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Executive Summary

e This review considers the long-term evidence for and implications of chemical pollutants
and physical contaminants (radioactivity, light, noise and thermal discharges) in the sea
around the UK and the Overseas Territories.

e Pollutants and their impacts are generally driven by three external factors: economic
activity (the use and disposal of chemicals in society), geography (run-off from land) and
climate change (affecting pollutant behaviour and toxicity).

e There has been some recent success in reducing chemical pollution. For example inputs
of lindane, a persistent organic pollutant historically used as an agricultural insecticide,
reduced by approximately 80 per cent from 1990 to 2008. While there is evidence of
ongoing risks from pollutants, the Ospar Convention (1992) and the Stockholm
Convention (2001) have been successful overall in reducing the impacts of Persistent,
Bioaccumulative and Toxic (PBT) chemicals.

e Seafood contamination is a key concern for monitoring PBTs. Recent research has
highlighted the presence of persistent perfluorinated chemicals and brominated flame
retardants in organisms used for food. Although there is no conclusive evidence of risks
for human health from seafood, there are implications of pollutants for the industry. For
example, cadmium is a toxic metal and cadmium levels in crabs have led to restrictions
on UK exports to global seafood markets (e.g. China).

e A lack of data is a challenge for measuring marine pollutants and their impact. There is a
growing body of evidence on contaminants that are not commonly monitored entering the
marine environment. These include nanomaterials, personal care products and
pharmaceuticals. Based on the limited data, some of these may have developmental and
reproductive impacts in marine life, but more information is needed to understand their
long-term impacts.

e Evidence suggests the risks to the UK marine environment from radioactivity are low.
Although levels of certain radionuclides discharged from Sellafield increased during the
mid-1990s, they have since declined by >90 per cent.

e While there is growing scientific concern regarding the long-term impacts of light and
noise pollution on marine life, more information is needed to assess these impacts.

e Emerging technologies offer new tools to monitor the complex range of chemical and
physical hazards in the sea, enabling innovative marine monitoring which also capitalises
on citizen science in both the UK and the Overseas Territories. This has the potential to
strengthen our capacity to monitor contaminants and their drivers.
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. Introduction

The health of the seas around the United Kingdom and the Overseas Territories is of vital
importance in providing essential economic, cultural and social benefits, including food, energy,
public health, recreation, tourism and trade. Against the backdrop of climate change adaptation,
sea level rise and demographic pressures on our coastlines, understanding marine ecosystem
function and health is critical to the UK economy (House of Commons 2007; Defra 2010a,;
Tornero and Hanke 2016). Marine pollution from chemicals, oil spills and radioactivity has been
a high-profile issue since the Torrey Canyon oil tanker was shipwrecked on the UK coast in
1967. This reflected a reactive era in UK marine science, and policy over impacts on fisheries
and marine life caused by hazardous chemicals (including synthetic chemicals, metals and
natural toxins) and physical hazards (e.g. heat, light, noise and radionuclides) (Hutchinson et al.
2013). These hazards are considered in this evidence review, but litter and microplastics are not
discussed in this document (for more information see Defra 2010b). Importantly, the UK has
come a long way since raw sewage was discharged into many estuaries, severely depleting
oxygen levels, and the UK has also moved away from sea disposal of fly ash, sewage sludge
and industrial effluent (Matthiessen and Law 2002).

In the marine environment, the term ‘pollutant’ is normally used where the scientific evidence
indicates a chemical has adverse impacts on marine life or poses risks for humans eating
seafood (a key concern for persistent organic pollutants or POPS). In contrast, the term
‘contaminant’ is typically used to describe chemicals that increasingly sensitive analytical
methods can detect in marine environments and seafood, but where current evidence suggests
that no harm is caused to marine organisms and the absence of risks to humans (Hutchinson et
al. 2013). It is important to note that, in broad terms, the application of evidence-based control
measures since the 1980s have successfully led to declining levels of many classes of POPs in
marine life (although there are some important exceptions as summarised in this evidence
review) (Matthiessen and Law 2002; Law et al. 2012; Murphy et al. 2015; Jepson et al. 2016).

The health of marine life can be damaged by the adverse effects of hazardous chemicals
(including synthetic chemicals, harmful algal toxins and metals) and physical contaminants (e.g.
light, noise and radiation). Recent scientific evidence indicates that there are common pathways
of adverse health impacts of several chemical and physical hazards (e.g. radionuclides, UV
radiation and genotoxic chemicals may all cause genetic damage in marine organisms through
the same pathways) (Jha et al. 2000; Lyons et al. 2010; Hylland et al. 2017a).

This evidence review also addresses both chemical warfare agents and conventional munitions
which have been disposed of in UK seas since World War I, with over one million tonnes being
disposed of in or around the Beaufort’s Dyke in the Irish Sea up to the 1970s. Given the
potential dangers these munitions pose to personnel in the fishing and expanding renewable
energy industries, plus the risks of impacts from chemicals leaching from corroding ordnance
into marine life, this remains an important aspect of assessing hazardous chemicals in the UK
marine environment (Dixon and Dixon 1979; Beddington and Kinloch 2005; Sanctuary 2016).

The review also considers climate change and the UK seas; this relates to ocean acidification,
storm surges, sea level rise and coastal erosion, which may all lead to increased exposures of
hazardous chemicals from marine sediments and coastal or estuarine landfills. Disturbance of
munitions shipwrecks close to the populated coastline should also be considered in this context
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(Pope et al. 2011; Brooks et al. 2016). Biotoxins from harmful algal blooms are additionally an
important aspect of climate change and impacts on marine life and commercial fisheries
(Hallegraeff 1993; Stobo et al. 2008; Hall and Frame 2010). Modern technologies such as time-
efficient passive samplers are an important innovation in monitoring such biotoxins and related
hazardous chemicals whose exposure pathways will likely be affected by climate change
(Pinnegar et al. 2006; Fux et al. 2009; Noyes et al. 2009; Sheahan et al. 2013; Mullon et al.
2016; Johnson et al. 2017).

Overall, the scientific evidence suggests that this range of physico-chemical hazards share
common mechanisms of health impacts in marine life that warrant their assessment in an
integrated manner. The informative OSPAR integrated chemical and biological assessment
strategy is likely to be even more important in the future assessment of climate change,
hazardous chemicals and physical hazards in marine ecosystems (Noyes et al. 2009; EEA
2011; Nadal et al. 2015; Hylland et al. 2017b). This review summarises the scientific evidence
to inform future policy discussions and emphasises the opportunities for an innovative approach
to benefit the UK economy and public engagement in marine conservation.

The available information for marine pollution in the seas of the UK Overseas Territories is also
an important consideration. For example, there are some regions where there is evidence for
legacy pollutants (e.g. TBT/tributyltin) causing health problems in commercial fisheries and
marine life (Singh et al. 1992; Fernandez et al. 2007; Forster et al. 2011; Titley-O’Neal et al.
2011, 2013).

Finally, the UK is well placed today to invest in an innovative era in marine pollution monitoring
and prevention, utilising ships of opportunity to monitor hazardous chemicals and developing
commercially valuable technologies based on the skills and expertise in marine science
(Ciriminna et al. 2015; Brumovsky et al. 2016; Kim et al. 2016). There is also a strategic
opportunity to add value to the current marine pollution monitoring by engaging citizen scientists
in the UK and the Overseas Territories, as has been successfully demonstrated in many other
areas of environmental monitoring (Bonney et al. 2009; Conrad and Hilchey 2011; Cigliano et
al. 2015). Novel smart-phone technologies for marine contaminant monitoring are one example
of the possible innovations ahead for professional and citizen scientists (Wei et al. 2014).

2. International and Regional Legislation

The UK is a signatory to the 2001 Stockholm Convention, a global treaty to protect human
health and the environment which identified a list of POPs that governments are required to
prioritise in taking measures to eliminate or reduce their release into the environment. The initial
list of priority POPs includes eight pesticides (dieldrin, endrin, aldrin, chlordane, heptachlor,
dichlorodiphenyltrichloroethane (DDT), mirex and toxaphene), two industrial chemicals
(polychlorinated biphenyls and hexachlorobenzene), and two unintentionally produced
chemicals (polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzodifurans
(PCDFs)). In 2009, the list was expanded to include polybrominated diphenyl ethers (PBDES),
pentachlorobenzene (PeCB), hexachlorocyclohexane (HCH), and perfluorooctane sulphonate
(PFOS).

The OSPAR Convention for the Protection of the Marine Environment of the North-East Atlantic
entered force in 1998 (Figures 1 and 2). Under the OSPAR Joint Assessment and Monitoring
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Programme (JAMP) contracting parties are committed to monitor specific chemicals in the
marine environment (water, sediment and biota). The OSPAR Hazardous Substances Strategy
has a strategic objective, which is to move towards the cessation of discharges, emissions and
losses of hazardous substances by 2020 with the aim of achieving concentrations in the marine
environment of near-background values for naturally occurring substances and close to zero for
man-made substances. The OSPAR List of Substances of Possible Concern is a dynamic
working list and there are currently 315 substances listed. These substances were selected due
to their Persistent, Bioaccumulative and Toxic (PBT) properties. The OSPAR list also includes
endocrine disrupting chemicals (EDCs), defined as exogenous substances that cause adverse
effects in an intact organism or its progeny, consequent to changes in endocrine function. EDCs
encompass a wide variety of chemicals including alkylphenols, dioxins, metals (and
organometals), PCBs and pesticides.

Region|  Arctic Waters

Region Il  Greater North Sea

Region Ill  Celtic Seas

Region IV  Bay of Biscay and Iberian Coast
Region V  Wider Atlantic

OSPAR catchment area

Figure 1. Geographic regions of the OSPAR Convention to protect the marine environment of the
North-East Atlantic

Source: OSPAR (2010)
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Figure 2. The UK seas regional reporting areas for marine monitoring including hazardous
chemicals

Source: Defra (2005)

The Water Framework Directive (2000/60/EC) (WFD) was adopted by the European Parliament
and the Council of the European Union on 22 December 2000. The aim of the WFD is to protect
the status of all estuarine (‘transitional’) and coastal waters. The overall objective of the WFD is
to achieve a good chemical status and a good ecological status, based on an integrated
chemical and biological assessment strategy. Chemical-specific Environmental Quality
Standards (EQSs) are established for the different water body types (fresh, transitional and
coastal) as is the boundary between Good and Moderate status. EQSs are required to enable
assessments of the chemical status of a water body to be made, supplemented by biological
effects monitoring (Borja et al. 2010).

The Marine Strategy Framework Directive (2008/56/EC) (MSFD) aims to progressively reduce
discharges, emissions and losses of hazardous substances to the marine and offshore
environment, aiming to reach concentrations of such substances in the marine environment of
near-background values for naturally occurring substances and close to zero for man-made
synthetic substances. The aim of the MSFD is to achieve Good Environmental Status for our
seas by 2020 based on an integrated chemical and biological assessment strategy for legacy
pollutants and emerging chemicals (Thain et al. 2008; Lyons et al. 2010; Hylland et al. 2017b).
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3. Seafood Quality and Chemicals

3.1 Current Issues

Protecting commercial fisheries and seafood is a key challenge. There is some evidence of
seafood being a major route of some exposure to PBT chemicals (including perfluorinated
chemicals and brominated flame retardants) of humans and marine mammals (Ross et al. 2009;
Haug et al. 2010), although there is no conclusive evidence that it has a harmful effect. This
strategic focus on PBTs in seafood remains an important aspect of marine pollution monitoring
given the evidence, for example, that perfluorinated chemicals and brominated flame retardants
may cause long-term developmental and reproductive health impacts on marine organisms.
Monitoring metal contaminants is also of long-term importance for ensuring seafood safety and
protecting marine life. Aggregate and harbour sediment-dredging-related activities may lead to
the uptake of cadmium and other hazardous metals into shellfish populations (Hedge et al.
2009). Importantly, high cadmium levels in UK body tissues of edible crab populations are a
scientific concern and have also been an issue for UK seafood export markets (Food Standards
Agency 2013; BBC News, 2015; Bolam et al. 2016).

3.2 Key Drivers and Future Trends

Geographic and climate change are key drivers for PBTs in seafood. Published evidence
suggests PBTs, metals and algal toxins will continue to be of potential future concern for
fisheries and seafood due to climate change and increased pollutant run-off from terrestrial
ecosystems into coastal waters (Sheahan et al. 2013; Robins et al. 2016) and enhanced
bioaccumulation of methyl mercury in fisheries and marine life, with implications of human
health and marine life (Bourdineaud et al. 2011; Johnson et al. 2017).

3.3 Implications for Marine Biodiversity, Fisheries and Seafood

Given this evidence, more information is needed of contaminant exposures in vulnerable
commercial fish and shellfish stocks to support the seafood industry and further promote public
confidence in the high quality of UK seafood. Looking to the long term (>50 years), the four UK
alternative climate change scenarios (‘World Markets, Global Commons, Fortress Britain and
Local Stewardship’) (Pinnegar et al. 2006) offer a useful foresight tool to address the future
potential impacts of chemical pollution on seafood supplies.

10
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4. Legacy Pollutants in UK Seas and
Overseas Territories

4.1 Current Issues

The term ‘legacy pollutants’ refers to a range of high-profile synthetic and natural chemicals and
metals known to exhibit PBT properties and thus have the focus of international legislation. For
UK seas, current evidence suggests that, while the levels of some chemicals (e.g. lead) in
marine fish are in steady decline, in contrast, cadmium levels in fish are increasing at some
marine monitoring sites and certain PCBs are still being found at concentrations in fish livers
that may pose a health risk to fish and to their predators (Defra 2010b; Nicolaus et al. 2016a,
2016b) (Figure 3; Tables 1 and 2).

Inputs of hazardous organochlorine pesticides such as lindane into the North-East Atlantic have
been reduced by approximately 80 per cent from 1990 to 2008 (Figures 4-6) (EEA, 2011).
Many hazardous chemicals accumulate in the fatty tissues of marine organisms, particularly in
predatory species, and thus may contaminate commercially important fish and shellfish species
at levels of dietary concern for humans. Notable examples of these PBT chemicals include
polychlorinated biphenyls (PCBs) and brominated flame retardants (deca-BDE).

11
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Hazardous - Few or no problems
substances

Radioactivity :] Some problems

— Regional sea boundaries

. Northern North Sea

1
2. Southern North Sea @
3. Eastern Channel Eutrophication - Many problems
4. Western Channel and Celtic Sea " d di bl
5. Irish Sea Beach litter {=> Nooverall trend discernable
6. Mlnches and Westem Scotland Microbiological ' Improvement
7. Scottish Continental Shelf quality of bathing waters 0 Deterioration
8. Atlantic North-West Approaches Microbiglogical quality % No trend information
of shellfish growing waters available

Algal toxins

Figure 3. Overview of the trends in hazardous chemicals, radioactivity and other marine
contaminants in the UK seas using the OSPAR regional descriptors

Source: Defra (2010b)
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Table 1. OSPAR priority chemicals, key sources and main regulatory actions.

OSPAR

measUres EU legislation International instruments
Key sources Pollution Use restrictions Water UNECE UNEP Rotter-
Y BAT/ el:tsrﬁ-.t— control: quality: LRTAP Stock- dam
BEP ti IPPC/ Markei— Biocide Pesticide WFD par and hoim PIC
EPER ing/use priority HM POPs Conv.
Protocol Conv.
Metallurgic
Cadmium processes, fossil ] [ ] ] ] L] L]
fuel
Lead and organic lead -
:; compounds Mining, petrol [ ] [ ] L] [ ] L]
2 Metallurgic
industry, fossil
Mercury and organic fuel, incineration,
mercury compounds chlor-alkali o © - - - o - C
industry, dental
amalgam
]
é Antifoulants,
£ - consumer
g Organic tin compounds products, polymer L] L ® ® ® ® ® ®
2 industry
o
. Rubber working
Shcrt-phaln chlorinated plants, products, pe e ° @) o)
paraffins
waste streams
Industrial
Perfluorooctane e
sulphonates (PFOS) elgliEziten ) O O =
waste streams
2 Polychlorinated
% dibenzodioxins and 1o ti o
Tou dibenzofurans (PCDDs, genetson - - o o =
5 PCDFs)
c
© . Industrial
B Polychlorinated .
S h products, oils, . . . (@] . . .
biphenyls (PCBs) legacies
Certain brominated Manufacture,
products, waste ® ® ® ® ®
flame retardants i
5 Polymer industry,
Tetrabromobisphenol-A products, wastes
q Industrial
Trichlorobenzenes processes [ ] L] [ ]
Endosulfan L] L] (]
%
5 HCH isomers . . . [ . . . .
S -
o - Pesticides,
£ Bicoiol biocides, industrial D o o
3 Methoxychlor processes, .
k] e e legacies
ﬁ%_ (Peg:)c orophenol A ~ A A o 3
Trifluralin . . . O
Industrial
2,4, 6-tri-tert-butylphenol  processes, Oil
production
@ Industrial
°© Nonylphenol / applications,
.H:E’ Nonylphenol-ethoxylates  products, oil = * * b hd
o production
Industrial
applications,
Octylphenol products, ol [ ] L] [ ]
production
3
® Dibutylphthalate (DBP), .
= diethylhexyl-phthalate - olymer industry, ® . ®
= products
= (DEHP)
o
o w
58
& @ Polycyclic aromatic Qil production,
%“ E hydrocarbons (PAHs) fossil fuel =~ © ®© J © O) = =~
O m©
g Domestic and
S, Clotrimazole hospital waste
] water
35
- Domestic waste
@@ v
e Musk xylene e (] (@)
w m
@ =
= é’ 4-(dimethylbutylamino) Abrasion from
ég diphenylamin (6PPD) products (tires)
@© C
g © Neodecanoic acid, Paints, coatings,
o} : o
£ ethenyl ester adhesives

Source: OSPAR 2010. Updates available at www.ospar.org
Key: covered by regulatory framework (e); one or more individual substances of a group covered

by regulatory framework (®); group or individual substance under review for inclusion in regulatory
framework (0).
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Table 2. Temporal trends for ZPCBS, ICES7CBs and CB118

Location CSEMP  Latitude Longitude Sampling Noof Total 25 ICES7CBs CB118
station period years CBs

Amble 244 55.495 -1.127 1999-2009 10 N2 N2 NP
North Dogger 1 283 55.289 2.904 2003-10 8 Ld L L
North Dogger 2 284 55.065 2.082 2001-10 9 — > —
West Dogger 286 54.777 1.295 1998-2010 12 N N N
Dogger Central 287 54.627 2.699 2000-10 1 N N >
Tees Bay 294 54,756 -1.136 2001-10 9 2 2
Flamborough 344 54.245 0.499 1999-2009 11 N N N
Off Humber 346 54.071 1.797 1998-2010 11 G L d N
Quter Humber 377 53.323 0.425 1998-2008 7 (4 s >
Indefatigable Bank 378 53.663 2.083 2003-10 8 N L4 N
Thames (Gabbard) 475 52.048 2.098 2000-09 7 = = &
Rye Bay 486 50.825 0.798 1999-2009 1 & s &
Off Newhaven 494 50.756 -0.056 2005-10 1 N N N
Inner Lyme Bay 534 50.614 -2.93 2005-09 4 — > >
South Eddystone 584 50.107 -4.101 2005-10 6 “ L s
Carmarthen Bay 616 51.548 -4.605 2003-10 8 L L A
North Cardigan Bay 649 52.708 -4.524 2002-10 6 J J N
South Cardigan Bay 654 52.191 -4.494 2003-07 4 L L L
Inner Cardigan Bay 656 52.298 -4.273 1997-2007 9 N2 J N
Off Cardigan Bay 665 52.396 -4.895 1999-2004 4 N N N
Inner Liverpool Bay 706 53.471 -3.358 1998-2010 13 N N 4
Liverpool Bay 715 53.472 -3.699 2000-10 10 N N N
St Bees Head 769 54.512 -3.794 2003-09 7 — N >
Red Wharf 776 53.375 -4.13 1998-2010 13 L L L
Morecambe Bay 796 53.905 -3.41 1998-2010 13 N N N
SE Isle of Man 805 54.056 -3.875 2000-2009 9 L L L

Trends: ¥ significant downward; I significant upward; <> no significant trend; x non-significant
downward; x non-significant upward

Source: Cefas (2012)

4.2 Key Drivers and Future Trends

Climate change is anticipated to be a key driver of chemical exposure in the future, with ocean
acidification affecting the behaviour and toxicity of metals (Millero et al. 2009; Pascal et al.
2010; Zeng et al. 2015) and the toxicity of contaminated sediments around the UK (Roberts et
al. 2013). Geographic and economic drivers are also relevant (Pinnegar et al. 2006). Despite
the historical adoption of regulatory controls for these chemicals, recent scientific evidence
suggests that the levels of PCBs in UK populations of some marine mammals (including
dolphins and killer whales) are sufficiently high as to damage the reproductive organs and
immune systems of these marine predators (Defra 2010b; Law et al. 2012; Murphy et al. 2015;
Jepson et al. 2016). Elsewhere there is evidence that co-exposure of marine mammals to PBTs

14
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(e.g. neurotoxic organochlorine pesticides) and natural biotoxins from harmful algae can have
cumulative adverse health impacts (Tiedeken and Ramsdell 2010). More evidence is needed in
order to adequately understand the potential harm to marine life of chemical mixtures (e.g.
mixtures of metals and synthetic biocides have been reported to cause synergistic toxic effects
in marine life (Bao et al. 2008)).

4.3 Implications for Marine Biodiversity, Fisheries and Seafood

There is limited scientific information on the concentrations of hazardous chemicals in the seas
and marine life of the Overseas Territories. However, scientific evidence has recently been
published suggesting that the collapse of shellfisheries in part of the Caribbean is associated
with the legacy chemical tributyltin (despite the 2003 International Maritime Organisation (IMO)
ban on using this chemical for antifouling control on boats and ships) (Titley-O’Neal et al. 2011,
2013). Overall, there is extensive scientific evidence that POP and PBT legacy chemicals in the
seas of the UK and Overseas Territories continue to be a concern in terms of legal obligations
and governance, public perception of contaminated seafood — which may impact on the
success of the fishing and seafood (aquaculture) industries — protecting biodiversity and natural
capital, and in terms of marine life health and public wellbeing (Singh et al. 1992; Fernandez et
al. 2007; Forster et al. 2011).

Oil discharge
(tonnes)
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3000 \?"
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|
05 2006 2007 2008

] |
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Figure 4. Oil discharged in produced water by the UK offshore oil and gas industry 2001-2008
Source: Defra (2010b)
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Figure 5. Emissions of polycyclic aromatic hydrocarbons (PAHSs) to the UK atmosphere 1990-2007
Source: Defra (2010b)
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Figure 6. Inputs of hazardous substances (viariverine loads and direct discharges) into the
North-East Atlantic 1990-2008

Source: OSPAR (2010), also cited in EEA (2011)
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5. Emerging Chemicals in UK Seas and
Overseas Territories

5.1 Current Issues

Recent scientific advances in chemical monitoring methods have demonstrated the presence at
typically low levels of a wide range of non-regulated synthetic chemicals in marine
environments, including antibiotics, endocrine disrupters, industrial chemicals, personal care
products, pesticides and pharmaceuticals (Balaam et al. 2009; Brausch and Rand, 2011; Zhu et
al. 2011; Hutchinson et al. 2013; Gaw et al. 2014). Many of these generally non-persistent
chemicals have been assessed in laboratory-based environmental safety testing programmes
through other regulatory regimes (e.g. Biocidal Products Directive, Plant Protection Products
Regulation and Registration, Evaluation, Authorisation and Restriction of Chemicals).

5.2 Key Drivers and Future Trends

While the currently available evidence for individual chemicals does not suggest significant
concerns for the marine life in the seas, there is scientific concern about the potential
cumulative impacts of complex chemical mixtures on marine life (Defra 2010b; EEA 2011;
Hylland et al. 2017b). A key challenge in this respect is to establish passive sampling
techniques that allow time-integrated concentration data for chemicals that cannot be reliably
measured by traditional sampling techniques (Webster et al. 2010). Given the increasing
sensitivity of modern analytical chemistry methods, there arises a concomitant scientific
challenge to integrate the chemical monitoring data into a biological context (Borja et al. 2010;
Zarbl et al. 2010). With a perspective on addressing and preventing chemical pollution across
the global aquatic and terrestrial environments, the OECD (2013) has adopted the ‘Adverse
Outcome Pathway’ (AOP) approach to be applied to a wide range of natural and synthetic
chemicals that have common mechanisms of toxicity (e.g. neurotoxic insecticides and algal
biotoxins or oestrogenic industrial chemicals and pharmaceuticals). This state-of-the-art
approach to toxicology is empowered not only by marine science but also by new insights from
biomedical and human health, thereby representing an innovative opportunity to improve the
cost-effectiveness of marine pollution monitoring (Hutchinson et al. 2013; Hylland et al. 2017b).

5.3 Implications for Marine Biodiversity, Fisheries and Seafood

As novel consumer products, nanomaterials and pharmaceuticals are introduced to the UK
economy and healthcare system, there is a future potential for increasingly complex chemical
mixtures to enter coastal and estuarine ecosystems adding to the legacy chemicals residing in
marine sediments (Sheahan et al. 2013). The potential impacts of these diverse chemical
mixtures on marine life and fisheries warrants further monitoring.
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6. Climate Change and Hazardous
Chemicals

6.1 Current Issues

There is currently significant concern over the impacts of coastal erosion, sea level rise and
storm surges affecting the remobilisation of hazardous chemicals into estuarine and coastal
waters with ensuing risk to marine life (Pope et al. 2011; Sheahan et al. 2013).

6.2 Key Drivers and Future Trends

Climate change related storm surges, sea level rise and coastal erosion may all lead to
increased exposures of hazardous chemicals from marine sediments and coastal or estuarine
landfills (Pope et al. 2011; Brooks et al. 2016). Global impacts of climate change are also
predicted to lead to greater exposures to mercury and other PBT chemicals in marine life with
concerns for seafood safety (Haug et al. 2010; Nadal et al. 2015; Johnson et al. 2017).
Specifically, the risks of storm surge disturbance of munitions ship wrecks close to populated
coastlines (e.g. the SS Kielce and SS Richard Montgomery) should be considered in this context
(Dixon and Dixon 1979; Beddington and Kinloch 2005; Callaway et al. 2011).

6.3 Implications for Marine Biodiversity, Fisheries and Seafood

Climate change related storm surges, sea level rise and coastal erosion collectively have the
potential to increase the complexity of chemical mixtures, which may impact on marine life and
contaminate UK fisheries and seafood supplies. Further evidence is required to understand the
potential impacts of these factors.

7. Radioactivity and Ultraviolet Radiation

7.1 Current Issues

Radioactivity in the marine environment is a consequence of both natural processes and human
activity (including licensed discharges from defence facilities, nuclear fuel reprocessing facilities,
nuclear power stations and radiopharmaceutical manufacturing) (Defra 2010b). Naturally
occurring radionuclides in produced water arising from oil and gas extraction are also a
consideration (Hosseini et al. 2012). Marine monitoring programmes are well established in UK
waters for radioactivity, observing low levels of radionuclides in some locations but at levels
suggesting no adverse health impacts (Figure 7; McCubbin et al. 2001; Defra 2010b).
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Figure 7. Annual **Tc liquid discharge from Sellafield and concentrations in finfish (plaice) and
shellfish (lobster and winkles) collected near Sellafield

Source: Defra (2010b)

7.2 Key Drivers and Future Trends

As the nuclear energy infrastructure expands around the coast of the UK, inputs of radioactivity
into coastal environments may potentially increase (Pinnegar et al. 2006). Ongoing radiological
monitoring is therefore important, as is the targeted biological monitoring of fish and
invertebrates for genotoxicity and disease (an integrative approach also relevant to radionuclide
exposure, genotoxic chemicals such as polycyclic aromatic hydrocarbons and important natural
factors such as ultraviolet radiation) (Hader et al. 1994; Jha et al. 2000; Chiang et al. 2003;
Hagger et al. 2005; Tedetti and Sempéré 2006). Assessing health impacts on marine animals
caused by radioactivity and other genotoxic hazards is clearly within the conceptual domain of
the OECD (2013) Adverse Outcome Pathways approach.

7.3 Implications for Marine Biodiversity, Fisheries and Seafood

Radiological monitoring of sea water, sediments and marine life is an important long-term
activity to understand potential impacts of radioactivity on marine life and seafood supplies. It is
also of future importance in terms of public health and public perception regarding the safety of
UK seafood.
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8. Thermal Effluent Discharges into Coastal
Areas

8.1 Current Issues

The expansion in electricity generation capacity around the UK is based on the use of directly
cooled power stations which abstract large volumes of cooling water from coastal and estuarine
locations. Biocides are required to prevent serious problems caused by biofouling organisms
(Chelossi and Faimali 2006) and typically cooling water is discharged at 8-12.5°C above the
water intake temperature (Wither et al. 2012).

8.2 Key Drivers and Future Trends

Recognising the extensive scope of environmental impact assessments for the growing number
of power stations around the UK coastline, the existing biological monitoring approaches are
ideal for providing evidence of safety to commercial fisheries and marine life in general (Lyons
et al. 2010; Hylland et al. 2017Db).

8.3 Implications for Marine Biodiversity, Fisheries and Seafood

Integrated chemical and biological monitoring of marine life and fisheries is an important long-
term activity to understand potential impacts of power station discharges on marine life and
seafood supplies. This is a reflected in the value of existing integrated monitoring programmes
(Defra 2010a; Hylland et al. 2017b).

9. Marine Disposal of Munitions

9.1 Current Issues

Since World War 1, both chemical and conventional munitions have been disposed of in the
seas around the UK (Dixon and Dixon 1979). Over several decades, it is plausible that
corrosion of munitions casings will lead to hazardous chemicals being released into the marine
environment. As noted by Beddington and Kinloch (2005), these chemical weapons can be
categorised into (i) chemicals that are directly soluble in water and are therefore unlikely to
present significant problems; (ii) chemicals that contain high arsenic content with the potential
for concentration in the food web; and (iii) chemicals such as mustard gas where polymerisation
is possible and breakdown of material is unlikely and thus will remain in the disposal location
unless moved by oceanographic factors. The authors also noted that there seems evidence to
indicate that following corrosion certain types of munitions can float and that these can wash
ashore.
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9.2 Key Drivers and Future Trends

Given the long-term risks of climate change related increases in storm surges and coastal
erosion, which may lead to disturbance of these highly hazardous chemicals, it is important to
invest in integrated chemical and biological monitoring approaches for these scenarios (Martin
and Smith 2007; Callaway et al. 2011; Sanderson et al. 2012; Landquist et al. 2013; Liehr et al.
2013; BarSiené et al. 2016; Briggs et al. 2016). Efficiently assessing health impacts on marine
animals caused by neurotoxic chemicals from munitions (alongside neurotoxic pesticides and
biotoxins from harmful algae) could be usefully achieved using the OECD (2013) Adverse
Outcome Pathways approach. Attention also needs to be given to the dangers to the public,
fisherman and marine life of coastal artillery ranges (Sanctuary 2017).

9.3 Implications for Marine Biodiversity, Fisheries and Seafood

Integrated chemical and biological monitoring of marine life and fisheries is an important long-
term activity to understand potential impacts of munitions disposal on marine life and seafood
supplies. Again, this is a reflected in the value of existing integrated monitoring programmes
(Defra 2010d; Hylland et al. 2017b).

10. Light

10.1 Current Issues

Recent reports suggest that 54 per cent of the coastline of Europe is affected by artificial light
pollution (Davies et al. 2014), with potential consequences including disrupting the natural
colours, cycles and intensities of night-time light, each of which guide important processes in
commercial fish species and other marine organisms (Naylor 1999; Marchesan et al. 2005;
Navarro-Barranco and Hughs, 2015). At the current time, there is a paucity of information on
how light pollution affects marine species and their behaviours that have evolved in the context
of the natural intensity, colour spectra and periodicity of night-time light (Holker et al. 2010;
Davies et al. 2014).

10.2 Key Drivers and Future Trends

Further work is required to address the potential long-term impact of light pollution on
commercial fish species and matrine life in general. Considering the stress aspect of such
physical factors, together with other physical stressors (e.g. noise) and chemicals, the
cumulative health impacts need to be addressed for marine life in coastal regions.
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10.3 Implications for Marine Biodiversity, Fisheries and Seafood

Quantifying the extent of the implications of light pollution is currently unknown due to lack of
evidence.

| 1.Noise

1.1 Current Issues

Anthropogenic noise is recognised as a global problem in the marine environment, sources of
which include shipping, sonar from fishing trawlers or military vessels, pile driving during
windfarm construction, and seismic survey airguns used in offshore oil and gas exploration
(Williams et al. 2015). Evidence is growing that underwater noise causes negative effects in
diverse taxa, including marine mammals (Williams et al. 2014), commercial fish species
(Debusschere et al. 2014) and crustaceans (Wale et al. 2013).

11.2 Key Drivers and Future Trends

Again, assessing health impacts on marine animals caused by noise and other physical hazards
(e.g. light) and chemicals could be usefully achieved using the OECD (2013) Adverse Outcome
Pathways approach, building on established evidence on stress and disease (Selye 1950,
1955) and the environment and disease (Hill, 1965).

1.3 Implications for Marine Biodiversity, Fisheries and Seafood

Again, quantifying the extent of the implications of noise pollution is currently difficult due to lack
of evidence.

12.Conclusions

This review was commissioned to address the key drivers of change for the future of the sea
with respect to hazardous chemicals and physical contaminants (namely anthropogenic
radiation, light, noise and thermal discharges). It is not an exhaustive review of the global
marine scientific evidence, but is strategically focused on the seas of the UK and Overseas
Territories, however, and the supporting references provide a direct route to further specialist
information if required.

Briefly, the available evidence suggests that for hazardous chemicals and physical
contaminants, three key drivers (summarised as ‘economic’, ‘geographic’ and ‘climate change’
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drivers) are particularly relevant to protecting the future of marine biodiversity and natural
capital, human health (seafood supplies), UK maritime industries (fishing, coastal energy
infrastructure and harbour dredging), and legal obligations such as the Ospar Convention
(1992) and Stockholm Convention (2001). In terms of scientific projections in the decades
ahead, a highly useful approach has been described in terms of future scenarios for UK marine
ecosystems by Pinnegar et al. (2006). Taking one aspect, the climate change driver and the
future of the sea, recent studies suggest that this will be a key driver of chemical exposure, with
a positive relationship between ocean acidification and pollution, including increased toxicity of
contaminated sediments (Roberts et al. 2013; Zeng et al. 2015).

In conclusion, there is growing scientific understanding of the need to address the future
combined impacts of both natural and synthetic hazardous chemicals, together with physical
contaminants (including anthropogenic radioactivity, light, noise, vibration and thermal
discharges). The integrated chemical and biological assessment approach is a scientifically
robust one for marine monitoring to protect the future of the sea (Hylland et al. 2017b) and can
be augmented by innovative approaches from the biomedical and human health arenas (OECD
2013). Finally, novel technologies offer new tools to monitor the complex range of chemical and
physical hazards in the sea, enabling innovative marine monitoring, which also capitalises on
citizen science in both the UK and the Overseas Territories. This has the potential to strengthen
our capacity to protect the marine environment and seafood supplies from the combined
impacts of hazardous chemicals and physical contaminants as key economic, geographic and
climate change drivers affect the future of the sea.
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