Protection
Agency (SEPA). Since 1999, as part of CSEMP, sediment, water and fish samples have
been collected for nutrients, contaminants and biological effects monitoring for coastal,
estuarine and offshore areas. PAHs, PCBs, PBDEs and trace metals are measured in

sediment and biota, and inorganic nutrients and salinity measured in water samples
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(Webster et al., 2007). The programme provides quality assured data annually to the
UK Marine Environment Monitoring and Assessment National (MERMAN) database and
from there on to international databases maintained by ICES. This fulfils the UK's
commitment to specific European Directives and its requirements under the OSPAR
Hazardous Substances and Eutrophication Strategies.

1.5 Assessment criteria

In order to achieve the aim of GES adopted across European Member States, Descriptor
8 must be addressed (Law et al., 2010). Contaminant concentrations and their biological
effects need to be assessed in environmental samples by comparison to assessment
criteria (ICES, 2011). As described above, this descriptor is being addressed by
monitoring programmes such as CSEMP (conducted by MSS and SEPA) and the WFD
(conducted by SEPA).

OSPAR developed the indicators of BACs and EACs for specific contaminants in biota
and sediment. Background Concentrations (BC) represent concentrations of hazardous
substances found in remote sites of “pristine” condition with no anthropogenic (industrial
developments) and oceanographic influences (OSPAR, 2010). Due to the movement of
compounds by ocean currents and long-range atmospheric transport, areas representing
a true background situation do not exist. BACs combine BCs with precautionary
statistics during environmental assessments to account for natural and analytical
variability (OSPAR, 2009b). The concentration of a contaminant is considered “near
background” if the upper confidence limit of a given data set is significantly below the
BAC. The EAC represent the contaminant concentration in sediment and biota below
which no chronic effects are expected to occur. For threshold definitions and effect

categories, ecotoxicological data is essential in the establishment of EACs.

Hydrophobic substances, such as PCBs and PBDEs, are hardly detectable in water even
using the most advanced technigues, but accumulate in biota (Eljarrat and Barceld,
2018). For this reason, the Directive 2008/105/EU established Environmental Quality
Standards (EQS) for biota for a number of chemical pollutants, below which no harmful
effects are expected to occur in wildlife, or humans. These EQSs serve as a benchmark

to decide whether specific measures are required.

There are several standards for the same chemical depending on the environmental

matrix and overall goal. For fish, EQS are set at trophic level 4 as this value represents
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a specific contaminant concentration at which birds and mammals are protected against
the effects via secondary poisoning (European Commission, 2014). Contamination is
usually evaluated by analysing muscle fillets relative to human health exposure or whole
fish relative to wildlife exposure (European Commission, 2014; Amiard and Amiard-
Triquet, 2015).

A number of studies have shown that diverse ecosystems are contaminated by pollutants
(Voorspoels et al., 2004; Hylland and Vethaak, 2012; Manju et al., 2020; Hermabessiere
et al.,, 2020) with those animals in higher trophic levels (e.g. cetacean) in particular
containing concentrations that are among the highest found in the oceans
(Schlingermann et al., 2020). Itis currently unknown whether species at all trophic levels
are at risk from specific pollutant concentrations, so data must be normalised with the
use of trophic magnification factors (TMFs). A TMF is a metric of contaminant
biomagnification through the food web, indicating the average increase in concentration
of chemicals per trophic level. A value >1 indicates biomagnification and a value <1
indicates trophic dilution (Hallanger et al., 2010). For example, a study by Romero-
Romero et al., (2017) found that the TMF for the prevalent and recalcitrant PCB congener
CB153 in the pelagic food web (spanning four trophic levels) was 6.2 or 2.2, depending
on whether homeotherm top predators were included in the analysis, indicating trophic
magnification of this congener in the food web. Another study by Kim et al., (2012)
reported a TMF of 2.5 for the magnification of Hg using fish species, polychaetes,

bivalves, crustaceans and cephalopods, indicating trophic magnification.

1.6 Aims and objectives

To achieve GES, monitoring changes in the dynamics of marine ecosystems is important
when studying the effects of human activities on marine systems to improve scientific
knowledge and determine the effectiveness of current monitoring practices (policy
objectives and targets). For organic contaminants, assessment values applicable to
OSPAR monitoring data for temporal trends and the status of PBDEs in biota need to be
developed, and a strategy is needed to make data from different monitoring species
comparable. Secondary poisoning was not considered in the development of the EAC
for PCBs, and because high PCB concentrations have been identified in cetaceans,
EACs need to be developed for the purpose of protection against secondary poisoning.
For heavy metals, there is a lack of ecotoxicological data for developing new assessment

criteria based on the European Union WFD or OSPAR EAC principles. Currently,
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OSPAR assessment criteria for metals are BACs and the European Commission
maximum levels in foodstuffs (proxy). The European Commission has derived an EQS
for Hg in fish (20 pg/kg ww) which is lower than current OSPAR BAC for Hg in fish (35
Ho/kg ww). There is a lack of trophic level data and ecosystem specific TMFs to address
these knowledge gaps, with generic trophic level values obtained from literature and
databases, adding additional uncertainty to assessments. Trophic level studies in
Scottish waters have to date not yet covered the large species diversity or regions
present in the marine food web, focussing more on the trophic interactions in individual
food chains composed of a few species (Schoo et al.,, 2018) or food webs with a
maximum of three trophic levels (Jennings et al., 2002; Morissette, Christensen and

Pauly, 2012; Jayasinghe, Amarasinghe and Newton, 2017).

The biota monitoring community typically faces the questions of what species to choose,
physiological features such as size, tissue type, whether to pool samples or analyse
individuals, converting data from one matrix to another and how to assess compliance
with target values. Monitoring data on biota contamination concentrations need to be
adjusted to a standard trophic level for consistency and comparability across member
states using the appropriate TMF. The selection of a TMF value for a given substance
is a critical issue as trophic magnification can show considerable variation, not only
relating to ecosystem characteristics and the biology and ecology of organisms, but also
the experimental design and statistical methods used for TMF calculation, including
region selection, trophic level range and how to treat unbalanced sampling, limit of
detection (LoD), data normalisation (wet weight/lipid weight/dry weight), non-normal data

distribution and outliers.
The obijectives for this work are:

1. To contribute high-quality trophic level data covering the diverse marine species
inhabiting Scottish waters;

2. To determine the concentration of contaminants (PCBs, PBDEs and trace metals
and metalloids) in marine species covering a wide trophic level range within the
Scottish marine food web; and

3. To contribute to the wider development of TMFs for organic and inorganic

contaminants with a high level of confidence and worldwide applicability.

The findings of this project will contribute to the further development of assessment
criteria representing organisms at all trophic levels in the marine food web, incorporating

secondary poisoning, where necessary, as an accumulation route. Chapter 2 describes
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the materials and methods used in this project, including sample collection and
preparation and analysis. Chapter 3 describes the determination of feeding patterns and
trophic levels existing in the Scottish marine food web, addressing the first objective.
Chapters 4 (PCBs and PBDESs) and 5 (metals/metalloids) focus on the second and third
objectives, where the concentration of thirty-two PCBs, nine PBDEs and nine
metals/metalloids were determined, identifying the cause of variability within and
between sample categories (inter- and intra- species variation) in relation to feeding
patterns. TMFs were calculated on selected PCBs, PBDEs and metals/metalloids using
two different methods. Chapter 6 describes the conclusions and future work, followed
by the Appendix and published work.
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