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Chapter 8A: Coastal communities and maritime industries

Keynote points

e About 40 per cent of the world’s popula-
tion lives in the coastal zone, that is, within
100 km of the coast. The proportion is
increasing.

e Coastal communities play a key role in
supporting all components of the ocean
economy, as well as a range of social and
cultural values, and all forms of coastal
and marine management and governance.
While coastal communities often have to
deal with physical and social vulnerabil-
ities, they are crucial contributors to con-
servation, to marine hazard responses and
to climate mitigation and adaptation.

e The ocean supports a wide range of eco-
nomic activities, including the harvesting
of food, shipping, seabed mining, offshore
hydrocarbon exploration and exploitation,
tourism and recreation, use of marine ge-
netic resources, production of fresh water
by desalinization and production of salt.
The various economic activities are stead-
ily growing in scale. Separate chapters in
part 5 of the present Assessment, on trends

1. Introduction

The present chapter contains an overview of
the relationship between humans, their eco-
nomic activities and the ocean. It starts with
a description of the way in which the human
population is concentrated to a growing extent
around the coasts. It then provides an over-
view of the communities in which those costal
populations live, followed by an overview of
the main economic activities that involve the
ocean: harvesting food from the ocean; ship-
ping; tourism and recreation; seabed mining;
offshore hydrocarbon exploration and ex-
ploitation; the use of marine genetic resources;
the production of fresh water by desaliniza-
tion; and the production of salt. It is intended

in pressures on the marine environment,
give more detail on areas not discussed in
depth here.

e Shipping carries about 90 per cent by vol-
ume of international trade, which makes it
fundamental to the global economy. It is
still recovering from the economic crisis of
the period 2008-2011.

e Globally, tourism continues to grow at
about 6 per cent per year. Coastal tourism
represents a substantial proportion of
overall economic activity for many coun-
tries, especially small island developing
States and archipelagic States.

e Shipping and tourism have been seriously
dislocated by the COVID-19 pandemic.

e Desalinization continues to grow in im-
portance, in particular in the Middle East,
North Africa and small island States and
archipelagic States. Sea salt production
also continues at a generally steady level,
but accounts for only about one eighth of
total salt production.

to provide, as far as possible, information on
levels of economic activity, levels of employ-
ment, gender perspectives and the safety as-
pects of the activities. Some of the industries
are discussed in detail in part 5 with regard
to the pressures they impose. Therefore, the
present chapter contains cross references to
chapters in part V in order to avoid duplication.
For shipping and tourism, however, more detail
is given in the present chapter. The pressures
from shipping are dealt with in chapter 10 on
nutrient pollution, chapter 11 on liquid and
atmospheric inputs and chapter 12 on solid
waste. Tourism infrastructure is considered in
chapter 14 on marine infrastructure, and the
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effects of tourism on species and habitats are
considered in chapters 6 and 7 on the state
of species and habitats. Where appropriate,
pressures from those industries are noted in
the present chapter to the extent that they are
not covered elsewhere.

Coastal communities are crucial components
of economic activity on the coast, as home
to the people who work or are involved in all
kinds of maritime industries, but also in terms
of the social and cultural aspects of the coast,

2. Coastal communities

In chapter 1 of the first World Ocean Assess-
ment (United Nations, 2017a), it was noted
that 38 per cent of the world’s population lives
within 100 km of the shore, 44 per cent lives
within 150 km, 50 per cent within 200 km, and
67 per cent within 400 km (Small and Cohen,
2004). A more detailed analysis was carried
out in chapter 18 of the first Assessment (Unit-
ed Nations, 2017b) on the location and level of
activity of the world’s ports, but a more general
analysis of the status of coastal communities
was not carried out, since the focus of discus-
sion on human activities was sectoral.

2.1. Coastal population and size

of coastal communities

Although there have been calls for regular
monitoring and assessment of the process of
change in coastal areas (see, for example, Shi
and Singh, 2003), they have largely been at the
national or regional levels. Little, if anything,
has been published about the total global
coastal population since the early 2000s.
Because of the significance of the impacts of
sea level rise, studies since then have concen-
trated, in particular, on low-elevation coastal
zones, which have a narrower scope (for ex-
ample, Neumann and others, 2015).

with a range of artistic endeavours, traditional
practices and communal involvement with
the sea. Coastal communities also play a key
role in supporting the many decision-making,
management and governance activities on the
coast and for the sea. In view of that link, the
present chapter also provides an overview of
coastal communities.

Studies in the early 2000s showed that, global-
ly, there is a major concentration of population
in the coastal zones. Figure | is based on the
Global Rural-Urban Mapping Project popula-
tion count grids for 2010 (Global Rural-Urban
Mapping Project (GRUMP), 2011). The project
uses night-time satellite data of observed light
sources to identify urban areas and reallo-
cates census count data within administrative
boundaries. The resulting map (figure 1) shows
that the global coastal population is concen-
trated mostly in East, South-East and South
Asia. The evidence suggests that concentra-
tion in the coastal zone is increasing as a pro-
portion of the total global population (Merkens
and others, 2016). Nevertheless, access to the
ocean, in particular for maritime transport, re-
mains important for landlocked States.

Urban areas near the coast reinforce the con-
centration: 40 per cent of the population with-
in 100 km of the coast lives in 4 per cent of
the land area within that distance (Small and
Nicholls, 2003). Much of the concentration
(about 90 per cent) is in coastal cities with
populations of over 1 million. An analysis of
such cities as recorded in The World’s Cities
in 2018 (United Nations, Department of Eco-
nomic and Social Affairs (UNDESA), 2018) is
shown in table 1.
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Figure |
Global population density 2010
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Source: GRUMP, 2011.
Note: The boundaries shown on this map do not imply official recognition or acceptance by the United Nations.

Table 1
Coastal cities with populations of over 1 million in 2018

Number of coastal Total population Range of annual average
cities of over 1 million of those cities in 2018 growth rates of those
population in 2018 (millions) cities, 2000-2018
Sub-Saharan Africa 21 54.6 6.6 — 0.4
North Africa 6 16.1 3.5-07
East Asia 60 258.7 6.3 -0.1
South Asia 12 86.3 56-12
South-East Asia 20 74.4 6.8 - 0.6
West Asia 14 44.8 52-13
Europe 19 48.1 1.5-(-0.1)
Latin America and 28 94.2 2.7 - (-0.1)
the Caribbean
North America 15 66.5 27-02
Oceania 5 16.8 21-09
Total 200 760.5

Source: United Nations, Department of Economic and Social Affairs, 2018.

The analysis thus shows that the main con- At the other end of the scale are tens of thou-
centrations of urban coastal population are in  sands of smaller coastal communities around
East, South and South-East Asia, and that the  the world. The number of, and populations in,
most rapid rates of growth of such populations  such communities are unknown. It seems likely,
are in those regions and sub-Saharan Africa. however, that the number of such communities

along the coasts of the world is high, and that
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official local government units often contain
many more than one community. For example,
in Nova Scotia, Canada, a recent assessment
indicates that, while there are about 50 official
municipalities, there are approximately 1,000
separate coastal communities (Charles, 2020).
Accordingly, there is great diversity among
coastal communities across the globe, notably
in differences between the big cities noted
above and rural communities, where such
economic activities as fishing, aquaculture,
shipping and tourism are typically prominent.

Whatever the size of the community, it of-
ten plays a role in stewardship of the coast.
Indeed, the role of coastal communities in
conservation is being increasingly recognized
and valued, in terms of many local initiatives
in ocean conservation, around the world, that
often succeed both in improving livelihoods
and protecting communities (Charles, 2017,
Charles and others, 2020).

The role of coastal communities in conserva-
tion is being increasingly valued. Many coastal
communities around the world and their small-
scale fishers have undertaken a large number
of local initiatives in ocean conservation, often
with considerable success. The successes
of those communities are often based on
local knowledge, structures and cooperation
(Charles, 2017).

The vulnerability of coastal communities to
the impacts of climate change is of increasing
concern. It is relevant to the planning of tour-
ism development, in particular in small island
developing States with economies that are
dependent on tourism, and fisheries manage-
ment. The Intergovernmental Panel on Climate
Change concludes that, under current trends
of the increasing exposure and vulnerability of
coastal communities to climate change, the
risks of erosion and land loss, flooding, salini-
zation and cascading impacts owing to mean
sea level rise and extreme weather events,
among others, are projected to increase
significantly throughout the present century

(Intergovernmental Panel on Climate Change
(IPCC), 2019). Coastal communities located in
the Arctic, in low-lying (often deltaic) States,
such as Bangladesh and Guyana, in paths
frequented by cyclones or hurricanes and in
densely populated megacities are especially
vulnerable. On the other hand, there appear
to be health benefits from living in the coastal
zone (see chap. 8B on human health as affect-
ed by the ocean).

Small coastal communities are not just physi-
cally vulnerable to climate change impacts; they
are also socially vulnerable, in particular in rural
areas (Charles and others, 2019). Rural coastal
communities are vulnerable to weather events
and flooding as a result of geographic loca-
tion and limited access to health care, goods,
transportation and other services. Sensitivity
to market fluctuations from their dependence
on natural resources, and poverty, limited
economic opportunities and losses of popu-
lations, create problems when trying to adapt
(Armitage and Tam, 2007; Amundsen, 2015;
Bennett and others, 2016; Metcalf and others,
2015; May, 2019c). Such factors strain material
assets, as well as the social and moral founda-
tions that facilitate collective problem-solving
(Amundsen, 2015; May, 2019a). Communities
are more likely to mobilize collective resources
in response to threats when people actively
care about each other and the place they live
(Amundsen, 2015; May, 2019b; Wilkinson,
1991). That may be a function of attachment
to the history, culture or environmental context
of a place and/or the people in a place. Those
attachments can become potential sources of
resistance to change in contexts of low social
diversity and slow population change, or the
basis for conflict in contexts of high social
diversity and fast population change (Graham
and others, 2018; May, 2019b, 2019c). The
combined effect of physical and social vulner-
ability on community capacities is particularly
challenging at a time when collective action
efforts for mitigation and adaptation are more
important than ever (May, 2019b, 2019c).
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The Intergovernmental Panel on Climate
Change warns that, for our most vulnerable
communities, many of which are coastal,
transformative mitigation and adaptation is
necessary to assuage the worst impacts of
climate change. Incremental change is no
longer seen as a possibility by most States:
more radical action is thought to be needed to
reduce the impacts of and adapt to a changing
climate. Responses to threats from climate
change are varied and include a mix of hard
and soft coastal defences. Built infrastructure,
such as sea walls or dykes, is widely used but
tends to be more costly and maintenance-de-
pendent than ecosystem-based measures,
such as marshes, mangroves, reefs or sea-
grass (see also sect. 7.3). Having limited data
inhibits estimates of the cost effectiveness

of both hard and soft measures, especially
across geographies and scales (Oppenheimer
and others, 2019), although State-level esti-
mates exist (see, for example, Environment
Agency of the United Kingdom, 2015). The
World Bank estimated that, without concrete
climate and development action, over 143
million people could be forced to move within
their own countries to escape the slow-onset
impacts of climate change by 2050 in just
three regions: sub-Saharan Africa, South Asia
and Latin America (Rigaud and others, 2018).
To address those problems, in coastal areas,
integrated coastal zone management is widely
regarded as an effective approach to climate
change and other drivers (Nicholls and Klein,
2005; Nicholls and others, 2007; see also
chap. 27 on management approaches).

3. Capture fisheries, shellfish harvesting and aquaculture

Food from the sea represents the largest
maritime industry in terms of the numbers of
people involved. In 2017, the total first sale val-
ue of total production was estimated at $221
billion, of which $95 billion was from marine
aquaculture production (including fish, shellfish
and seaweed). Those figures include small pro-
portions of production not used for food (FAO,
2019). Further details are given in chapter 15
on capture fisheries, chapter16 on aquaculture
and chapter 17 on seaweed harvesting.

The world fishing fleet consisted of about
4.5 million vessels in 2017, a number that has
been relatively stable since 2008. Globally, just
under one third of the fishing fleet is still com-
posed of unpowered vessels, which reflects
the large proportion of small-scale and subsist-
ence fisheries. Only 2 per cent of the total fleet
consists of vessels of 24 or more m in length
overall, and about 36 per cent of vessels are
less than 12 m in length overall (FAO, 2019).

In 2017, an estimated 135 million people were
involved in capture fisheries and marine aqua-
culture: some 120 million in capture fisheries

and some 15 million in marine aquaculture.
Employment in capture fisheries (as opposed
to subsistence fishing) amounts to about 40.4
million, and employment in marine aquaculture
is about 15.6 million. In addition, there is a slight-
ly smaller workforce engaged in post-harvest
processing. About 13 per cent of that employed
workforce are women. Including subsistence
fishing, about 50 per cent of those engaged in
that group of activities are women (FAO, 2019;
World Bank and others, 2012). There have been
no recent surveys of death and injuries in the
fishing industry. However, the most recent sur-
vey shows that those engaged in the industry
suffer much higher levels of death and injury
at work than in other industries: about 18-40
times higher than the average in a range of
developed countries for which statistics were
available (Petursdottir and others, 2001).

Apart from subsistence fisheries, fisheries
and aquaculture depend on substantive sup-
ply chains from producer to consumer. The
problems caused by the COVID-19 pandemic
are challenging fishing industries, especially
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in relation to international trade of products,
and disrupting the supply chains. Fishing op-
erations have also been affected, with effort
reduced by an estimated 6.5 per cent in March
and April 2020. In some areas (e.g., the Mediter-
ranean and the Black Sea), small-scale fisheries
have been halted. In the future, COVID-19-

4.  Shipping

4.1. Situation as shown in the first
World Ocean Assessment

When the first World Ocean Assessment was
written, international shipping was still recov-
ering from the financial crisis that occurred
from 2008 to 2011. Shipping is conventionally
reckoned to represent 90 per cent of interna-
tional trade, although one estimate in the first
Assessment put it nearer to 75 per cent by
volume and about 60 per cent by value (United
Nations, 2017f).

4.2. Cargo trafhic

Until 2020, recovery of the world’s economy
after 2011 has been reflected in the growth of
world trade and, consequently, in the tonnage
of cargo carried by international shipping
(figure Il). When the distances over which the
cargoes were carried are taken into account,
the growth in ton-miles is even larger (United
Nations Conference on Trade and Develop-
ment (UNCTAD), 2019). Recovery is still in
progress and has been seriously affected by
the massive drop in world trade caused by the
COVID-19 crisis.

Such growth, however, has occurred against
a weak competitive background for the in-
ternational shipping industry. The economic
crisis that took place from 2008 to 2011 oc-
curred during a time when world shipping had
commissioned a large increase in tonnage
to meet the increased freight demand of the

10

compliant practices will lead to restrictions
on working practices both on the water and in
post-harvest handling (FAO, 2020).

Further information on capture fisheries, aqua-
culture and seaweed harvesting can be found
in chapters 15, 16 and 17, respectively.

preceding years. The additional tonnage was
delivered at a time when demand had start-
ed to reduce, with the result that, during the
2010s, the shipping industry was operating
against a background of oversupply, which
had the consequence of depressing freight
rates. As measures to further control the
pollutant emissions from ships take effect
(from 2020), further pressures associated with
implementing modifications to fleets will be
placed on the shipping industry. To meet the
new requirements (as detailed in chap. 11),
ships must either purchase bunkers with a
lower sulfur content (which may have a higher
price, since the traditional ships’ bunkers have
been the high-sulfur oils for which there was
less demand) or retrofit scrubbers to clean the
ships’ exhaust. Further economic pressures
of that kind are described in chapter 11. The
combined effect of continuing overcapacity
and higher operating costs remains unclear
(UNCTAD, 2019).

For many years, the quantities of cargo loaded
in ports in developing countries were small-
er than those unloaded in those countries,
marking an imbalance in seaborne trade. By
the time of the first Assessment, the quanti-
ties, on average, were nearly in balance and,
since then, the quantities loaded in developing
countries now exceed those unloaded. Even
excluding China, as the single largest develop-
ing country importer/exporter, there is still an
excess of unloading in developing countries
(UNCTAD, 2019).
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Figure Il
International seaborne trade by
commodity type, 2013-2018

2018
2017
2016
2015
2014

\
2013

I
4,000 6,000 8,000

Millions of tons loaded
[l containers [J] Other dry cargo Main bulks® [JJl] Tanker trade®

0 2,000

10,000

12,000

Source: UNCTAD, 2019.

a “Main bulks” are iron ore, grain and coal.

b “Tanker trade” covers crude oil, refined petroleum
products, gas and chemicals.

Containertraffic continues to be focused onthe
main East-West arteries across the northern
hemisphere (Asia-Europe, trans-Pacific and
trans-Atlantic), which account for 40 per cent
of all container shipping. Of the remaining
60 per cent, 27 per cent is intraregional,
13 per cent occurs across the other East-West
routes in the northern hemisphere, 12 per cent
is associated with traffic between southern
hemisphere countries, and 8 per cent is associ-
ated with North-South traffic (UNCTAD, 2019).
At the same time, there is a growing tendency
to consolidate container shipping, so the com-
bined market share of the top 10 container
shipping lines increased from 68 per cent in
2014 to 90 per cent in 2019. That is combined
with a returning interest in container shipping
lines integrating their operations with traffic
between originators and ports and between
ports and the ultimate destinations. Those
developments have the ability to undermine
competition and thus to result in higher transit
costs (UNCTAD, 2019).

The total world fleet of ships carrying all that
cargo amounted to 96,295 ships in early 2019,
accounting for 1.97 billion dead-weight tons of
capacity. Bulk carriers and oil tankers main-
tained the largest market shares of vessels

that dominated the world fleet, at 42.6 per cent
of all vessels and 28.7 per cent of dead-weight
tons, respectively. A large proportion of the
world’s tonnage continues to be registered in
a relatively small number of registries. Nearly
70 per cent of the world’s tonnage is registered
in seven registries: Panama (17 per cent), Mar-
shall Islands (12 per cent), Liberia (12 per cent),
Hong Kong Special Administrative Region of
China (10 per cent), Singapore (7 per cent),
Malta (6 per cent) and China (5 per cent). No
other registry is responsible for more than
4 per cent of the world’s tonnage (UNCTAD,
2019).

Likewise, ownership and control of shipping
continues to be concentrated in the hands
of firms in a relatively small number of coun-
tries. In 2019, five economies accounted for
more than 50 per cent of the world tonnage:
Greece, Japan, China, Singapore and Hong
Kong, China. Between 2015 and 2019, Greece,
Singapore, China and Hong Kong, China have
increased the proportion that they own/control
(UNCTAD, 2019).

The construction of new ships still remains
very concentrated in China, Japan and the
Republic of Korea, which together represent
90 per cent of all cargo ship construction activ-
ity. The demolition of ships that have reached
the end of their useful life likewise continues
to be concentrated in the same countries as
reported in the first Assessment. In 2018,
47.2 per cent of the total reported tonnage of
propelled seagoing vessels of 100 gross tons
and above that were sold for demolition were
demolished in Bangladesh, 25.6 per cent in
India, 21.5 per cent in Pakistan, 2.3 per cent
in Turkey and 2 per cent in China, leaving
1.4 per cent for the rest of the world. The share
of the market held by China, India and Turkey
has been declining (UNCTAD, 2019).

In 2020, the COVID-19 pandemic has been
disrupting global trade extensively. Demand
for the transport of raw materials and fin-
ished goods has dropped significantly, while

1
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demand for the transport of health-related
goods has risen (United Nations Coordinating
Committee on Statistical Activities (UNCCSA),
2020). Overall, cargo shipping activity has
dropped significantly: for example, trade from
the European Union to China and the United
States dropped in the first 31 weeks of 2020 by
47 per cent and 25 per cent, respectively, com-
pared with 2019; trade in the reverse directions
has dropped by 26 per cent and 38 per cent,
respectively (European Maritime Safety Agen-
cy (EMSA), 2020).

4.3. Passenger trafhic

Passenger traffic is almost entirely carried on
local ferries or on cruise ships. The pattern of
ferry traffic remains as described in the first
Assessment, but the level of traffic has grown
steadily (International Shipping Economics
and Logistics (ISL), 2017).

The activities of cruise ships have also contin-
ued to grow steadily with the increased global
market for cruising: the number of passengers
is increasing at an average of about 5 per cent
per year (figure ll). The size of individual cruise
ships is also growing steadily (figure 1V). The
overall market remains dominated by passen-
gers from the United States (about 50 per cent
of the total market) and the global distribution
of cruising remains largely as described in
the first Assessment, with the major focuses
being the Caribbean and the Mediterranean,
which together accounted for a little over half
of all traffic in 2017 (Cruise Lines International
Association (CLIA), 2018).

The first Assessment noted the relatively re-
cent, but rapid, growth of tourism to Antarctica,
in particular with regard to cruise ships — from
27,324 cruise ship passengers in the 2003—
2004 season to 37,044 in the 2013-2014 sea-
son, which is an increase of 35 per cent. The
growth has continued, reaching 51,700 in the

12

2017-2018 season (an increase of a further
40 per cent), with a forecast of further growth
to 55,750 in the 2018-2019 season. Over
80 per cent of the tourists land on Antarctica
(International Association of Antarctic Tour
Operators (IAATO), 2018). Passenger landings
and marine traffic are highly concentrated at a
few specific locations, in particular along the
Antarctic Peninsula’s south-western coast.
Growth in Antarctic tourism is closely correlat-
ed with the economies of the countries send-
ing the most visitors to the region: 60 per cent
of the tourists come from the United States
(33 per cent), China (16 per cent) and Australia
(11 per cent). The proportion of tourists from
China increased significantly between 2013
and 2014 and between 2017 and 2018. Mar-
kets for Antarctic travel are probably far from
saturated, and demand is therefore likely to
continue to grow (Bender and others, 2016).
Apart from some categories, such as private
yachts, that shipping traffic is covered by the
new mandatory Polar Code (International Mar-
itime Organization (IMO), 2015).

Figure llI
Numbers of passengers on cruise ships,
2006-2017 (millions)
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Figure IV
Numbers of cruise ships and their gross
tonnage
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Tourism is also increasing rapidly in the Arctic:
summer tourism quadrupled and winter tour-
ism increased by over 600 per cent between
2006 and 2016, although large areas remain
unaffected. The increase is likely to have an
impact on Arctic ecosystems and communi-
ties, especially as new parts of the Arctic open
up with less sea ice, new airports and contin-
ued promotion of the area (Runge and others,
2020).

In 2020, passenger traffic on ferries dropped
significantly early in the year as a result of the
COVID-19 pandemic, but, by August 2020, it
was beginning to recover (e.g.,, EMSA, 2020).
Cruise ship activity has plummeted for the
same reason: in August 2019, there were
1.8 million persons on board cruise ships; in
August 2020, there were only a small number
of crew (EMSA, 2020).

4.4, Seafarers

The number of seafarers serving on inter-
national merchant ships was estimated in
2015 at 1,647,500, of which 774,000 were
officers and 873,500 ratings. A new survey
will be carried out in 2020. China, the Philip-
pines, Indonesia, the Russian Federation and

Ukraine were estimated to be the five largest
supply countries for all seafarers. For officers,
China was reported to be the largest supplier,
followed by the Philippines, India, Indonesia
and the Russian Federation. For ratings, the
Philippines was the largest supplier, followed
by China, Indonesia, the Russian Federation
and Ukraine. In 2015, there was thought to
be a shortage of about 16,500 officers and a
surplus of about 119,000 ratings. While the
global supply of officers is forecast to increase
steadily, the trend is expected to be outpaced
by increasing demand (Baltic and Interna-
tional Maritime Council and the International
Chamber of Shipping (BIMCO/ICS), 2016). The
important international instruments for the
protection of seafarers were described in the
first Assessment.

The best estimate of the proportion of sea-
farers who are women remains at about
2 per cent, mainly in the cruise ship sector
(International Transport Workers Federation
(ITF), 2019).

Travel and border restrictions imposed in 2020
to control the spread of COVID-19 have created
a major crisis for seafarers. In July 2020, there
were estimated to be 600,000 seafarers af-
fected: approximately 300,000 seafarers kept
working aboard ships owing to problems relat-
ed to changing crews, and an equal number of
unemployed seafarers were waiting ashore to
join their ships (ITF, 2020).

4.5. Piracy and armed robbery
against ships

There was a slight decline in the total number
of attempted and actual cases of piracy and
armed robbery against ships between 2015
and 2019 (table 2). The most significant areas
in which piracy and armed robbery occur re-
main those in South-East Asia and West Africa.

13
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Table 2

Attempted and actual cases of piracy and armed robbery against ships, 2015-2019

Region 2015 2016 2017 2018 2019
East Asia 31 16 4 7 5
South-East Asia 147 68 76 60 53
South Asia 24 17 15 18 4
East Africa, the Red Sea and the Gulf of Aden 8 6 13 5 4
West Africa and the Mediterranean 32 57 45 82 67
South America 8 22 24 25 24
Rest of the world 1

Total 246 191 180 201 162

Source: International Maritime Bureau of the International Chamber of Commerce, 2020.

4.6.

Environmental impacts

Discharges and emissions from ships and
sewage are discussed along with other liquid
and atmospheric pollution in chapter 11, with
garbage derived from ships considered in
chapter 12 and noise inputs to the ocean from
ships covered in chapter 20.

Environmental impacts associated with the
growth of shipping in the Arctic Ocean are con-
sidered in chapter 7K. Steps are being taken
to prepare sustainably for such traffic, with the
International Maritime Organization adopting

5. Seabed mining

There are two distinct aspects to the seabed
mining industry. One is the long-established
mining of relatively shallow deposits by a
number of countries within their own waters.
The other is the potential development of
deep seabed mining for which commercial
operations have not yet commenced. The es-
tablished mining undertakings include, among
others, aggregates (sand and gravel) in many

the International Code for Ships Operating in
Polar Waters (Polar Code),” which is mandato-
ry under both the International Convention for
the Safety of Life at Sea? and the International
Convention for the Prevention of Pollution
from Ships® (IMO, 2015). The Arctic Council
has also set up arrangements for emergency
prevention, preparedness and response for
shipping incidents and, in 2011, it adopted a
legally binding Agreement on Cooperation on
Aeronautical and Maritime Search and Rescue
in the Arctic (Arctic Council, 2011).

Western European countries; placer diamond
mining in Namibia; placer tin mining in several
South-East Asian countries; and, most recent-
ly, iron sand mining in New Zealand. There are
also projects related to mining for phosphorite
under development in Mexico, Namibia and
New Zealand. Details of both established and
potential activities are given in chapter 18 on
seabed mining.

1 International Maritime Organization, document MEPC 68/21/Add.1, annex 10.

2 United Nations, Treaty Series, vol. 1184, No. 18961.

3 International Maritime Organization, document MEPC 62/24/Add.1, annex 19, resolution MEPC.203(62).
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The established mining activities are dispa-
rate, since they involve very different countries
and situations. No overview of the economics
of such activities is available, and there have

6. Offshore hydrocarbons

In 2016, approximately 27 per cent of the glob-
al production of oil, and 30 per cent of that
of natural gas, was offshore. Offshore oil is
produced in more than 50 different countries,
including Brazil, Mexico, Norway, Saudi Arabia
and the United States (International Energy
Agency (IEA), 2018). For natural gas, Australia,
Iran (Islamic Republic of), Norway and Qatar
were the main offshore producers in 2017.
The offshore industry had an estimated an-
nual global investment capital expenditure of
$155 billion in 2018, which is projected to reach
$200 billion by 2021. Further details are given

7.  Tourism and recreation

7.1. Situation as shown in the first
World Ocean Assessment

Chapter 27 of the first Assessment (United
Nations, 2017d) assessed the full range of
aspects of tourism and recreational activities
affecting the ocean. They included the scale,
showing rapid growth over several decades;
the social and economic aspects, showing
the economic importance for many countries
(especially small island developing States); the
demands for built environments; and the many
pressures that tourists and their activities im-
pose on the marine environment. Exceptional-
ly, cruising was treated as part of chapter 17
on shipping.

In the present Assessment, tourism-related in-
frastructure and development is considered in
chapter 14, and the problems associated with
atmospheric, liquid and solid wastes resulting

been no surveys of employment, of the occur-
rence of death and injury to workers or of pay
across the field.

in chapter 19 on hydrocarbon exploration and
extraction.

Chapter 21 of the first Assessment (United
Nations, 2017c) provided a survey of the social
aspects of the offshore hydrocarbon industry.
In general, that description remains accurate.
Employment numbers inevitably fluctuate sig-
nificantly, depending on the international price
of crude oil and the planned capital expendi-
ture by oil and gas companies. The workforce
draws heavily from a global talent pool.

from tourist activities are considered in chap-
ters 11 and 12. The present section, therefore,
deals with the social and economic aspects of
tourism.

The picture has recently changed substantial-
ly because of the COVID-19 pandemic. The
World Tourism Organization projects that the
number of international tourist arrivals in 2020
is likely to drop by between 58 per cent and
78 per cent compared with 2019, depending on
what happens with travel restrictions imposed
through efforts to control COVID-19 in the
second half of the year. In March 2020, arrivals
dropped by 60 per cent compared with 2019.
(UNCCSA, 2020). The countries most affected
are those that rely substantially on tourism, in-
cluding island nations in the Pacific Ocean, the
Indian Ocean and the Atlantic Ocean (Pacific
Community, 2020; UNCCSA, 2020).
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Scale and distribution of tourism

7.2.

Tourism affecting the ocean, other than cruis-
ing, is predominantly located in the coastal
zone. Statistics are not available globally to
show the scale of tourism in the coastal zone.
Because of their geography, some countries
with large tourism industries, such as Greece,
inevitably have a very large proportion of that
industry in coastal areas. Elsewhere, evidence
from different regions of the world continues
to show that coastal tourism remains a major
component of overall tourism. For example,
in addition to the evidence quoted in the first
Assessment:

(a) Inthe countries of the European Union, four
of the five regions with the highest levels
of tourist activity in 2016 (Canary Islands,
Catalonia, Adriatic Croatia and Balearic
Islands) were coastal regions (the other
region was lle-de-France, around Paris)
(European Commission, 2018);

(b) The percentage of tourists in the Repub-
lic of Korea who visited the coastal zone
increased from 49.5 per cent in 2000 to
69.1 per cent in 2010, and the total number
of beach visitors in 2014 was 69 million
(Chang and Yoon, 2017);

(c) Destinations in the four coastal provinces
of Northern Cape, Western Cape, Eastern
Cape and KwaZulu-Natal in South Africa
accounted for 28 per cent of the total tour-
ism trips and 40 per cent of total tourism
spending in 2015. Overall, coastal desti-
nations were dominated substantially by
domestic tourists: 9.8 million domestic
tourism trips as compared with 1.6 million
international tourist trips; tourism activity
is particularly concentrated around Cape
Town and in the eThekwini Metropolitan
Municipality (which includes Durban),
which in 2015 together accounted for
75 per cent of total tourism spending in
South African coastal areas (Rogerson
and Rogerson, 2018, 2019).
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International travel and associated tourism
play a major role in many parts of the world,
in particular in the “sun, sea and sand” type
of tourism. The relatively rapid rate of growth
in international travel observed in the first As-
sessment continued throughout the 2010s (ta-
ble 3) and between 2011 and 2017. Throughout
the world as a whole, the rate of growth in the
numbers of international tourists continued
between 2011 and 2017 at above the long-
term rate, reaching an annual average rate of
5.7 per cent, slightly higher than that reported
in the first Assessment. The estimated income
derived from international tourism has contin-
ued to grow globally, at an annual average rate
of 4.0 per cent, but not in line with the num-
ber of tourists. That implies that, on average,
tourists are spending less. However, the global
growth in tourist numbers is sufficient to more
than offset the decline, and the share of tour-
ism in export earnings globally has continued
to increase (World Bank, 2019).

Global patterns in numbers of tourists and
expenditure vary significantly between re-
gions (table 4). The absolute scale of tourism
in different regions also varies significantly.
Collectively, some of the countries in South
Asia and South-East Asia (Bangladesh, India,
Maldives, Myanmar and Pakistan) achieved a
119 per cent increase in inbound internation-
al tourist numbers between 2011 and 2017
(although from a relatively low base), far out-
stripping other regions. Other regions have, in
general, experienced growth rates of less than
10 per cent (table 4). Nevertheless, Caribbean
States, such as the Dominican Republic and
Jamaica, have had growth rates of around
25 per cent, well above the regional average
(World Bank, 2019). The Middle East and North
Africa has experienced relatively low growth in
tourist numbers, but a substantial growth in
tourist income, suggesting that the tourist in-
dustry is offering more upmarket experiences
(World Bank, 2019).
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Table 3
Inbound international tourism by global region

Inbound Regional average
international of inbound
Inbound tourism international
international A;vnerzﬁgle expenditure A;vnerzﬁgle tourism spending
tourists increase (billions of increase (percentage of
(millions) 2011-2017 dollars) 2011-2017 total exports)
2011 2017 (percentage) 2011 2017 (percentage) 2011 2017
World 997.7 13415 57 1231.0 1525.7 4.0 5.5 6.7
East Asia and
the Pacific 206.8 300.6 7.6 291.2 373.0 4.7 4.5 52
Europe and
Central Asia 512.8 669.5 5.1 534.6 594.5 1.9 57 6.3
Latin America
and the 75.9 112.4 8.0 709 101.8 7.3 5.1 7.8
Caribbean
Middle East and
North Africa 75.2 89.2 3.1 74.0 112.5 8.7 5.5 10.8
North America 791 98.0 4.0 208.1 272.3 5.1 7.8 9.5
South Asia 10.4 22.8 119.2 23.0 379 10.8 4.4 6.5
Sub-Saharan
Africa 33.1 42.4 4.7 29.0 34.4 3.1 5.8 9.2

Source: Compiled from World Bank, 2019.

Table 4
Share of international tourist arrivals
by global region

International

tourist arrivals
2017 (percentage)

World 100
East Asia and the Pacific 22.5
Europe and Central Asia 499
Latin America and the 8.4
Caribbean

Middle East and North 6.7
Africa

North America 7.4
South Asia 1.3
Sub-Saharan Africa 3.8

Source: Compiled from World Bank, 2019.

Domestic tourism dominates the tourist mar-
ket in most major economies (figure V), with
73 per cent of expenditure on tourism and
travel derived from domestic sources globally
(World Tourism and Travel Council (WTTC),
2018). While it will include much tourism
and travel that does not have an impact on
the marine environment, coastal tourism is,
as noted above, a major component of total
tourism. Domestic tourism has grown gener-
ally in line with total tourism, and growth rates
are estimated at over 10 per cent per year in
many Asia-Pacific countries, such as China,
Malaysia and the Philippines, over the period
2011-2017 (WTTC, 2018).
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Figure V

Relative importance of domestic

and international tourism and travel
expenditure in 31 countries (percentage
of travel and tourism spending)
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7.3.

Impacts on the marine
environment

Throughout all tourist areas, the major impact
on the marine environment comes from coastal
development, including the proportion of land
covered by buildings, such as hotels, restaurants
and retail shops, and transport infrastructure,
including ports, airports and train terminals,
and the need for hard built coastal defences,
street lighting and sewerage (see also chap.
14). Where such development is not subject to
effective planning and management, impacts
on marine flora and fauna can be disastrous.
For example, at Vlora Bay in Albania, unplanned
development over 15 years has resulted in the
disappearance of 50 per cent of the seagrass
meadows and a substantial reduction in mac-
roalgae (Fraschetti and others, 2011).
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In tourist regions, beach feeding or beach
nourishment, which is the replacement of
sand on beaches which have had sand re-
moved by coastal currents or extreme weather
events, can have considerable economic ben-
efits (Klein and Osleeb, 2010). For example,
in the Republic of Korea, an evaluation of the
economic benefits of the restoration of the
Songdo beach at Busan after typhoon damage
in 2003 put the benefits at about $230 million
(Chang and Yoon, 2017).

The management of beaches is a significant
element in managing the impacts of coastal
tourism on the marine environment. Beach
cleaning and the building of sea walls are gen-
erally done to give “sun, sea and sand” tourists
surroundings that they find more attractive,
and they have significant effects on the local
flora and fauna, as recorded in the first As-
sessment. Studies continue to show that
beaches used extensively for tourism support
ecosystems that are less rich than those of
comparable beaches in the same vicinity that
are in protected areas, for example, along the
New Jersey coast in the United States, (Kelly,
2014) and near Cadiz, Spain (Reyes-Martinez
and others, 2015), and that seawalls supported
23 per cent less biodiversity and 45 per cent
fewer organisms than natural shorelines (Gitt-
man and others, 2016).

Other interventions to attract tourists to
beaches have included the creation of arti-
ficial surfing reefs. The limited success of
such structures was recorded in the first As-
sessment, but there is now a report of a new
venture based on an inflatable artificial reef
at Bunbury, Australia (West Australian, 2019).
National legislation to promote public access
to coasts and beaches can also be significant.

7.4.
7.4.1. Diving

Snorkelling and scuba diving continue to
be a significant element in marine tour-
ism, focused on enabling tourists to enjoy

Enjoyment of marine wildlife
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underwater wildlife. The substantial growth
(about 25 per cent) in the levels of the activ-
ity recorded in the period from 2000 to 2013
and reported in the first Assessment has now
slowed down but still continues. Based on the
statistics of the Professional Association of
Diving Instructors, between 2013 and 2019,
there was about 6 per cent growth in the num-
ber of establishments offering diving training
(about 6,600 in 2019), about 1 per cent growth
in the number of individual trainers (about
137,000 in 2019) and about an 11 per cent
increase in the number of people trained annu-
ally (@about 1 million in 2019) (Professional As-
sociation of Diving Instructors (PADI), 2019).

The main interest in diving lies in areas en-
dowed with coral reefs — the corals and other
reef biota are spectacular and attract large
numbers of tourists who want to see them. In
some areas, as recorded in the first Assess-
ment, studies suggest that it is possible to
manage coral reef tourism (e.g., by limiting
the number of divers in an area, specifying
divers’ behaviour and generally increasing di-
vers’ awareness of the problems) compatibly
with sustaining the condition and health of the
reef. In other areas, however, studies continue
to suggest that the interaction of divers with
coral is damaging the reefs. A recent study of
the coral reefs around the island of Bonaire in
the Caribbean part of the Netherlands showed
that diving is at levels probably at least twice
those considered to be the upper limit beyond
which damage is likely to occur (see Hawkins
and Roberts, 1997), and that damage, albeit
largely unintentional, is occurring but could be
controlled by better management measures
(Jadot and others, 2016).

As part of the decommissioning of offshore
installations, significant numbers of disused
installations are being used to create artificial
reefs. In the Gulf of Mexico alone, 532 installa-
tions had, by 2018, been used as artificial reefs
(Bureau of Safety and Environmental Enforce-
ment of the United States (BSEE), 2020). In
2016, it was estimated that some 600 offshore

installations would be decommissioned be-
tween 2017 and 2021. Not all of them were
intended as places for divers to explore, but a
substantial proportion are being used in that
way (Van Elden and others, 2019).

A new area of interest for scuba diving is
emerging in the form of diving over muddy
substrates, known as “muck diving”, which
focuses on finding rare, cryptic species that
are seldom seen on coral reefs. A recent study
investigated the value of “muck diving”, its
participant and employee demographics and
potential threats to the industry. Results indi-
cate that “muck diving” tourism is worth more
than $150 million annually in Indonesia and the
Philippines combined. It employs over 2,200
people and attracts more than 100,000 divers
per year (De Brauwer and others, 2017).

7.4.2. Wildlife watching

Birdwatching (“avitourism”) continues to be
a significant element in coastal tourism, but
coastal birdwatching can rarely be disaggre-
gated from other birdwatching. Increased ef-
forts are being made to promote birdwatching
generally as a basis for tourism. The Nether-
lands Centre for the Promotion of Imports
from Developing Countries (international tour-
ism, of course, counts as an export from the
country where it takes place), has identified
India, Kenya, Namibia and the United Republic
of Tanzania as significant destinations for av-
itourism, and Brazil, Costa Rica, Ecuador, Mo-
rocco, South Africa and Sri Lanka as emerging
destinations (Netherlands Enterprise Agency
(NEA), 2019). Statistical evidence is sparse;
it seems, however, that in some areas, the
market may be becoming saturated: in the
United States, the National Survey on Recre-
ation and the Environment reported that, in
2012, the number of people taking avitourism
trips, including to domestic locations, stood at
19.9 million, but that in 2016, the numbers had
declined to 17.6 million (United States National
Survey of Fishing, Hunting and Wildlife-Associ-
ated Recreation (USNSFHWAR), 2016).
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Whale watching, reported in the first Assess-
ment as an activity with a global turnover of
about $2.1 billion, continues to be a significant
tourist activity: an estimated 13 million people
engaged in whale watching across the globe
in 2017; in Iceland, the activity was reported
to have been growing by 20 per cent per year
since 2015 (Hoyt, 2009, 2017), and in Peru, it
grew from nought to $3 million between 2008
and 2018 (Guidino, 2020). Whale watching may
benefit conservation by changing attitudes
towards wild animals and natural habitats
(Argielles and others, 2016), especially if
commercial tour operators educate tourists
about related long-term sustainable benefits
(Wearing and others, 2014). Species that live
in coastal environments are the most utilized
as tourist attractions because of easy access
to them. If conducted properly, whale watch-
ing is relatively benign (Argielles and others,
2016). However, uncontrolled whale watching
may disturb whales, thus causing changes
in their natural behaviour that could, in turn,
modify their distribution, reproduction and sur-
vival (Williams and others, 2006; Lusseau and
others, 2006). The International Whaling Com-
mission, Governments and non-governmental
organizations have attempted to reduce the
impact of the activity worldwide by develop-
ing guidelines and codes of conduct that are
aimed both at reducing the negative effects
of the activity and at giving an educational op-
portunity to visitors (Garrod and Fennel, 2004;

8. Marine genetic resources

Most commercial activity with respect to
marine genetic resources continues to be con-
centrated in a comparatively small number of
countries. Some idea of the scale of activity
in the sector can be gained from the fact that
28 candidates are currently in clinical trials
and a further 10 drugs derived from marine
natural products have already gained regula-
tory approval, and that 76 publicly available
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Cole, 2007; Argtielles and others, 2016; Inter-
national Whaling Commission (IWC), 2019).

The first Assessment cited an estimate of
$300 million per year as the global revenue
from shark watching. A survey of shark watch-
ing in Australia supports estimates of that
order, since it evaluates annual expenditure on
shark watching in Australia alone at $28.5 mil-
lion per year (Huveneers and others, 2017).

7.4.3. Recreational boating

In chapter 27 of the first Assessment (United
Nations, 2017d), a sustained growth in recrea-
tional boating was recorded for the countries
for which statistics were available over the
preceding 50 years, but it was noted that, in the
United States, there had been a slight reduc-
tion between 2012 and 2013, the latest date for
which information was available. In the United
States, the growth has more or less halted: in
2018, the number of registered recreational
boats, some of which are in inland waters, is
still just under 12 million, as in 2013 (National
Marine Manufacturers Association (NMMA),
2018). Similarly, in the European Union, the
number of recreational boats has remained
roughly constant at about 6 million, while the
age of those involved in boating has increased
substantially, suggesting that younger people
are not taking up the activity. On the other
hand, outside those areas, there appears to be
an active market for new boats (Ecorys, 2015).

cosmeceutical ingredients derived from ma-
rine natural products have been marketed.
The investigation of marine genetic resources
is not a separate sector from pharmaceutical
and industrial research generally, and the eco-
nomic and social aspects of the marine com-
ponent are limited in scale and cannot yet be
separated. More detail is given in chapter 23
on marine genetic resources.
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9. Marine renewable energy

Energy from offshore wind, wave and tidal pow-
er, that is, marine renewable energy, is increas-
ingly feeding national distribution systems in a
number of countries, although not in Africa or,
to any large extent, in the Americas. Of those
power sources, offshore wind technology is the
most mature and technically advanced, provid-
ing a capacity of about 28.3 MW in 18 coun-
tries (International Renewable Energy Agency

10. Desalinization

10.1. Situation as shown in the first
World Ocean Assessment

In chapter 28 of the first Assessment, it was
shown that the global installed capacity for de-
salinization of seawater to produce fresh water
had increased from negligible amounts in 1965
to about 86.5 million m3 per day in 2015 (Unit-
ed Nations, 2017e). Of the two techniques pre-
dominantly used in desalinization, 71 per cent
of capacity was based on membrane process-
es, and the remaining 29 per cent of capacity
for desalinization used thermal processes.
About 27 per cent of the total global capacity
was found in States in the Persian Gulf area,
overwhelmingly (96 per cent of the total ca-
pacity in the area) in the six States members of
the Gulf Cooperation Council (Bahrain, Kuwait,
Oman, Qatar, Saudi Arabia and United Arab
Emirates). Significant sea-related capacities
also existed in Algeria, Australia, China, Israel,
Japan, Spain, the United States and islands
such as Malta and Singapore, as well as many
Caribbean islands.

The environmental impacts of desalinization
plants noted in the first Assessment included
the emission of greenhouse gases, the intake
of feedwater and the discharge of brine. The
impact of intakes on marine biota above mi-
croscopic sizes and the effects of discharges

(IRENA), 2020c). For further information, see
chapter 21 on renewable energy sources.

Total employment in the onshore and offshore
wind energy sector represented about 1.2 mil-
lion jobs in 2018, of which perhaps 20 per cent
(240,000) related to offshore activities. Wom-
en account for about 21 per cent of persons
employed in the wind energy sector as a whole
(IRENA, 20204, 2020b).

(which can contain significant levels of chlo-
rine, copper and antiscalants) can be mini-
mized by proper design.

In the first Assessment, it was also noted that
growth in the population of States with short-
ages of fresh water, and the effects of climate
change, would most likely lead to desaliniza-
tion being increasingly considered as an ad-
aptation measure for communities suffering
increased and related water stress.

10.2. Current desalinization capacity
and processes

The world’s desalinization capacity has con-
tinued to grow. From an installed capacity of
86.5 million m3 per day in 2015, it reached
97.4 million m3 per day in 2018, with 48 per cent
of that capacity in the Middle East and North
Africa (International Desalinization Associa-
tion (IDA), 2019; Jones and others, 2019).

Membrane processes remain dominant in
desalinization (more than 65 per cent of pro-
duction), although multi-stage distillation is
still important in the States members of the
Gulf Cooperation Council, where it is linked to
power generation from oil or gas and provides
about 60 per cent of capacity (IDA, 2019; Mo-
gielnicki, 2020).
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New demands for desalinated seawater seem
likely from the mining industry. For example,
substantial new growth in desalinization output
is proposed in Chile in connection with copper
mining, where about 1 million m3 per day of
desalinated water are expected to be needed
by 2027 for the copper mining industry, an in-
crease of nearly 200 per cent over 2016 levels
(Comisién Chilena del Cobre (CCC), 2016).

Global statistics for employment in desalini-
zation operations are not available. However,
it has been estimated that, between 2010 and
2030, a further 50,000 technicians at different
skill levels would be needed to service the
desalinization industry in the Middle East and
North Africa. If the projected increase in out-
put in that region translated to staff required is
consistent around the world, it would imply a
total global current workforce in desalinization
of about 400,000 people (Ghaffour, 2009).

10.3. Potential pressures on the ocean

As noted above, the predominant view of
waste discharge from desalinization plants has
been that proper design can minimize adverse

11. Salt production

11.1. Situation as shown in the first
World Ocean Assessment

Salt production was only briefly considered
in the first Assessment, in relation to its im-
portance in the cultural aspects of food. It
was noted that, although salt production by
evaporation of seawater was still important,
most salt was produced from rock salt and
brine deposits in the ground. It was also noted
that sea salt production was still important
for some countries, such as Brazil, India and
Spain (United Nations, 2017f).

11.2. Current situation

Salt production from evaporation of seawater
is still a significant source of salt around the
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impacts on the ocean. However, a recent study
of the impact of desalinization on the ocean
has argued that the amount of brine discharged
to the ocean from desalinization has been un-
derestimated, together with its potential impact
on the marine environment (Jones and others,
2019). It estimates that the amount of brine
discharged daily stands at 142 million m3, of
which 48 per cent is discharged in the Persian
Gulf area. It also argues that the high-salinity
water can have a serious adverse impact on
the seabed flora and fauna. On the other hand,
reports from Australia, based on seven years
of observation of the site where discharges are
released from a large desalinization plant serv-
ing Sydney, have been mixed, with adverse im-
pacts observed on some marine invertebrates
within 100 m of the discharges, while barnacles
increased in numbers (Clark and others, 2018)
and, at the same time, a threefold increase in
fish numbers in the area was observed (Kelaher
and others, 2020). Six years of monitoring brine
discharges from two large desalinization plants
in Israel observed almost no impact on seawa-
ter quality (Kress and others, 2020).

world. However, comprehensive statistics at
a global level remain unavailable. The British
Geological Survey, in its overview of world min-
eral production, identifies production of about
35 million tons of salt from seawater out of a
reported total world production of 265 million
tons (table 5), but it does not identify the source
of salt for many countries, and it notes that
salt is also produced in a number of countries
for which data are not available (Brown and
others, 2019). In most regions where reports
are available, salt production from seawater
has remained relatively stable, with the nota-
ble exception of a 34 per cent increase in India
(table 5). The size of the workforce involved in
sea salt production is unknown.
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Table 5

Salt production from seawater (thousands of tons)

Country or territory

Sea salt production, 2013

Sea salt production, 2017

Albania 492 472
Montenegro 102 102
Portugal 91 115
Spain 1221 1111
Algeria 172 160*
Brazil 5926 60002
Colombia 113 165
Bangladesh 1439 1496
India 17 517 235002
Pakistan 297 209
Mauritius 4 1
Mozambique 150 1402
Bonaire (Netherlands) 4002 4002
El Salvador 1002 1002
Guatemala 602 602
Nicaragua 302 302
Philippines 992 9932
Total 28 5712 34 5372

Source: Adapted from Brown and others, 2019.
a  Estimated.

12. Key knowledge and capacity-building gaps

In relation to coastal communities, better in-
formation on their state, the threats they face
and their economic and social situation is
needed, especially for communities of indige-
nous peoples, given the crucial roles they play
in maritime industries, in social and cultural
aspects, and in ocean conservation.

In relation to maritime industries, knowledge
and capacity-building gaps are identified in
the following chapters: for harvesting food
from the sea (chaps. 15, 16 and 17); for sea-
bed mining (chap. 18); for offshore hydrocar-
bons (chap. 19); for marine renewable energy
(chap. 21); and for marine genetic resources
(chap. 23).

For shipping, the main knowledge gaps concern
the social aspects. For example, better informa-
tion is needed on the rates of injury and death
of seafarers and other aspects of their welfare.
Capacity-building gaps exist in some regions in
terms of the training and development of sea-
farers: Africa and South America provide fewer
seafarers than their share of the global popula-
tion would support. Given the projected short-
ages in the supply of officers, there is clearly
scope for expanding training in such areas.

For tourism, there is limited information on the
scale of coastal and marine tourism and its
growth, as compared with tourism generally.
Equally, there is a lack of global information on
the social and economic aspects of coastal
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and marine tourism. In particular, there is a
lack of knowledge on the extent to which host
countries benefit from their coastal and ma-
rine tourism industries, and on the status of
employment in those industries.

13. Outlook

The chapters on specific industries (chaps. 15,
16, 17, 18, 19, 21 and 23) describe the outlook
for the industries concerned.

The outlook for shipping is closely linked to
development of the global economy. The ship-
ping industry has largely overcome the prob-
lems resulting from the economic crisis that
occurred from 2008 to 2011, but challenges in
controlling air pollution remain and increased
concentration of cargo shipping seems likely.
The future of the cruise industry is also closely
linked to the development of disposable in-
come in major economies.
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Keynote points

e There are both health benefits and risks
to living near the sea. The advantages can
include enhanced air quality, exercise op-
portunities, novel marine-derived pharma-
ceuticals and ready access to food from
the sea, which itself has health benefits (as
a source of protein and essential micronu-
trients), although seafood is also traded
inland; as well as sources of renewable
energy.

e The ocean presents health risks from tsu-
namis, storms and tropical cyclones. Hu-
mans are also subject to increased risks
from contaminated food from the sea, sea
level rise and storms and cyclones from
climate change.

1. Introduction

In the first World Ocean Assessment (United
Nations, 2017), various adverse impacts on
human health were noted from sewage dis-
charge, disease vectors linked to seawater
(especially from sewage discharge), nano-
materials and microplastics, especially from
plastic waste. Nanomaterials include both
materials intentionally manufactured, for use
in cosmetics, for example, and those resulting
from the breakdown of plastic waste. Some
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e Chemical contaminants (including air pol-
lution particulates), harmful or toxic algal
blooms and pathogens pose health risks,
in particular in estuarine and coastal wa-
ters where there is adjacent urbanization
and/or recreational usage.

¢ Novel pollutants, such as antibiotics, hor-
mones, nanomaterials (e.g., fullerenes,
carbon nanotubes, metallic nanoparticles
and nanoplastics) and microplastics, are a
cause for concern. Combustion nanopar-
ticles (e.g., PM, ) as a major component
of air pollution, are well established as
contributing to cardiovascular disease and
lung cancer.

benefits to human health were also noted,
especially from fish and seaweed as food el-
ements, marine pharmaceuticals and marine
nutraceuticals, and the recreational effects
of time spent by the seaside. There was no
comprehensive discussion on the relationship
between human health and the ocean. The
present chapter, therefore, seeks to give an
overview of all aspects of the relationship be-
tween human health and the ocean.

2. General aspects of the relationship between human health

and the ocean

The marine environment brings both benefits
and risks to human health, especially for people
who live near it (see figure below; Depledge and
others, 2013; Moore and others, 2013, 2014).
Health has been defined as a state of complete
physical, mental and social well-being and not
merely the absence of disease or infirmity
(World Health Organization-Regional Office for

Europe (WHO-Europe), 1984). However, people
live in an interdependent existence with the to-
tality of the living world. Hence, human health
cannot be separated from the health of our
total planetary biodiversity and has now been
redefined as the ability of a body to adapt to
new threats and infirmities (Lancet-Editorial,
2009). The complex interactions between the
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seas and oceans and human health and well-
being have been viewed primarily within a risk
framework, for example, the adverse impacts
of extreme weather, chemical pollution (from
domestic and industrial effluents, aquaculture,
offshore industries, air pollutants and road
dust run-off, and black carbon in the Arctic)
and, increasingly, climate change (Borja and
others, 2020; Depledge and others, 2017, 2019;
Fleming and others, 2019; Pleijel and others,
2013; Tornero and Hanke, 2016; Valotto and
others, 2015; Walker and others, 2019; Winiger
and others, 2019). However, new research is
expanding our concept of the “health” of the
“global ocean”, with a broader recognition of
its essential and beneficial contribution to the
current and future health and well-being of
humankind (Borja and others, 2020; Depledge
and others, 2019; Ercolano and others, 2019;
Lindequist, 2016; see table below).

The marine environment contributes signifi-
cantly to human health through the provision
and quality of the air we breathe, the food
we eat, the water we drink and marine-de-
rived pharmaceuticals, as well as providing
health-enhancing economic and recreational
opportunities (see chaps. 5 and 8A; Ercolano
and others, 2019; Lindequist, 2016). The coast-
al environment can also have a calming effect
(White and others, 2013) and provide important
cultural benefits (see chap. 28, sect. 1.4). How-
ever, at the same time, the marine environment
is under pressure from such human activities
as transport, industrial processes, fishing, ag-
ricultural and waste management practices,
climate change-related impacts associated
with rising sea levels and coastal erosion, and
biological invasions. The figure below summa-
rizes the links between the degradation of the
marine environment and human health.

The assessment and management of the im-
pacts on marine ecosystems and on human
health resulting from the pressures on those
ecosystems have largely been undertaken
separately under the umbrella of different
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disciplines and, frequently, with little or no ob-
vious collaborative interaction (Depledge and
others, 2013; Moore and others, 2013, 2014).
Consequently, many of our perceptions of the
interactions between the marine environment
and human health are limited and still relative-
ly unchallenged, leaving an opportunity to ad-
dress critical knowledge gaps to further inform
science-based policies for the sustainable use
of marine resources and environmental and
human health protection (see figure below and
Moore and others, 2014).

The complex nature of the interactions be-
tween the marine environment and human
health was reviewed by the European Marine
Board (Moore and others, 2013, 2014) and
others (Borja and others, 2020; Depledge and
others, 2013, 2017, 2019; Fleming and others,
2014, 2019). The reviews have emphasized
the need for an interdisciplinary approach to
address all levels of organization, from genes
to ecosystems.

There are five key scientific challenges to
improving our understanding of the linkages
between the marine environment and human
health (Galloway and others, 2017; Moore and
others, 2014):

(a) Toimprove the measurement and monitor-
ing of the distribution of marine pollutants,
including algal toxins, nanoparticles as
contributing factors to cardiovascular dis-
ease and lung cancer (Chang and others,
2020; Liu and others, 2016; Moore, 2020;
Mossman and others, 2007; Numan and
others, 2015; Stapleton, 2019), microparti-
cles and plastic marine litter as a vector,
as well as pathogens and non-indigenous
species as potential health hazards at re-
quired time and spatial scales (Galil, 2018;
Vezzulli and others, 2016);

(b) To improve knowledge of processes and
models of the dynamics of transport and
transformation in the environment of ma-
rine pollutants, pathogens and non-indige-
nous species that present health hazards;
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(c) To improve the assessment of marine (e) To find explanations for the association

pollutant, pathogen and non-indigenous between the marine environment and ob-
species health hazard exposure and risk served human health benefits, described
to humans (Galil, 2018; Moore and others, as the “Blue Gym” effect (Depledge and
2013, 2014; Vezzulli and others, 2016); Bird, 2009; Robinson and others, 2020;

White and others, 2013; Wyles and others,
2019), including socioeconomic influences
(Li and Zhu, 2006; Sachs and others, 2001).

(d) To understand the impacts of waste man-
agement activities on the marine environ-
ment and human health;

Summary of the interconnectivity of the key adverse processes between the marine
environment and human health

Societal issues Interconnections in
and political marine environment

decision-making \ and health

Human population
pressure

Toxic chemicals

— | and particles

Environmental *
and ecosystem \

Socioeconomic
factors

degradation Loss of food Pt
resources impact on
T human health
Natural / \
events H?)Etsﬁc')\lglgnasnd Poven:g)—(ﬂissease
Emerging NIS
and pathogens

All in the context of
climate change

Source: Original diagram partly adapted from Moore and others, 2014.
Note: “Toxic chemicals and particles” includes air pollution particulates, nanoparticles and microplastics.
Abbreviations: HABs, toxic or harmful algal blooms; NIS (poisonous and venomous) non-indigenous species.

The potential benefits for human health from  antioxidant, anti-inflammatory, antiviral,
living in proximity to the sea (see table below),  antimalarial, antitubercular, anti-ageing and
such as novel pharmaceuticals (e.g., antimicro-  antiprotozoal) derived from marine organisms
bial, antitumour, antidiabetic, anticoagulant, and essential micronutrients in seafood, have
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often been overlooked in the past (see table
below; Borja and others, 2020; Depledge and
others, 2019; Ercolano and others, 2019; Flem-
ing and others, 2019; Gascon and others, 2017;
Hosomi and others, 2012; Lindequist, 2016;
Wheeler and others, 2012; White and others,
2014; and Wyles and others, 2019). However,
it is becoming well established that there are
various health benefits to be gained from living
by the sea (Giles, 2013). The reason why that
should be is less clear and has so far eluded
an overall scientific explanation. However,
several hypotheses have been proposed: psy-
chological stress reduction owing to pleasant
surroundings (Gascon and others, 2017; White
and others, 2014); improved immunoregulation
from exposure to bacteria and parasites with
which we co-evolved (Rook, 2013); and expo-
sure to bioactive natural products (biogenics),
such as harmful or toxic algal toxins (Berdalet
and others, 2016, 2017). The third (biogenic)
hypothesis has proposed that inhalation and
ingestion (with upper respiratory tract mucus)
of certain natural products, such as low con-
centrations of aerosolized algal toxins, have di-
rect effects on the body’s molecular regulatory
systems, resulting in health benefits, including
anti-inflammatory, anticancer and anti-ageing
effects (Asselman and others, 2019; Moore,
2015; Van Acker and others, 2020; see table
below). Coastal areas have higher ultraviolet
levels and, consequently, inhabitants may
benefit from increased vitamin D (Cherrie and
others, 2015; see table below).

With regard to the potential hazards and risks
for human health (see table below), which are
more comprehensively documented than the
benefits (Borja and others, 2020; Depledge
and others, 2013, 2017, 2019; Fleming and
others, 2014, 2019; Moore and others, 2013,
2014), the European Environment and Health
Process, coordinated by the World Health Or-
ganization (WHO), has identified five general
“key environment and health challenges of our
time”. Their particular focus in relation to the
marine environment includes:
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(a) Health and environmental impacts of
climate change (for example, tropical cy-
clones);

(b) Health risks to children and other vulnera-
ble groups posed by poor environmental,
working and living conditions, especially
the lack of water and sanitation (e.g., con-
taminated food from the sea);

(c) Socioeconomic and gender inequalities in
the human environment and health (e.g.,
the poor injury record of fishers and sea-
farers and limited access to health care for
women as a result of cultural traditions);

(d) The burden of non-communicable dis-
eases, in particular to the extent that the
burden can be reduced through adequate
policies in areas such as urban develop-
ment, transport, food safety and nutrition,
and living and working environments (e.g.,
the role of fish protein in providing essen-
tial nutrients);

(e) Persistent, endocrine-disrupting  and
bioaccumulating harmful chemicals and
nanomaterials; and novel and emerging
chemical problems (e.g., the impacts of
such substances on the health of the ma-
rine environment and thus on the humans
depending on it) (WHO-Europe, 2010).

The marine aspects of those policy priorities
reflect to some extent the scientific challeng-
es specifically identified above in relation to
human health and the marine environment.
They focus largely on the risks and tend to
leave out and, therefore, do not take into ac-
count the benefits deriving from the marine
environment. Furthermore, both gender differ-
ences and gender inequalities can give rise to
inequities between men and women in health
status and access to health care. However,
gender norms and values are not fixed and
can evolve over time, can vary substantially
from place to place and are subject to change
(WHO, 2014). Nevertheless, there are a num-
ber of threats to human health arising from
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the marine environment that have now been
identified:

(a) Increaseinthe spread of pathogens related
to climate warming (e.g., Vibrio). Also, there
is some evidence related to an increase in
some harmful algal bloom species related
to climate warming is some regions (Hin-
der and others, 2012; Vezzulli and others,
2016);

(b) Recently, non-indigenous species, some-
times called invasive alien species, have
started to be considered as one of the
major threats to global marine ecosystems
through impacts on the ecosystems’ struc-
ture, function and services (Galil, 2018). A
small number of poisonous or venomous
marine non-indigenous species repre-
sent potential threats to human health.
Intensification of anthropogenic activities,
coupled with rapidly increasing coastal ur-
banization, drive complex and fundamen-
tal changes in coastal waters, including
increases in alien species. Some of the al-
ien venomous and poisonous species have

pathogens and antibiotic-resistant micro-
organisms (Barboza and others, 2018; Har-
rison and others, 2018; Imran and others,
2019). Various pathogenic bacteria bind,
in particular and strongly, to plastic litter
(for example, Vibrio cholerae and some
strains of Escherichia coli). Such human
pathogens can colonize plastic surfaces
in stable biofilms. The scientific and med-
ical understanding of that health threat
of plastic pollution is inadequate but the
threat is dealt with as a further aspect of
the problem of marine litter discussed in
chapter 12. A severe problem could arise
in areas that are highly polluted as a re-
sult of natural disasters, climate crises or
occurring epidemics, or in conflict zones
(Vethaak and Leslie, 2016; Keswani and
others, 2016; Galloway and others, 2017;
Leonard and others, 2018a, 2018b; Moore
and others, 2014).

In a general context, some new multinational,
interdisciplinary projects are now addressing
some of those issues, including:

attracted the attention of scientists, man-  (a) The Seas, Oceans and Public Health in

agers, the media and the public for their
conspicuous human health impacts. In the
Mediterranean alone, 10 non-indigenous
species are considered human health haz-
ards, running the gamut from nuisance to
lethal (Galil, 2018). Human health hazards
of non-indigenous species are expected
to worsen as a result of climate change.
The poleward influx of warm water biota
enables them to spread to regions as yet
uncolonized;

(c) A further, recently identified health threat
is the potential role of plastic marine lit-
ter as a vector for opportunistic human

See www.blue-communities.org/About_the_programme.

Europe project, funded by the European
Union (European Union, 2020), which has
developed a “research road map” to help
scientists to gather evidence and inform
policies that enhance and protect both
human health and the health of the marine
environment;

(b) The Blue Communities programme, a re-

search capacity-building programme for
marine planning in East and South-East
Asia, which includes a project to assess
the benefits and risks of coastal living as-
sociated with environmental, demographic
and climate change.’
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Summary of benefits and of hazards and risks associated with
living in proximity to the sea

Benefits Hazards and risks

Improvements in the length and quality Chemical and radionuclide pollutants, including toxic

of life (Gascon and others, 2017) airborne particulates (both land-derived and from shipping)
and coastal ozone (Moore and others, 2014; Pleijel and
others, 2013; Valotto and others, 2015; Vom Saal and others,
2007; Walker and others, 2019; Wan and others, 2016)

Improved physical and mental health Nanomaterials and microplastics (Chang and others,
(Gascon and others, 2017; White and 2020; Galloway and others, 2017; Moore and others, 2014;
others, 2014; Wyles and others, 2019) Mossman and others, 2007; Numan and others, 2015)

Increased vitamin D Pathogens and public health consequences from sewage,

(Cherrie and others, 2015) agricultural run-off and flooding (Leonard and others, 20184;
Moore and others, 2013, 2014; Vezzulli and others, 2016)

Reduced behavioural problems in Environmental impacts on food security and safety, such

children (Gascon and others, 2017) as the collapse of fisheries and the contamination of food
resources (Moore and others, 2014)

Low concentrations of airborne Harmful or toxic algal blooms and algal toxins

aerosolized algal toxins may have (Berdalet and others, 2016)

beneficial hormetic effects on health
(anti-inflammatory and anticancer
effects) (Asselman and others, 2019;
Moore, 2015; Van Acker and others, 2020)

Benefits from consumption of seafood Poisonous or venomous indigenous and non-indigenous

that is high in protein and essential species, such as silverstripe blaasop (produces
micronutrients tetrodotoxin), nomadic jellyfish and lionfish (Galil, 2018)
(Hosomi and others, 2012)

Marine-derived pharmaceuticals Adverse natural events (volcanic eruptions, earthquakes,
(Ercolano and others, 2019; tsunamis, tropical cyclones and flooding) (Moore and others,
Lindequist, 2016) 2014; Powell and others, 2019; Ruskin and others, 2018)

Transmission of antimicrobial resistance and pathogens
through natural bacterial ecosystems (Leonard and others,
2018b; Imran and others, 2019)

Plastic marine litter as an emerging potential vector for
pathogens and their possible global transport (Vethaak and
Leslie, 2016; Keswani and others, 2016); as well as possible
collisions with large pieces of plastic litter at sea

Increased risks from overcrowding as coastal population
increases (Moore and others, 2014)
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3. Health of coastal communities relative to inland

communities

Studies comparing the health of coastal com-
munities to that of inland communities have,
so far, largely been confined to developed
countries. The evidence differs between phys-
ical health and mental health. For physical
health, there is evidence from Australia (Ball
and others, 2007), New Zealand (Witten and
others, 2008), the United States (Gilmer and
others, 2003) and the United Kingdom (White
and others, 2013) that living in a coastal set-
ting encourages greater levels of recreational
physical activity. Although there is some
evidence that the extra activity may translate
into healthier weight, for the most part, even
among children living at the coast (Wood
and others, 2016), the evidence is equivocal
(Bell and others, 2019). A re-examination of
responses to a question in the 2001 Census of
England and Wales showed that a significantly
higher proportion of people in coastal areas
said that they enjoyed good health. The effect
may be greater for more socioeconomically
deprived groups (Wheeler and others, 2012). In
Belgium, a recent survey concluded that peo-
ple living less than 5 km from the coast report
themselves as enjoying better general health
than do those living 50-100 km from the coast
(Hooyberg and others, 2020).

As regards mental health, an increasing
amount of evidence suggests that living in
coastal settings, visiting them frequently or
simply having a coastal view from home is
associated with increased life satisfaction
(Brereton and others, 2008) and a decreased

risk of anxiety and depression (Nutsford and
others, 2016; White and others, 2013; Wyles
and others, 2019).

Differences in human health between coastal
and inland areas can be attributed to causes
other than the proximity of the sea. Socioec-
onomic status has a major effect on health
generally (Marmot and Wilkinson, 2005); and
where there are differences in economic pros-
perity between coastal areas and inland areas,
differences in human health between those
areas may be attributable in part to those
economic differences, rather than to direct
health benefits of being close to the ocean (Li
and Zhu, 2006). However, interpreting the very
complicated relationship between economic
prosperity and health is often difficult owing
to the plethora of potential interacting factors
(Sachs and others, 2001).

A key challenge is to determine how each
coastal community can improve its resilience
to sociodemographic change and the increas-
ing number of extreme weather events and
environmental threats. Evidence shows that
there are advantages to policies that offer a
range of benefits to both the environment and
health. However, any policy response is com-
plicated by the fact that the diversity of coastal
communities means that there is unlikely to be
any “one size fits all” solution (Depledge and
others, 2017; Li and Zhu, 2006; Sachs and oth-
ers, 2001).

4. Effects of exposure to contaminated seawater

Many of the main activities related to coastal
tourism and recreation involve contact with
seawater, with paddling, swimming, boating,
surfing, recreational fishing and diving being

among the most common. Fishers and seafar-
ers also come into contact with seawater as
part of their work. Such contact brings with it
the risk of exposure to pathogens, including
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algal toxins, in the water or in marine aero-
sols. For a long period after the disposal of
municipal wastewater into the sea became
common, there was little concern about the
effect of pathogens in the wastewater on
human health - the scale of dispersal of the
wastewater into the much greater volumes of
seawater was thought to minimize risk through
dilution (Sullivan, 1971). However, eventually,
concern did grow and led to the adoption of
measures, in Europe, for example, such as the
Bathing Waters Directive (European Economic
Community, 1975).

Studies in many places have quantified the
scale of the risk to human health from contact
with seawater containing pathogens, such as
some strains of Escherichia coli - bacteria
commonly found in the gut of warm-blooded
animals (Zmirou and others, 2003; Wade and
others, 2006). For example, in Hong Kong,
China, a major epidemiological study was
conducted in 1992 in which 25,000 beachgo-
ers were interviewed in order to establish the
health effects of exposure to bathing water.
The results indicated that the total incidence
of swimming-related illness symptoms was
41 per 1,000 interviewees, higher than the 30
per 1,000 found earlier, in 1987. Eye, skin and
respiratory symptoms were 2-20 times more
prevalent in swimmers than in non-swimmers
(Kueh, 1995).

Likewise, in Santander, Spain, a study over
the main holiday season in 1998 showed that
7.5 per cent of the 1,858 bathers studied re-
ported fever or respiratory, gastrointestinal,
eye or ear symptoms within seven days — and
that was in waters that met the regulatory
standards in force (Prieto, 2001). A similar
study of 654 surfers was carried out in the
winter seasons from 2013 to 2015 in San Die-
go, California, United States, where the quality
of coastal waters was adversely affected after
heavy rainfall (which usually leads to increased
run-off or discharge of contaminants). The
study examined the incidence of gastrointes-
tinal illness, sinus infections, ear infections
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and infected wounds within three days of over
10,000 surfing sessions. It found that the in-
cidence of those conditions rose by between
26 and 105 per cent (varying among types
of complaint) after surfing sessions in dry
weather, as compared with periods when the
persons studied were not surfing. After heavy
rainfall, and a consequent increase in surface
run-off, the incidence of post-surfing diseases
rose by a further 26 to 102 percentage points
as compared with non-surfing periods (Arnold
and others, 2017). Sewage-contaminated
seawater contains a range of microbial path-
ogens, and exposed individuals may experi-
ence various disease symptoms, such as skin
rashes, conjunctivitis, sinus infections and, in
particular, gastroenteritis (Harder-Lauridsen
and others, 2013). With a predicted increasing
frequency of heavy rainfall associated with
climate change in some regions, the future im-
plications for human health worldwide could
be considerable, in particular in those areas
without well-functioning sewage systems or
where current sewage systems are unable to
contain the excess run-off and raw sewage
is discharged (Harder-Lauridsen and others,
2013). Climate change-related increases in the
frequency and severity of riverine and coastal
flooding leading to the release of raw sew-
age and run-off of vector animal faeces may
also represent a health problem through the
transmission of emerging infectious microbial
agents, such as in the COVID-19 pandemic
(Seneviratne and others, 2012).

The global impact of poor water quality was
examined in a study by the Joint Group of
Experts on the Scientific Aspects of Marine
Environmental Protection (GESAMP) and
WHO. Based on global estimates of the num-
ber of tourists who go swimming, and WHO
estimates of the relative risks at various levels
of contamination, the study estimated that
bathing in polluted seas causes some 250
million cases of gastroenteritis and upper res-
piratory disease every year and that some of
those people affected would be disabled over



the longer term. Measured by adding up the
total years of healthy life that are lost through
disease, disability and death, the worldwide
burden of disease incurred by bathing in con-
taminated seawater is some 400,000 disabili-
ty-adjusted life-years (a standard measure of
time lost owing to premature death and time
spent disabled by disease), comparable to
the global impacts of diphtheria and leprosy.
GESAMP and WHO estimated that the cost to
society, worldwide, amounted to about $1.6
billion per year (GESAMP, 2001). Furthermore,
harmful or toxic algal blooms can induce seri-
ous neurological disease and also have major
financial impacts (Bechard, 2020; Diaz and
others, 2019).

The most common pollutants tend to come
from one of two places: humans or animals.
Human faecal matter in water bodies consti-
tutes the greatest public health threat because
humans are reservoirs for many bacteria, par-
asites and viruses that are dangerous to other
humans and can lead to a variety of ilinesses.
The cause of many problems can often be
traced back to sewage overflows or leaky res-
idential septic systems. Run-off from agricul-
tural land can also represent a serious health
concern, as faecal waste from farmed animals
can contain pathogens, including various vi-
ruses, cryptosporidium, Escherichia coli and
salmonella, while pet waste on beaches can
also pose health threats to humans (Food and
Agriculture Organization of the United Nations
(FAO), 2017; Moore and others, 2014; Woods
Hole Oceanographic Institution (WHOI), 2020).

Exposure to contaminated seawater thus af-
fects the health of those enjoying recreation by
the sea and adversely affects coastal tourism
and recreation. Drawing together the scientif-
ic work in the field, in 2003, WHO published
Guidelines for Safe Recreational Water Environ-
ments: Coastal and Fresh Waters (WHO, 2003).
More recently, WHO, with the support of the
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European Union, prepared recommendations
on scientific, analytical and epidemiological
developments relevant to the parameters for
bathing-water quality, with special reference to
Europe (WHO, 2018). WHO has indicated that
the recommendations will inform the revision
of the 2003 Guidelines (WHO, 2020). Howev-
er, achievement of such standards requires
adequate planning and infrastructure. Even
where, as in some parts of India, strenuous
efforts are being made to install properly op-
erating sewage treatment systems, problems
persist. For example, in Goa, a major tourist
location, faecal coliform bacteria exceeded
the relevant standards at all 10 of the beaches
monitored (Goa State Pollution Control Board
(GSPCB), 2019).

The monitoring of bathing water will not
achieve its aim of improving public health
without improvements in the communication
to the public of the findings so that they are
readily understandable. The current European
Union legislation on bathing water (European
Union, 2006) provides for standardized ways
of publicizing the results of the monitoring
that is required. Similar systems are found in
various Australian States (New South Wales
Department of Planning, Industry and Environ-
ment (NSW-DPIE), 2020; South Australia Envi-
ronment Protection Agency (SA-EPA), 2020)
and in the United States (WHOI, 2020).

Climate change may be influencing the preva-
lence of microbial infections (Deeb and others,
2018; Konrad and others, 2017). For example,
increases in Vibrio vulnificus and Vibrio pa-
rahaemolyticus infections, both topical, and
infections from ingesting seafood (oysters),
have been described in relation to climate
change, with rises in cases overall, as well as
new cases found in high latitude areas that
were previously not affected, as they are hav-
ing more days over the minimum temperature
threshold (Vezzulli and others, 2016).
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5. Problems for human health posed by food from the sea

Human health can be affected by many as-
pects of food from the sea. Some problems
are the result of pollutants (such as mercury)
or pathogens (often from sewage and ballast
water) discharged into the sea and taken up by
plants, fish and shellfish that are harvested for
human consumption (Takahashi and others,
2008). Others are the result of toxins generat-
ed by, or viruses found in, various biota in the
sea and taken up by some fish and shellfish
(see chaps. 10 and 11).

According to WHO, mercury is one of the 10
most poisonous substances to human health
(WHO, 2013). A principal form of mercury to
which humans are exposed is organic methyl
mercury (MeHg). The principal source of
inorganic mercury in the sea is the burning
of fossil fuels (see chap. 11). Such mercury
is converted into MeHg by microbes in the
aquatic environment, where it bioaccumulates
in food webs. In humans, MeHg exposure oc-
curs predominantly through the consumption
of seafood. MeHg is a neurotoxin and is par-
ticularly harmful to fetal brain development.
A large body of research has demonstrated a
link between exposure to MeHg in the womb
and developmental neurotoxicity (e.g., deficits
in fine motor skills, language and memory)
among populations that consume seafood
regularly. A review of studies in 43 countries
showed that pooled average biomarkers sug-
gested an intake of MeHg that was:

(a) Several times above the Food and
Agriculture Organization of the United
Nations-WHO reference level for con-
sumption in fish-consuming inhabitants
of coasts and riverbanks living near small-
scale gold-mining installations;2

(b) Well over the reference level in consumers
of marine mammals in Arctic regions;

(c) Approaching the reference level in coastal
regions in South-East Asia, the western
Pacific and the Mediterranean.

Although the two former groups have a higher
risk of neurotoxicity than the latter, the coastal
regions of South-East Asia are home to very
large populations. In all three areas, many of
the samples showed levels of MeHg intake in
excess of the reference value (Sheehan and
others, 2014). Other experts, while recognizing
the threat from MeHg, argue that it is important
also to balance the benefits from fish-derived
lipids with possible risks when considering
fish as part of the diet of mothers and their
children (Myers and others, 2015). Certain
fish species have been identified as being at
greater risk for MeHg exposure than others
(e.g., MeHg biomagnifies in the aquatic food
chain and larger predatory fish, such as shark,
swordfish, king mackerel and certain species
of tuna), so making appropriate choices in fish
consumption can lead to increasing the ben-
efits of eating seafood while decreasing the
potential risk (Silbernagel and others, 2011).

Contamination of seafood by the presence of
hormones, antibiotics, and persistent organic
pollutants, such as polycyclic aromatic hydro-
carbons and polychlorinated biphenyls con-
tinues to represent a hazard for human health
(Binelli and Provini, 2003; Chen and others,
2015; Lu and others, 2018; European Com-
mission, 2000). The recently recognized con-
tamination of the ocean by nanomaterials and
microplastics is of emerging concern, not only
because of the potential ecological impacts,
but also the potential to compromise food
security, food safety and consequently human
health. The presence of nanomaterials and mi-
croplastics in marine animals used for human
food is now an emergent global phenomenon

2 The FAO/WHO reference level is 2.0 micrograms per gram, which is not considered as posing an appreciable

risk (WHO, 2008).
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that requires further research to determine
whether there is human health risk (Chang
and others, 2020; Galloway and others, 2017;
Mossman and others, 2007; Numan and oth-
ers, 2015; Sforzini and others, 2020; Smith and
others, 2018; Stapleton, 2019; Stern and others,
2012; Vethaak and Leslie, 2016; Von Moos and
others, 2012). Combustion nanoparticles are
taken up into cells by endocytosis and accu-
mulate in lysosomes, where overloading of the
lysosomes results in membrane permeabiliza-
tion, with resultant release of intralysosomal
iron that causes oxidative cell injury leading
to oxidative stress, with subsequent tissue
and organ damage (Moore, 2020; Numan and
others, 2015; Stern and others, 2012; Sforzini
and others, 2020; Von Moos and others, 2012).
There are now concerns that other nanopar-
ticles including nano- and microplastics, may
behave in a similar way (Boverhof and others,
2015; Von Moos and others, 2012).

Shellfish are the major vector of illnesses
caused by pathogens discharged to the sea.
Oysters, for example, can concentrate such
pathogens up to 99 times the level in their
surrounding water (Burkhardt and Calci, 2000;
Morris and Acheson, 2003; Motes and others,
1994; Vezzulli and others, 2016). The most
common viral pathogens involved were noro-
virus (83.7 per cent) and the hepatitis A virus
(12.8 per cent) (Bellou and others, 2013). No
global database exists on outbreaks of illness
of that kind. However, a survey of outbreaks re-
ported between 1980 and 2012 found records
of about 368 shellfish-borne viral outbreaks.
The maijority were located in East Asia, with
more than half in Japan, followed by Europe,
the Americas, Oceania and Africa. In addition
to sewage-borne pathogens, toxins (e.g., yes-
sotoxins, brevetoxins and ciguatoxins) can be
produced by toxic algae (e.g., dinoflagellates),
often at relatively low concentrations (e.g., 200
cells/l of Alexandrium spp.) and not necessar-
ily restricted to algal blooms (see chap. 10 for
causes of such blooms; and United States
Centers for Disease Control and Prevention
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databases). Algal toxins can enter the food
web and are often present in shellfish and
fish where they can cause illness as a result
of their consumption as human food. The
health impacts of algal toxins are not limited
to illnesses and deaths caused by poisoning,
but also include health impacts from the loss
of shellfish and other fisheries that have to
be closed to protect people from poisoning,
and the disruption of ecosystems caused by
deaths of fish and top predators that ingest
the algae or the toxins that they produce. Many
toxic algal bloom events are reported annually,
from all parts of the world, and the number
is growing. The increased numbers are, in
part, attributable to improved observation
and recording, but there is reliable evidence
demonstrating a real increase in the incidence
of such problem blooms as a result of the in-
teraction of many factors, including rising sea
temperatures, increased inputs of nutrients to
the ocean, the transfer of non-indigenous spe-
cies by shipping, and changes in the balance of
nutrients in the sea (Hinder and others, 2012).
Health warning systems could be implement-
ed in higher risk areas by involving not only the
public health authorities, but also community
planners, utility managers and designers.

Effective monitoring and management pro-
grammes are, however, in place in some
“at-risk” regions to prevent such toxins from
being found in commercial seafood (Ander-
son, 2009; Anderson and others, 2001; see
chap. 10). Such programmes are based on
rigorous research on method development
and validation, as well as the understanding
of temporal and spatial patterns of toxic algae
and knowledge of their transfer to humans.

Toxic algal blooms are complex phenomena,
and many different disciplines need to be
involved in finding a way to address the prob-
lems they cause, ranging from molecular and
cell biology to large-scale field surveys, nu-
merical modelling and remote sensing (Inter-
governmental Oceanographic Commission of
the United Nations Educational, Scientific and
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Cultural Organization (UNESCO-IOC), 2017).
Other biogenic toxins of health concern, which
are not produced by algal blooms, include cy-
anotoxins produced by cyanobacteria, tetrodo-
toxins produced by symbiotic bacteria, which
are used by metazoans as a defensive biotoxin
to ward off predation or as both a defensive
and predatory venom, and palytoxins, which
are intense vasoconstrictors that pose risks
to humans primarily through exposure to coral
(Bane and others, 2014; Ramos and Vascon-
celos, 2010; Zanchett and Oliveira-Filho, 2013).
Humans who consume shellfish contaminat-
ed with brevetoxins, which are produced by
some species of plankton, are at high risk of
developing neurotoxic shellfish poisoning.
There are also reports of skin ailments re-
sulting from contact with brevetoxin-contam-
inated water and of respiratory illness from

brevetoxin aerosols, in particular in vulnerable
people with asthma (Hoagland and others,
2009). Shellfish metabolites of brevetoxin can
also show different patterns of toxicity (Turner
and others, 2015). Tetrodotoxins, produced
by some species of bacteria, and ciguatoxins,
produced by some species of plankton, can
accumulate in fish and other seafood and are
poisonous when consumed. Those types of
biogenic toxins were previously associated
with tropical waters but are now being found in
temperate zones (Rodriguez and others, 2008;
Silva and others, 2015a, 2015b). The social
costs of all those illnesses can be huge, and
the estimated costs related to illnesses from
toxic algal blooms in just one single county in
Florida, United States, amounted to between
$0.5 million and $4.0 million (Hoagland and
others, 2009).

6. Keyremaining knowledge and capacity-building gaps

Knowledge gaps mainly relate to:

(a) Ways in which, and the extent to which, the
ocean can produce health benefits through
proximity to it, delivery of marine-derived
pharmaceuticals and the development of
novel seafoods;

(b) Extent to which health threats from the
ocean affect human health in different
parts of the world: for example, the ways
in which marine vectors can deliver path-
ogens to humans; the scale and location
of illness from swimming in contaminated
water and from seafood; and the extent of
contamination of fish and shellfish;

(c) Socioeconomic and gender inequalities in
the human environment and health, includ-
ing health risks to children and other vulner-
able groups posed by poor environmental,
working and living conditions (especially
the lack of water and sanitation) (Moore
and others, 2013, 2014; WHO, 2014);
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(d) Burden of non-communicable diseases,
in particular to the extent that it can be
reduced through adequate policies in such
areas as urban development, transport,
food safety and nutrition, and living and
working environments (Moore and others,
2013, 2014);

(e) Mechanisms by which novel health threats
may arise from the ocean: for example, the
role of nanomaterials (including combus-
tion particulates) and nano- and microplas-
tics, and the extent of human exposure to
them (Galloway and others, 2017; Moss-
man and others, 2007; Numan and others,
2015; Sforzini and others, 2020; Stapleton,
2019; Stern and others, 2012; Vethaak and
Leslie, 2016; Von Moos and others, 2012;
Wright and Kelly, 2017); and the conditions
under which algal blooms can become tox-
ic (see chap. 10);

(f) Empirical assessment of the socioec-
onomic and health effects of marine



protected areas is sparse. Ban and others
(2019) reveal that most studies on well-be-
ing outcomes of marine protected areas
focused on economic and governance as-
pects, whereas social, health and cultural
aspects received only a cursory mention.
Furthermore, the largest marine protected
areas are situated far from human habi-
tation (e.g., Marae Moana (Cook Islands)
Ross Sea marine reserve (Antarctica),
Papahanaumokuakea Marine National
Monument (Hawaii), Pacific Remote Is-
lands Marine National Monument (United
States), Coral Sea Marine Park (Australia),
whereas in the densely inhabited Mediter-
ranean, fully protected marine protected ar-
eas, which conceivably may provide health
benefits, constitute only 0.06 per cent of
the countries’ exclusive economic zone
(Kersting and others, 2020).

7.  Outlook

Increased knowledge of the linkages between
the ocean and human health will help to im-
prove interventions to protect human health
from threats and to increase the health bene-
fits derived by humans from the sea. Improved
capacities around the world, including in
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Chapter 9: Pressures from changes in climate and atmosphere

Keynote points

e Extreme climate events. Marine heat-
waves and tropical cyclones are shown to
be increasing in severity owing to human
activities and are having an impact on na-
ture and human societies. Extreme El Nifio
events have been observed but, because
they occur infrequently, a human influence
has not been detected. All three phenome-
na are projected to increase in the future,
with the severity of impacts also increas-
ing, but such increases can be reduced by
climate change mitigation efforts.

e Sealevelrise. The alarming observed pace
of sea level rise, combined with increasing
storminess and coastal urbanization, has
resulted in the amplified susceptibility of
coastal cities to erosion and flooding and
increased the need for substantial invest-
ments in hard infrastructure and the resto-
ration of natural barriers, such as reefs.

e Ocean acidification and deoxygenation.
The accelerated increase of anthropogenic

1. Introduction

The first part of the present chapter is based
on three topics in the context of extreme
climate events related to the ocean, namely,
marine heatwaves, extreme El Nifio Southern
Oscillation events and tropical cyclones. Both
physical aspects of the impact of climate
change on the phenomena and potential im-
pacts on natural and human systems are con-
sidered. The conclusions are based on a much
more detailed assessment that can be found
in chapter 6 of the Special Report on Oceans
and Cryosphere in a Changing Climate of the
Intergovernmental Panel on Climate Change
(2019).

An extreme event is one that is rare at a par-
ticular place and time of year. Definitions of
“rare” vary, but an extreme event is normally

CO, in the atmosphere is creating an in-
crease in the acidification and deoxygen-
ation of the ocean. Under such conditions,
both in nature and in the laboratory, marine
organisms that support ecosystems and
human livelihoods and nutrition typically
respond poorly. Marine habitats experi-
ence a loss of diversity, many long-lived
organisms die and a few resilient spe-
cies proliferate. Less serious damage to
life-supporting ecosystems would be pos-
sible under lower-emission scenarios.

e Other physical and chemical properties.
Changes in ocean temperature and salin-
ity induced by climate change and human
activities are affecting marine ecosystems
by changing the distribution of marine spe-
cies, decreasing the ecological value of
coastal ecosystems and changing marine
primary production. Human well-being and
the economy are consequently affected.

as rare as, or rarer than, the tenth or ninetieth
percentile of a probability estimated from ob-
servations. By definition, the characteristics of
what is called an extreme event may vary from
place to place in an absolute sense. When a
pattern of extreme weather persists for some
time, such as a season, it may be classed as
an extreme climate event, especially if it yields
an average or total that is itself extreme (e.g.,
high temperature, drought or total rainfall over
a season).

The second part of the chapter expands upon
pressures from changes in ocean physical and
chemical properties. Projected sea tempera-
ture increases of up to 1.5°C over pre-industrial
levels by 2050 will continue to drive latitudinal
abundance shifts in marine species, including
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those of importance for coastal livelihoods.
Many large coastal cities are located in deltaic
settings and are vulnerable to floods because
of their proximity to rivers and the sea, general
low elevations and land subsidence (Nicholls
and others, 2008).

Carbon dioxide emissions and global warming
are also causing ocean acidification and deox-
ygenation. Those changes have consequences
for the people who depend on healthy marine
ecosystems worldwide. At the time of the first
World Ocean Assessment (United Nations,
2017), the chemistry of ocean acidification
was well understood, yet the consequences for
ecosystems and society were poorly known.
The effects of declining oxygen on nutrient cy-
cles and fish stocks were predicted to worsen,

especially when climate change-driven oxygen
depletion combines with coastal eutrophica-
tion. Reduced biodiversity and declines in fish
populations were linked to falling oxygen levels
across the world’'s oceans. New information is
provided on marine organism and ecosystem
responses to ocean acidification and deoxy-
genation and related capacity-building.

In the present chapter, in conjunction with
chapter 5, the climate change aspects of
the present Assessment are developed. The
present chapter expands on the pressures on
marine ecosystems and human populations
of some of the physical and chemical chang-
es caused by climate change. Some related
aspects are also covered in chapter 7K and
chapter 15.

2. Climate pressures: extreme climate events and pressures
from changes in ocean physical and chemical properties

Extreme climate events

2.1.

Marine heatwaves are periods of extremely
high ocean temperatures that persist for days
to months, that can extend up to thousands of
km and can penetrate multiple hundreds of m
into the deep ocean (Hobday and others, 2016).
Over the past two decades, marine heatwaves
have had a negative impact on marine organ-
isms and ecosystems in all ocean basins,
including critical foundation species such as
corals, seagrasses and kelps (Hughes and
others, 2018; Smale and others, 2019). Satel-
lite observations reveal that marine heatwaves
doubled in frequency between 1982 and 2016,
and that they have also become longer lasting
and more intense and extensive (Frolicher and
others, 2018; Oliver and others, 2018). Between
2006 and 2015, 84 to 90 per cent of all globally
occurring marine heatwaves were attributable
to the temperature increase since the period
1850-1900 (Frolicher and others, 2018).
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Marine heatwaves will further increase in fre-
quency, duration, spatial extent and intensity
under future global warming (Frolicher and
others, 2018; Darmaraki and others, 2019),
pushing some marine organisms, fish stocks
and ecosystems beyond the limits of their
resilience, with cascading impacts on econo-
mies and societies (Smale and others, 2019).
Globally, the frequency of marine heatwaves
is very likely to increase by a factor of about
50 times by the period 2081-2100 under the
high-emission Representative Concentration
Pathway (RCP) 8.5 scenario and by a factor of
about 20 times under the low-emission RCP
2.6 scenario (Van Vuuren and others, 2011), rel-
ative to the reference period 1850-1900. Such
future trends in marine heatwave frequency
can largely be explained by increases in mean
ocean temperature. The largest changes in the
frequency of marine heatwaves are projected
for the Arctic Ocean and the tropical oceans
(figure I; Intergovernmental Panel on Climate
Change (IPCC), 2019, chap. 6, figure 6.4).
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Locations of extreme events with an identified link to climate change caused by human
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Limiting global warming would reduce the risk
of impacts of marine heatwaves, but critical
thresholds for some ecosystems (e.g., kelp
forests and coral reefs) will be reached even
at relatively low levels of future global warm-
ing (King and others, 2017). Early warning
systems, producing skilful forecasts of marine
heatwaves, can further help to reduce vulner-
abilities in fishing, tourism and conservation,
but are yet unproven on a large scale (Payne
and others, 2017; Tommasi and others, 2017).

One of the best data-rich examples of the im-
pact of a marine heatwave on well-managed
fisheries is of the Gulf of Alaska in the North
Pacific. A prolonged warm ocean event weak-
ened benthic ocean and surface mixing, in turn
disrupting trophies, invertebrate and forage
fish populations, and decimated the Pacific cod
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fishery, triggering a series of repeating mass
marine mammal and seabird die-offs that had
aripple effect through coastal economies.

The El Nifio Southern Oscillation is a coupled
atmosphere-ocean phenomenon, identified by
an oscillation between warm and cold ocean
temperatures in the tropical central eastern
Pacific Ocean and an associated fluctuation in
the global-scale tropical and subtropical sur-
face pressure patterns. Typically, it has a pre-
ferred timescale of about two to seven years.
It is often measured by the surface pressure
anomaly difference between Tahiti, French Pol-
ynesia, and Darwin, Australia, and/or the sea
surface temperatures in the central and east-
ern equatorial Pacific (Rasmussen and Carpen-
ter, 1982). It has climatic effects throughout
the Pacific region and in many other parts of
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the world through global teleconnections. The
warm phase of the Oscillation is called El Nifio
and the cold phase is called La Nifna.

The strongest El Nifio and La Nifia events since
the pre-industrial era have occurred during the
past 50 years, and that variability is unusually
high when compared with average variability
during the last millennium (Cobb and others,
2013; Santoso and others, 2017). There have
been three occurrences of extreme El Nifio
events during the modern observational peri-
od (1982/83, 1997/98, 2015/16), all character-
ized by pronounced rainfall in the normally dry
equatorial East Pacific. There have been two
occurrences of extreme La Nifia (1988/89,
1998/99).

Extreme El Nifio and La Nifia events are likely
to occur more frequently with global warming
and are likely to intensify existing impacts, with
drier or wetter responses in several regions
across the globe, even at relatively low levels
of future global warming (Cai and others, 2014;
Cai and others, 2015; Power and Delage, 2018).

Sustained long-term monitoring and improved
forecasts can be used in managing the risks of
extreme EI Nifio and La Nifia events associated
with human health, agriculture, fisheries, coral
reefs, aquaculture, wildfire, drought and flood
management (LHeureux and others, 2017).

A tropical cyclone is the general term for
a strong, cyclonic-scale disturbance that
originates over the tropical ocean. Based on
one-minute maximum sustained wind speed,
the cyclonic disturbances are categorized
into tropical depressions (= 17 m/s), tropical
storms (18-32 m/s) and tropical cyclones
(= 33 m/s, category 1 to category 5) (Knutson
and others, 2010). A tropical cyclone is called
a hurricane, typhoon or cyclone, depending on
geographic location.

Anthropogenic climate change has increased
precipitation, winds and extreme sea level
events associated with a number of observed
tropical cyclones. For example, studies have
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shown that the rainfall intensity of tropical cy-
clone (Hurricane) Harvey increased by at least
8 per cent (8-19 per cent) owing to climate
change (Risser and Wehner, 2017; Van Olden-
borgh and others, 2017). Anthropogenic climate
change may have contributed to a poleward mi-
gration of maximum tropical cyclone intensity
in the western North Pacific in recent decades
related to anthropogenically forced tropical
expansion (Sharmila and Walsh, 2018). There
is emerging evidence of a number of regional
changes in tropical cyclone behaviour, such
as an increase in the annual global proportion
of category 4 or 5 tropical cyclones in recent
decades, extremely severe tropical cyclones
occurring in the Arabian Sea, cyclones making
landfall in East and South-East Asia, an in-
crease in frequency of moderately large storm
surge events in the United States since 1923
and a decrease in frequency of severe tropical
cyclones making landfall in eastern Australia
since the late 1800s. There is low confidence
that they represent detectable anthropogenic
signals. Extreme wave heights, which contrib-
ute to extreme sea level events, coastal erosion
and flooding, have increased in the Southern
Ocean and the North Atlantic Ocean by about
1.0 cm per year and 0.8 cm per year over the
period 1985-2018 (Young and Ribal, 2019).

An increase in the average intensity of tropical
cyclones, and the associated average precipita-
tion rates, is projected for a 2°C global temper-
ature rise, although there is low confidence in
future frequency changes at the global scale
(Yamada and others, 2017). Rising sea levels
will contribute to higher extreme sea levels
associated with tropical cyclones in the future
(Garner and others, 2017). Projections suggest
that the proportion of category 4 and 5 tropical
cyclones will increase (Knutson and others,
2015; Park and others, 2017). Such changes
will affect storm surge frequency and intensity,
as well as coastal infrastructure and mortality.

Investment in disaster risk reduction, flood
management (ecosystem and engineered)
and early warning systems decreases
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economic loss from tropical cyclones that
occur near coasts and islands. However, such
investments may be hindered by limited local
capacities (e.g., ageing infrastructure and
other non-climatic factors) that, for example,
can lead to increased losses and mortality
from extreme winds and storm surges in de-
veloping countries despite adaptation efforts.
There is emerging evidence of increasing
risks for locations affected by unprecedented
storm trajectories. Management of risk from
such changing storm trajectories and intensity
proves challenging because of the difficulties
of early warning and its receptivity by affected
populations.

2.2. Sealevel rise and cities

Cities located along coastlines and in archipe-
lagic and island States are becoming increas-
ingly susceptible to erosion and sea level rise
(De Sherbinin and others, 2007; Hanson and
others, 2011; Takagi and others, 2016). Many
comprise large areas of reclaimed land (the
gain of land from the sea, wetlands or other
water bodies), which is retained and protected
from erosion by hard engineered structures,
such as sea walls and rock armouring (Sen-
gupta and others, 2018). It is likely that many
of such engineered coastlines will need to be
adapted and upgraded to keep pace with rising
sea levels. In highly urbanized environments
that are often already heavily degraded, hard
engineered structures are often the only option
available and are considered to be successful
options (Hallegatte and others, 2013; Hinkel
and others, 2014), but there are a wide range of
broader negative impacts of land reclamation
and those structures on the surrounding envi-
ronment (Dafforn and others, 2015). Globally,
many regions (especially cities) are claiming
that more than 50 per cent of their coastlines
are armoured (e.g., Chapman, 2003; Burt and
others, 2013), and that number will likely rise
in the future in response to burgeoning econ-
omies, coastal populations and urbanization

(e.g., see plans for the reclamation of the en-
tire coastlines of two Malaysian states in Chee
and others, 2017).

As an alternative to hard engineered coastal
defences, construction of which is complex
and expensive, where possible, natural coast-
al ecosystems such as mangroves and salt
marshes should be used as natural barriers
or combined with hard infrastructure using
hybrid approaches (Temmerman and others,
2013). The use of such ecosystems can not
only protect the land but also provide valuable
ecosystem functions and services. As hard
engineered coastal defences may be consid-
ered an effective short-term solution to coast-
al flooding, more investment will be needed
owing to observed increasing storminess
and sea level rise (Mendelsohn and others,
2012; Vitousek and others, 2017). By 2010, the
global average sea level was calculated to be
52.4 mm above the 1993 level and, by 2018, it
had risen to 89.9 mm above the 1993 level (Na-
tional Oceanic and Atmospheric Administra-
tion (NOAA), 2019). The rate of change is also
increasing. For the period 1993-2018, the rate
of increase was calculated at 3.2 mm per year,
while for the period 2010-2018, it was calcu-
lated to be much faster, at 4.7 mm per year. De-
spite significant uncertainties remaining, the
Intergovernmental Panel on Climate Change
predicts that sea level rise will continue for
centuries, even if mitigation measures are put
in place. The potential widespread collapse of
ice shelves could lead to a larger twenty-first
century sea level rise of up to several tenths
of a metre (Church and others, 2013), which
will have drastic consequences for coastal, ar-
chipelagic and small island cities, in particular
those in low-lying areas.

Urbanization could, however, also provide op-
portunities for risk reduction, given that cities
are engines of economic growth and centres of
innovation, political attention and private sector
investments (Garschagen and Romero-Lankao,
2015). Hallegatte and others (2013) conducted
a global analysis of present and future losses
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in the 136 largest coastal cities. They predicted
that global flood losses would increase from an
average of $6 billion per year in 2005 to $1 tril-
lion by 2050, with projected socioeconomic
change, climate change and subsidence. Even
if adaptation investments remain constant,
flood probability, subsidence and sea level
rise will increase global flood losses to $60
billion-§63 billion per year in 2050. The same
study found that developing countries are
particularly vulnerable to flood risk, with much
lower investment in flood protection measures
(Hallegatte and others, 2013).

Case study: Rotterdam

Low-lying cities in the Netherlands, a coun-
try that has long been a pioneer in both land
reclamation and climate change adaptation,
are taking a multipronged approach to the
problem of sea level rise. For instance, Rotter-
dam’s adaptation system is based on a flood
and sea level rise defence system (C40 Cities,
2019) consisting of the Maeslantkering flexible
storm surge barrier, permanent sand dunes
along the coast, dykes along the rivers and
a tailored “inner-dyke/outer-dyke” approach.
The inner-dyke city, which is mostly below sea
level, is formed by a system of polders drained
by water outlets and pumps and protected
by smaller secondary dykes. The outer-dyke
city area (3—-5.5 m above sea level), of 40,000
inhabitants, is vulnerable to rising sea level or
smaller temporary floods. It is being adapted
through the use of innovative technologies
(e.g., floating buildings) and more traditional
approaches (e.g., insulation of building fa-
cades and raising of electrical installations).

2.3. Pressures from changes in
temperature

Ocean warming caused by anthropogenic cli-
mate change will continue for centuries after
the anthropogenic forcing is stabilized (IPCC,
2019). It will affect marine ecosystems through
increasing cumulative pressures owing to the
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changing climate and the intensity of human
activities and is also interfering with other
ocean properties, such as salinity and nutrient
or carbon cycles, owing to the interconnection
of all such processes.

Temperature-dependent biological sensitivity
varies between species and is affected by oth-
er ocean properties. For example, for pelagic
species, analysis of long-term trends in primary
production has revealed that a rise in ocean
temperatures, leading to enhanced stratifica-
tion, nutrient limitation and shifts towards small
phytoplankton, will have the greatest influence
on decreasing the flux of particulate organic
carbon to the deep ocean (Boyd and others,
2016; Fu and others, 2016). Reductions in par-
ticulate organic carbon flux are predicted at low
and middle latitudes, but increases are possible
at high latitudes, associated with a reduction in
sea ice cover (Sweetman and others, 2017; Yool
and others, 2017; FAO, 2018).

The special report entitled Global Warming
of 1.5°C of the Intergovernmental Panel on
Climate Change (2018) indicates that ocean
ecosystems are already experiencing large-
scale changes, and critical thresholds are
expected to be reached at 1.5°C and higher
levels of global warming. The changes to wa-
ter temperatures are expected to drive some
species (e.g., plankton and fish) to relocate to
higher latitudes and cause novel ecosystems
to assemble (Jonkers and others, 2019).

The increase in temperatures directly affects
coastal communities, not only in terms of the
effects on coastal marine ecosystems, but
also onthe ecosystem goods and services they
deliver (Worm and others, 2006; Pendleton
and others, 2016). They include, for example,
the number of viable fisheries, the provision
of nursery functions and the filtering services
provided by coastal wetlands (Cochard and
others, 2008; Barange and others, 2018). Coral
reefs are one of coastal ecosystems heav-
ily affected by ocean warming, and the coral
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bleaching phenomenon can affect not only
marine life but also marine tourism.

Changes in temperature and salinity also have
an impact on human well-being (food and
health). With respectto food security, fishis one
of the most consumed foods in the world and
a major contributor to a healthy diet, owing to
its proteins, fatty acids, vitamins and other el-
ements that are essential for health (Hilmi and
others, 2014). Climate change could decrease
seafood availability (Golden and others, 2016)
and, as a consequence, reduce protein supply
to coastal communities, in general (Blanchard
and others, 2017). That would have a strong
impact on communities with high seafood
dependence, including indigenous and other
coastal communities.

An increased prevalence and transmission of
diseases is also likely to occur with warmer
ocean temperatures. Ocean warming could
raise the risk of waterborne diseases and
bloom algae toxins (see chap. 6a), affecting
the populations and economies of affected ar-
eas. For example, the bacterial pathogen Vibrio
cholerae is expected to grow faster owing to
the increase in ocean temperatures (Semenza
and others, 2017).

2.4. Pressures from changes in ocean
chemistry

Ocean uptake of carbon dioxide emissions
is rapidly changing seawater chemistry in a
process known as ocean acidification (see
chap. 5). As the partial pressure of carbon
dioxide in seawater increases, it causes the
carbonate saturation state to fall below levels
suitable for globally important reef-forming
taxa (Albright and others, 2018). Most coral
reefs (shallow and deep) are vulnerable to
rising CO, concentrations (Lam and others,
2019). Ocean acidification is causing the depth
at which seawater is corrosive to carbonate
to shoal, threatening deepwater coral reefs
worldwide through dissolution and intensified
bioerosion (Gémez and others, 2018). Ocean

acidification combines with warming, rising
sea level and more severe storms to reduce
reef resilience on a global scale and augment
reef destruction. In the Arctic, there has been
a rapid expansion in the area where surface
seawater is corrosive to calcareous organisms
(Brodie and others, 2014).

Ocean acidification may affect all marine life,
for example, through changes in gene expres-
sion, physiology, reproduction and behaviour
(Riebesell and Gattuso, 2015; IPCC, 2019).
Between 2005 and 2009, ocean acidification
jeopardized a $270 million shellfish aquacul-
ture industry that provided 3,200 jobs per year
in Washington State, United States. Billions of
oysters died in hatcheries because seawater
had become corrosive to larval shells (Ekstrom
and others, 2015). In addition to its negative
impacts on calcifying phyto- and zooplankton,
acidification can lower the nutritional value of
seafood.

Ocean acidification also affects ecosystem
properties, functions and services. Some
groups of organisms do well in acidified condi-
tions, but many taxa do not (Agostini and oth-
ers, 2018). Many algae are resilient to the levels
of ocean acidification projected under the
Intergovernmental Panel on Climate Change
RCP 8.5 scenario, yet shifts in community
composition greatly alter seaweed habitats
(Brodie and others, 2014; Enochs and others,
2015). Increased carbon availability stimu-
lates primary production and can increase
the standing stock of kelps and seagrasses
(Russell and others, 2013; Linares and others,
2015; Cornwall and others, 2017), although
microalgae and turf algae dominate acidified
waters in exposed conditions (Agostini and
others, 2018; Connell and others, 2018).

Research at natural marine CO, seeps has
shown that there is about a 30 per cent de-
crease in macrofaunal biodiversity as average
pH declines from 81 to 7.8 (Agostini and
others, 2018; Foo and others, 2018), which is
attributable to direct effects, such as increased
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metabolic costs of coping with hypercapnia, or
indirect effects, such as increased susceptibili-
ty to predation (Sunday and others, 2017). Some
corals grow well in seawater with elevated CO,
concentrations, but the habitats they form
lack diversity as reefs are degraded by ocean
acidification owing to chemical dissolution and
enhanced bioerosion, causing a shift to less
diverse ecosystems. Chapter 7D also reviews
the impacts of ocean acidification on coral
reefs. The dual effects of increased CO, and
decreased carbonate alter trophic interactions.
Reductions in the abundance and size of calcar-
eous herbivores contribute to the overgrowth of
weedy turf algae and a simplification of food
webs, with losses in functional diversity (Vizzini
and others, 2017; Teixidé and others, 2018).

Damage from ocean acidification results in
less coastal protection and less habitat for
biodiversity and fisheries (Hall-Spencer and
Harvey, 2019). Live coral cover on tropical
reefs has nearly halved in the past 150 years,
the decline accelerating over the past two
decades owing to increased water temper-
ature and ocean acidification exacerbating
other drivers of coral loss. When combined
with rising temperatures, sea level rise and
increasing extreme climate events, ocean
acidification further threatens the goods and
services provided by coastal ecosystems.
That is particularly important for those people
who are heavily reliant on marine resources for
protection, nutrition, employment and tourism
(Lam and others, 2019).

Proposed actions to lessen the impacts of
ocean acidification and to build resilience
are primarily intended to reduce CO, emis-
sions but also include: reduction of pollution
and other stressors (such as overfishing and
habitat damage); seaweed -cultivation and
seagrass restoration; water treatment, (e.g.,
for high-value aquaculture); adaptation of hu-
man activities such as aquaculture; and repair
of damaged ecosystems (Cooley and others,
2016), for example, through the rewilding of
the ocean.
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Regarding deoxygenation, since the middle
of the twentieth century, the ocean (including
coastal waters, such as estuaries and semi-en-
closed seas) has lost about 2 per cent, or over
150 billion tons, of its total oxygen content
(Schmidtko and others, 2017), and more than
600 coastal water bodies have reported ox-
ygen concentrations of less than 2 mg per |
(Diaz and Rosenberg, 2008; Breitburg and
others, 2018). Climate change is projected to
cause more oxygen decline in many coastal
systems where deoxygenation is currently
driven primarily by an oversupply of anthro-
pogenic nutrients. Such deoxygenation is of
great concern because oxygen is fundamental
to life in the oceans (figure II; Laffoley and Bax-
ter, 2019). It constrains productivity and bio-
diversity, regulates global cycles of nutrients
and carbon, and is required for the survival of
individual organisms (Breitburg and others,
2018). When oxygen is sufficient, it does not
limit or negatively affect the physiology, behav-
iour and ecological interactions of organisms
dependent on aerobic (oxygen-utilizing) res-
piration. Waters are considered to be hypoxic
when oxygen levels are insufficient and those
processes are impaired. A threshold value of
2 mg dissolved oxygen/l is often used to de-
fine hypoxia, but the oxygen concentration or
saturation at which life processes are impaired
varies considerably among species, processes
and habitats and is affected by temperature.

As the oxygen content of water declines, an
increasing fraction of production is divert-
ed to microbes (Diaz and Rosenberg, 2008;
Wright and others, 2012). Food webs change
because of altered encounter rates and the
species-specific effects of low oxygen on the
feeding efficiencies of predators and escape
behaviours of prey. Energy transfer to tolerant
animals, such as gelatinous species, can in-
crease (Keister and Tuttle, 2013). The roles of
vision (McCormick and Levin, 2017) and car-
nivory (Sperling and others, 2016) can decline
within low oxygen areas because those activi-
ties are energy intensive. In contrast, predation
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can intensify above low oxygen zones as visual
feeders are forced into shallower waters with
higher light levels (Koslow and others, 2011).

Declining ocean oxygen is expected to neg-
atively affect a wide range of biological and
ecological processes. The magnitude of the
effects will vary among species and process-
es, however, and whether the magnitude of
responses will be directly proportional to the
magnitude of oxygen decline is uncertain.
Some effects of oxygen decline are dependent
on direct exposure within low-oxygen waters,
while others involve the movement of organ-
isms and material (e.g., nutrients, organic
matter, greenhouse gases) among locations
that vary in oxygen content, and still other ef-
fects are primarily dependent on oxygen levels
at particular locations that are critical for a
species or life stage. Many responses involve
threshold oxygen levels at which biological
functions can no longer be maintained.

Figure Il

The biomass and diversity of eukaryotic organ-
isms tend to decline and species composition
changes as oxygen declines (Gallo and Levin,
2016). As low-oxygen waters expand, tolerant
species can expand their depth range, while
ranges of species that are more sensitive
contract (Sato and others, 2017). The relative
abundance of species within systems reflects
variation in species’ tolerances to low oxygen
and other co-stressors (Koslow and others,
2018). Organisms, including crustaceans and
fish adapted to low-oxygen environments, can
reach very high densities in low-oxygen areas
(Pineda and others, 2016; Gallo and others,
2019). However, in naturally low-oxygen hab-
itats, such as oxygen minimum zones, even
very small changes (representing less than
1 per cent of the oxygen content of well-ox-
ygenated surface waters) can result in the
exclusion of species that would otherwise be
abundant (Wishner and others, 2018).

Control of oxygen over biological and biogeochemical processes in the open ocean and

coastal waters

Eukaryotic biomass and diversity not limited by
oxygen unless increasilg temperature increases
oxygen demand above oxygen supply

—

Fishing boats targetfinfish and invertebrates
found at high densities at the edge of low oxygen
zones where they escape stressful conditions
and take advantage of prey that use this edge as
refuge habitat

Upwelling of low O, high CO, waters can kill and
displace fish and benthic invertebrates, but high
nutrients in upwelled waters fuel high productivity

—>

Hypoxia

Organisms inhabling low-oxygen habitats have
evolved physiological and behavioral
adaptations; but when tolerances are exceeded,
survival, growth and reproduction decline

—>

Global warming is expected to continue to
worsen deoxygenation in the open ocean; and

both increasing nutrieri loads and warming could >
worsen future deoxygenation in coastal waters

Absence of eukaryotes dependent on aerobic

respiration; increased denitrification, production =~ —3»-

of N,O and release of Fe and P from sediments

Source: Figure modified from Breitburg and others, 2018.

Well-oxygenated water

Anoxia

Well-oxygenated

coral reef with abundant
fish and invertebrate
assemblages

' Low oxygen event in
Mobile Bay, United States,
in which crabs and fish
crowd into extreme
shallows where oxygen
levels are highest

Anoxic mud
devoid of macrofauna

Note: Oxygen exerts a strong control over biological and biogeochemical processes in the open ocean and coastal
waters. Whether oxygen patterns change over space, as with depth, or over time, as effects of nutrients and warming
become more pronounced, biological diversity, biomass, and productivity decline with decreasing levels of oxygen.
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Chronic exposure to suboptimal oxygen
conditions can reduce growth (Thomas and
others, 2019) and reproduction (Thomas and
others, 2015). Numerical models indicate that
those chronic effects can lead to population
declines over time (Rose and others, 2018),
even in the absence of direct low oxygen-in-
duced mortality. Increased acquisition or
progression of infections and decreased host
immune responses resulting from exposure
to low oxygen have been reported for a range
of vertebrate and invertebrate hosts (Breit-
burg and others, 2019) and may increase the
transmission of pathogens to humans through
consumption of immunosuppressed hosts
(Hernroth and Baden, 2018).

Microbes have evolved and adapted to exploit
even the most extreme habitats on Earth, in-
cluding those that contain no oxygen. Biogeo-
chemical cycling of elements by microbesinthe
absence of oxygen leads to the production of
greenhouse gases, including nitrous oxide and
methane (Buitenhuis and others, 2018). The
expansion of anoxic habitats could, therefore,
lead to the increased release of greenhouse
gases to the atmosphere, further increasing
warming and stratification. That outcome is
uncertain, however, because warming and
stratification, both of which might increase
greenhouse gas production, will also affect
the rates and distribution of primary produc-
tion upon which all other biological processes
depend (Battaglia and Joos, 2018).

Ocean deoxygenation does not occur in
isolation from other human-caused ocean
stressors. With elevated ocean temperatures,
microbes that are dependent on aerobic respi-
ration and the vast majority of marine animals
will need to consume more oxygen in order to
survive (Portner, 2012). Elevated ocean tem-
peratures therefore decrease the availability
of suitable habitat both by increasing oxygen
requirements and by inducing further oxygen
loss. Predicted shifts in distribution poleward
and into deeper, cooler waters, local extinc-
tions and decreased maximum size of many
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fish species are attributed, at least in part, to
increased oxygen requirements at warmer
temperatures (Deutsch and others, 2015; Pau-
ly and Cheung, 2018). The combined effects
of ocean climate change stressors, namely,
deoxygenation, warming and acidification,
may also result in spatial, temporal and evolu-
tionary mismatches between zooplankton and
fish larvae that lead to altered larval fish growth
and survival, and ultimately negative effects
on fisheries (Dam and Baumann, 2017). More
generally, the role of oxygen in converting food
to energy means that oxygen supply can de-
termine the amount of energy that is available
to respond to other stressors (Sokolova, 2013).

Fisheries catches are often low in oxygen-
depleted waters as a result of the avoidance be-
haviour of highly mobile species, as well as the
mortality and recruitment failure of species that
are sessile or have limited mobility (Breitburg
and others, 2009; Rose and others, 2018). There
is concern that low-oxygen areas and their ex-
pansion make fish and mobile shellfish more
susceptible to overfishing (Craig, 2012; Purcell
and others, 2017) by leading to high-density
aggregations above and at the edge of low-ox-
ygen waters (Craig, 2012; Stramma and others,
2012). For example, spatial shifts in fishing
effort have been well documented in both the
brown shrimp fishery in the Gulf of Mexico and
the Dungeness crab fishery in Hood Canal, Unit-
ed States, whereby the spatial overlap between
fishing fleets and target species increases as
hypoxic zones increase on a seasonal basis or
among years that vary in the spatial extent of
hypoxia (Purcell and others, 2017; Froehlich and
others, 2017). Fishing mortality may increase
where such refuge locations are targeted and
where shallower distributions increase catch
rates (Purcell and others, 2017). Low-oxygen
events have also been an important source of
mortality in both finfish and shellfish aquacul-
ture, causing substantial losses to local econo-
mies, with consequences to both human health
and food security (Cayabyab and others, 2002;
Rice, 2014).
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3. Capacity-building: Global Ocean Acidification Observing
Network and Global Ocean Oxygen Network

Sustainable Development Goal 14 addresses
the need to “conserve and sustainably use the
oceans, seas and marine resources for sus-
tainable development”, including by meeting
target 14.3, to “minimize and address the im-
pacts of ocean acidification, including through
enhanced scientific cooperation at all levels”.’
Concern about the problem of deoxygenation
was also noted in the “Our ocean, our future:
call for action” declaration, the outcome of
the United Nations Conference to Support the
Implementation of Sustainable Development
Goal 14: Conserve and sustainably use the
oceans, seas and marine resources for sus-
tainable development.2

The ability to attribute ecosystem impacts to
changing ocean chemistry requires contin-
ued advances in ocean observation systems.
Global initiatives in ocean research, such as
Biogeochemical Argo, and the Global Ocean
Acidification Observing Network and Global
Ocean Oxygen Network of the Intergovernmen-
tal Oceanographic Commission are reducing
barriers and building capacity in support of
improved global understanding of ocean acidi-
fication and deoxygenation. The Global Ocean
Acidification Observing Network and the Glob-
al Ocean Oxygen Network provide access to
collaboration and mentoring in support of im-
proving ocean observations of pH and oxygen
through training sessions, partnerships and
support for the creation of regional hubs. Cur-
rently, ocean acidification and deoxygenation
observation and research efforts are concen-
trated in a relatively small number of countries,
leaving large knowledge and capacity gaps
around the world, especially in the southern
hemisphere and in small island developing
States and least developed countries (Global

1T See General Assembly resolution 70/1.

Ocean Acidification Observing Network (GOA-
ON), 2019). Higher capacity to collect complex
data and deliver better observations across
the globe means that the predictive power
of experiments and ecosystem models may
improve as they replicate real-world scenarios
more effectively to meet Goal 14.

Marine ecosystem services depend on which
basic biotic functions are maintained (Connell
and others, 2018), which ecosystem engineers
and keystone species are retained (Sunday
and others, 2017) and whether the spread of
nuisance species is avoided (Hall-Spencer and
Allen, 2015). Knowledge gaps for ecosystem
responses to changes in ocean chemistry
remain large. However, multi-stressor experi-
ments and ecosystem models that incorporate
advances in ecophysiology and genomics may
better describe the scope of impact and reduce
uncertainty about its extent. How deoxygen-
ation is altering microbial pathways and rates
of processes within the water column and the
deep ocean needs to be better understood
(Breitburg and others, 2018). The call by Rie-
besell and Gattuso (2015) for a shift towards
multi-stressor and multispecies experiments
to understand more specifically the ecological
impacts of ocean acidification on marine com-
munities has been taken up (Munday, 2017).
Further advances will result from deepening
and broadening the understanding of the re-
lationships of ocean acidification and oxygen
with other environmental drivers, how ecologi-
cal processes and species interactions change
under conditions that matter to them and how
individual variation, plasticity and adaptation
in response to ocean chemistry change shape
impacts on marine ecosystems. Advancing
research on those topics will support more

2 See General Assembly resolution 71/312, annex; see also https://oceanconference.un.org/callforaction.
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effective measures to mitigate the impacts of
ocean acidification and deoxygenation, which
may,as aresult,haveless serious consequences

4.  Summary

Marine heatwaves are shown to be increasing
in frequency and intensity owing to climate
change caused by human activities and are
having a mostly negative impact on marine
ecosystems. Marine heatwaves and their im-
pacts are projected to increase in the future
but those increases can be strongly limited by
efforts to mitigate climate change. Forecast-
ing systems may be employed in adapting to
the effects of marine heatwaves.

Extreme El Nifio and La Nifa events have been
observed but, because they occur infrequent-
ly, a human influence has not been detected.
Nevertheless, models indicate an increase in
the frequency of both phases of the oscillation
under future scenarios of global warming. As
in the case of marine heatwaves, forecasting
systems, which already exist, may be em-
ployed in risk management and adaptation.

While changes in the frequency and spatial dis-
tribution of tropical cyclones are hard to detect
in the observational record, studies of individ-
ual cyclones have shown a human influence
on their intensity, in particular, the associated
rainfall. Changes in intensity are projected to
increase in the future, with associated impacts
on storm surges and coastal infrastructure.

Although all coastal cities are already facing
rising sea levels, low-lying cities and develop-
ing countries that lack the ability to invest in
coastal defence measures and natural barrier
restoration will suffer damage and losses of
a higher degree. Global population studies
suggest that people are relocating to coast-
al areas and will continue to do so, thereby
putting more people at risk economically and
socially. Although cities are typically centres
for innovation and investment, key examples
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for the millions of people who are dependent on
coastal protection, fisheries and aquaculture in
lower-emission scenarios.

demonstrate the difficulty in solving such
complex problems in vulnerable locations.

Damage and losses are also driven by existing
vulnerabilities in coastal infrastructure and
may not be solely attributed to rising sea lev-
els. Rather, increasing sea levels may exacer-
bate existing issues, increasing risk.

The complex interactions of temperature and
salinity with nutrients and chemical cycles of
the ocean imply that variations in those varia-
bles owing to climate change and anthropo-
genic impact thus affect marine ecosystems,
population, coastal communities and the
related economy. Ocean warming is causing
significant damage to marine ecosystems, and
species are losing their habitats, forcing them
to adapt or relocate to new temperatures or look
for new feeding, spawning or nursery areas.

Ocean acidity and the availability of sufficient
oxygen both underpin the provision of marine
ecosystem services to human society. Rapid
changes in ocean acidity and falling oxygen
levels caused by climate change and anthropo-
genic CO, emissions are, however, now being
observed, which is changing marine habitats
and ecosystems worldwide. Warming is caus-
ing oxygen levels to fall, and acidification is
rapidly changing the carbonate chemistry
of surface ocean waters, which together are
reducing the growth and survival of many or-
ganisms and degrading ecosystem resilience.

Closing knowledge gaps in ocean science
by supporting capacity-building efforts that
increase the understanding of how the ocean
and its ecosystems are responding to changes
in ocean physical and chemical properties is
an important pathway to reducing the impacts
of such changes and achieving Sustainable
Development Goal 14.
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Chapter 10: Changes in nutrient inputs to the marine environment

Keynote points

o Inputs of nitrogen (N) and phosphorus (P)
to coastal ecosystems through river run-
off and atmospheric deposition increased
rapidly during the twentieth century owing
to anthropogenic inputs derived primarily
from the use of synthetic fertilizer, com-
bustion of fossil fuels, cultivation of leg-
umes (N,-fixation), production of manure
by livestock and municipal wastes.

e Increases in anthropogenic nutrient inputs
have fuelled a global increase in cultural
eutrophication of the coastal ocean and
now exceed inputs owing to natural pro-
cesses.

e Ecological responses to the process of cul-
tural eutrophication include increases in

1. Introduction

During the course of the twenty-first century,
increases in anthropogenic inputs of N and
P to coastal ecosystems through river dis-
charge became the primary cause of cultural
eutrophication’ and consequent ecosystem
degradation of the coastal ocean worldwide
(Rabalais and others, 2009a, 2009b; Paerl and
others, 2014; Beusen and others, 2016; Ngatia
and others, 2019), a trend that is arguably the
most widespread anthropogenic threat to the
health of coastal ecosystems (Rabalais and
others, 2009b; IPCC, 2014).

Nixon (1995) defined eutrophication as an in-
crease in the rate of supply of organic matter
to an ecosystem and noted that increases in
the supply of organic matter to coastal eco-
systems have various causes, the most com-
mon being excess inputs of biologically active,
inorganic N and P. Since phytoplankton net pri-
mary production in most coastal ecosystems

the severity and extent of coastal hypoxia,
acidification and toxic algal events. Thus,
cultural eutrophication is a serious threat
to the health of coastal ecosystems and
their capacity to provide services that are
valued by society.

e Itis projected that anthropogenic N and P
production will increase by nearly a factor
of two during the first half of the twen-
ty-first century.

e Reducing anthropogenic inputs of N and P
to the coastal ocean to minimize the extent
and risk of coastal eutrophication during
the course of the twenty-first century
should be an international priority.

is limited primarily by the availability of N
(Howarth and Marino, 2006; Elser and others,
2007), phytoplankton biomass in the coastal
ocean has increased accordingly (Howarth
and others, 2011). Combined with additional
anthropogenic inputs of organic nutrients from
land-based sources, the resulting accumula-
tion of organic matter has led to the cultural
eutrophication of many coastal ecosystems
worldwide (see figure below), a process that
is arguably the most serious threat to the
marine ecosystem services valued by society,
for example, the provision of biodiversity, the
production of oxygen, the mitigation of coast-
al flooding, fisheries and the sequestration of
atmospheric CO, (Howarth and others, 2000;
Bachmann and others, 2006; Martinez and
others, 2007; Costanza and others, 2017).

The focus in the present chapter is on anthro-
pogenic inputs of biologically reactive fixed

T Eutrophication driven by anthropogenic inputs of nutrients and organic matter that lead to undesirable changes
in ecosystem health (Smith and others, 2006; Rabalais and others, 2009a, 2009b).
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N (such as dissolved nitrate, nitrite, ammoni-
um, urea and free amino acids) and P (PO,?)
(such as orthophosphate, polyphosphate and
organically bound phosphates) to the coastal
ocean as defined by the global network of
large marine ecosystems.? In that context,
the objectives of the present chapter are
to: (@) document changes in anthropogenic
inputs of N and P to selected coastal marine

ecosystems; (b) assess the impacts of cultural
eutrophication on those ecosystems; (c) pro-
ject how those changes will likely affect the
capacity of the coastal ecosystem to support
ecosystem services during the course of the
twenty-first century in the context of global cli-
mate change; and (d) identify gaps in current
knowledge.

Global distribution of eutrophic coastal marine ecosystems

{} - /‘,-
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Source: Breitburg and others, 2018.
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Note: Recent coastal surveys of the United States and Europe found that a staggering 78 per cent of the assessed
continental United States coastal area and approximately 65 per cent of the Atlantic coast of Europe exhibit symp-

toms of eutrophication.

The information presented herein is relevant
to a number of chapters in the present As-
sessment (chapters 4-9, 11-15, 22 and 28).
Chapter 5 (trends in the physical and chemical
state of the ocean), and chapter 6A (plankton
diversity) are particularly relevant. The former
is addressed in the present chapter to the

extent that changes in nutrient inputs and eu-
trophication are related trends in physical and
chemical environmental conditions (emphasis
on climate-driven changes). The latter is ad-
dressed to the extent that changes in plankton
diversity are relevant to the problem of coastal
eutrophication.

The global network of large marine ecosystems includes coastal watersheds and the coastal ocean (estuaries

and the open waters of the continental shelves (available at www.Imehub.net). Large marine ecosystems vary
in size from about 200,000 km? to more than 1,000,000 km? and encompass areas of the coastal ocean where
primary productivity is generally higher than in the open ocean.
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2.  Situation reported in the first World Ocean Assessment

Chapter 20 of the first World Ocean Assess-
ment (United Nations, 2017) contained a re-
view of coastal, riverine and airborne inputs of
contaminants from land-based sources, with
an emphasis on hazardous substances, en-
docrine disruptors, nutrients and waterborne
pathogens, and radioactive substances. Those
aspects that are related to anthropogenic nutri-
ent inputs to the ocean, in general, and coastal
ecosystems, in particular, are most relevant to
the present chapter. In addition to the global
view summarized below, chapter 20 of the first
Assessment included a summary of inputs to
and impacts of nutrients for different regions
of the global ocean (Arctic Ocean and regions
of the Atlantic Ocean, the Indian Ocean and the
Pacific Ocean).

Major sources of anthropogenic nutrients
include municipal wastewater, fertilizers used
for agriculture, the combustion of fossil fuels
and food-related industries. Transport routes
to the ocean from those land-based sources
include river run-off and atmospheric deposi-
tion. Controlling nutrient inputs from municipal
wastes remains a challenge in the developing
world. With regard to agriculture, the use of
fertilizers has grown rapidly in recent decades,
resulting in a 42 per cent increase globally be-
tween 2002 and 2012. However, fertilizer use
in Latin America, southern Asia, eastern Asia

and Oceania has more than doubled during the
same period. Airborne inputs of nitrogen from
the combustion of fossil fuels have also in-
creased. In north-western Europe, over 25 per
cent of nitrogen emissions to the atmosphere
are from those sources. The precise conse-
quences of excess nutrient loading depend on
local environmental conditions, including the
rate at which semi-enclosed bodies of water
are flushed by currents and the strength of
density stratification of the water column.

Land-based inputs of nutrients are not, in
themselves, harmful but can cause problems
when they are excessive. Inputs of anthropo-
genic N and P, which more than doubled in the
past century, have affected the health of ma-
rine ecosystems worldwide. Increased inputs
stimulate the growth of phytoplankton, result-
ing in excessive net primary production, which
often leads to accumulations of phytoplank-
ton biomass and eutrophication. That has led
to the development of oxygen-depleted “dead
zones”, the loss of seagrass beds and increas-
es in the occurrence of toxic phytoplankton
blooms. The global spread of oxygen-depleted
(“dead”) zones in coastal waters has increased
exponentially to over 400 systems since the
1960s and has reached a cumulative area of
about 245,000 km? worldwide.
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3. Global-scale patterns and trends

3.1. Anthropogenic inputs of
biologically reactive nitrogen

and phosphorus

Sources

3.1.1.

During the twentieth century, the global sup-
ply of biologically reactive N and P doubled
owing to anthropogenic activities (Beusen
and others, 2016; Seitzinger and Mayorga,
2016). Over half of new? N and P loads to most
coastal ecosystems (73 per cent of large ma-
rine ecosystems) are related to anthropogenic
sources, current inputs of which have been
estimated to be in the range of 210-223 x 10°
kg N per year (Lee and others, 2016) and about
34 x 10° kg P per year (Harrison and others,
2005). Inputs of those nutrients to large ma-
rine ecosystems are derived from agricultural
practices,* the combustion of fossil fuels and
municipal wastes (Galloway and others, 2004;
Howarth, 2008), as follows:

(a) The single largest source of anthropogenic
N and P is synthetic fertilizers® (Vitousek
and others, 1997; Mosier and others, 2004).
The amount of synthetic fertilizer used for
agriculture has grown exponentially from
near zero in 1910 to about 118 x 10° kg N
peryear and 17.5 x 10° kg P per yearin 2013
(Pefiuelas and others, 2013; Lu and Tian,
2017). Hotspots of fertilizer use shifted
from the United States and Western Eu-
rope in the 1960s to eastern Asia in the ear-
ly twenty-first century. In 2013, East Asia,
South Asia and South-East Asia account-
ed for 71 per cent of global fertilizer use,
followed by North America (11 per cent),
Europe (7 per cent) and South America

(6 per cent) (Lu and Tian, 2017). Of the
N loading, the volatilization of ammonia
from agricultural fields emits an estimated
10 x 10° kg N per year into the atmosphere
(Vitousek and others, 1997; Bouwman and
others, 2013);

(b) The combustion of fossil fuels releases
fixed N from long-term storage in geologi-
cal formations back into the atmosphere in
the form of nitrogen oxides (NO,). Altogeth-
er, emissions from coal- and oil-fired power
plants, automobiles and other combustion
processes release on the order of 40 x 10°
kg N per year (Pefiuelas and others, 2013).
The global distribution of NO, emissions is
not uniform, with Asia, Europe, North Amer-
ica and sub-Saharan Africa accounting for
30, 20, 17 and 12 per cent of emissions,
respectively (Lamsal and others, 2011);

(c) As large areas of natural vegetation have
been replaced with monocultures of leg-
umes that support symbiotic N,-fixing
bacteria, anthropogenic input from biolog-
ical N,-fixation to coastal watersheds is
estimated to be 33 x 10° kg per year (Boyer
and Howarth, 2008);

(d) Livestock production of manure has
increased rapidly over the past century.
Current loads of manure N and P are es-
timated to be approximately 18 x 10° kg N
per year and approximately 2.5 x 10° kg P
per year, with hotspots in Western Europe,
south-eastern Australia, north-eastern Chi-
na, and India (Pefiuelas and others, 2013;
Zhang and others, 2017);

(e) Globally, 80 per cent of municipal waste-
water is released into the environment

3 New N inputs are those coming from outside the ecosystem as opposed to those that are regenerated within

the ecosystem as organic matter is decomposed.

4 Agricultural practices include the use of synthetic fertilizers, animal husbandry and the culture of legumes (bio-

logical N,-fixation).

5 Synthetic fertilizers include ammonium nitrate, ammonium phosphate, superphosphate and urea.
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untreated (World Water Assessment Pro-
gramme (WWAP), 2017). Thus, the most
prevalent urban source of nutrient pollution
is human sewage, which is estimated to
have released about 9 x 10° kg N and about
1.4 x 10° kg P into the environment in 2018
(extrapolated from Van Drecht and others,
2009). The percentage of treated® sewage
varies regionally, from 90 per cent in North
America, 66 per cent in Europe, 35 per cent
in Asia and 14 per cent in Latin America
and the Caribbean to less than 1 per cent
in Africa (Selman and others, 2010).

Non-point (diffuse) source inputs (subparas.
(@)—(d) above; 218 x 10° kg N/year) far exceed
point source inputs from wastewater (subpara.
(e) above; approximately 9 x 10° kg N/year) and
are more difficult to control. Ultimately, most
of those inputs are transported to the coastal
ocean through river run-off and atmospheric
deposition (Howarth, 2008; Spokes and Jick-
ells, 2005; Jickells and others, 2017).” Both
transport pathways are major routes of input
for N, while atmospheric deposition of reactive
P is negligible relative to riverine inputs. Thus,
climate-driven acceleration of the global water
cycle and associated increases in the magni-
tude and frequency of major rainfall events
(Sinha and others, 2017) will accelerate nutri-
ent inputs from diffuse sources (e.g., agricul-
ture) to coastal waters (Howarth and others,
2012). In that context, it should be noted that
reductions in N and P loads have come pri-
marily from advanced wastewater treatment
in developed countries, while efforts to reduce
diffuse inputs from agricultural sources have,
for the most part, been less effective (Boesch,
2019).

6 Primary, secondary or tertiary treatment.

3.1.2. Transport of anthropogenic nutrients
to the coastal ocean

Anthropogenic inputs to the coastal ocean
through river run-off are fuelled by anthropo-
genic supplies to coastal watersheds, wet
precipitation within watersheds and riverine
transport from watersheds (Howarth and oth-
ers, 1996; Green and others, 2004). Globally,
there is a significant linear correlation be-
tween net anthropogenic N supplies to coastal
watersheds and total river-borne N export to
the coastal ocean (Boyer and Howarth, 2008).
During the twentieth century, total riverine in-
puts of N and P to the coastal ocean increased
from about 27 x 10° kg N per year to about 48
x 10° kg N per year and from about 2 x 10° kg
P per year to about 4 x 10° kg P per year (Gal-
loway and others, 2004; Beusen and others,
2016). Boyer and Howarth (2008) estimated
riverine inputs of N to the ocean basins as
follows: Atlantic (primarily from eastern North
America and western Europe) 15-25 x 10° kg
N per year; Pacific (primarily from East Asia)
10-14 x 10° kg N per year; Indian 7-8 x 10° kg
N per year; and Arctic 2—4 x 10° kg N per year.

Atmospheric N compounds are derived from
both agricultural sources (volatilization of
ammonia) and fossil fuels (emission of NO,).
In contrast to river-borne nutrient loading, N
inputs delivered through atmospheric deposi-
tion are fuelled by anthropogenic supplies to
and emissions from coastal airsheds (which
are generally much larger than watersheds),
atmospheric transport from airsheds and wet
precipitation directly over the coastal ocean
(Valigura and others, 2001). As for river-borne
N inputs, atmospheric deposition of N to the
global ocean increased rapidly during the
twentieth century from a pre-industrial rate
of about 22 x 10° kg N per yearto more than

7 Groundwater discharge accounts for approximately 2.4 per cent of nutrient inputs to the coastal ocean globally
(Luijendijk and others, 2020) and is not documented for most of the large marine ecosystems addressed in the
present chapter. Inputs from aquaculture operations are also low; it is estimated that nutrients released to the
coastal ocean annually by finfish aquaculture operations account for about 1 per cent of anthropogenic inputs
worldwide (Hargrave, 2005). Thus, those input pathways are not considered in the present chapter.
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45 x 10° kg N per year today (Dentener and
others, 2006; Duce and others, 2008). Of that
amount, it is estimated that atmospheric dep-
osition to the coastal ocean is currently on the
order of 8 x 10° kg N per year (Seitzinger and
others, 2010; Ngatia and others, 2019). The
relative importance of atmospheric deposition
as a new N source varies among coastal eco-
systems from 2-5 per cent in ecosystems with
large riverine N inputs (e.g., the northern Gulf
of Mexico, the continental shelf of Brazil) to as
much as 40 per cent in ecosystems with rela-
tively low riverine inputs (e.g., the Kiel Bight in
the Baltic Sea and the Pamlico Sound in North
Carolina, United States) (Paerl and others,
2002). Globally, atmospheric deposition of N
accounts for approximately 4 per cent of an-
thropogenic inputs to the coastal ocean.

3.2. Documented impacts of
anthropogenic nutrient inputs

3.2.1. Oxygen depletion and acidification

Since 1950, the number of coastal ecosys-
tems experiencing hypoxia (dissolved oxygen
(0,) = 2 mg/I or 63 millimoles (mmol)/l) has
increased from about 50 in 1950 to more than
500 in 2015 as a consequence of anthropo-
genic nutrient loading and ocean warming
(Diaz and Rosenberg, 2008; Kemp and others,
20009; Breitburg and others, 2018). In 2019, a
further estimate suggests that the number
was actually higher, namely, around 700 (Diaz
and others, 2019). The spread of coastal hy-
poxia has not only resulted in the loss of oxy-
genated habitats for aerobic organisms; it also
threatens the survival of coral reefs (Fabricius,
2011; Altieri and others, 2019). In addition, the
global spread of hypoxia is amplifying ocean
acidification as increases in biological oxygen
demand produce CO, as a by-product of aero-
bic respiration (Wallace and others, 2014).

8  Upper 1,000 m of the water column.
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3.2.2. Toxic algal events

The production of toxins can cause mass
mortalities of fishes and shellfish and cause
harm to the health of people who consume
contaminated fish and shellfish or are exposed
to toxins through direct contact (Glibert and
others, 2005). Globally, there have been more
toxic algal events in coastal waters during the
past decade than in previous decades (Heisler
and others, 2008), largely as a consequence of
anthropogenic nutrient inputs and changing
N:P ratios (Glibert and Bouwman, 2012; Glibert
and others, 2018), introductions of non-native
toxic species, ocean acidification (Riebesell
and others, 2018) and increases in water tem-
perature and vertical stratification of the upper
ocean? (Glibert and others, 2014).

3.2.3. Loss of critical, biologically
engineered habitats

Coral reefs and seagrass meadows support a
wide range of ecosystem services, including
coastal protection, erosion control, the main-
tenance of biodiversity and fisheries (Barbier
and others, 2011). At the same time, warm-wa-
ter coral reefs and seagrass meadows are
threatened by multiple anthropogenic stress-
es (e.g., ocean warming and acidification,
eutrophication, overfishing and destructive
fishing practices). Ocean warming has been
affecting coral reefs for more than three dec-
ades through the bleaching and mortality of
corals owing to heat stress (Heron and others,
2017), and the risk of bleaching has increased
globally at a rate of 4 per cent per year, with
8 per cent of reefs per year being affected by
bleaching in the 1980s and 31 per cent affect-
ed in 2016 (Hughes and others 2018), a trend
that is expected to be exacerbated by coastal
eutrophication (Wear and Thurber, 2015). The
spatial extent of seagrass beds has been
shown to be negatively affected by eutroph-
ication and increases in water temperature
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(Waycott and others, 2009; Mvungi and Pillay,
2019). Thus, seagrass meadows have de-
clined in area by about 29 per cent since the

beginning of the twentieth century, at an annu-
al rate of about 1.5 per cent (Fourqurean and
others, 2012).

4. Patterns and trends within regions

Many large marine ecosystems are hotspots
of anthropogenic nutrient loading in both de-
veloped and developing countries. In order to
provide regional and global perspectives on
changing nutrient inputs to coastal systems
throughout the world, an international working
group developed a global watershed model that
relates human activities and natural processes
in watersheds to nutrient inputs to coastal sys-
tems globally (Seitzinger and others, 2005; Lee
and others, 2016). Based on the contribution of
anthropogenic dissolved inorganic N to the to-
tal dissolved inorganic N loads to large marine
ecosystems (Lee and others, 2016), nine large
marine ecosystems that represent a range of
sizes and anthropogenic dissolved inorganic
N inputs are highlighted in the table below.

Surface areas and anthropogenic
nitrogen loads of the nine ecosystems
addressed below

N loading
Ecosystem Area (km?)  (kg/year)
Baltic Sea 0.4 x10° 0.6 x 10°
Bay of Bengal 3.7 x10¢ 7.1 x10°
Brazil Shelf 1.0 x 108 1.0x 10°
Guinea Current 2.0x10° 1.0x10°
Gulf of Mexico 1.5 x 10° 1.3x10°
Great Barrier Reef 1.3 x 108 0.1x10°
East China Sea 1.0 x 10° 2.0x10°
North Sea 0.7 x 10° 4.8 x10°
South China Sea 5.7 x 108 0.7 x 10°

4.1. North Sea (Large Marine
Ecosystem 22; 690,000 km?)

The North Sea encompasses two subregions:
(@) shallow, eutrophic coastal waters along
its south-eastern border; and (b) deeper, ol-
igotrophic waters of the open sea. Nutrient
inputs to the latter have remained virtually un-
changed over the past 50 years, while coastal
waters have experienced an increase in N load
from about 2.9 to 4.8 x 10° kg N per year be-
tween 1950 and 1990; over the same period, the
P-load increased from 0.44 to 0.64 x 10° kg P
per year (Vermaat and others, 2008). Riv-
er-borne inputs of N and P to the coastal sub-
region account for most of the anthropogenic
loading, 75 per cent of which occurs via the
Rhine and Elbe Rivers that discharge into the
coastal waters of the south-eastern North Sea
(Radach and Patsch, 2007; Paramor and oth-
ers, 2009). The discharge of N and P to those
coastal waters increased rapidly during the
period 1965-1985, as illustrated by the Rhine
River, in which N and P increased fivefold and
tenfold, respectively. As a result, the frequency
and magnitude of blooms of Phaeocystis pou-
chetii® increased during that period (Lancelot
and others, 1987; Lancelot, 1995). While sum-
mer hypoxia (< 2 mg O,/l) occurs in some loca-
tions, it is limited to parts of the stratified open
sea (Greenwood and others, 2010).

From 1990 to 2000, the P load decreased to
the pre-eutrophication levels of the 1950s
(Vermaat and others, 2008). The anthropogen-
ic portion of the annual nutrient budget of the

9 Phaeocystis can produce large amounts of foam, which often affects coastlines and beaches, and can also
produce dimethylsulphide, an aerosol that contributes to cloud formation and acid rain.
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coastal North Sea is currently declining and is
less than inputs from the benthos or open sea.

4.2. Baltic Sea (Large Marine
Ecosystem 23; 400,000 km?)

The Baltic Sea a is a brackish, shallow sea
(mean depth, 55 m; maximum depth, 460 m)
with limited water exchange with the North
Sea. By virtue of its bathymetry and estuarine
circulation regime,'° the Baltic Sea is particu-
larly vulnerable to eutrophication. Thus, it is
host to the largest anthropogenically induced
hypoxic zone in the world (Carstensen and
others, 2014). The change from a healthy state
without eutrophication problems began in the
late 1950s and early 1960s.

Riverine inputs of N and P account for most in-
puts to the Baltic Sea from 1995 to 2015 (Son-
esten and others, 2018). Inputs of N and P were
generally higher during the period 1995-2002
(650-900 x 10° kg N/year and 33-43 x 10° kg
P/year) compared with the period 2003-2015
(500-775 x 10° kg N/year and 22-35 x 10° kg
P/year). Natural background loads of N and
P made up about 33 percent of those inputs
during the latter period (Sonesten and others,
2018). Atmospheric deposition also declined
during the period from about 300 x 10 kg N
per year in 1995 to 210 x 10° kg N per year in
2011. Low inputs during the period 2003-2015
were attributable, in part, to dry periods with
low river flows (2003, 2014, 2015).

Over roughly the same period (1993-2016),
the spatial extent of seasonal hypoxia-anoxia
increased from about 5,000 km? (1.3 per cent
of the Baltic) to more than 60,000 km?
(> 16 per cent of the Baltic) (Limburg and
Casini, 2018), in part because of increases in
the strengths of the seasonal thermocline and
halocline in the upper water column (< 100 m)

(Liblik and Lips, 2019) and in part because ep-
isodes of deepwater ventilation in the basins
have been less frequent and of shorter dura-
tion during the past two decades (Carstensen
and others, 2014; Schmale and others, 2016).
Seasonal hypoxia not only affects aerobic ben-
thic life, it may also promote the development
of more blooms of cyanobacteria. Massive
surface accumulations of nitrogen-fixing cy-
anobacteria (largely Nodularia spp.) during the
summer have intensified since 1982, a trend
that is correlated with increases in the spatial
extent of hypoxia and anthropogenic P loading
(Plinski and others, 2007; Funkey and others,
2014). The enhanced downward flux of degra-
dable organic matter from those blooms ele-
vate oxygen demand and the regeneration of
P in bottom waters, creating positive feedback
between anthropogenic nutrient enrichment,
cyanobacteria blooms and oxygen depletion.
In addition, some species of cyanobacteria
produce toxins that affect recreation and
fisheries. Thus, although ocean warming and
shifts in circulation patterns are important fac-
tors modulating the extent of hypoxia, further
nutrient reductions in the Baltic Sea will be
necessary to reduce the ecosystem impacts
of deoxygenation.

Abatement of eutrophication in the Baltic
Sea has received more concerted effort and
sustained research than any other coastal
region in the world (Boesch, 2019). Since the
mid-1990s, statistically significant reductions
in the anthropogenic loads of N and P have
been achieved (Baltic Marine Environment
Protection Commission (HELCOM), 2018;
Sonesten and others, 2018). Relative to the
reference period (1997-2003), flow-normal-
ized riverine inputs of N and P have declined
by 12 per cent and 25 per cent, respectively,
and, compared with 1995, precipitation-nor-
malized atmospheric deposition of N declined

10 Assill less than 20 m deep separates the Baltic Sea and its basins from the North Sea. Estuarine (density-driv-
en) circulation consists of surface water flowing from the Baltic through the Danish Strait into the North Sea
and bottom water flowing into the Baltic’s basins through the Danish Strait from the North Sea (Szymczycha

and others, 2019).
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by 29 per cent. Following the introduction of
nutrient abatement measures, recovery began
in some basins during the late 1990s, while in
others, it commenced early in the twenty-first
century (Murray and others, 2019). However,
given the sustained increase in vertical strat-
ification and the associated isolation of deep
water from oxygenated surface water (Liblik
and Lips, 2019), the susceptibility of the Baltic
to eutrophication will increase if the trend con-
tinues, which emphasizes the importance of
achieving the maximum allowable inputs spec-
ified in the Baltic Sea Action Plan." To that end,
inputs of N and P from anthropogenic sources
as a whole (riverine plus atmospheric sources)
need to be further reduced by 12 per cent and
25 per cent, respectively, to ensure a healthy
Baltic Sea.

4.3. Gulf of Mexico (Large Marine
Ecosystem 5; 1,530,400 km?)

Impacts of anthropogenic nutrient loading
are greatest in the northern Gulf of Mexico.
Inter-annual variations in nutrient loading are
directly related to variations in the flow of
the Mississippi and Atchafalaya Rivers (Ra-
balais and others, 2007). During the period
1980-2017, annual dissolved inorganic N in-
puts fluctuated around 1,000 x 10° kg per year,
with a minimum of about 600 x 108 kg per year
in 2000 and a maximum of about 1,800 x 10°
kg per year in 1993.'2 As a consequence, dur-
ing the summer, the northern Gulf of Mexico
has the second largest coastal hypoxic zone
in the world, the spatial extent of which has
varied between less than 5,000 km? in 2000 to
22,720 km? in 2017, with a mean of 13,700 km?
(Rabalais and others, 2007; Matli and others,
2018).

1T Available at https://helcom.fi/baltic-sea-action-plan. .

In addition to bottom-water hypoxia, increas-
es in nutrient loading appear to be promoting
toxic phytoplankton blooms. The abundance
of Pseudo-nitzschia spp. has increased over
the shelf since the 1950s, a trend that may be
related to the long-term increase in nutrient
loading (Dortch and others, 1997). Seasonal
blooms develop when surface waters begin
to warm in the spring and river discharge is
increasing, but before seasonal peaks in flow
and phytoplankton biomass occur (Bargu and
others, 2016). Peaks in the abundance of po-
tentially toxin-producing dinoflagellates (Dino-
physis spp. and Prorocentrum spp.) have been
observed to coincide with the seasonal peak in
river flow (Bargu and others, 2016).

4.4. North Brazil Shelf (Large Marine
Ecosystem 17; 1,034,600 km?)

With a mean freshwater discharge of 120,000
m3/s (seasonal maximum, about 240,000 m3/s
in May; minimum, 80,000 m?/s in November),
the Amazon River forms an extensive and dy-
namic surface plume of low-salinity, relatively
nutrient-rich water that extends well offshore
over the northern Brazil shelf. The river is the
primary source of silicate (83-91 per cent),
nitrate (62-76 per cent) and phosphate
(48-65 per cent) to the North Brazil Shelf
Large Marine Ecosystem (Demaster and Pope,
1996). The annual supply of river-borne N
(mean, about 1,050 x 10° kg N/year) supports
a eutrophic ecosystem (730 g carbon (C) m?/
year) in the mesohaline (salinity 30-35) waters
of the coastal plume (Dagg and others, 2004;
Santos and others, 2008; Coles and others,
2013).

Net primary production is nitrate limited,
and extensive blooms of diatom-diazotroph
associations’ have been observed in the

12 Available at https://nrtwq.usgs.gov/mississippi_loads/#/GULF.
13 The diatoms Hemiaulus hauckii and Rhizosolenia clevei, containing the symbiotic cyanobacteria Richelia sp.,
formed about 28 per cent of the biomass in mesohaline waters of the plume.
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mesohaline plume during both the spring and
autumn (Gomes and others, 2018). Given the
spread of plume water into the Caribbean and
equatorial Atlantic (Coles and others, 2013),
such blooms may be a significant source
of new N to support primary production and
the great Atlantic Sargassum belt (Wang and
others, 2019) in nutrient-poor, tropical waters
(Subramaniam and others, 2008; Yeung and
others, 2012).

4.5. Guinea Current (Large Marine
Ecosystem 28; 1,958,800 km?)

Lying within the Guinea Current Large Ma-
rine Ecosystem (Heileman, 2008), the Gulf of
Guinea receives freshwater discharges from
15 rivers, including the Congo (the second
largest river on Earth) with an annual mean
discharge of about 40,000 m? per s (Hopkins
and others, 2013). It is also the world’s second
largest exporter of terrestrial organic carbon
into the oceans (Spencer and others, 2012).
The outflow of such a large volume of water
into the south-eastern Atlantic produces a
vast low salinity plume with a signature of
high chlorophyll that can be detected as far as
700-800 km to the west and north from the
river's mouth (Hopkins and others, 2013).

Most of the coastal cities bordering the Gulf
lack basic infrastructure for sewage treat-
ment, and substantial quantities of N and P
from municipal and agricultural sources are
transported to the Gulf through river run-off.1
The current anthropogenic river-borne N load-
ing is estimated to be between 600 and 1,000
x 10 kg per year, which places the region in
the high-risk category for eutrophication
(Seitzinger and Mayorga, 2016).

Consequently, the Gulf is characterized by
high phytoplankton net primary production
(356-438 g C m?/year, 2003-2013) supported

14

by nutrient input from both river run-off and
coastal upwelling.’s Nutrient pollution in coast-
al lagoon systems, in particular near urban
centres, has caused increases in phytoplank-
ton biomass and oxygen depletion, resulting
in decreases in fish reproduction levels and
increases in waterborne diseases (Scheren
and others, 2002). In addition, while the phyto-
plankton community of coastal waters beyond
the lagoons has been shown to be dominated
by diatoms and cyanobacteria, potentially tox-
ic dinoflagellate species (Dinophysis caudata,
Lingulodinium polyedrum and Prorocentrum
spp.) have been detected (Zendong and oth-
ers, 2016).

4.6. Bay of Bengal (Large Marine
Ecosystem 34; 3,657,500 km?)

Freshwater inputs to the Bay of Bengal are high
as a consequence of monsoonal rainfall and
river run-off (Yaremchuk and others, 2005). A
total of 5 of the world’s 50 largest rivers flow
into the Bay (Sengupta and others, 2006). Sa-
linity is lowest in the northern Bay, off the Gan-
ges River delta and off the Ayeyarwady River
delta in the Gulf of Martaban, especially during
the June—0October monsoon season (Akhil and
others, 2016). Rivers exported 35-45 per cent
more N and P to the Bay of Bengal in 2000 than
in 1970, largely as a consequence of increases
in fertilizer use (Sattar and others, 2014). In
2000, rivers exported 7,100 x 10° kg N per year
and 1,500 x 10° kg P per year to the Bay. Three
rivers (Ganges, Godavari and Ayeyarwady) ac-
count for 75-80 per cent of the total river input
of N and P (Pedde and others, 2017). Atmos-
pheric deposition has been estimated to be
in the range of 100—-3,100 x 10° kg N per year,
with most estimates near the upper end of
the range (Srinivas and Sarin, 2013). Thus, at-
mospheric deposition may be a major source
of N in addition to riverine inputs. Ratios of N

See https://some.grida.no/media/23569/state-of-the-coastal-and-marine-ecosystems-in-gclme.pdf.

15 See http://onesharedocean.org/public_store/Imes_factsheets/factsheet_28_Guinea_Current.pdf.
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and P to silicon (Si) have also been increasing,
indicating an increasing risk for blooms of
non-diatom species that may produce toxins
and otherwise disrupt coastal ecosystems
(Pedde and others, 2017).

A strong halocline limits nutrient enrichment
from deep water, so the central Bay is olig-
otrophic (Kay and others, 2018). Coastal wa-
ters are much more productive’® (> 300 g C
m?/year) as a consequence of riverine N and P
inputs. Hotspots of coastal eutrophication oc-
cur off the Ganges River delta (Bangladesh) of
the northern Bay and in the Gulf of Martaban
off the Ayeyarwady River delta (Myanmar) of
the eastern Bay (Kay and others, 2018; Monoli-
sha and others, 2018). Phytoplankton biomass
from those fertile areas that is not consumed
in the euphotic zone sinks and decays at depth
(150-600 m), leading to one of the largest hy-
poxic zones (60,000 km?) in the global ocean
(Bristow and others, 2017; Kay and others,
2018). In addition, potentially toxic species
have been observed along the east coast of
India (Mohanty and others, 2007; Sahu and
others, 2014).

4.7. South China Sea (Large Marine
Ecosystem 36; 5,661,000 km?)

The South China Sea as a whole is considered
to be moderately productive’” (150-300 g C
m?/year) but has the “highest” risk of eutrophi-
cation (Seitzinger and Mayorga, 2016). Riverine
inputs of fresh water and nutrients to coastal
waters of the Sea are dominated by the rivers
that flow into the Pearl River estuary (Harrison
and others 2008; Chen and others, 2009). Dur-
ing the wet season (April-September) when
80 per cent of river discharge occurs (Yin
and others, 2001), the two-layered estuarine
circulation extends onto the inner shelf as the
surface, nutrient-rich plume is transported
along the coast and spreads at least 250 km

into the interior of the Sea (Jilan, 2004; Chen
and others, 2017).

In the late 1970s, the fertile river delta to the
north of Hong Kong, China, was primarily used
for agriculture. Since then, the Pearl River
delta has been transformed from farmland
into a large megalopolis. As a consequence,
dissolved N and P inputs through the Pearl
River delta increased by a factor of 2-5 during
the 1980s and 1990s, largely owing to increas-
es in urban waste discharges and nutrients
released from aquaculture operations (Yin
and Harrison, 2008). Inputs plateaued during
the period 2006-2012, when concentrations
remained in the range of 500-1,000 x 10° kg
N per year and 20—40 x 10° kg P per year, with
no inter-annual trend (Tong and others, 2015).
Although atmospheric deposition of N over
the South China Sea as a whole is estimated to
be nearly an order of magnitude higher (about
9,200 x 10° kg N/year) than the riverine input
(Luo and others, 2014), deposition is dispersed
over the entire Sea with little impact on coastal
eutrophication relative to river-borne inputs.

Overall, the impact of anthropogenic nutrient
loading appears to be limited to the coastal
margins of the Sea (Sun, 2017), with hotspots
of seasonal hypoxia and toxic algal events lo-
cated in the vicinity of major river deltas with
substantial urban development (United Nations
Environment Programme (UNEP) and others,
2005; Qian and others, 2018). The areas with
the most severe eutrophication are associated
with the estuaries of the main rivers. Among
the most severely affected is the lower Pearl
River estuary, which has experienced annual
summer hypoxia in bottom waters. Oxygen
depletion in bottom waters of the lower Pearl
River estuary has occurred every summer for
at least the past 25 years (Qian and others,
2018). During that period, the annual minimum
dissolved oxygen concentration in bottom wa-
ter decreased at a rate of about 2 + 0.9 mmol

16 See http://Ime.edc.uri.edu/LME/images/Content/LME_Briefs/Ime_34.pdf.
17 See http://Ime.edc.uri.edu/images/Content/LME_Briefs/Ime_36.pdf.
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per | per year as a consequence of dissolved
inorganic N loading, which increased at a rate
of about1.4 + 0.3 mmol N per | per year (Qian
and others, 2018).

The frequency of toxic algal events in Chinese
coastal waters increased from no reports dur-
ing the 1950s and 1960s, to 10 in the 1970s, 25
in the 1980s and more than 100 in the 1990s
(Yan and others, 2002). From 1980 to 2003, the
area affected expanded to include the estuar-
ies of the Pearl River and the Masinloc River
and Manila Bay (Wang and others, 2008). Tox-
ic species include potentially toxic Noctiluca
scintillans (Pearl River estuary) and Pyrodini-
um bahamense (Philippine estuaries). N. scin-
tillans has also been associated with hypoxia
and the clogging of fish gills, and it may act as
a vector of algal toxins to higher trophic levels
(Escalera and others, 2007; Turkoglu, 2013).

4.8. Great Barrier Reef (Large

Marine Ecosystem 40;
1,300,000 km?)

Since European settlement, annual riverine in-
puts of N and P to the Great Barrier Reef lagoon
have increased from approximately 0.014 x 10°
kg N per year to 0.080 x 10° kg N per yearand
from 1.8 x 10° kg P per year to 16 x 10° kg P
per year (Brodie and others, 2011; Kroon and
others, 2012). River-borne inputs of dissolved
inorganic P (P-P0O,) can promote the growth of
Trichodesmium spp. While limited broadscale
monitoring of Trichodesmium spp. occurs
across the Great Barrier Reef, long-term data
at one site near the Yongala Wreck collected
since 2010 indicate a gradual increase in its
abundance (Robson and others, 2018; Great
Barrier Reef Marine Park Authority (GBRMPA),
2019). The nitrogen-fixing ability of Trichode-
smium spp. suggests that increasing levels of
P-PO, alone may be driving increases in phyto-
plankton biomass, and there is some evidence

that the trends are a significant factor in the
decreasing condition of fringing reefs in the
inner Great Barrier Reef lagoon. Long-term
monitoring now shows that hard coral cover
on the Great Barrier Reef has decreased by
more than 70 per cent over the past century
(Bell and others, 2014). The decline has been
attributed mainly to storm damage, coral
bleaching events, the widespread growth of
Acanthaster planci (crown-of-thorns starfish)
and coral skeletal diseases. Record levels of
nanophytoplankton growth in river-affected
regions of the lagoon appear to be promoting
the growth of A. planci larvae and adult A.
planci outbreaks (Bell, 1992). There is growing
evidence that A. planci predation events and
coral bleaching are promoted by eutrophica-
tion and that that is one of the reasons why
the reefs have not recovered (Bell and others,
2014; GBRMPA, 2019).

4.9. East China Sea (Large Marine
Ecosystem 47; 1,008,100 km?)

The East China Sea is considered to be a high-
ly productive system (> 300 g C/m?/year) and
is in the “highest” risk category for eutrophica-
tion (Seitzinger and Mayorga, 2016). The flow
of the Yangtze River (annual mean, 30,200
m?3/s) accounts for more than 90 per cent of
nutrient inputs to the Sea (Yuan and others,
2007; Tong and others, 2015). From 1968 to
1997, it is estimated that the anthropogenic
nutrient load (e.g., nitrates) exported from the
Yangtze River into the Sea increased more than
tenfold (Yan and others, 2003). A comparison
of nutrient concentrations in the Yangtze River
estuary and the receiving waters of the Sea be-
fore 2002 and after the 2006 impoundment of
the Three Gorges Dam (Chai and others, 2009)
showed increases in the concentrations of to-
tal N (41.8 to 82.2 micrometres (um), dissolved
inorganic N (24.4 to 37.5 pm) and soluble reac-
tive P (0.9 to 1.3 ym), and from 2006 to 2012,

18 See http://Ime.edc.uri.edu/LME/images/Content/LME_Briefs/Ime_47.pdf.
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total N load increased from 1,350 x 10° kg per
year to 2,040 x 10° kg per year, while total P
load increased from 122 x 10° kg per year to
240 x 10° kg per year (Tong and others, 2015).
Atmospheric deposition of N was estimated to
be about 1,750 x 10° kg per year, which is in
the range of riverine inputs during that period
(Tong and others, 2015).

While the atmospheric input is generally
distributed over the entire East China Sea,
during the summer monsoons, the impact
of river-borne nutrients is largely focused in
coastal waters. Thus, the concentration of
sea surface chlorophyll a in the Sea is highest
near the shore within the plume (> 10 mg/mq)
and decreases rapidly with distance to low
concentrations (< 0.5 mg/m®) in open waters
beyond the continental shelf (Yuan and others,
2007). Inter-annual increase in nutrient loading
has also led to increases in phytoplankton bi-
omass over the years (Zhou and others, 2019).

Sinking organic matter produced by phyto-
plankton in the lower estuary and coastal
plume fuel oxygen consumption and summer
development of bottom-water hypoxia. The
occurrence, frequency and spatial extent of

5. Outlook

Itis projected that anthropogenic N production
willincrease by nearly a factor of two during the
first half of the twenty-first century and, based
on projected increases of 40-45 per cent in
dissolved inorganic N loading by 2050, the
risk of coastal eutrophication will increase in
21 per cent of large marine ecosystems, most
of which are in Africa, South America, South
Asia and Oceania. The impacts of continued
increases in N loading are likely to be exac-
erbated by climate-driven increases in ocean
temperatures, vertical stratification, rainfall
and the flux of atmospheric CO, into the ocean
(Guinder and Molinero, 2013). Thus, it is likely
that the severity and extent of coastal hypoxia,

hypoxia have been increasing since the late
1990s (Li and others, 2011; Wei and others,
2015). Today, the area of the Sea that is influ-
enced by the coastal plume of the Yangtze
River is regarded as one of the largest coast-
al hypoxic zones (> 12,000 km?) in the world
(Chen and others, 2007; Wang and others,
2016; Zhu and others, 2017).

As nutrient input from the Yangtze River in-
creased, reported toxic algal bloom events
along the coast of the Sea increased from zero
in the 1950s and 1960s to 10 in the 1970s, 25
in the 1980s and more than 100 in the 1990s
(Yan and others, 2002). In particular, large-
scale blooms (covering an area of more than
1,000 km?) have been recorded every year
since 1998, and Prorocentrum donghaiense
has been the recurrent bloom species for
more than 10 years (Li and others, 2009; Lu
and others, 2014). Blooms of potentially toxic
Karlodinium veneficum, Karenia mikimotoi, Al-
exandrium tamarense, Alexandrium catenella
and Heterosigma akashiwo have also been ob-
served (Lu and others, 2014; Zhou and others,
2015; Wang and others, 2018).

acidification and toxic algal events will also
continue to increase in the absence of aggres-
sive actions to reduce anthropogenic inputs of
N and P (Townhill and others, 2018).

Important gaps in the current understanding
of the impacts of anthropogenic nutrient in-
puts on the coastal ocean fall into two broad
categories: (a) the lack of data on coastal
ecosystems in the southern hemisphere (Alt-
ieri and others, 2019; Diaz and others, 2019);
and (b) the need to understand synergies
between the impacts of nutrient loading and
climate-driven changes in coastal ecosystems
(Paerl and others, 2014).
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Keynote points

Persistent organic pollutants

Persistent organic pollutants (POPs) con-
tinue to be a global issue, persisting at
concentrations likely to cause biological
effects.

POPs are detected in remote locations far
from their source of production, which in-
cludes the deepest parts of the ocean and
the polar regions.

The number of POPs continues to increase
and thus the mixtures to which biota are
exposed become more complex, making
the determination of the likelihood of in-
dividual or population effects ever more
challenging.

Metals

There is a critical need to develop and ex-
pand coastal metal time series globally.

Trends in metal concentrations vary re-
gionally, although most show levelling of
dissolved metals and a slight increase in
higher trophic organisms.

Radioactivity

There have been no significant nuclear ac-
cidents affecting the oceans since the first
World Ocean Assessment (United Nations,
2017c).

The generation of electricity from nuclear
power plants continues to increase, with
an increase of about 5 per cent globally
between 2013 and 2018. Improved tech-
nology may be reducing discharges of
many radionuclides, but those of tritium
are probably increasing in line with elec-
tricity generation. Tritium is, however, only
weakly radioactive.

Published information on recent discharg-
es of radioactive substances to the ocean
from nuclear power plants and nuclear

reprocessing plants is not available except
for the North-East Atlantic and its adjacent
seas. In that area, discharges to the ocean
of radioactive substances from nuclear
power plants and nuclear reprocessing
plants continue to decline.

On the basis of the information available,
there is no reason to think that adverse
impacts of radioactivity on the ocean have
become significantly worse since the situ-
ation was reported in the first Assessment.

Pharmaceuticals and personal care

products

Hundreds of pharmaceuticals and person-
al care products (PPCPs) have been de-
tected in the ocean, including in the Arctic
and Antarctic.

Novel analytical techniques have been de-
veloped for non-target analysis of PPCPs
and their transformation products in the
marine environment.

A “watch list” of PPCPs should be formu-
lated and incorporated into long-term inter-
national, national and regional monitoring
programmes to serve as a scientific data
basis for assessing the status of PPCPs in
the ocean.

Shipping

There is a globally decreasing trend re-
garding shipping accidents leading to
oil spills (over 7 tons), and regionally im-
proved surveillance and action capabilities
indicate increased awareness leading to
fewer spills.

There is a general knowledge gap on the
nature and impact of liquid input from
ships, and the discharge of water from
exhaust gas cleaning systems (scrubbers)
is an emerging source of metals and poly-
cyclic aromatic hydrocarbons.
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Hydrocarbons

e Produced water from oil and gas explo-
ration containing both hydrocarbons and
metals is known to affect the marine en-
vironment, but knowledge gaps exist on
the long-term impact of produced water
discharges.

1. Introduction

Chemical production has continued to in-
crease and change since 2003. The potential
geographic impact of the chemical industry
continued to change from the Atlantic Ocean
to the Pacific Ocean, where almost 70 per cent
of the industry is expected to operate by 2030,
while new products are continually being devel-
oped, thus adding to the mixture of chemicals
to which biota in the ocean is being exposed.

Different lists of hazardous substances have
been identified by international organizations,
although there is still no agreed single global
list of substances that are of concern. The

e There is a need for further studies at the
community and population levels to ad-
vance the current knowledge on single
species toxicity data.

e Anincreased rate of offshore platform de-
commissioning poses a challenge for the
marine environment.

present chapter contains an assessment of
the changes since the first Assessment in wa-
ter and airborne inputs to the marine environ-
ment from land (including groundwater), ships
and offshore installations. In addition, the
information in the present chapter builds upon
the assessment of the list of hazardous sub-
stances used in the first Assessment, namely,
POPs, metals, hydrocarbons and radioactive
substances. It includes new information on
rare earth elements, PPCPs and airborne in-
puts of nitrogen oxides and sulfur oxides that
were not included in the first Assessment.

2. Situation recorded in the first World Ocean Assessment

Chapter 20 of the first Assessment (United
Nations, 2017b) contained the sources, main
uses, production and related development,
movements and impact of different hazardous
substances included in the so-called black or
grey lists of substances of concern that had
been identified at the national level and by in-
ternational organizations. Those lists evolved
into a list of “priority substances” based on
their toxicity, tendency to bioaccumulate
and persistence in the ocean. Therefore, the
hazardous substances included in the first
Assessment were selected based on those
for which action had been taken in all or some
parts of the world ocean and included: metals
(mercury, lead, cadmium), organometallic com-
pounds (tributyltin), POPs (for example, halo-
genated hydrocarbons), polycyclic aromatic
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hydrocarbons and radioactive substances.
Other substances, including pharmaceutical
compounds (both human and veterinary) and
cosmetic ingredients (e.g., musk xylene) that
have been identified as emerging contami-
nants of concern are included in the present
evaluation. Land-based point sources (waste-
water treatment plants or industrial plants
discharging into the ocean directly or through
rivers), diffuse sources (run-off from land,
seepage of groundwater directly to the ocean,
accidental land-based or sea-based emissions
of discharges) and atmospheric deposition
(wet and dry deposition and emissions from
sewage and from several industrial processes)
that can reach and affect the ocean and their
impact in several areas were identified.
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The international commitment at the United
Nations and the obligation at the regional level
to take measures to reduce the impact of rec-
ognized emerging substances was also high-
lighted. From the data available at that time, it
was difficult to make meaningful comparisons
between areas and set priorities, not least
because the data on hazardous substances
in water, biota or sediments were expressed
in different units. Methodological differences
further complicated the picture, and the need
to control sampling procedures and analytical
methods was highlighted. For that reason, no
detailed figures on concentrations of contam-
inants were included in the first Assessment.

The selected hazardous substances were
found in all parts of the ocean, and those
from waterborne origins were concentrated
in coastal areas, whereas contaminants were
transported much further out to the ocean. In
the first Assessment, it was not possible to
develop a general assessment of the relative
impacts of those hazardous substances, but
it was possible to identify the slow progress
made to reduce their concentrations in some
parts of the world ocean. It was also pointed
out that there was increasing evidence of the
significance of airborne inputs of metals and
other hazardous substances to the ocean.

3. Persistent organic pollutants, including run-off from the
use of agricultural pesticides

Introduction

3.1.

Persistent organic pollutants represent a com-
plex group of (often halogenated) substances
that, as their name suggests, endure in the envi-
ronment. Although the production of such com-
pounds as polychlorinated biphenyls (PCBs) is
no longer allowed under the Stockholm Con-
vention on Persistent Organic Pollutants,’ the
Convention allows for equipment containing
PCBs to continue to be used until 2025, thereby
providing for a possible small, but new, source
of PCBs. Movement through trophic levels and
environmental recirculation of PCBs mean that
they continue to be present in marine systems
at concentrations likely to affect marine biota.
As other halogenated hydrocarbons have been
developed, they have added to the mixture of
POPs to which marine biota is exposed. The
mixtures, and their respective components,
have very different physico-chemical charac-
teristics. The consequence of that is that they
exhibit different distributions in environmental

T United Nations, Treaty Series, vol. 2256, No. 40214.

compartments, distribution equilibria and ana-
lytical requirements.

Once in the environment, POPs recirculate
and, through both atmospheric transport and
transport by ocean currents, are translocated
to locations far from their source. It is for that
reason that POPs remain of concern in both
the Arctic and Antarctic, as well as throughout
the ocean.

3.2. Situation recorded in the first
World Ocean Assessment

New substances are constantly being devel-
oped, and international organizations have pre-
pared lists of chemicals presenting hazardous
characteristics, including organohalogens and
pesticides and/or biocides. Many of them are
covered under the Stockholm Convention but
others are not. Knowledge of the extent of the
presence of those hazardous substances in
the marine environment was patchy. The main
observations in the first Assessment were:
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(a) POPs are a global issue, however, concen-
trations in the open ocean were generally
low, but detectable, with polybrominated di-
phenyl ethers (PBDEs) identified in tissues;

(b) Concentrations of POPs were often asso-
ciated with urbanization and densely pop-
ulated regions, such as densely populated
coastal areas around the Mediterranean
and in Africa, South America and the South
Pacific, where there was also significant
industrial activity;

(c) Some coastal areas were being affected
by pesticides;

(d) POPs were found in the Arctic and con-
centrations, although decreasing, were
likely to cause biological effects in some
seabirds and polar bears;

(e) Biological effects of POPs were likely to be
detected in coastal areas of the North-East
Atlantic;

(f) Concentrations of POPs in the North-West
Atlantic and the North-East Pacific were
quite low, with a decreasing trend in con-
centration;

(9) Reductions in the concentrations of POPs
were observed, but they tended to be local-
ized;

(h) POPs were measurably present in most
coastal areas of the East Asian seas;

(i) An area of concern was the exposure of
the Great Barrier Reef to pesticides asso-
ciated with intensive agriculture along the
north-eastern coast of Australia;

(J) There was a dominance of comprehensive
studies or time series in the northern Atlan-
tic, Arctic, Baltic and northern Mediterrane-
an areas.

3.3. Description of the

environmental changes

between 2010 and 2020

POPs continue to be a cause for concern in
the marine environment, especially in top
predators, such as cetaceans, which have
been found to have mean blubber PCB con-
centrations likely to cause population declines
and suppress population recovery (Jepson
and others, 2016). In addition to the “legacy
POPs”", new POPs that represent a threat to the
marine environment, including pesticides, in-
dustrial chemicals and by-products, have been
regularly added to the Stockholm Convention
(Stockholm Convention, 2018).2

Many studies continue to focus on the leg-
acy chemicals, including PCBs and dichlo-
rodiphenyltrichloroethane (DDT) (and its
metabolites DDD and DDE). PBDEs were not,
however, among the initial 12 POPs covered
by the Stockholm Convention and are still
grouped with the emerging contaminants,
despite having been monitored in marine
systems for many years. PBDEs are among
the 16 “new” POPs to have been incorporated
in the Convention since 2009. They include
pentachlorobenzene, polychlorinated naph-
thalenes, short-chain chlorinated paraffins
(SCCPs), perfluorooctane sulfonic acid (PFOS)
and its salts, and perfluorooctane sulfonyl
fluoride (PFOSF).? Chemicals recommended
for listing include dicofol and pentadecafluo-
rooctanoic acid (PFOA, perfluorooctanoic
acid), its salts and PFOA-related compounds.
Chemicals under review by the Persistent Or-
ganic Pollutants Review Committee* are per-
fluorohexane sulfonic acid (PFHxS), its salts
and PFHxS-related compounds. The inclusion
of additional chlorinated molecules, as well as

2 Twelve POPs, namely aldrin, chlordane, dichlorodiphenyltrichloroethane (DDT), dieldrin, endrin, heptachlor, hexachlo-
robenzene, mirex, toxaphene, polychlorinated biphenyls (PCBs) hexachlorobenzene, and polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans (PCDD/PCDF) are recognized as causing adverse effects.

3 See http://chm.pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx.

4 The Persistent Organic Pollutants Review Committee is a subsidiary body under the Stockholm Convention
established for reviewing chemicals proposed for listing in the annexes to the Convention.
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both brominated and fluorinated compounds,
means that the breadth of contaminants cov-
ered by the term “POPs” has greatly increased,
resulting in new challenges for environmental
analytical laboratories. Short-chain chlorinat-
ed paraffins were detected in the Firth of Clyde,
but the concentrations were method specific
(Hussy and others, 2012), most likely owing to
the presence of significant concentrations of
medium- and long-chain chlorinated paraffins.

In the recent draft report on progress towards
the elimination of PCBs (Stockholm Conven-
tion, 2018), it was highlighted that, for many
countries, little, if any, relevant quantitative
information was available. Extensive analyti-
cal work continues to be undertaken in some
regions of the world, and it shows evidence
of high concentrations of PCBs in some top
predators, with the possibility of population
consequences (Desforges and others, 2018)
or altered adipose function in seal pups (Robin-
son and others, 2018). Both of those examples
come fromthe North-East Atlantic. Recentdata
for the Arctic, based on long-term time series
of PCBs in marine mammals and fish, show
that concentrations are generally decreasing
(Carlsson and others, 2018), although the rate
of decrease has slowed in recent years (Arc-
tic Monitoring and Assessment Programme
(AMAP), 2016; Boitsov and others, 2019). Hex-
achlorobenzene (HCB) in fish liver decreased
less with time compared with PCBs, DDT and
its metabolites, trans-nonachlors and PBDEs
(Boitsov and others, 2019). Exceptions exist,
however, which are associated with changes
in diet or a change in environmental processes
that affect run-off and re-emissions (AMAP,
2016). For example, significant increasing
trends for the concentration of a group of 10
PCBs have been observed in blue mussels
from Iceland and juvenile polar bears from
the east of Greenland and for two blue mussel
time series from Iceland (AMAP, 2016).

There is some evidence that the presence of
POPs, such as PCBs, peaked in ocean water in
the 1970s and has been declining since (Wag-
ner and others, 2019). In line with declining
atmospheric concentrations, the Arctic Ocean
has started to export those legacy POPs back
into the atmosphere and through currents into
the Atlantic Ocean (Ma and others, 2018).

The concentration of PCBs in fishes and shell-
fish in the North-East Atlantic has decreased,
although local problems continue. Of the seven
PCBs identified by the International Council
for the Exploration of the Sea,> only PCB118 is
found at a concentration in fishes and shellfish
likely to cause biological effects (Commission
for the Protection of the Marine Environment of
the North-East Atlantic (OSPAR), 2017b). The
other six PCBs are generally above background
assessment concentrations, although in 4 of
the 11 contaminant assessment areas defined
by the Commission for the Protection of the
Marine Environment of the North-East Atlantic
(OSPAR Commission), PCB28 is at the back-
ground assessment concentration level. Fur-
thermore, in 9 of 10 contaminant assessment
areas where a temporal trend could be deter-
mined, the trend is downward. A similar state
was described for PBDEs in fish, mussels and
oysters in the majority of assessment areas of
the Convention for the Protection of the Marine
Environment of the North-East Atlantic (OSPAR
Convention),® with declining concentrations be-
ing noted in all but the Skagerrak and Kattegat,
where no change in concentration has been
observed (OSPAR, 2017b).

PCBs were detected in fish from depths of
between 600 and 1,800 m on the European
continental slope to the west of Scotland,
United Kingdom (Webster and others, 2014).
Concentrations of the seven PCBs identified
by the International Council for the Exploration
of the Sea in the liver of three fish species were
highly variable, ranging from 58.7 nanograms

5 PCB28,PCB52,PCB101, PCB118, PCB138, PCB153 and PCB180.

6 United Nations, Treaty Series, vol. 2354, No. 42279.
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per gram (ng/g) lipid weight in black scabbard
to 3,587 ng/g lipid weight in roundnose grena-
dier. Concentrations were mainly less than 500
ng/g lipid weight (or <1,250 ng/g lipid weight
for the sum of 28 PCBs), a value used by some
researchers as an indicator of concern. A total
of 23 of the 95 fish livers collected between
2009 and 2012, inclusive, had PCB concentra-
tions of more than 500 ng/g lipid weight for the
seven PCBs identified by the Council. PCB118
was at a concentration at which biological
effects are likely to be observed for all three
fish species. Although there were species dif-
ferences with respect to concentration, there
were no temporal trends between 2006 and
2012, nor were there any differences detected
with depth. Concentrations of PCBs were also
examined in prey species (including lantern-
fish and Bean'’s bigscale) and were significant-
ly lower compared with the concentrations
found in predators. PBDEs were also detected
in the predators, but at much lower concentra-
tions than the PCBs.

Mean concentrations of PCBs in sediments in
the Greater North Sea and the Celtic Seas are
generally significantly above the congener’s
background assessment concentration, but
below the environmental assessment criteria
(OSPAR, 2017b). Sediments in both the north-
ern North Sea and the Irish Sea were found to
contain PBDEs, although most of the measured
concentrations of PBDEs in sediments were
low and often below detection levels. Howev-
er, the lack of assessment criteria for PBDEs
in sediments means that it is not possible to
determine the environmental significance of
the observed PBDE concentrations (OSPAR,
2017b).

Inputs of hazardous substances to the Baltic
Sea are defined, on the basis of the Baltic
Sea Impact Index (Baltic Marine Environment
Protection Commission (HELCOM), 2018a), as
the second most widely distributed pressure
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(HELCOM, 2018a, 2018b). In terms of POPs,
PCBs, dioxins and furans do not appear to be
a major driver of the integrated assessment
status for the period 2011-2016. Atmospher-
ic deposition of PCBs and polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/
PCDF) shows a steady decrease owing to the
increased efficiency of various combustion
and chlorination processes (HELCOM, 2018b).
Hexachlorocyclohexane (y-HCH, lindane), and
DDT and its metabolites (DDD, DDE) are no
longer considered of significant concern in the
Baltic. The improved breeding success in the
white-tailed sea eagle is attributed to such re-
ductions (HELCOM, 2018c). However, elevated
concentrations of PBDEs in fishes are a major
contributor to the current impeded overall sta-
tus of the Baltic Sea. Similarly, undue inputs of
PCBs contaminating the food web in the La-
gos Lagoon in Nigeria had been reported from
activities on land (Alo and others, 2014).

Even if the deposition of PCDD/PCDF in the
Baltic Sea is decreasing, atmospheric deposi-
tion has been found to be the major external
source, and there is still noticeable elevated
deposition in coastal areas of the North-East
Atlantic and in the Baltic, the Mediterranean
and the Caspian Sea (Wiberg and others,
2013). The atmospheric deposition of PCDD/
PCDF and HCB is quite high in coastal areas
of the North-East Atlantic and in the Baltic, the
Mediterranean and the Caspian Sea, although
there has been no intentional global produc-
tion of HCB for decades (e.g., Wang and oth-
ers, 2010), and emissions of PCDD/PCDF are
supposed to cease in 2018 (Josefsson and
Apler, 2019).

It is clear that various POPs continue to be
present in the atmosphere (figure 1), with a
hotspot for PCB153 over Western Europe
(figure 1.B). High atmospheric concentrations
of PCDD/PCDF have also been detected over
Europe (figure I.A).
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Figure |

Spatial distribution of global scale annual mean air concentrations, simulated for 2016

A. PCDD/PCDF (femtograms toxic equivalent /m?)

Source: Guseyv, A., and others, 2018.

PBDEs have been used as flame retardants
for many years and have become widespread
across marine systems. As with other POP mix-
tures (e.g., PCBs), concentrations are based on
a small number of the possible congeners. The
lipophilic nature of PBDEs means that they, in
the same way as PCBs, can be trapped in sed-
iments. A review of PBDE concentrations on a
worldwide basis for which the samples were
collected prior to 2010 concluded that, in the
majority of open ocean sediments, concentra-
tions do not vary that much and are approxi-
mately 1 ng/g (Zhang and others, 2016). That
contrasts with sediment concentrations close
to the source of contamination, which were in
excess of 7,000 ng/g. However, PBDEs were
detected in amphipods from both the Maria-
na Trench and the Kermadec Trench, with the
deepest sample collected at 10,250 m. The
concentration for the sum of seven congeners
ranged from 9.33 ng/g lipid weight to 318.71
ng/g lipid weight. PCBs were also detected

B. PCB153 (picograms/m?®)

in those samples, with concentrations, again
for the sum of seven congeners, ranging from
62.02 ng/g lipid weight to 1,866.25 ng/g lipid
weight (Jamieson and others, 2017). Although
there is a scarcity of POPs data from the open
ocean, the data available strongly indicate
that those chemicals continue to be univer-
sally present in marine components far from
their source. Concentrations of PBDE47 and
PBDE99 in water to the west of Los Angeles,
United States, were found to be in excess of
12,500 picograms per litre (pg/l) in 2012. In
subsequent water samples, collected from
progressively more westerly sites (towards
Honolulu, United States), concentrations were
very much lower (< 20 pg/l) but PBDEs were
evident at all sites (Sun, 2015). Further studies
show the presence of organophosphate flame
retardants and PBDEs in the atmosphere,
sediments, and surface and deeper waters
of the Arctic Ocean and the North Atlantic
Ocean (Li and others, 2017; Ma and others,
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2017; McDonough and others, 2018) At pres-
ent, atmospheric transport is presumed to be
dominating over other modes of long-range
transport for organophosphate flame retard-
ants and PBDEs (Siihring and others, 2016;
Vorkamp and others, 2019). Therefore, moni-
toring of those compounds needs to continue.

Fishes from around the South China Sea were
found to contain PBDEs, PCBs and DDT and
its metabolites, but concentrations in muscle
(PBDEs, sum of eight congeners, and PCBs,
sum of 19 congeners, < 200 ng/g lipid weight)
were at the lower end of the global range and
related to feeding habits among the various fish
species (Sun and others, 2014). Staying in the
South China Sea, more recent data from arange
of species (xanthid crab, whiparm octopus, stri-
ated cone, Bower's parrotfish, bigeye scad and
pike conger) from the Xuande Atoll illustrated
that PCBs, PBDEs and DDT and its metabolites
occur in the various components of that marine
ecosystem; the PCB (17 congeners) concentra-
tions ranged from 8.8 ng/g lipid weight in the
whiparm octopus to 117.9 ng/g lipid weight in
the pike conger (Sun and others, 2017).

Sediments carried from the Bering Sea through
the Bering Strait, and from the Chukchi Sea,
the Canada Basin and the Fram Basin to the
Iceland Stations (central Arctic Ocean) con-
tained organochlorine pesticides, PCBs and
PBDEs. In depths below 500 m, the top 5 cm
of sediments contained 286 + 265 pg/g dry
weight (d.w.) of PCBs (47 congeners), which
was greater than concentrations from deeper
sediments (149 + 102 pg/g d.w.). There is also
some evidence of increasing sediment con-
centrations of HCB, at least in the Baltic Sea
(Josefsson, 2018), while in some environmen-
tal compartments in China, there is minimal
change in the concentrations of HCB detected
in the blubber of finless porpoises from the
South China Sea. There were minimal differ-
ences between 1990, when the range of con-
centrations for HCB was 140-230 ng/g lipid
weight, and 2000/2001, when the range was
87-250 ng/g lipid weight (Wang and others,
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2010). The lack of reducing or even increasing
HCB levels might be attributable to the unin-
tentional production of HCB as a by-product in
various combustion and chlorination process-
es (Josefsson and Apler, 2019).

There is no doubt that, in addition to wide-
spread contamination of the marine environ-
ment by POPs, there are localized hotspots
associated with urban proliferation and indus-
trial establishments. A complex mix of POPs
has been discharged into Lagos Lagoon on a
daily basis. In addition to direct discharges,
sawdust and other inland domestic wastes are
ready sources of contaminants. POPs of inter-
est were organochlorine pesticides since, in
Nigeria and other developing countries, such
pesticides, including DDT and lindane, are still
used for pest control and as insecticides.

The Mediterranean has also been described
as a hotspot area for POPs (Marsili and oth-
ers, 2018 and references within table 7.1). The
mean concentrations of PCBs in blubber from
bottlenose dolphins in the Gulf of Ambrakia in
2013 were low (26,770 ng/g lipid weight; Gon-
zalvo and others, 2016) relative to the mean
concentrations for the same species from the
northern Adriatic Sea in 2011 (110,460 ng/g li-
pid weight; Jepson and others, 2016). However,
the mean concentration for the northern Adri-
atic Sea was about 40,000 ng/g lipid weight
higher than the mean obtained for bottlenose
dolphins from Scotland, United Kingdom, that
had been sampled over the period 2004-2012.
Values for the Gulf of Mexico (Texas, United
States); Hawaii, United States; and Reunion,
France, were 47,700 (Balmer and others, 2015),
11,800 (Bachman and others, 2014) and 5,200
(Dirtu and others, 2016) ng/g lipid weight, re-
spectively, with the animals all sampled around
the period 2009-2012. Mean sperm whale
blubber PCB concentrations in animals from
the Corso-Ligurian Basin of the Mediterranean
between 2006 and 2013 was 24,240 ng/g lipid
weight and 16,880 g/g lipid weight for males
and females, respectively (Marsili and others,
2018, table 7.2 and references within; Pinzone
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and others, 2015). That was not as high as in
the Ligurian Sea and the Gulf of Lion (107,810
ng/g lipid weight; Praca and others, 2011),
sampled between 2006 and 2009, but it was
very much greater than the means obtained
from the waters around the Galapagos Islands
(1,320 ng/g lipid weight) and Papua New Guin-
ea (1,140 ng/g lipid weight) in 2000 and 2001,
respectively (Godard-Codding and others,
2011).

Although decreasing, the change in concentra-
tion of dieldrin in Arctic biota is slow, which is
consistent with the air observations, where the
change was very small over the period between
1993 and 2016. Chlordane compounds were
also shown to be decreasing in concentration
in Arctic biota (AMAP, 2016). The story for other
“legacy” POPs (e.g., a-HCH, B-HCH and y-HCH,
PCBs) tends to be similar for Arctic biota.

As highlighted earlier in the present chapter,
there are a range of fluorinated compounds
that are of increasing interest. At coastal sites
in the eastern North Sea, concentrations of
3.8 nanograms per litre (ng/l) were observed
for PFOA, and 1.8 ng/I for PFOS. The concen-
trations decreased further, to 0.13 ng/l and
0.09 ng/I for PFOA and PFOS, respectively,
towards the open sea (Theobald and others,
2011). Perfluorinated compounds have been
found in seabirds in the Baltic (Rubarth and
others, 2011), fish caught around Charleston,
South Carolina, United States (Fair and others,
2019), arange of seafood in the Republic of Ko-
rea (Jeong, and others, 2019) and the marine
food web of the Arctic (Butt, and others, 2010),
as well as in biota from the Antarctic, which
illustrates that those POPs are as ubiquitous in
the global environment as the original 12 POPs
detailed in the Stockholm Convention.

The presence of per- and polyfluorinated alkyl
substances was documented in the Arctic and
the global ocean over the past decade (Ahrens
and others, 2010; Benskin and others, 2012; Ye-
ung and others, 2017). The phase-out of PFOA
and PFOS from production in the United States

and Europe will result in declining concentra-
tions in the surface ocean (Zhang and others,
2017), while replacement per- and polyfluor-
inated alkyl substances are likely to increase.
Observed high concentrations of PFOS in the
South Atlantic could be attributable to the use
of a precursor chemical as a pesticide in Brazil
(Gonzalez-Gaya and others, 2014).

The ultimate challenge remains insofar as hu-
man ingenuity has resulted in the production
of a wide range of halogenated hydrocarbons
that have brought significant benefit to hu-
mankind but have been identified in the abiotic
and biotic environment at a global scale. The
full impact of those compounds on marine bi-
ota, especially when there is biomagnification,
remains unclear, in particular as monitoring
programmes tend to focus on a subset of
compounds rather than the full spectrum
of fluorinated, chlorinated and brominated
compounds that are known to be present in
the marine environment and that contribute
to the total contaminant loading of individual
animals. A detailed study of each subgroup is
necessary owing to the toxicity and bioavaila-
bility of each compound.

3.4. Economic and social
consequences and/or other

economic or social changes

Highly toxic compounds, such as y-HCH and
p,p-DDT, pose potentially unacceptable risks
to aquatic organisms. More widely, there are
risks to animals at the pinnacle of the food
web, including humans. The pesticide residues
y-HCH and p,p-DDE were shown to be the most
persistent of all the POPs assessed and extrap-
olated for the Gulf of Guinea. In addition, y-HCH
was found to have high potential for long-range
transport. The fact that such compounds can
exert dioxin-like toxicity on lagoon biota is an
indication of likely health risks to biota and to
humans (Rose and others, 2017).
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As the climate changes on a global basis, ma-
rine plants and animals will be subjected to ad-
ditional stress from increasing temperatures
and ocean deoxygenation. A reduction in pH
has the potential to cause further stress. The
marine plants and animals that are already ex-
periencing some form of stress owing to their
contaminant loading may be more vulnerable.
Research is required to provide an understand-
ing of the implications of multiple stressors,
not only from the perspective of biodiversity,
but also in the context of the shellfish and
finfish industries, should there be population-
level impacts.

POP concentrations alone could cause adverse
biological effects that might have an impact
beyond the level of the individual marine plant
or animal. Localized population effects, or in-
stances in which contaminant concentrations
exceed compliance concentrations, have the
potential to affect local industries. In 2018,
the European Food Safety Authority Panel
on Contaminants in the Food Chain reduced
the tolerable weekly intake for dioxins and di-
oxin-like PCBs in food to 2 pg per kg of body

4. Metals

4.1. Introduction

Metals continue to be transported at elevated
concentrations around the globe, with the
potential to affect human life and the envi-
ronment even in remote locations. Although
metals occur naturally and are released into
the environment from natural sources, anthro-
pogenic emissions make important contribu-
tions to metal fluxes and even dominate fluxes
for a number of metals. Highly toxic metals,
such as mercury, cadmium and lead, along
with tributyltin, which were assessed in the
first Assessment, and rare earth elements are
included in the present chapter.

weight, a figure that is seven times lower than
the previous European Union tolerable intake.”
That compares with the long-standing World
Health Organization tolerable daily intake for
dioxin-like PCBs of 1-4 pg toxic equivalent
factor per kg of body weight. The United Na-
tions Environment Programme (UNEP), which
provides the secretariat for the PCB Elimination
Network, has recently published a report (UNEP
and United Nations Institute for Training and Re-
search (UNITAR), 2018) detailing the progress
made with respect to meeting the elimination
deadline of 2028, as set out in the Stockholm
Convention. Parties are not currently on track
to achieve the 2028 goal. The consequence of
that is that there is a need to continue to follow
POP concentrations, both to understand the
impact of an increasingly complex mixture of
anthropogenic chemicals on marine systems
and to assess the concentrations in seafood.
Fishes and shellfish provide a valuable and nu-
tritious source of protein, which must be safe
to eat. That requires that emissions, discharg-
es and losses of POPs are reduced and that
concentrations in marine biota decline.

4.2. Situation recorded in the first
World Ocean Assessment

In the first Assessment, the sources, main uses,
production and impact of metals (mercury, cad-
mium and lead) and tributyltin, an endocrine
disruptor compound, were discussed; however,
owing to the different analytical methods used
and the fact that data were expressed in differ-
ent units, the comparison was cumbersome.

The main sectors contributing to mercury emis-
sions to the air were found to be combustion
plants, mainly burning coal, and artisanal, small-
scale gold mining. The share of those sources
was estimated by UNEP to be approximately

7 See www.efsa.europa.eu/en/press/news/dioxins-and-related-pcbs-tolerable-intake-level-updated.
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50 per cent of total anthropogenic mercury
emissions, based on 2010 data (UNEP, 2019).

4.3. Description of the
environmental changes between

2010 and 2020

Observations of metal concentrations in the
global ocean have improved over the past 10
years, primarily owing to integrated efforts,
such as the international GEOTRACES pro-
gramme. Coastal observations and assess-
ments of trends are lacking for most regions,
with the exception of the Baltic Marine Envi-
ronment Protection Commission, Convention
for the Protection of the Marine Environment
of the North-East Atlantic and Arctic Monitor-
ing and Assessment Programme regions, and
are thus focused on the European coasts and
the North Atlantic and Arctic regions. The cur-
rently established trends vary across regions
and for the different metals. Generally, there
appears to be a levelling off in water column
concentrations in the cases of lead and cadmi-
um. However, mercury concentrations in fish-
es and other biota appear to be increasing in
the Arctic regions. Efforts to address the lack
of time series data in key regions, including the
South Atlantic and South Pacific, should be pri-
oritized, in particular in the midst of changing
global temperatures and the increased pro-
jected mobility of metals. Those efforts are
of particular importance in regions where de-
creasing permafrost will mobilize metals and
increase exposure across food chains. Global
fish catch® shows that all regions yield at least
some higher trophic-level species that exceed
recommended levels and, therefore, all ocean
regions are affected. In summary, cadmium,
mercury and lead can still be found at concen-
trations in biota above background levels, with
both temporal and spatial differences. Top
predators continue to be under pressure, with
metal concentrations as a contributing factor.

8  See www.fao.org/state-of-fisheries-aquaculture.

According to the World Mineral Statistics
archive (Brown and others, 2019), the annu-
al world production of cadmium has been
fairly constant at about 21,000-26,000 tons
over the past decade, although production
was at the higher end from 2014 to 2017.
The mine production of lead has decreased
almost 10 per cent since the peak produc-
tion of 5,300,000 tons per year in the period
2013-2014. The production of refined lead
has been fairly constant at around 11,000,000
tons during the same period. China alone is
responsible for about half of the annual lead
production. Annual mercury production dou-
bled from 2010 to 2012 and reached 4,000,000
tons in 2017 (Brown and others, 2019). Also,
during that period, the main producer, China,
increased its share from about 75 per cent to
almost 90 per cent.

Presently, based on 2015 data, UNEP esti-
mates that stationary combustion of coal
and artisanal gold mining are responsible for
60 per cent of total anthropogenic atmospher-
ic mercury emissions (UNEP, 2019). However,
it is not clear if the difference compared with
2010 is based on improved information or
actual changes in emissions from those sec-
tors. Overall, total anthropogenic emissions
constitute about 30 per cent of the total
mercury emissions to the air, whereas natural
processes, such as the evaporation of mercu-
ry previously deposited to soils and water, are
estimated to constitute 60 per cent, with the fi-
nal 10 per cent coming from natural emissions
from volcanoes (UNEP, 2019).

The global spatial distribution of mercury
emissions to the air and atmospheric depo-
sition reveals large hotspots in eastern and
southern Asia, Central Africa and South Amer-
ica, as well as Central America and south-east-
ern North America (figure Il). Subcontinental
contributions to the global inventory in 2015
are very similar to those of 2010.
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Figure Il

Global distribution of model ensemble median mercury (Hg®) concentrations in 2015

A. In surface air
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Source: llyin, 1., and others, 2018.

4.4. Key region-specific changes and

consequences

4.41. Arctic Ocean

The Arctic is changing rapidly and is the sub-
ject of increased research and monitoring
efforts. Permafrost thawing is projected to
increase the transfer of terrestrial mercury and
other metals to Arctic coastal environments
(Fisher and others, 2012). Metals do not dis-
appear over time but can be trapped in sedi-
ments. However, data on metals in sediments
in the Arctic are limited. The mean cadmium
concentration in biota from the Barents Sea
(north-west coast of Norway) was above the
OSPAR background assessment concentra-
tions but significantly below the European
Commission maximum level for food (OSPAR,
2017d). The mean concentrations for both
mercury and lead were at the background as-
sessment concentration. None of the metals
showed upward trends in concentrations in
the water column.

A review of mercury in the marine environment
of the Canadian Arctic has shown that the
understanding of the biogeochemical cycling
of that metal has improved but needs further
characterization. Total mercury concentra-
tions in sediments from the Hudson Bay are
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lower (8-58 ng/g d.w.) than in other marine
regions of the circumpolar Arctic Ocean (e.g.,
up to approximately 290 ng/g d.w., Greenland
Coast, 2000) (Fisher and others, 2012).

The mercury reservoir in permafrost is poorly
quantified, and surface soils in the Arctic likely
contain some portion of legacy mercury. Cur-
rent estimates of riverine mercury export to
the coastal Arctic stem from limited data and
models and vary widely, ranging from 13 to 80
megagrams per year (Dastoor and Dunford,
2014), while mercury export through coastal
erosion is estimated at 15-30 megagrams per
year (Soerensen and others, 2016). Riverine
mercury concentrations can increase up to
sixfold in coastal areas following scenarios
projecting up to 30 per cent increased terrestri-
al run-off (Jonsson and others, 2017). Riverine
transport also exports a significant amount of
toxic mercury, namely, methylmercury. Pres-
ent flux estimates cannot close the mercury
budget in the Arctic and, thus, hypothesized
major mercury processing occurs in coast-
al zones, with evasion of gaseous mercury
species to the atmosphere (Heimbirger and
others, 2015).

There remains significant spatial variation in
the total mercury concentration in Arctic biota,
including with respect to marine mammals
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and birds. In the latter (thick-billed murres), the
total mercury concentration increased in birds
breeding at a higher latitude. There was an
increase in total mercury concentrations in the
eggs of seabirds (various species) over the pe-
riod 1975-2012. The reasons for the increase
remain unclear but are likely to be multifacto-
rial. Greenland sharks have been found to con-
tain high total mercury concentrations in their
muscle (1.62 + 0.52 ug/g wet weight (w.w.)),
which is consistent with their high trophic po-
sition in the Arctic marine food web.

The fourth Global Mercury Assessment (2018)
(UNEP, 2019), a joint venture between UNEP
and the Arctic Monitoring and Assessment
Programme, highlights the following:

(a) Loss of sea ice in the Arctic owing to cli-
mate change allows greater exchange of
mercury between the ocean and the at-
mosphere;

(b) Coastal Arctic sites in Norway have slight-
ly elevated levels of atmospheric mercury
compared with those in Greenland, which
is associated with direct transportation
from continental Europe, especially during
winter and spring;

(c) The Arctic is predominantly influenced by
the long-range transport of atmospheric
mercury;

(d) Dry deposition of mercury may be impor-
tant in inland Arctic tundra;

(e) The deposition of mercury to the Arctic
will not diminish by 2035 under current
policies;

(f) The impacts of climate change on marine
ecosystems in the Arctic are occurring
rapidly, which amplifies its significance for
a global understanding of mercury trends;

(9) Arctic birds tend to be at moderate or low
risk with respect to mercury;

(h) Some Arctic marine mammals are in a
high-risk category as a result of the uptake
of methylmercury through their diet, with

the mercury concentration in the muscle
of pilot whales at the higher end of the con-
centration spectrum for toothed whales;

(i) Mercury in ringed seals from the North
American Arctic has increased;

(j) Changes in mercury concentration in ma-
rine mammals and seabirds are a result
of changes in feeding patterns and in
environmental conditions and of climate
change, which means that the reasons for
the observed changes in mercury concen-
tration in marine mammals and seabirds
are not necessarily identifiable;

(k) The consumption of fish and marine mam-
mals by Arctic people continues to put
them at high risk as a result of mercury ex-
posure; however, exposures have dropped
over the past two decades.

In summary, cadmium, mercury and lead can
still be found in biota at concentrations above
background levels, with both temporal and
spatial differences. Top predators continue to
be under pressure, with heavy metal concen-
trations as a contributing factor.

4.4.2. North Atlantic Ocean, Baltic Sea,
Black Sea, Mediterranean and
North Sea

North Atlantic
(including the OSPAR maritime area)

The Greater North Sea is the only OSPAR sea
area that has sufficient waterborne metal input
data to be used in an assessment. Mercury
inputs via continental run-off have approxi-
mately halved between the period 1990-1995
and the period 2010-2014 (and atmospheric
inputs have been reduced by approximately
one third). Cadmium inputs through the at-
mosphere and run-off have both been reduced
by two thirds. Advances in analytical methods
resulting in improved (lowered) detection lim-
its and higher precision mean that, while there
is a downward trend in riverine inputs, the
change is likely overestimated. However, it will
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require longer-term observation to establish
the significance of the change (OSPAR, 2017a).
Lead inputs through continental run-off have
more than halved, while atmospheric lead dep-
osition is less than a third of the level it was
at in 1990. Secondary atmospheric pollution
from resuspended material and from sources
outside the OSPAR maritime area are now the
major sources of airborne pollution.

Cooperation is needed beyond the OSPAR
area to manage those sources, in addition to
the waterborne inputs. Analyses of lead iso-
topes in the tropical North Atlantic show that
up to 30-50 per cent of natural lead detected
came from North African mineral dust, which
indicates successful global efforts to reduce
anthropogenic lead emissions (Bridgestock
and others, 2016). Concentrations of dissolved
lead in surface waters of the Celtic Sea in the
North-East Atlantic decreased fourfold over
the past four decades to 8 ng/I (Rusiecka and
others, 2018), which is still one or two orders
of magnitude higher than background concen-
trations. Atmospheric lead inputs have been
reduced, and benthic dissolved lead fluxes
(5.6-8.5 pg lead/(m2/day) now exceed the
atmospheric lead fluxes (0.006-2.5 ug lead/
(m?/day) in the Celtic Sea, indicating the signif-
icance of sediments as a contemporary lead
source (Rusiecka and others, 2018).

Mean concentrations of mercury, cadmium
and lead in marine sediments are either
decreasing or show no significant change
in the majority of areas assessed. Neverthe-
less, concentrations in all areas are above
natural background levels, and four of the six
areas assessed are above levels where ad-
verse ecological effects cannot be ruled out
(OSPAR, 2017c). Following bans on tributyltin
in antifouling paints, there has been a marked
improvement in the reproductive condition of
marine snails in the North-East Atlantic over
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the assessment period 2010-2015. Compared
with an assessment in 2010, levels of imposex
have markedly improved. In most assessment
areas, imposex induced by tributyltin is at or
below the level at which harmful effects are
expected to occur, and there is also evidence
of downward temporal trends in the severity of
imposex in all areas assessed. Nevertheless,
some areas are still subject to high imposex
levels. Although levels of imposex are reduc-
ing, imposex remains above background levels
in all of the areas assessed (OSPAR, 2017d).

Following the ban on tributyltin, mean con-
centrations in sediments have measurably
reduced in the southern part of the Greater
North Sea and are very low or undetectable
elsewhere in the North-East Atlantic. Most
countries in the area have stopped monitor-
ing organotins in sediments, especially at
offshore locations, because concentrations
are now often so low that they are below the
limit of detection. That means that a reliable
assessment of organotins in sediments could
be carried out only in the southern North Sea
(OSPAR, 2017e).

In most areas assessed in the first Assess-
ment, concentrations of mercury, cadmium
and lead in mussels and fishes are higher
than the estimated background assessment
concentration levels (figure Ill). Nevertheless,
all concentrations are below European Com-
mission limits for foodstuff. Concentrations
are decreasing or show no significant change
in all areas assessed except for cadmium in
a few Greater North Sea and Irish Sea loca-
tions (OSPAR, 2017b). European Commission
maximum levels for metal concentrations in
fish and shellfish are at least five times greater
than background concentrations. In all OSPAR
regions assessed since 2009, the average
metal concentrations are below European
Commission maximum levels.
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Figure lll

Mean concentrations of each heavy metal in fishes and shellfish in each OSPAR
contaminants assessment area relative to background assessment concentration

(with 95 per cent upper confidence limits)

Mercury Cadmium Lead
1. Barents Sea o— o—— o——
2. Norwegian Trench o— -~— o—
3. Northern North Sea o— o— o—
4. Skagerrak and Kattegat o— o— o—
5. Southern North Sea o— o— o—
6. English Channel o— *— o—
7. Irish and Scottish West Coast o— oL o—
8. Irish Sea o— o— o—
9. Celtic Sea o— o0— o—
10. Northern Bay of Biscay o— *— o—
11. Iberian Sea o— *— o—
12. Gulf of Cadiz o— o— 5 S
T T T :

Mean concentration relative to Background Assessment Concentration (BAC)

Source: OSPAR, 2017d.

Note: A value of 1 means that the mean concentration equals the background assessment concentration. Blue: the
mean concentration is statistically significant below the background assessment concentration and European Com-
mission maximum levels for food (p <0.05); orange: the mean concentration is at (if confidence limit crosses 1), or
above the background assessment concentration, but significantly below the European Commission maximum levels
for food. The European Commission maximum levels are more than five times higher than the background assess-
ment concentration and hence are not shown. The geographical designations in the figure are those used by OSPAR.

Baltic Sea

There are large differences in the estimated
total amounts of metals that enter the Bal-
tic Sea every year, and their main route of
entry is variable (Baltic Marine Environment
Protection Commission (HELCOM), 2018a).
It is estimated that the inputs of cadmium,
mercury and lead to the Baltic Sea between
2012 and 2014 were in the range of 23-45,
4.8-5.6 and 443-565 tons per year, respec-
tively (HELCOM, 2018a).

Mercury entering the Baltic Sea through
atmospheric deposition constitutes about
70 per cent of the total, but levels decreased
by 15 per cent from the 1990s to 2014.

Mercury concentrations in fish muscle (the
most common species measured are herring

and cod in open sea areas and flounder and
perch in coastal areas) exceeded the estab-
lished threshold level (20 pug/kg w.w.) in almost
all monitored open sea sub-basins, indicating
“not good” environmental status during the
period 2011-2016 (HELCOM, 2018a). The
threshold was also exceeded in some coastal
areas and “good” status was achieved only in
the Arkona Basin and in Danish and Swedish
areas. There is no general trend for mercury
in fish muscle for the investigated time series.

Riverine inputs of cadmium are dominant and
make up 79 per cent of cadmium inputs to the
Baltic Sea. Inputs through rivers with existing
time series show large inter-annual variability
that makes it hard to reveal any trend. Atmos-
pheric cadmium deposition decreased by
60 per cent from the 1990s up to 2014.
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For cadmium concentrations in seawater,
biota (mussels) and sediments assessed by
applying the “one-out-all-out” method, “good”
status was achieved in only 35 per cent of open
sea sub-basins assessed (HELCOM, 2018a)
but no significant trends were observed in
89 per cent of the 38 trends evaluated, while
there was a decreasing trend in 4 of 33 trends
and only 1 showed an increasing trend. Thresh-
old concentrations were 0.2 pg/l in water,
960 pg/kg d.w. (137.3 pg/kg w.w.) in mussel
tissues and 2.3 mg/kg d.w. in sediments.

Riverine inputs of lead make up 64 per cent
of the total input of lead to the Baltic Sea. The
lead inputs of the existing time series show
large inter-annual variability that makes it hard
to reveal any tendencies. Atmospheric lead
deposition has decreased by 80 per cent since
the 1990s up to 2014.

Lead concentrations in biota (fishes and
mussels) and sediments using the “one-out-
all-out” approach indicate that “good” status
was achieved only in four open sea sub-basins
and in some coastal areas (HELCOM, 2018a).
Furthermore, lead generally fails the estab-
lished threshold value in biota (26 ug/kg w.w.
in fish liver, and 1,300 pg/kg d.w. and 185.9 pg/
kg w.w. in mussels). No consistent trend was
observed.

In most areas, tributyltin is still a problem in
water, sediments and biota (HELCOM, 2018b).
For sediments, most of the sites failed the
threshold level (1.6 pg/kg w.w.) and, even after
two to three years of monitoring, no temporal
trends could be assessed.

Levels of imposex measured for six or more
years were found to be below the threshold
value in the southern Kattegat and Skagerrak.
In eight other sites, declining effects were ob-
served, which is consistent with the findings in
the North Sea area, where 48 per cent of the
imposex sites showed decreasing trends.?

While the tributyltin situation is improving,
levels of tributyltin in sediments and causal
effects in marine gastropods indicate that
historic pollution continues to affect the Baltic
Sea. Uses of organotins other than in antifoul-
ing paints and their release from previously
contaminated sediments should be investigat-
ed to ensure that decreasing trends continue.

Mediterranean

Metal contamination in the Mediterranean
is the result of human activities (drivers and
pressures) that take place all around the
coastal and marine areas of the Mediterranean
and cause imbalance to ecosystems from
their natural steady-state conditions. Harmful
contaminants enter the marine ecosystem
through different routes, such as atmospheric
deposition or inputs from land- and sea-based
sources. Along the Mediterranean coast, small
recreational marinas up to major commer-
cial ports have created a number of different
pressures in terms of chemical pollution. At
present, there are still old threats and new pres-
sures, although the trends and levels of metals
have significantly decreased in most affected
areas following the implementation of environ-
mental measures (e.g., bans on leaded fuels
and antifouling paints, mercury regulations), as
observed in the western Mediterranean (UNEP/
Mediterranean Action Plan (MAP)/Coordinat-
ed Mediterranean Pollution Monitoring and
Research Programme (MED POL), 2011a), but
Mar Menor is still highly affected by metals.

The latest available data sets of contaminants
reported to the Coordinated Mediterranean
Pollution Monitoring and Research Programme
database continue to indicate lower levels of
legacy pollutants and contaminants in the
biota (mainly bivalves), despite known hot-
spots, as did the previous assessment reports
(UNEP/MAP, 2009; UNEP/MAP/MED POL,
2011a; UNEP/MAP, 2012a, 2012b) and temporal

9 See https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017/pressures-human-activities/

contaminants/imposex-gastropods.
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trends reports (UNEP/MAP/MED POL, 2011b,
2016b), while also indicating the accumulation
and persistence of chemicals in coastal sedi-
ments. The monitored chemical contaminants
in bivalves (e.g., mussels, clams), fishes and
sediments and their assessment against back-
ground assessment concentrations, environ-
mental concentrations and effects range-low
criteria also point to that conclusion. For biota
(bivalves and fishes), the percentage of sites
with acceptable environmental conditions (be-
low the European Commission threshold crite-
ria), range from 92 to 100 per cent for cadmium,
lead and total mercury. Only 8 per cent of sites
assessed for lead in mussels were above en-
vironmental concentrations. Therefore, all the
assessed sites for biota in the database show
acceptable marine environmental conditions,
except 8 per cent of them for lead, according
those criteria. On the contrary, levels in the
coastal sediments above the assessment crite-
ria (greater than effects range-low criteria), that
is, non-acceptable environmental conditions,
are 4 per cent, 53 per cent and 15 per cent for
cadmium, total mercury and lead, respectively.
The level of 53 per cent for mercury indicates
the need for revised subregional assessment
criteria; a mixture of natural and anthropogenic
known sources might influence the assess-
ment, especially in the Adriatic Sea, the Aegean
Sea and Levantine Basin. In that regard, a revi-
sion of the current assessment criteria is under
consideration (UNEP/MAP/MED POL, 2016a)
and should result in a further refinement of the
findings in future assessments.

Based on the values of environmental assess-
ment criteria recommended for indicative pur-
poses by decision IG. 22/7 of the Contracting
Parties to the Convention for the Protection of
the Marine Environment and the Coastal Re-
gion of the Mediterranean at their nineteenth
ordinary meeting, held in Athens from 9 to 12
February 2016, overall, assessments reflect
non-acceptable environmental conditions, in
particular for lead in mussels in some locations
and for lead and total mercury (53 per cent

of sites are greater than effects range-low
criteria) in coastal sediments, although some
are known Mediterranean hotspots and natu-
ral input areas. To guarantee the control and
achievement of targets to maintain acceptable
conditions for cadmium and total mercury in
biota, there is a need for continuous monitor-
ing and assessment.

4.4.3. South Atlantic Ocean and wider
Caribbean

GEOTRACES cruises in the South Atlantic are
providing new assessments of dissolved lead
inputs. A major flux (0.9 to 1.5 x 10° kg/year)
to the South Atlantic is from the Indian Ocean
through the Agulhas Leakage, which supplies
waters with elevated lead concentrations (an-
nual mean concentration 5.8 pg/kg) that are
equivalent to those provided by global atmos-
pheric mineral dust deposition (1.6 x 10° g/year,
assuming 8 per cent of lead released from dust
to seawater) (Paul and others, 2015). Currently,
dissolved lead concentrations in the South At-
lantic remain higher than pre-industrial levels,
with 58 per cent of the dissolved lead in those
waters originating from anthropogenic sourc-
es (Schlosser and others, 2019). It is expected
that GEOTRACES data will continue to develop
and contribute to the next Assessment.

Significant concentrations of aluminium, mer-
cury and copper were found in sediments and
fishes in the Caribbean, mainly in Sea Lots and
Point Lisas harbours, Trinidad and Tobago,
(Mohammed and others, 2012). Tributyltin
also remains a concern in the Caribbean.

Phosphorus mining

Phosphate deposits are found across the
world, in both sedimentary and igneous miner-
als. Currently, China mines the largest volume
of phosphate, but Morocco is the largest ex-
porter; however, most of the phosphate extrac-
tion and processing takes place far from the
sea. Phosphorite mining and processing is a
major source of inputs of mercury, cadmium
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and lead, as well as chromium, nickel, copper,
arsenic, thorium and uranium, to coastal wa-
ters (Gnandi and others, 2011). For example, in
Togo, severe sediment, water and biota impact
from metals has been documented, although
other mining regions likely exhibit similar im-
pacts. The phosphorite deposits of Togo, ex-
tracted since 1960 in the phosphate mines at
Hahatoé and Kpogamé in southern Togo, are
naturally enriched with metals and rare earth
elements (Tanouayi and others, 2016). The
ore processing allows the separation of the
phosphorus-rich industrial fraction, leading to
concentrations greater than 1 mm in seawater
once phosphorite tailings are dumped into the
ocean. Coastal sediments are highly enriched
in trace metals and the calculated enrichment
factors relative to the Earth's crust are high.
Such high loads of trace metals were also
found in biota (fishes and mussels). The ratio
of measured trace metal concentrations in bi-
ota to threshold limits set by the World Health
Organization, herein defined as the relative
health factor, was high in fishes, listed here
from the highest concentrations to the lowest:
selenium, arsenic, silver, nickel, manganese,
iron, lead, cadmium, chromium, copper and
zinc. Cadmium and aluminium were not accu-
mulated. In mussels, the relative health factor
was highest for iron, followed by arsenic, lead,
selenium, manganese, nickel, silver, cadmium
and copper (Gnandi and others, 2011).

4.4.4. Indian Ocean, Arabian Sea,
Bay of Bengal, Red Sea,
Gulf of Aden and Persian Gulf

Fish continues to be an important food prod-
uct and the potential for fishes to be contam-
inated with a range of metals remains. In the
Persian Gulf, most metals regularly exceeded
maximum allowable levels in fish muscle, but
cadmium and mercury concentrations exceed-
ed the levels only by 10 per cent (Cunningham
and others, 2019).

A recent study of a fish (Lethrinus nebulosus)
off Qatar (Al-Ansari and others, 2017) in the
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Persian Gulf showed that mercury levels had
improved in the region. Total mercury was
highest in the liver (602 + 192 pg/kg w.w.) and
lowest in the gonad (71 + 31 pg/kg w.w.), with
muscle falling between the two. The study
found an increasing trend compared with the
levels detected 20 years earlier, but the levels
were more in line with those reported in 2007.
Concentration of mercury in sediments was
in the range of 8—-34.3 pg/kg for total mercury
(Hassan and others, 2019).

Stable isotope studies showed that, in the
Indian Ocean and the Arabian Sea, lead con-
centrations have been greatly affected by
anthropogenic inputs (Lee and others, 2015).
Those data serve as a baseline but will require
future sampling to establish trends. Inthe west-
ern Indian Ocean, lead and cadmium levels
were below levels of concern, although mercu-
ry in higher trophic species (swordfish, wahoo
and blue marlin) often surpassed 1 mg/kg w.w.
(Bodin and others, 2017). Over 13 per cent of
swordfishes sampled in the Indian Ocean had
mercury levels that surpassed 1 mg/kg w.w.
and, in a global catch for comparison mercury
levels, Indian Ocean swordfish levels had the
most frequent and highest average mercury
concentrations (Esposito and others, 2018).

4.4.5. North Pacific Ocean

Inputs from the Asian continent to the East
China Sea and the North Pacific exhibit large
episodic and seasonal pulses related to bio-
mass burning and fossil fuel combustion (Qin
and others, 2016). Total mercury levels in the
deep waters of the North Pacific are elevated
relative to surface and intermediate waters,
but comparisons with historical data suggest
that concentrations have not increased over
the past 20 years (Munson and others, 2015).

4.4.6. South Pacific Ocean

Detailed mercury distribution in the South
Pacific showed elevated concentrations in
the Peruvian upwelling region and significant
methylmercury, as high as 20 per cent of total
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mercury (Bowman and others, 2016). Data
in the region are not adequate to ascertain
trends since the first Assessment, but values
appear stable. The tropical South Pacific is a
net source of mercury to the atmosphere but
the exchange flux is lower than that of the
North Atlantic (Mason and others, 2017).

4.4.7. Southern Ocean

Total mercury concentrations in the Southern
Ocean are comparable to those in the South
Pacific Ocean and the Atlantic Ocean. However,
there are distinct regional features that include
net mercury deposition along the ice edge of
Antarctic sea ice, mercury enrichment in brine
during sea ice formation and methylmercury
formation south of the southern polar front
(Cossa and others, 2011). Lead concentrations
in water (6.2 pg/l) are comparable to those
measured in more industrialized regions, such
as the Baltic Sea, despite its remote location
(Schlosser and others, 2016). Metal data in the
region are too sparse to allow any trends since
the first Assessment to be detected.

Rare earth elements

Contamination owing to “technology-critical
elements” that are widely used in cost-ef-
fective low-carbon technologies, such as
nuclear, solar, wind and bioenergy, as well as
in carbon capture and storage technologies
and electricity grids, and in medical products,
has been observed since the beginning of
the millennium (Bau and Dulski, 1996). Rare
earth elements have been considered critical
for the development and establishment of
high-technology products. As a result of their
application, an unavoidable release of such
elements into the environment has been ob-
served recently, thus increasing the number of
trace elements acting as contaminants in the
ocean. One of those elements, gadolinium, is
used as a tracer of anthropogenic input in the
study of positive anomalies (increased values
relative to natural concentrations). The input of
rare earth elements to the marine environment

has been identified mainly through domestic
sewage systems. In the past decade, positive
anthropogenic gadolinium anomalies were
found in marine waters globally as a result of
drainage from densely populated areas, such
as the North Sea (North-East Atlantic) (Kulaksiz
and Bau, 2007), the San Francisco Bay and ad-
jacent Pacific waters (Hatje and others, 2014),
the Indian Ocean (Zhu and others, 2004; Ogata
and Terakado, 2006; Akagi and Edanami, 2017)
and the South Atlantic Ocean (Pedreira and
others, 2018). In addition to gadolinium, other
rare earth elements have been detected in raw
phosphorite and mine tailings from phosphate
mining at Hahatoé and Kpogamé (southern
Togo) (Gnandi and others, 2011). However,
scarce information exists on the environmental
behaviour of those elements and on their im-
pact on biota in marine systems. Although con-
centrations of anthropogenic gadolinium are
rather low in marine waters, potential concerns
regarding the effects of continuous exposure to
low levels of gadolinium on aquatic organisms
and human health have been arising (Hatje and
others, 2018). The anthropogenic gadolinium
complexes, originally considered to be safe for
humans, have been shown to accumulate in
humans and aquatic organisms.

4.4.8. Economic and social
consequences and/or other
economic or social changes

Metals of concern are non-essential trace
elements that transfer through the trophic
chain and ultimately bioaccumulate in the
upper trophic levels of the oceans. The main
social impact is that, despite some decreases
in emissions, there are observed increases in
concentrations of metals in higher trophic-lev-
el fish species, which have a direct impact on
ecosystems, leading to apparent changes in
food chains and, subsequently, human health
risks (see chap. 8B) through ingestion. The
risks are of particular concern to indigenous
communities that rely on specific food sourc-
es. A second impact is the potential decrease

121



World Ocean Assessment II: Volume |l

in fish stocks and the subsequent hardship
for fishers who are constrained to go further
from the coast, often with poor equipment, to

5. Radioactive substances

5.1.

Introduction

The waters, biota and sediments of the ocean
all contain radioactivity. Much of it is from nat-
ural sources. Since the 1940s, however, there
have been significant inputs from human ac-
tivities. It is important to distinguish between
the occurrence of ionizing radiation, emitted
through the decay of radionuclides, and the
impact of such radiation on biota, which varies
according to the nature of the radiation (in par-
ticular, whether the radiation is of a (alpha) or 8
(beta) particles) and the part of the biota con-
cerned. Studies of radioactive impacts on biota
have concentrated on humans, but in the pe-
riod since 2000, the International Commission
on Radiological Protection, the international
body of experts that agrees standards of radia-
tion protection, has developed approaches for
considering how to protect non-human biota.

5.2. Situation recorded in the first
World Ocean Assessment

In the first Assessment, the levels of naturally
occurring radioactivity in the ocean, ranging
from the lowest levels in the South-West At-
lantic to the highest levels in the North-East
Atlantic, and levels of a typical anthropogenic
radionuclide, ranging from the lowest in the
Southern Ocean to the highest in, again, the
North-East Atlantic, were noted. The most
significant anthropogenic input has been from
the testing of nuclear weapons, but that is now
purely historical. Nuclear reprocessing plants
were the second most significant anthropo-
genic source: such plants existed in 2014 in
China, France, India, Japan and the Russian
Federation, and further plants were under con-
struction or planned in China, India, Japan and
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catch fish. In certain regions, inputs and min-
ing activities lead to regional deterioration that
affects tourism and local economies.

the Russian Federation. The nuclear accidents
at Chernobyl and Fukushima resulted in large
inputs of radioactive material to the ocean but
were of limited concern by the time the first
Assessment was written; immediately after
the accident at Fukushima, increments to the
input were limited. At the end of 2013, there
were 434 nuclear power reactors in 30 coun-
tries, resulting in radioactive discharges to the
ocean in orders of magnitude less than those
from weapons testing, reprocessing plants and
major accidents, and such discharges tend to
decrease over time with improved technology,
except for discharges of tritium, which have
low radiotoxicity. Also noted was an anthro-
pogenic concentration of naturally occurring
radionuclides, in particular from scale cleaned
from offshore oil and gas pipelines and phos-
phogypsum.

5.3. Description of the

environmental changes between

2010 and 2020

5.3.1. General

The assessment of global levels of natural
and anthropogenic radioactivity in the ocean
in the first Assessment was based on studies
carried out by the International Atomic Energy
Agency (IAEA) in 1995 and 2005 (IAEA, 1995,
2005). No similar studies have since been un-
dertaken, and the picture presented in the first
Assessment thus remains the best available.
However, IAEA is planning new studies of that
kind in the early 2020s (personal communica-
tion from IAEA, 5 July 2019).

For radioisotopes with long half-lives, carriage
by ocean currents can be significant, unlike
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terrestrial radioactive contamination. As with
airborne transport of radionuclides, ocean
currents can transport radioactive substances
introduced into the marine environment to ar-
eas thousands of km away from the point of
introduction. For example, the ratio of plutoni-
um-240 to plutonium-239 in the Kuroshio Cur-
rent zone in the North-West Pacific provides
evidence that those radionuclides are being
transported to that zone from the former atom-
ic-bomb and nuclear-bomb Pacific Proving
Grounds in the Federated States of Micronesia
(Hong and others, 2011; Wu and others, 2019).

Although there have been no global surveys
of the level of radioactivity in the ocean, there
have been major advances over the past dec-
ade in the ability to measure low levels of the
long-lived radioisotope iodine-129 (half-life 15.7
million years), a product of nuclear weapons
testing and nuclear fuel reprocessing plants.
Studies have now revealed its global distribu-
tion throughout the ocean and its application as
a circulation tracer (He and others, 2013).

In addition, the Scientific Committee on Oce-
anic Research, under the International Council
for Science, has instituted the international
GEOTRACES programme to determine the dis-
tribution of trace elements and their isotopes
throughout the ocean. The programme also
includes anthropogenic radionuclides. As part
of the programme, intercalibration efforts have
demonstrated the ability to identify plutoni-
um-239, plutonium-240 and caesium-137 from
relatively small samples (Kenna and others,
2012). Radioisotope data collected through the
GEOTRACES programme have also contributed
substantially to the understanding of move-
ments of material in the ocean (Malakoff, 2014).

In 2015, the Scientific Committee on Oceanic
Research also set up Working Group 146, “Radi-
oactivity in the Ocean, 5 decades later (Ri05)”,
reverting to the theme of the first Working
Group of the Committee in 1959. Working Group
146 has been tasked, among other things, with
improving online resources for data on natural

and anthropogenic radioisotopes in the ocean
within the framework of the IAEA Marine Radio-
activity Information System (MARIS) database,
which contains measurements of radioactivity
data in the marine environment found in sea-
water, biota, sediment and suspended matter
(Scientific Committee on Oceanic Research
(SCOR)-WG146, 2020).

5.3.2. Sources of radioactivity in the ocean

Developments with regard to the main sources
of radioactive inputs to the ocean since 2014
(the base date for the relevant section of the
first Assessment - chapter 20, section 10)
have been as follows.

5.3.3. Nuclear weapons testing

The absence of atmospheric tests of nuclear
weapons since 1980 has continued, and that
source of inputs of radioactivity to the ocean
therefore remains purely historical.

5.3.4. Nuclear reprocessing plants

The nuclear reprocessing plants mentioned
in the first Assessment as functioning in
2014 (Gansu, China; Cap de la Hague, France;
Kalpakkam, Tarapur and Trombay, India; Tokai,
Japan; Mayak, Russian Federation; and Sel-
lafield, United Kingdom) remain in operation,
but the Tokai plant is being decommissioned.

The nuclear reprocessing plants at Cap de la
Hague and Sellafield continue to represent
the dominant source of anthropogenic radio-
active inputs to the North-East Atlantic, and
they contributed approximately 90 per cent of
the total alpha discharges and approximately
80 per cent of the total beta (excluding tritium)
discharges over the period 2007-2013. Never-
theless, there had been substantial reductions
by 2016 in average discharges from the repro-
cessing plants in that period over the average
levels in the period 1995-2001 - a reduction
of about 40 per cent in total alpha discharges
and about 85 per cent in total beta discharges
(OSPAR, 2017b).

123



World Ocean Assessment II: Volume Il

In China, the planning of a further nuclear
reprocessing plant in Gansu is continuing. In
India, work started on a nuclear reprocess-
ing plant at Kalpakkam in 2017. In Japan, the
nuclear reprocessing plant at Rokkasho is ex-
pected to reach completion by October 2022
(Japan Nuclear Fuel Limited (JNFL), 2020). In
the Russian Federation, a new nuclear repro-
cessing plant at Zheleznogorsk is expected
to be operational as of 2022 (World Nuclear
Association (WNA), 2020).

5.3.5. Nuclear power plants

There were 450 commercial nuclear power
reactors in 30 countries in operation at the
end of 2018 (as compared with 434 in the
same 30 countries at the end of 2013). The
plants containing them have a total capacity
of over 395,000 megawatts (MW). A little over
300,000 MW of that capacity is in countries of
the Organization for Economic Cooperation
and Development (OECD). About 55 more re-
actors are under construction. The plants pro-
duce over 15 per cent of the world’s electricity:
the proportion ranges from about 70 per cent
of the national supply in France to 2 per cent

Table 1

in the Islamic Republic of Iran (see table 1).
That is a global average increase since 2013
of about 5 per cent. Other States that do not
have nuclear power plants, such as Denmark
and Italy, import substantial amounts of their
electricity from neighbouring States that rely
substantially on nuclear power (IAEA, 2019a).

For the nuclear power plants in the catchments
of the Baltic and North-East Atlantic, the latest
assessments show continuing reductions in
the discharges of the various radionuclides
that are monitored (other than tritium) (HEL-
COM, 2013; OSPAR, 2017b).

Detailed figures are not available fordischarges
in other global regions: the IAEA database on
discharges of radionuclides to the atmosphere
and the aquatic environment (information pro-
vided by national authorities on a voluntary
basis) has not been updated since 2012, and
much of the data in it are substantially older
than that. As recorded in the first Assessment,
tritium discharges from nuclear power plants
are generally related to the level of electricity
generation, and there is no accepted abate-
ment technology.

Proportion of electricity generated from nuclear power, 2018

Percetage of

electricity from

electricity from

Percentage of Percentage of

electricity from

nuclear power State nuclear power State nuclear power
France 71.7 (73.3) | Bulgaria 34.7 (30.7) | Pakistan 6.8 (4.4)
Slovakia 55.0(51.7) | Armenia 25.6 (29.2)  Japan 6.2 (1.7)
Ukraine 53.0 (43.6) | Republic of Korea 23.7 (27.6) | Mexico 5.3 (4.6)
Hungary 50.6 (50.7) | Spain 20.4 (19.7) | South Africa 4.7 (5.7)
Sweden 40.3 (42.7) | United States 19.3(19.4) | Argentina 4.7 (4.4)
Belgium 39.0(52.1) | Russian Federation 17.9 (17.5) China 4.2 (2.1)
Switzerland 37.8(36.4) | United Kingdom 17.8 (18.3) | Netherlands 3.1 (2.8)
Slovenia 35.9 (33.6) | Romania 17.2 (19.8) | India 3.1 (3.5)
Czechia 34.5(35.9) Canada 14.5(16.0)  Brazil 2.7 (2.8)
Finland 32.5(33.3) | Germany 11.8 (15.4) | Islamic 2.1 (1.5)
Republic of Iran

Source: IAEA, 2019a.

Note: Figures for 2013 are provided in brackets, for comparison.
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5.3.6. Non-nuclear sources of radioactive
discharges to the ocean

A number of human activities other than nu-
clear installations result in discharges to the
ocean both of naturally occurring radioactive
material and of artificial radionuclides pro-
duced other than for nuclear energy purposes.
The main activities of that kind are offshore
hydrocarbon installations and pipelines, nucle-
ar medicine and the production of agricultural
fertilizer from phosphate rock. Published data
on such discharges are not available except for
the North-East Atlantic and its adjacent seas.

The collection of information on discharges
of naturally occurring radioactive material and
other non-nuclear discharges to the North-East
Atlantic and its adjacent seas started in 2005.
For the oil and gas industry, there are enough
data to set a baseline (2005-2011), but it is not
yet possible to identify trends in such discharg-
es to the marine environment (OSPAR, 2017b).
Recent studies by the OSPAR Commission
conclude that the major source of naturally
occurring radioactive material reaching the
North-East Atlantic is the offshore oil and gas
industry, where produced water (water coming
from the reservoir with the oil and gas) and the
scale that it deposits in pipelines (which has to
be cleared periodically) contain low levels of
radionuclides (mainly lead-210, polonium-210,
radium-226 and radium-228). The total alpha
and total beta discharges from the oil and
gas sector are 97 per cent and 10 per cent of
the discharges from all sectors, respectively
(OSPAR, 2017b, 2018c). Of the total non-nucle-
ar beta discharges, the largest contribution is
iodine-131 from the medical subsector. Tritium
discharges from the non-nuclear sector are
insignificant compared with the nuclear sector
(OSPAR, 2018c).

The production of agricultural fertilizers from
phosphate rock results in the production of
phosphogypsum (which is mainly a compound

10 gee A/72/46, chap. |l, sect. B.1.

of calcium, but also contains naturally occur-
ring radioactive material). It has often been
discharged as slurry to the sea, but that now
seems to have been widely phased out. Such
discharge continues in Morocco (where there
are new regulations and a review), Tunisia
and elsewhere (Hermann and others, 2018; El
Kateb and others, 2018). Morocco has, howev-
er, set up a system of improved management
of phosphogypsum discharges (an investment
of $120 million) so that discharges comply with
international standards, in particular through
marine outfalls equipped with diffusion sys-
tems along their ends (communication from
the Government of Morocco).

5.3.7. Nuclear incidents

There have been no significant major nuclear
incidents since 2011.

In relation to the 2011 incident in Fukushima,
Japan, the United Nations Scientific Commit-
tee on the Effects of Atomic Radiation has
reviewed the scientific work carried out on the
maritime transport of radionuclides from the
Fukushima Daiichi nuclear power plant since
its 2013 report (which had concluded that
effects on marine biota would be only local),
and concluded that there were no reasons to
change its conclusions.’®

Activities to track the plume of low-level ra-
dioactivity in the North Pacific resulting from
the Fukushima incident are ongoing (Men and
others, 2015; Buesseler and others, 2017), and
the plume has now been tracked into North
American continental waters (Smith and others,
2015). Most notably, measurements of the long-
lived iodine-129 (Hou and others, 2013; Otosaka
and others, 2018; Suzuki and others, 2018) have
provided critical information about ocean circu-
lation and iodine biogeochemistry in the waters
receiving radionuclides from Fukushima. Five
years after the Fukushima accident, measure-
ments of caesium-137 found highest activities
in brackish groundwater underneath sand
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beaches (Sanial and others, 2017), suggesting
a previously undocumented submarine ground-
water pathway for the storage and release of
radionuclides to the ocean. However, the levels
measured by Japan in the marine environment
are low and relatively stable (IAEA, 2019b).

A study of Pacific bluefin tuna (Thunnus orien-
talis) caught off the coast of California, United
States, around four months after the Fukus-
hima accident showed a tenfold increase in
radio-caesium concentrations (derived from
Fukushima) compared with pre-Fukushima
specimens. However, such radioactivity was
approximately thirty times less than that em-
anating from concentrations of the naturally
occurring radionuclide potassium-40 in both
pre- and post-Fukushima fish samples (Madi-
gan and others, 2012).

IAEA maintains databases on the dumping
of radioactive waste at sea (which occurred
between 1947 and 1993) and inputs from acci-
dents and losses at sea. The last compilation
of an inventory from the databases was pub-
lished in 2015 (IAEA, 2015). The only incident
that it records since 2010 is the entry into the
ocean in 2015 of a Russian satellite with a
small nuclear power pack.

5.4. Economic and social
consequences and/or other
economic or social changes

The pressures to increase the proportion of the
world’s supply of electricity that is not derived
from fossil fuels means that there continues
to be significant interest in the generation of
electricity from nuclear power plants. As noted
above, there has been a 5 per cent increase in
the generation of such electricity in the period
2013-2018.

A new development is the construction of the
world’s first floating nuclear power plant by the
Russian Federation. The Akademik Lomon-
osov completed initial testing in April 2019,
to be ready to enter into service in December
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2019 in the sea off the Russian port of Pevek,
to replace an existing nuclear power plant
and a combined heat and power plant (Pow-
er Engineering International (PEl), 2019). The
Russian nuclear industry has also suggested
collaboration with India over the development
of floating nuclear power plants (Singh, 2019).

5.5.

Regional aspects

There have been no significant studies of the
global distribution of natural or anthropogenic
radionuclides since the first Assessment, but,
as noted above, IAEA is proposing to carry
out some new assessments. As recorded in
the first Assessment, both naturally occurring
radioactivity in the ocean and the nuclear
sources of anthropogenic inputs of radioactive
material are significantly concentrated in the
northern hemisphere. In the southern hemi-
sphere, only Argentina, Brazil and South Africa
have nuclear power plants.

5.6. Outlook

As noted in section 5.4, there may well be an
increase in the number and scale of nuclear
power plants. Linked with such increases is a
likely increase in the scale of reprocessing of
nuclear fuel. However, experience over recent
decades suggests that there will be some off-
setting reductions in the levels of radioactivity
in discharges from such plants. As recorded
in the first Assessment, the estimated highest
current levels of committed effective doses
to humans of radioactivity from food from the
sea are less than a quarter of the IAEA recom-
mended annual limit for the exposure of the
general public to ionizing radiation. There is
no evidence to suggest any recent significant
change. Provided that adequate monitoring is
maintained, therefore, such developments are
not likely to be of concern.
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6. Pharmaceuticals and personal care products

Introduction

6.1.

As the population in the coastal regions grows,
the size and number of cities grows with it. In
particular, as megacities grow near the coast,
river mouths and deltas, the anthropogenic
pressure on coastal and marine ecosystems
is increasing. The urbanization of coasts has
direct implications for the input of PPCPs.
An increasing number of people will need an
increasing amount and number of pharmaceu-
ticals and will apply an increasing amount and
number of personal care products. At the same
time, food production, such as aquaculture, will
be of increased importance and will also lead
to the input of pharmaceuticals for veterinary
purposes. The picture is even more complicat-
ed when looking at demographic change and
ageing populations, in particular in the western
world. They will lead to an increasing applica-
tion of certain pharmaceuticals per capita.

PPCPs include all chemicals used for health
care, cosmetics and medical purposes. More
than 3,000 PPCPs are currently marketed
and new compounds enter the market yearly
(Arpin-Pont and others, 2016). It is clear that
the development of pharmaceuticals and their
use in medicine is of considerable value to hu-
man society. Nevertheless, their fate is an en-
vironmental issue. PPCPs are often analysed
together because their input pathways to the
environment are similar. PPCPs reach the en-
vironment mainly indirectly through wastewa-
ter from households or agriculture (livestock
farming). They are mostly washed off or ex-
creted unchanged and released directly in the
wastewater systems. As processes to remove
PPCPs from wastewater are not efficient and
most of the compounds are not degraded or
are only slowly degraded, the products reach
the aquatic environment through the wastewa-
ter effluents (Heberer, 2002; Verlicchi and oth-
ers, 2012; Caldwell, 2016). Some PPCPs, such
as ultraviolet filters in sunscreens, can also

enter the ocean directly during recreational ac-
tivities. They are often considered to be “pseu-
do-persistent” as their degradation is slow in
relation to the large quantities that are input or
discharged into the environment (Rivera-Utrilla
and others, 2013; Bu and others, 2016).

However, it has been shown that several PPCPs
may also be degraded to transformation prod-
ucts that could be more toxic (Kallenborn
and others, 2018). Until now, most studies on
PPCPs have been conducted in relation to the
occurrence of PPCPs in influents and effluents
of wastewater treatment plants (Fang and oth-
ers, 2012; Rodil and others, 2012; Tamura and
others, 2017), lakes and rivers (Skold, 2000;
Loos and others, 2010; Gothwal and Shashidar,
2015; Molins-Delgado and others, 2017). Many
PPCPs have been detected in freshwater sys-
tems and, consequently, may end up in marine
ecosystems. However, the available data are
very limited. Consequently, PPCPs were not
discussed or evaluated in the first Assessment.

The broad range of medicinal products availa-
ble for human or veterinary use that can reach
the marine environment may lead to a global
environmental problem (Klatte and others,
2017). Owing to the continuous presence of
pharmaceuticals in the aquatic environment
entering through different entry pathways,
they are regarded as a class of pseudo-per-
sistent contaminants (Bu and others, 2016).
Pharmaceuticals reach production volumes of
up to 100,000 tons per year (Aus der Beek and
others, 2016), representing nearly $1.5 trillion
in the global pharmaceutical market by 2021,
with further expansion predicted. The main
drivers for the development are market expan-
sion and demographic changes, including an
ageing population (International Federation
of Pharmaceutical Manufactures & Associ-
ations (IFPMA), 2017; Roig, 2010; Arnold and
others, 2014). Pharmaceuticals go through a
strict approval procedure in order to ensure
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effectiveness and patient safety (Taylor, 2016).
However, long-term ecotoxicological studies
for risk assessment to prevent undesirable
environmental effects have only rarely been
considered (Sanderson and others, 2003; Fent
and others, 2006; Boxall and others, 2012).
Since only limited data on the occurrence of
a variety of pharmaceuticals in the coastal en-
vironment are available, pharmaceuticals with
environmental relevance need to be monitored
(Gaw and others, 2014; Richardson and Ternes,
2014; Arpin-Pont and others, 2016; Pazdro and
others, 2016).

6.2. Situation recorded in the first
World Ocean Assessment

PPCPs were included in section 2 of chapter
20 on hazardous substances (United Nations,
2017b), alongside classical POPs and heavy
metals. They were not considered or evaluated
in their own right.

6.3. Description of the

environmental changes

between 2010 and 2020

To date, there are few studies on the oc-
currence of PPCPs in marine ecosystems.
However, there is increased interest in the
occurrence of PPCPs in the ocean, not least
because marine ecosystems are assumed to
be affected by contamination by PPCPs and in-
creasingly sensitive analytical capabilities are
available (Picot-Groz and others, 2014). Avail-
able data based on the occurrence of PPCPs
in seawater, sediment and marine organisms
have recently been collected and published by
Bebianno and Gonzalez-Rey (2015) and Arpin-
Pont and others (2016). The most frequently
investigated and detected compounds were
antibiotics (erythromycin, sulfamethoxazole
and trimethoprim; see figure 1V), anti-epilep-
tics (carbamazepine), caffeine, non-steroidal
anti-inflammatories (ibuprofen, ketoprofen)
and analgesics (acetaminophen). Among
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cardiovascular drugs, atenolol and gemfibrozil
were most frequently detected or exhibited the
highest relative concentrations (Arpin-Pont
and others, 2016).

Limited amounts of data were available
for personal care products (Bebianno and
Gonzalez-Rey, 2015; Arpin-Pont and others,
2016). Available data cover musk fragrances,
disinfectants (triclosan) and some ultraviolet
filters, the most relevant of which are benz-
ophenone-3 and octocrylene. Triclosan was
detected at concentrations of up to 99.3 ng/I
in water in Victoria Harbour, China (Wu and
others, 2007). Concentrations of benzophe-
none-3 up to 2,013 ng/l were detected in water
at Folly Beach, South Carolina, United States
(Bratkovics and Sapozhnikova, 2011). Oc-
tocrylene that is used not only in sunscreens
but also in food additives enters coastal areas
either directly or indirectly through wastewa-
ter. Concentrations of octocrylene were up to
1,409 ng/l in water and up to 3,992 ng/g d.w. in
mussel tissues (Arpin-Pont and others, 2016;
Picot-Groz and others, 2014).

The majority of the measurements of PPCPs
in marine waters have been conducted in the
North Atlantic Ocean, the North Sea, the Baltic
Sea, the Mediterranean and the Asian Pacific
Ocean (table 2). In Asia, in particular in China, a
number of different PPCPs were measured in
seawater, sediments and biota in estuaries and
in the Chinese marginal seas (Xu and others,
2013; Zhang and others, 2013b; Na and others,
2013; Nodler and others, 2014; Kallenborn and
others, 2018; Kétke and others, 2019). The stud-
ies showed that PPCPs are present in all areas
of the ocean, with higher levels in areas that
are directly affected by anthropogenic activi-
ties. Recently, a number of studies have been
carried out at coastal sites in the Arctic and
Antarctic. In contrast, however, very few PPCP
measurements have been taken in the marine
environment of the southern hemisphere and
very little information exists for PPCP levels in
sediments (Arpin-Pont and others, 2016).
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Figure IV

Geographical distribution of antibiotics in the world’s oceans (ng/L)
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Source: Schlitzer, 2020.

In addition to the occurrence of antibiotics and
their transformation products in the marine
environment, antibiotic-resistant genes have
also been found in bacteria and soil in the Pa-
cific Ocean and the Arctic Ocean (McCann and
others, 2019; Hatosy and Martiny, 2015). The
occurrence of antibiotic-resistant genes in the
marine environment can be linked to the coast-
al run-off of antibiotic-resistant bacteria from
terrestrial sources, anthropogenic antibiotic
run-off and selection for resistance in response
to antibiotics introduced in the marine envi-
ronment (Allen and others, 2010; Hatosy and
Martiny, 2015).

The availability of data on PPCPs in the Arctic
environment has been even more limited than
for temperate marine systems. Nevertheless,
Kallenborn and others (2018) concluded that
the group of compounds are relevant pollut-
ants, even in remote regions, including the
Arctic. Based on recent studies, the character
of local PPCP sources, such as sewage treat-
ment, in combination with the low-temperature
Arctic climate and limited technological stand-
ards for waste treatment facilities in Arctic
settlements all contribute to extending the en-
vironmental stability of the residues compared
with conditions found in lower-latitude regions

(Kallenborn and others, 2018). More than 100
PPCP-related compounds have been identified
in virtually all Arctic environmental matrices,
from coastal seawater to high trophic-level
biota. Some 22 of a total of 110 compounds
were identified in seawater (Kallenborn and
others, 2018), with the highest concentrations
registered for citalopram (antidepressant),
carbamazepine (anti-epileptic) and caffeine
(stimulant). Relatively high levels of certain
PPCPs in the Arctic environment are not nec-
essarily linked to higher consumption rates but
may more likely be explained by higher environ-
mental stability in the low-temperature Arctic
climate. That is considered to be of critical
relevance when significant amounts of anti-
microbial agents are released, thus enhancing
the potential for the development of resistance
(Gullberg and others, 2011; Kallenborn and oth-
ers, 2018).

Although PPCPs have been suggested for
inclusion in the list of hazardous substances
for decision-making on control measures and
there is clear evidence that PPCPs are present
in all ocean areas and in marine organisms, the
data are still insufficient for most PPCPs de-
tected to assess the trend levels in water and
the exposure effects on marine organisms.
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Table 2

Concentrations of major pharmaceuticals and personal care products measured in coastal waters (ng/l)
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Location
Arctic, Tromsg

Clarithromycin

Sulfamethoxazole

Sulfamethazine

Roxithromycin

lomeprol

lopromide

Diclofenac

Carbamazepine

Ibuprofen

Reference
Kallenborn and others, 2018

(Norway) n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. n.a. n.a. n.a.
,(Ar\zcc:)trlvc\:l,al;c))ngyearbyen n.a. n.a. nd. na. na n.a. n.a. 1.0-4.0 n.a. n.a. 0.4-1 e e BEE, 201
Arctic, Tromsg _ Weigel and others, 2004
(Norway) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.d.-0.7
Baltic Sea n.d.—0.14 0.03-0.42 0.74-3.29 n.d. n.d.—0.48 1.05-34.50.42-3.34 n.d.—0.84 1.98-10.6 n.d.—0.64 n.a. Kotke and others, 2019
North Sea 0.13-0.94 0.4-1.66 1.78-13.0 n.d. n.d.—2.86 7.66—207 7.27-34.1 n.d.—4.82 4.78-29.7 n.d-2.06 n.a. Kotke and others, 2019
Himmerfjarden _ Magnér and others, 2010
(Sweden) n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. 4.0-12.0 n.a. n.a.
Baltic Sea n.d. 14 21 n.a. n.a. 98 45 9.2 22 n.a. n.a. Nodler and others, 2014
Oslofjord n.a. n.a. n.d. n.a. n.a. n.a. n.a. n.d.—48.0 n.a. n.a. n.d.—52.0 Kallenborn and others, 2018
Aegean Sea n.d. 16 3.8 n.a. n.a. 83 109 4.6 29 3.5 n.a. Nodler and others, 2014
Adriatic Sea 5.8 n.d. 3.6 n.a. n.a. 29 n.a. n.d. 3.1 n.a. n.a. Nodler and others, 2014
Adriatic Sea n.a. n.a. 0.02-1.02n.a. n.a. n.a. n.a. n.a. 0.11-0.360.02-0.14 n.a. Loos and others, 2013

. Moreno-Gonzélez and
Mediterranean 9 5 14 n.a. n.a. n.a. n.a. n.a. n.d. n.a. n.a. others, 2015
Santos Bay n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.d. n.a. n.a. 326.1-2094 Pereira and others, 2016
Red Sea n.a. n.a. 63 n.a. n.a. n.a. n.a. 14020 110 n.a. 508 Ali and others, 2017
Bohai Sea and Zhang and others, 2013b
Yellow Sea 0.69 0.07 1 0.01 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Jiaozhou Bay 4.5 0.58 96 0.04 na. n.a. n.a. n.a. n.a. n.a. n.a. Zhang and others, 2013a
Yantai Bay 0.82 0.03 1.4 0.02 n.a. n.a. n.a. n.a. n.a. n.a. n.a. Zhang and others, 2013a
Southern Yellow Sea 0.5 3 7.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. Du and others, 2017
East China Sea n.a. n.a. 0.5-3.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. Fisch and others, 2017
Pearl River delta n.d.-126 n.a. n.d.—40.6 n.a. n.d.-12.0 n.a. n.a. n.a. n.a. n.a. n.a. Xu and others, 2013
South China Sea 21 n.a. 11.4 703 n.a. n.a. n.a. n.a. n.a. n.a. n.a. Liang and others, 2013
gggunaeri(Australla) n.a. n.a. na. n.a. na. n.a. 3.0-12.5 n.a. n.d-2.7 n.a. n.a. Ellrai end efiss, 20E
Antarctic n.d. n.d. nd. nd. nd n.d. n.d. n.d. n.d. n.d. n.d. Herndndez and others, 2019

Abbreviations: n.a., not available; n.d., not detected.
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Chapter 11: Changes in liquid and atmospheric inputs to the marine environment

7. Atmospheric pollutants (nitrogen oxides, sulfur oxides)

7.1.

Combustion is a major source of nitrogen
oxides (NO,) and sulfur oxides (SO,) in air
emissions. Of particular interest for the marine
environment are the emissions from shipping
that contribute to air pollution. The local and
regional environmental issues connected
to shipping emissions are, to a large degree,
coupled with shipping intensity, but such emis-
sions can also contribute to global pollution.

Introduction

7.2. Situation recorded in the first
World Ocean Assessment

In chapter 17 of the first Assessment (United
Nations, 2017a), emissions of NO, and SO, in
areas of heavy traffic were discussed, as were
the contribution of those compounds to acid
rain and to human health.

7.3. Description of the

environmental changes between

2010 and 2020

Total annual NO, emissions from shipping
have been estimated at about 19,000 kilotons
(2013-2015), of which about 91 per cent de-
rives from international shipping, with the rest
deriving from domestic shipping and fishing
vessels (6 per cent and 3 per cent, respective-
ly) (Olmer and others, 2017). Total annual ni-
trogen emissions from international shipping
on the Baltic Sea amount to approximately 80
tons, which is about 5 per cent of the total NO,
emissions in the Baltic Sea countries (Gauss
and others, 2018).

The adverse effects of air pollution caused by
shipping are an issue of interest to the Inter-
national Maritime Organization (IMO), which,
on the basis of annex VI to the International
Convention for the Prevention of Pollution from

11 United Nations, Treaty Series, vol. 1340, No. 22484.

Ships, 1973, as modified by the Protocol of
1978 relating thereto,"’ endeavours to reduce
emissions of, for example, SO, (and, indirect-
ly, particulate matter) and NO, from ships
through international agreements. There are
also IMO-designated emission control areas, in
which the restrictions with respect to emissions
of SO, and/or NO, are more stringent. As at 1
January 2020, the global limit for sulfur content
in the fuel oils used by shipping was reduced
from 3.5 per cent by mass to 0.5 per cent,
while since 2015, the limit has been reduced to
0.1 per cent in the emission control areas. There
are four emission control areas: the Baltic Sea
area and the North Sea area (presently only for
SO0,, but will include NO, from 2021), the North
American area and the United States Caribbe-
an Sea area. The implementation of the North
Sea and Baltic Sea SO, emission control areas
led to a significant reduction of sulfur dioxide
concentrations in bordering port cities and
coastal regions, which benefited the health of
coastal citizens (European Union, 2018). The re-
quirement was also set to reduce acidification
resulting from SO, deposition at sea (European
Environment Agency (EEA), 2013). It is estimat-
ed that the implementation of the Baltic Sea
NO, area will reduce nitrogen deposition at sea
by about 40 per cent by 2040 (Karl and others,
2019). Despite those improvements, a model-
ling study of the longer-term perspective shows
that, without additional measures, the current
IMO and European Union regulations will cut
S0, emissions of international shipping up to
2030, but that after that, emissions will grow
again. The pattern is even more pronounced for
NO, emissions; it is expected that, after 2030,
the emissions from international shipping will
exceed those from land-based sources in the
European Union, if no further control is applied
(International Institute for Applied Systems
Analysis (IIASA), 2018).
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To meet the stricter sulfur regulations without
switching to more expensive fuel of lower
sulfur content, an increasing number of ships
(7 ships in 2010, 256 in 2015 and more than
4,400 in 2020) have been equipped with an
exhaust gas cleaning system, also known as
scrubbers, which allows for continued use of
heavy fuel oil. In the scrubber, the exhausts
are washed in a fine spray of water, and in the
simplest and most common form, open-loop
scrubbers, the wash water is directly dis-
charged back to the sea. In addition to sulfur
oxides, other substances, such as metals and
organic pollutants, are also washed out of the
exhausts, and there is increasing concern that
wide-scale discharge of scrubber wash water
may affect the marine environment negatively
(Koski and others, 2017; Ytreberg and others,
2019; Teuchies and others, 2020). For that
reason, some ports, regions and countries
have taken a precautionary approach and

prohibited such discharges in their waters
(Turner and others, 2017). They include many
European ports, such as Rotterdam, the Neth-
erlands, and ports in California, United States,
and Singapore and, recently, China and Egypt
also proposed such a ban in Chinese waters
and the Suez Canal, respectively.

Further efforts to reduce the environmental
impact of shipping include the IMO Interna-
tional Code for Ships Operating in Polar Wa-
ters,’2 which promotes the identification of
hazardous substances on the basis of routine
operations and navigational and shipping acci-
dent reports. As a consequence of the stricter
global sulfur rules and the encouragement
to not use heavy fuel oil in the Arctic, more
alternative fuel blends have entered the mar-
ket. More research is needed to determine the
potential toxicity of the new fuels.

8. Hydrocarbons from terrestrial sources, ships and offshore
installations, including arrangements for response to spills

and discharges

8.1. Situation recorded in the first
World Ocean Assessment

As described in the first Assessment, the im-
pact of hydrocarbons, for example, from oil
spills, can affect the marine ecosystem both
physically, through the oiling of birds, mam-
mals and beaches, and chemically, through
toxic components, such as polycyclic aromatic
hydrocarbons. Depending on concentration
and exposure, the effects may be acute or
chronic (Lindgren and others, 2012). Hydrocar-
bons enter the marine environment through
many pathways. Land-based sources include
urban run-off and coastal refineries, while

shipping-related sources include operational
discharges and accidents and, for offshore oil
and gas facilities, operational discharges, acci-
dents and blow-outs. In addition, atmospheric
fallout and natural seeps are substantial sourc-
es. It was posited in 2003 that the total range
from all sources may have reached 470,000
tons to 8.4 million tons a year (National Re-
search Council and Transportation Research
Board, 2003), which can be compared with
world crude oil production, for example in 1999,
which was about 3.5 billion tons. The levels of
polycyclic aromatic hydrocarbons are expect-
ed to decrease owing to tighter regulations of
combustion plants, vehicles and so forth. In
2017, crude oil production increased by almost

12 |nternational Maritime Organization, document MEPC 68/21/Add.1, annex 10.
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25 per cent and was approaching 4.4 billion
tons (Global Energy Statistics Yearbook, 2018).

8.2. Description of the

environmental changes

(between 2010 and 2020)

Based on global models of long-range atmos-
pheric deposition of benzo(a)pyrene (B[a]P),
one of the polycyclic aromatic hydrocarbon
compounds, it is notably higher in the Adriatic
Sea and the Aegean Sea in the Mediterranean,
in coastal areas of the North Sea, in the North-
East Atlantic and in the south-eastern part
of the Baltic Sea, as well as in the northern
Caspian Sea (figure V.A). However, on a global
scale, the major emissions and deposition
of B[a]P are to be found in the eastern and
southern parts of Asia, where the atmospheric
deposition is a magnitude higher or even more,
compared with the levels illustrated in figure
V (Gusev and others, 2018). The deposition of
B[a]P in the Baltic Sea increased up to 2000,
after which time the deposition rate seems to
have levelled off.

Other important sources of hydrocarbons
entering the ocean are shipping accidents,
operational losses and illegal discharges from
shipping. The global trend regarding shipping
accidents leading to oil spills above 7 tons is,
however, decreasing. According to the Inter-
national Tanker Owners Pollution Federation
(2019), the annual average number of spills in
the period 2009-2018 was 6.4, compared with
35.8 for the period 1990-1999. The decrease
in tanker spills is likely the result of improved
safety measures in terms of the phaseout of
single-hull tankers, which came into effect in
2003 (IMO, 2019), through an accelerated pro-
cess following the disastrous accident involving
the Erika tanker in 1999. The Erika and Prestige
(2003) accidents also marked the starting point
for maritime vetting inspections as a possible
measure for cargo owners to demand higher
safety standards, primarily for chemical and
oil tankers (Powers, 2008). The declining trend

in the number of tanker spills is even more
pronounced taking into account the steady
growth — close to an 80 per cent increase from
1990 to 2017 - in loaded crude, petroleum and
gas shipping (United Nations Conference on
Trade and Development (UNCTAD), 2018).

During the past 10 years, offshore oil produc-
tion has remained at the same level, about
26 million—27 million barrels per day (Inter-
national Energy Agency (IEA), 2018a), but its
market share has shrunk as global oil produc-
tion increased to approximately 95 million bar-
rels per day in 2017 (IEA, 2018b). Aside from
oil spills, the main impact from the offshore
production of oil and gas is associated with
the discharge of produced water, with global
volume estimated to be up to 39.5 million
méper day (Jiménez and others, 2018), and the
disposal of drilling waste (Bakke and others,
2013). Although several studies (e.g., Moodley
and others, 2018) indicate sublethal effects
from produced water on marine species, there
is a general understanding that there is a low
risk of long-term, widespread impact from
produced water and the disposal of drilling
waste, but it cannot be verified from published
literature (Bakke and others, 2013). However,
the observed levels of DNA adducts in the
livers of wild-caught fishes from regions with
oil production in the North Sea above environ-
mental assessment criteria raise concern re-
garding the effects of oil compounds on early
life stages (Balk and others, 2011; Pampanin
and others, 2017). There is a need for further
studies on community and population levels to
advance the current knowledge based on sin-
gle-species toxicity data (Camus and others,
2015). The need is also relevant for environ-
mental risk assessment prior to new offshore
exploration. If a risk assessment is based on
worst-case scenarios that are limited in their
holistic validity, it may be biased in the han-
dling of associated uncertainties (Hauge and
others, 2014). From the marine environment
perspective, an increasing area of concern is
the decommissioning of offshore platforms.
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The International Energy Agency (2018a) esti-
mated that 2,500-3,000 offshore projects will
probably need to be decommissioned, while
today the annual average decommissioning
rate is 120 platforms per year. The costliest
part of platform decommissioning is plugging
and abandoning wells. In the North Sea, the
removal of all topsides and substructures has

Figure V.A

Spatial distribution of global scale annual
mean modelled air concentrations (ng/m?)
of B[a]P for 2016

been required since 1998, under the OSPAR
Convention. However, the “rig to reef” ap-
proach has been adopted in the United States
and South-East Asia, allowing for parts of the
subsea structures to be left and converted
to artificial reefs. In the Gulf of Mexico, there
are already more than 500 such permanently
converted decommissioned rigs (IEA, 2018a).

Figure V.B

Spatial distribution of global scale
deposition fluxes (g/km?/year) of B[a]P
for 2016

Source: Guseyv, A., and others, 2018.

9.  Other substances used on, and discharged from,

offshore installations

Beyond the environmental impact caused by
its hydrocarbon content, produced water also
contains elevated concentrations of metals,
such as arsenic, cadmium, chromium, copper,
lead, mercury, nickel, silver and zinc, some in
the range of 102-10° times higher than back-
ground concentrations (Jiménez and others,
2018)."®* Naturally occurring radioactive mate-
rial originating from geological formations may
also be present as dissolved solids in produced
water. The most common such compounds are
radium-226, radium-228 and barium (Bou-Ra-
bee and others, 2009)."* To minimize the
negative environmental impact of produced

water, efforts are being made to: (a) use a small
volume of water for the oil extraction process;
(b) reuse the water; and (c) dispose of it at sea
(Jiménez and others, 2018).

As concluded in the first Assessment, there
are still knowledge gaps with respect to an
assessment of the large-scale impact of pro-
duced water (OSPAR, 2018a). In the North Sea
region, the OSPAR Commission has worked
hard to achieve phaseout of the most toxic
chemicals used in the offshore production
industry until 2017. Although the target was
not entirely reached, at least the chemicals
on the OSPAR List of Chemicals for Priority

13 The potentially negative effects of metals are described in section 4 of the present chapter.
14 The potentially negative effects of naturally occurring radioactive material are described in section 5 of the

present chapter.
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Action were not used at all on the Norwegian
continental shelf from 2014 to 2016. The total
use and discharge quantity of chemicals on
the Norwegian continental shelf peaked in
2013, and there was a similar trend regarding
discharge on the United Kingdom continental
shelf (OSPAR, 2018b). The total quantity of
chemicals used offshore was 398,158 tons
in 2016. A total of 71 per cent (weight) of the
used chemicals were on the OSPAR List of
Substances Used and Discharged Offshore

which are Considered to Pose Little or No
Risk to the Environment, 28 per cent (weight)
were other non-substitution chemicals and
1 per cent comprised substitution chemicals
(i.e., chemicals that contain one or more sub-
stances that are candidates for substitution).
In addition to the work done on phasing out
toxic chemicals, new technologies, for exam-
ple, advanced oxidation processes for the re-
mediation of produced water, have also been
proposed (Jiménez and others, 2018).

10. Relationship to the Sustainable Development Goals

The atmospheric deposition of various pol-
lutants on water (or land) is directly related to
Goal 14 but is also relevant to most, if not all,
Sustainable Development Goals,'s for exam-
ple, Goals 2 and 6 or Goals that might have an
impact on air emissions, including Goals 1 and
8, as one of the prerequisites for life on earth is
the supply of clean and healthy water.

The presence of POPs at concentrations likely
to cause deleterious effects means that it is
unlikely that Sustainable Development Goal
target 14.1 will have been achieved by 2025.
For many of the legacy POPs, such as PCBs,
emissions, discharges and losses are very low;
the issue is the re-emergence from sediments
owing to the resistance of POPs to biodeg-
radation. There also remains a clear need to
increase scientific knowledge (Sustainable De-
velopment Goal target 14.a and other Goals)
around the cumulative impacts of the growing
mixture of chemicals to which marine biota
are being exposed.

Sustainable Development Goal target 3.9 will
be hard to achieve with respect to POPs, met-
als, PPCPs and hydrocarbons, specifically with
respect to achieving a substantial reduction in
water pollution. The impacts of POPs, metals,
PPCPs and hydrocarbons on human health
have not been evaluated in the present chapter

15 See General Assembly resolution 70/1.

but it has been recognized that marine mam-
mals are being affected by POPs, with concen-
trations for some POPs and metals decreasing
only slowly and with increasing concentrations
affecting top predators.

The achievement of Sustainable Development
Goal target 2.1 will require more concerted
monitoring programmes covering the edible
portion of marine plants and animals to ensure
the quality of marine food sources.

The available information on the impact of ion-
izing radiation from anthropogenic sources on
the marine environment suggests that it prob-
ably does not pose a significant problem for
the achievement of Sustainable Development
Goal target 14.1. However, there are significant
gaps in the information available on discharg-
es of radionuclides in much of the world.

Relevant PPCPs should be included in already
established long-term international, nation-
al and regional monitoring programmes to
serve as a scientific basis for region-specific
“watch lists” for PPCPs, in particular in coast-
al waters. There should be no segregation
of environmental regulations and legislation
between terrestrial and marine ecosystems
at the national and international levels, with
coastal areas treated as a transition zone in
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the “catchment-to-sea continuum” and as the
link between Goals 6 and 14.

As the impacts of increased anthropogenically
produced carbon dioxide become more signif-
icant in the ocean, it becomes more evident
that the marine biota is being exposed to yet
another stressor — ocean acidification. The pH
decreases (see chap. 9), along with the increase

in temperature and decrease in dissolved oxy-
gen, pose a risk that biota already made vulner-
able by their contaminant loading will succumb
to the multiple stressors (see also chap. 25)
they are experiencing. It would be desirable to
reduce the presence of multiple stressors in the
ocean along with climate action.

11. Key remaining knowledge gaps

In the first Assessment, the need to work
through a number of different organizations
was highlighted as limiting the possibility of
making clear comparisons between the en-
vironmental quality of different ocean areas
because of the use of different measuring
techniques and the very different ranges of the
varieties of chemicals being observed. That
situation remains.

Information on the atmospheric deposition
of various pollutants is heavily dependent on
the modelling approaches used to increase
the spatial coverage. To be able to model the
deposition, there is a significant need for high
quality data on emissions and deposition.
The data need to be collected and used in
regional and/or global modelling to facilitate
the production of high-resolution spatial and
temporal deposition estimates. However, the
availability of that kind of fundamental data is
limited, especially for some ocean areas, which
is quite evident from the present Assessment,
for which there is a lack of information for a
large part of the ocean.

Changes in industrial production will result in
changes in compartmental patterns as well
as the point sources and substance mixtures.
With the broadening of the Stockholm Conven-
tion, there is a need for information on the con-
centrations of the compounds detailed in the
Convention that are found in the environment
to permit the consideration of cumulative im-
pacts (see chap. 25) and the effectiveness of
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the processes aimed at eliminating the emis-
sions and use of those compounds.

Critically, the biological effects and cumula-
tive impacts of the chemicals detailed in the
Stockholm Convention require considerable
research to allow appropriate status assess-
ments to be prepared, especially in cases
where changes are attributable to the impact
of increased atmospheric greenhouse gas
concentrations (e.g., ocean warming, ocean
deoxygenation, ocean acidification and chang-
ing rates of respiration).

Current efforts and ongoing time series under
the GEOTRACES programme will improve
both global and regional resolution. However,
significantly higher resolution is needed to
improve estimates of trends with respect to
trace elements and their isotopes. Time series
in the South Atlantic and across the South Pa-
cific are currently lacking for hazardous sub-
stances, as are data for the Southern Ocean.
The extent of transboundary marine pollution
is yet to be properly investigated. The map-
ping of contamination of coastal waters and
sediments requires a more integrated effort,
together with more globally targeted studies
of biota such that effects can be determined
on a larger (oceanic) basis.

It is necessary to coordinate spatial and tem-
poral sampling for metals such that the data
reflect a global strategy. That will require in-
tegrated efforts, possibly including the UNEP
regional seas conventions and action plans,
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with both coastal and open ocean sampling.
As sampling resolution is optimized, such that
changes in concentration can be detected
with a known confidence, quality control and
quality assurance guidelines, including inter-
calibrations, will be required.

Very limited detailed information is published
of the levels of discharges of radioactive sub-
stances to the marine environment, outside the
North-East Atlantic and its adjacent seas. It is
known that substantial monitoring is carried
out. There is, therefore, a case for restarting
and extending the IAEA database on discharg-
es of radionuclides to the atmosphere and the
aquatic environment as a means to provide
much wider publication of the information.

Likewise, the intention of IAEA to repeat the
studies carried out by the Agency in 1995 and
2005 (IAEA, 1995, 2005) on the levels of nat-
ural and anthropogenic radioactivity in fishes
and seawater in the different major fishing
areas is welcomed. It would be an appropriate
contribution to the United Nations Decade of
Ocean Science for Sustainable Development
(2021-2030).

A review of the studies of the impact of ion-
izing radiation on crustaceans concludes that
there is poor coverage of data, in particular in
the field, on the subject and suggests that sim-
ilar problems may exist with other phyla (Fuller
and others, 2019), which implies that there is a
need for further research on the subject.

The quite large number of PPCPs identified in
marine ecosystems is primarily indicative of
the capability of today’s analytical method for
the identification and quantification of those
substances and their metabolites. It does not
necessarily reflect the full range of PPCPs
present in the marine environment. The ul-
tratrace concentrations of PPCPs in seawater,
sediments and biota are still a significant
challenge for existing analytical methods.
However, technological developments and
novel applications will further decrease limits

of quantification and, in addition, will lead to
the identification of new and presently uniden-
tified PPCPs (Kallenborn and others, 2018).

Both active and passive sampling strategies
and analytical methodologies for the analysis
of PPCPs and their metabolites in the marine
environment need to be harmonized. That will
ensure common data quality and allow more
effective data comparison between laborato-
ries and geographic regions (Arpin-Pont and
others, 2016).

Because PPCPs are mostly excreted un-
changed or as metabolites, itis not appropriate
to target only the parent compounds; the ma-
jor transformation products must be included
in both the analytical procedures and the risk
assessments (Rivera-Utrilla and others, 2013).

To date, there is no comprehensive data set
available covering the worldwide occurrence
of PPCPs in the coastal regions and the open
ocean, which means that it has not been pos-
sible to conduct any potential assessment of
the impacts of PPCPs on marine organisms.
It would be desirable to create a database to
support the risk assessment and modelling
and provide information for the international
management of PPCPs. Owing to the lack
of adequate data, especially for the different
trophic levels in marine webs, a safety factor
of 10,000 needs to be applied, which results in
a high uncertainty of the risk characterization
of the compounds (European Medicines Agen-
cy (EMEA), 2018).

To further evaluate the ecotoxicity of the inves-
tigated PPCPs and to estimate whether the ob-
served concentrations may have an effect on
marine ecosystems, it will be important to im-
prove the data on marine test organisms. Such
efforts should focus on the impacts of chronic
toxicity characterized by low-dose exposure
in long-term studies, which should include the
behaviour of mixtures of chemicals (Deruytter
and others, 2017).
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12. Key remaining capacity-building gaps

The complex nature of the mixtures that com-
prise POPs and PPCPs, coupled with the fact
that, even at very low concentrations, those
compounds can be toxic, means that there
is a need to develop the necessary analytical
capabilities on a global scale.

Sampling and subsequent analyses in the
open ocean and in coastal and shelf seas
need to be undertaken in a systematic, quali-
ty-assured manner on a global basis, covering
both the original and new POPs, as detailed in
the Stockholm Convention, as well as metals,
PPCPs, radioactive substances, NO,, SO, and
hydrocarbons. Although significant analytical
challenges are expected, such an approach
will permit precise spatial and temporal as-
sessments to be made, which will ultimately
inform better management decisions with
respect to the utilization of POPs, PPCPs and
other materials that may be deleterious to the
marine environment.

POPs continue to accumulate in the polar
regions and in top predators but neither pres-
ent straightforward sampling opportunities.
Therefore, greater effort must be put into more
harmonized monitoring plans such that the
collection of samples for the determination of
POP concentrations is integral to as many pro-
grammes as practicable, especially in regions
known to be affected by POPs. Furthermore,
there needs to be a greater awareness and un-
derstanding of the movement of POPs through
food webs. The development of trophic mag-
nification factors should allow concentrations
across food webs to be modelled, providing an
indication of the probable concentrations of
POPs in species that are difficult to sample.

Re-emergence is a significant source of POPs
that is contributing to the sustained elevated
concentrations of, for example, PCBs. Howev-
er, establishing a clear understanding of the
routes and pathways through which contami-
nants enter seas will enable better evaluation
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and targeting of measures, provide information
on issues of potential re-emergence and poten-
tially offer the possibility of predicting recovery
times. In addition, a major consideration for fu-
ture assessments should be the determination
of the environmental realities attributable to
multiple mixed effects, in particular, the impact
on the environment not just of single substanc-
es or substance groups but the complex and
potentially magnifying effects of numerous
contemporary hazardous substances.

Over the many decades of analyses, the instru-
mentation has improved, as have sampling
methodology and sample preservation. How-
ever, in determining temporal trends, it is often
the determined concentration that is given the
most attention, with less consideration given
to the relevant limit of detection of the instru-
ment for that sample. In that context, there
is a need to consider the more technical and
specific aspects of the analysis (Mangano and
others, 2017). In addition, to support future
assessments, it will be necessary to review
and harmonize the threshold values utilized in
the individual indicators, to ensure their rele-
vance and application. Furthermore, gaining a
comprehensive overview of novel sources of
contaminants, in particular those emerging
from offshore activities, such as wind farms,
will also be beneficial.

There is a need to develop laboratory facilities
that can improve knowledge of the toxicity
of POPs and PPCPs in marine systems. Fur-
thermore, it is essential that an infrastructure
be put in place that will permit assessments
of the contribution of POPs and PPCPs to
the wider cumulative impacts of the multiple
stressors to which marine species and habi-
tats are being exposed, especially a changing
climate and ocean acidification.

As with other monitoring of hazardous sub-
stances, there are major gaps in the capaci-
ties of most developing countries to monitor



Chapter 11: Changes in liquid and atmospheric inputs to the marine environment

concentrations of POPs, metals, PPCPs and
radionuclides in the marine environment.

awareness, education and monitoring. There
are 113 parties to the Convention (as of July

2020).

Moreover, efforts should be made to reduce
all the sources of inputs of those hazardous
substances to the ocean.

The Minamata Convention on Mercury'¢ en-
teredintoforce on 16 August 2017 and includes
articles to support parties thereto, including
with respect to capacity-building and technical
assistance, as well as health aspects, public
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Chapter 12: Changes in inputs and distribution of solid waste

Keynote points

e Plastics now represent the major share of
marine litter or marine debris.

e Most marine litter is from land-based
sources, resulting from poor waste man-
agement practices, especially in some
rural and developing regions.

e Marine litter is present in all marine habi-
tats, affecting the environment and marine
organisms through entanglement, inges-
tion and the rafting of invasive species.

e Amounts of marine litter are increasing in
remote and unpopulated areas.

e Time series data are needed to assess and
monitor impacts of marine litter, including
microplastics and nanoplastics.

e Although a decreasing trend is observed,
there is a need to harmonize reporting on
dumping at sea.

1.  Activities resulting in marine debris, including plastics,
abandoned fishing gear, microparticles and nanoparticles,
and estimates of sources from land, ships and offshore

installations

1.1. Introduction

The term “marine litter” refers to any persis-
tent, manufactured or processed solid mate-
rial discarded, disposed of or abandoned in
marine and coastal environments (Joint Group
of Experts on the Scientific Aspects of Marine
Environmental Protection (GESAMP), 2019)
and covers an extremely wide variety of mate-
rials, ranging in size from mega-litter (> 1 m),
to macro-litter (> 25 mm), meso-litter (> 5 mm),
micro-litter (> 1 ym) and nano-litter (< 1 ym).
It is classified by the nature of the material,
such as plastic, metal, glass, rubber or wood,
or by sources or uses, such as fishing gear, in-
dustrial pellets, sanitary items and single-use
plastics. Plastic, defined as polymers synthe-
sized from hydrocarbon molecules or biomass
with thermoplastic or thermoset properties,
comprises the main component of marine
litter and exhibits a wide range of properties,
shapes and compositions (GESAMP, 2016). In

2018, approximately 348 million tons of plastic
waste had been generated worldwide (Plas-
ticsEurope, 2019), with annual amounts enter-
ing the ocean in the range of 4.8 to 12.7 million
tons, based on data from 2010 (Jambeck and
others, 2015).

Marine litter is most obvious on shorelines,
where it accumulates from water currents,
wave and wind action and river outflows. How-
ever, marine litter, mainly plastic, is also found
on the ocean surface in convergent zones
(ocean gyres), in the water column, on the sea
floor and in association with marine biota,
where it can cause harm (Barnes and others,
2009).

The present section provides a robust descrip-
tion of changes in the state of marine litter,
including key region-specific features, and
describes the consequences of those chang-
es for human communities, economies and
well-being.
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1.2. Situation recorded in the first
World Ocean Assessment

The first World Ocean Assessment (United
Nations, 2017a) contained only limited under-
standing of the sources, fate, transport, degra-
dation and impacts of marine litter. Economic
impacts and reduction measures were not con-
sidered in depth, owing to a lack of information
and knowledge about marine litter, including
its spatial and temporal extent. A considera-
tion of remote or ultra-deep areas, specific
sources and fluxes for specific types of marine
litter (e.g., riverine inputs, wastewater and at-
mospheric inputs of microplastics) was not in-
cluded, and impacts were not discussed. More
recently, however, discussions have begun in
earnest, as a result of the increased number
of surveys and extensive studies highlighting,
for example, that more than 1,400 species had
been affected by marine litter by 2019 (Claro
and others, 2019).

Similarly, there was little discussion of mi-
croplastics, which are polymer particles of
less than 5 mm (upper limit) and larger than
1 micron, as defined by the Joint Group of
Experts on the Scientific Aspects of Marine
Environmental Protection (GESAMP, 2019),
with reference only to primary microplastics
that were crafted to be microplastics, and the
fact that larger pieces of plastic break up into
smaller pieces (secondary microplastics).

1.3. Description of environmental

changes between 2010 and 2020

Marine litter is present in all marine habitats,
from densely populated areas to remote re-
gions (Barnes and others, 2009), from beaches
and shallow waters to deep-ocean trenches
(Pierdomenico and others, 2019). Most of it
originates from land-based sources (GESAMP,
2016; 2019), wastewater, combined sewer over-
flows, onshore recreational uses, solid waste
disposal,inappropriate orillegal discharges and
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dumping, mismanaged waste dumps and run-
off (see figure I). It is estimated that more than
1 million tons of plastic waste enter the ocean
every year from rivers, with the top 20 polluting
rivers, mostly located in Asia, accounting for a
large percentage of the global total (Lebreton
and others, 2017; Van Emmerick and others,
2018; Schmidt and others, 2017). Plastic pol-
lution also enters the marine environment as
a result of deficiencies in waste management
infrastructures, with microplastics from waste-
water treatment plants potentially reaching up
to 10 million particles/m® (Science Advice for
Policy by European Academies (SAPEA), 2019).
Inputs resulting from extreme events and natu-
ral disasters, such as hurricanes, floods, earth-
quakes and tsunamis, along with accidents,
may reach millions of tons every year and
match the magnitude of regular inputs from
land (Murray and others, 2018).

Single-use plastic items are the biggest con-
tributors to marine litter (Addamo and others,
2017). It is estimated that 1 to 5 trillion plas-
tic bags are consumed worldwide each year
(United Nations Environment Programme
(UNEP), 2018). The remaining sources of ma-
rine litter can be attributed to maritime trans-
port, industrial exploration and offshore oil
platforms, fishing and aquaculture (GESAMP,
2016; 2019), as well as the loss and purposeful
disposal of, for example, containers, ballast
weights and cargoes. In commonly used
fishing grounds, large marine litter is entirely
composed of abandoned, lost or otherwise
discarded fishing gear (Pham and others,
2014). The amount of such litter is not well
known, although some estimates are avail-
able (e.g., 640,000 tons per year, according
to Macfadyen and others (2009)), and about
70 per cent (by weight) of floating macroplas-
tics in the open ocean is related to fishing
(Eriksen and others, 2014). It is also estimated
that 5.7 per cent of all fishing nets, 8.6 per cent
of all traps and 29 per cent of all lines are lost
around the world each year (Richardson and
others, 2019).
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Figure |

Plastics: production, use by sectors, end use by citizens and flows back into

the economy or the environment
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Source: United Nations Environment Programme (2017).

Primary microplastics, such as microbeads or
industrial granulated pellets, enter the marine
environment directly, while secondary mi-
croplastics result from the weathering, abra-
sion and fragmentation of single-use plastics
(e.g., cutlery, trays, straws, cigarette butts,
caps and lids, plastic bottles and shopping
bags), synthetic textiles and clothing, coatings
and paints, and tyres (see figure Il). Recent
studies suggest that the atmospheric trans-
port and deposition of microplastics may also
be an important pathway (Rochman, 2018).

The most common impacts of marine litter on
marine life include the entanglement and in-
gestion of plastic marine litter (GESAMP, 2016;
2019). Entanglement poses a threat mainly to
larger marine animals, such as top predators.

Raw material inputs: fossil fuels and agricultural materials for bioplastics

Plastic producers and converters

ﬁ

(including packaging)
e.g., accidental releases

Services p
e.g., loss of packaging;

tyre wear,
accidental releases

Coasts, surface waters, water column, seabed, ingestion by species

e.g., littering;
deliberate/illegal waste disposal

Ingestion is common in a wider range of marine
organisms, including marine mammals, turtles,
sea birds, fish and invertebrate species, given
that plastics occur in various sizes. Other im-
pacts of plastic marine litter include changes
to marine communities, with structures acting
as new habitats (Reisser and others, 2014),
across several levels of biological organization
(Rochman and others, 2018) or by infestation
of the marine environment by non-indigenous
species, harmful algal blooms and pathogens
dispersed on anthropogenic flotsam (Carlton
and others, 2017; VirSek and others, 2017). As
aresult, it can increase the genetic exchange of
bacteria and the spread of antibiotic resistance
(Arias-Andrés and others, 2018).
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Figure Il

Sources of plastic entering the marine environment via rivers (green),
coastlines (orange), direct inputs (blue) and the atmosphere (red)
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Source: adapted from GESAMP (2016).

Plastic marine litter also smothers and dam-
ages benthic organisms. The potential impact
is not only at the level of organisms, but also
at the population and ecosystem levels (Roch-
man and others, 2016). The Intergovernmental
Science-Policy Platform on Biodiversity and
Ecosystem Services confirmed the negative
impact of plastics on biodiversity, with possi-
ble imbalances and disruptions in ecosystem
diversity (Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem
Services, 2019). After the tsunami in Japan
in 2011, 289 species of macrofauna and mac-
roflora were rafted to North America in just
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six years (Carlton and others, 2017), a very
uncommon scheme, with potential long-term
consequences (Murray and others, 2018).

Aside from being a physical contaminant, plas-
tics and microplastics often contain chemical
additives, such as phthalates and brominated
flame retardants (see chap. 11) and capture
other contaminants. Laboratory studies
demonstrate that microplastics can harm
organisms and populations at higher concen-
trations than those found in nature. However,
the best available evidence suggests that
microplastics do not yet pose a widespread
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ecological risk (as opposed to a risk to individ-
ual organisms), except in some coastal waters
and sediments (SAPEA, 2019).

Human health is a primary concern, despite
a rather limited knowledge of impacts such
as injuries and accidents or through possible
contamination after a potential release of
chemicals (SAPEA, 2019) or owing to the pres-
ence of microplastics in seafood, and there
are few appropriate risk assessment studies.
Such concerns may cause people to change
their behaviour (e.g., tourism habits or reduc-
tion in the consumption of seafood).

More data have become available since the
first Assessment and, as a consequence,
modelling studies, assessments of riverine
inputs, new technologies such as automated
sensors, including aerial sensors and satel-
lites, and new ecosystem approaches such
as risk assessments for marine species and
communities (Everaert and others, 2018) are
improving understanding of how marine litter
and plastics, in particular nanoplastics and
microplastics, can cause harm.

To better support assessments and monitor-
ing, new technical approaches, using tools
such as drones, remote systems and automat-
ed sensors (Maximenko and others, 2019), and
new indicators may support implementation
of the harmonized monitoring of marine litter
trends and improve the efficiency of global ap-
proaches and measures (GESAMP, 2019). Re-
mote-sensing technology is the only approach
that can be used to monitor large coastal or
open-sea areas in several spatial resolutions
and thus help in meeting the requirements of
indicator 14.1.1 of the Sustainable Develop-
ment Goals.! Space agencies are considering
both optical and remote-sensing methods
for testing and possible application in regu-
lar monitoring (Topouzelis and others, 2019;
Martinez-Vicente and others, 2019). In terms

of understanding the effects of plastics on
wildlife and the environment, risk assessment
is also a promising tool, by helping to model
interactions between animal species and plas-
tic. That approach is becoming more widely
used, though further work is needed on quanti-
fying the effect of the interaction, in particular
in terms of the lethality and sub-lethality (e.g.,
changes to feeding, reproduction and growth)
of ingested plastics (Schuyler and others,
2016; Wilcox and others, 2018).

1.4. Key region-specific changes and

consequences

Many regional seas programmes have devel-
oped thematic strategies or plans for marine
litter. The Regional Seas Indicators Working
Group, established under the United Nations
Environment Programme (UNEP) regional
seas conventions, protocols and action plans,
has developed a core set of 22 regional seas
indicators on marine litter. Work is under way
to develop common methodologies for the indi-
cators, building upon monitoring programmes
in each region (GESAMP, 2019). Some regional
seas conventions, instruments or bodies (e.g.,
the Coordinating Body on the Seas of East Asia,
the Convention for the Prevention of Marine
Pollution by Dumping from Ships and Aircraft,
the Convention for the Prevention of Marine
Pollution from Land-based Sources and the
Action Plan for the Protection of the Marine
Environment and the Sustainable Development
of the Coastal Areas of the Mediterranean) have
updated or are considering updates to action
plans to include port reception facilities to bet-
ter manage administrative and legal matters
and to enforce, control and monitor systems,
infrastructure and alternatives for collecting
and treating ship-generated waste. Table 1 pro-
vides an overview of the state of knowledge in
the various basins of the world ocean.

1 See General Assembly resolutions 70/1 and 71/313, annex.
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1.5. Trends

Understanding the factors associated with
changes in the quantities and impact of marine
litter and the magnitude of such changes re-
mains difficult because of the lack of standard-
ization of methods for collection and analysis.
It is therefore difficult to accurately compare
counts or levels from different locations and
over time. Moreover, reports often address a
specific component of the marine environment,
such as types of litter and impacts, without
giving attention to natural environmental varia-
bility (GESAMP, 2019), which impairs complete
understanding of the state of and possible
changes in marine litter densities and impacts.

Table 2 summarizes the available information
on beach, sea floor, floating and ingested ma-
rine litter worldwide. Additional information
can be obtained from the online portal for
marine litter.2 While several modelling studies
predict increasing trends (Kako and others,
2014; Everaert and others, 2018; Lebreton and
others, 2018), they may potentially be balanced

2 See https://litterbase.awi.de/litter.
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by reduction measures. Most of the work
based on regular surveys did not demonstrate
any trend, other than in specific cases such as
remote islands in the Antarctic (Barnes and
others, 2009), ingested plastic in the Atlantic
petrel (Petry and Benemann, 2017) or specific
features such as converging currents above the
Arctic Circle (Tekman and others, 2017). The
increase in remote areas could be interpreted
as a long-term transfer from affected areas to
regions where human activity is either extreme-
ly reduced or non-existent. Decreasing trends
were demonstrated in certain cases, such as
the ingestion of debris, especially in respect of
industrial granules. Brandon and others (2019)
and Wilcox and others (2019) also suggested an
increase in sediment microplastics in California
and floating microplastics in the North Atlantic
in relation to plastic production worldwide. The
challenge now is to better understand how
plastic is cycled through marine ecosystems,
where it goes and how it degrades.
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Table 1

Overview of the state of knowledge of marine litter in the various basins of the world ocean

EEE

Arctic Ocean

Sources/distribution

Plastic and microplastics are in
sea ice, surface and deep waters,
deep-sea sediments and biota
(Kanhai and others, 2018; Peeken
and others, 2018).

Importance

There are low quantities of marine debris;
microplastics are several orders of mag-
nitude higher in sea ice (Cézar and others,
2017; Barrows and others, 2018); there is
a high prevalence of ghost fishing gear
and an impact in fishing grounds.

Circulation

Debris is transported to the
north via the surface branch of
the thermohaline circulation.

Impacts

There are low concentrations of
microplastics in the polar cod (Bo-
reogadus saida), the bigeye scul-
pin (Triglops nybelini) (Kihn and
others, 2018; Morgana and others,
2018) and 11 species of benthic
invertebrates (Fang and others,
2018); plastic is accumulated by
the Greenland shark (Somniosus
microcephalus)  (Leclerc and
others, 2012; Nielsen and others,
2014).

North Atlantic Ocean,
Baltic Sea and North Sea

Litter and microparticles have
been found in all components of
the marine environment; there are
monitoring data since 1988 in the
North-East Atlantic (Commission
for the Protection of the Marine
Environment of the North-East
Atlantic, 2017); and since 2005,
along the coast of the United
States of America.

Beaches in the maritime area under the
Convention for the Protection of the Ma-
rine Environment of the North-East Atlan-
tic? have litter in the range of hundreds of
items per 100 m (maximum: 6,090); litter
is widespread on the sea floor (Maes and
others, 2018); abandoned and lost fishing
gear is the most important type of litter in
the Baltic sea.

Surface litter from populat-
ed areas of the North-East
Atlantic is transported to the
Arctic; litter from the South-
East Atlantic travels through
the equatorial current to the
Western Atlantic, and from
the North-West Atlantic to
the North Atlantic gyre (Van
Sebille and others, 2015).

There are many species with
ingested litter or microplastics;
94 per cent of birds in the North
Sea have pieces of plastic in their
stomach; entanglement (affecting
seals, sea turtles, birds and inver-
tebrates) is a common pattern in
the North Atlantic.

Mediterranean Sea and Black Sea

The amount of municipal solid
waste ranges from 208 to 760 kg/
capita/year; 250 billion particles
are afloat (Collignon and others,
2012); the highest concentration
worldwide is for floating mi-
croplastics (64 million items/km?)
(Van der Hall and others, 2017)
and sea floor debris (1.3 million
items/km?) (Pierdomenico and
others, 2019); the Black Sea
beaches and seabed are largely
affected by abandoned or lost
fishing gear.

The Mediterranean Sea is one of the most
affected areas worldwide (loakeimidis
and others, 2017); five types of single-use
plastics (cutlery/trays/straws, cigarette
butts, caps/lids, plastic bottles and
shopping bags) account for more than
60 per cent of all types of marine litter.

The Mediterranean Sea and
the Black Sea are closed
basins, with important large
rivers (Nile, Po, Danube)
(Lechner and others, 2014;
Lebreton and others, 2017);
they are tourist destinations,
with a high volume of maritime
traffic.

All types of impacts are described
in the Mediterranean Sea, includ-
ing ingestion by many species, en-
tanglement, release of chemicals
and rafting of various species.
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South Atlantic Ocean

Sources/distribution

All types of litter in the South Atlan-
tic are due to highly populated areas
and large rivers; pelagic plastics are
restricted to the tropical Atlantic
Ocean (Eriksen and others, 2014);
in all islands (Ivar do Sul and others,
2014), there are hard plastic frag-
ments, plastic films, paint chips,
fibres and strands; there is deep-
sea floor litter with high densities in
the south-east (Woodall and others,
2015), dominated by single-use
items and microplastics.

Importance

Litter is at very high concentrations locally,
but the basin is not the most affected area;
there are higher densities of macroplastics
in the islands of the Caribbean Sea com-
pared with other islands in the Atlantic
Basin; sources are more directly related to
human occupation than to fisheries (lvar
do Sul and others, 2014).

Circulation

Besides the general circulation
scheme linked to geostrophic
currents and the presence of
the South Atlantic gyre, trans-
port to remote islands is an
important driver (Monteiro and
others, 2018).

Impacts

Despite a lack of data from the
eastern part, all types of impacts
are described in the South Atlan-
tic, including ingestion by many
species, entanglement, release of
chemicals and rafting of various
species.

Indian Ocean

South-East Asia and India are the
main sources of marine debris
(Jambeck and others, 2015; Leb-
reton and others, 2017); available
data are very recent or from South
Africa and India.

The Indian Ocean has a greater surface
particle count and weight of plastic, a large
part of which is in the Gulf of Bengal and
the central part of the basin, than the South
Atlantic and the South Pacific combined
(Eriksen and others, 2014); deep-sea floor
litter is at high densities far from coasts
(Woodall and others, 2015), dominated by
fishing gear, but with patchy distribution in
the south-eastern part (Woodall and others,
2014); plastic and microplastics are also in
adjacent seas of the Indian Ocean, includ-
ing the Red Sea (Arossa and others, 2019);
in the Persian Gulf, low-density polyethyl-
ene and polypropylene are in seawater and
sediments (Abayomi and others, 2017).

Because of the nature of cur-
rents, marine litter dumped
anywhere is transported to the
southern Indian Ocean gyre (Van
Sebille and others, 2015), as well
as to the western part by the re-
sidual circulation (Veerasingam
and others 2016), thus reaching
remote and unpopulated is-
lands; the western Indian Ocean
and the Arabian Sea are heavily
trafficked by commercial ship-
ping and fishing vessels, and
the loss of fishing gear and the
dumping of garbage are preva-
lent (Woodall and others, 2015).

Data are limited; the impacts de-
scribed include ingestion by many
species (e.g., fish, invertebrates
and sea turtles), entanglement (sea
turtles and birds), release of chemi-
cals and rafting of various species.

North Pacific Ocean

Besides the Mediterranean Sea,
the North-West Pacific is the most
affected region (Chiba and others,
2018); shores of the Pacific Ocean
and the marginal seas of East Asia
are surrounded by countries un-
dergoing rapid economic expan-
sion; there are high inputs from
countries such as China, Indone-
sia, the Philippines, and Viet Nam
(UNEP and GRID-Arendal, 2016).

The North Pacific is disproportionately
affected by plastic (Eriksen and others,
2014) from land-based sources and often
sea-based sources in highly populated is-
lands (Filho and others, 2019); abandoned,
lost or otherwise discarded fishing gear
represents 46 per cent of the mass of de-
bris larger than 5cm, which accounts for
one third of the total mass of floating litter
(Lebreton and others, 2018); densities of
marine debris reach millions of items/km?
(Eriksen and others, 2014; Van Sebille and
others, 2015), with plastic as the predomi-
nant material (90 per cent of small pieces).

Besides the general circulation
scheme linked to geostrophic
currents and the presence of
North Atlantic gyres, natural
disasters such as tsunamis
and earthquakes act as drivers
in the generation of litter.

All types of impacts, including en-
tanglement and ingestion by marine
organisms, including birds, sea
turtles and mammals, are detected
in the deepest invertebrates of the
Mariana Trench (Jamieson and oth-
ers, 2019); in some regions, because
of fisheries (Alaska) or drifting litter
(Hawaii), entanglement seriously
affects marine ecosystems, such
as coral reefs and animal forests,
or untargeted populations, such as
pinnipeds (Claro and others, 2019).
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South Pacific Ocean

Sources/distribution

Compared with other ocean
basins, there is relatively little
new information on plastic con-
centrations; data are mainly from
Australia and Chile.

Importance

The highest concentrations of debris on
beaches (239.4 + 347.3 items/m?, max-
imum: 671.6 items per m?) are on Hen-
derson Island (Lavers and Bond, 2017); in
Isla Salas y GOmez, close to the centre of
the South Pacific subtropical gyre, debris
levels are significantly lower (< 1 item/
km?) (Miranda-Urbina and others, 2015);
the highest recorded floating plastics are
in the South Pacific subtropical gyre -
more than 390,000 items/km? (maximum:
50,000 items/km?) (Miranda-Urbina and
others, 2015; Eriksen and others, 2018).

Circulation

Different oceanographic mod-
els and empirical data sets
suggest that marine debris
counts and concentrations in
the South Pacific subtropical
gyre are lower than in sub-
tropical gyres in the northern
hemisphere (Van Sebille and
others, 2015); locally, rivers
may also play an important
role in the distribution of ma-
rine litter (Gaibor and others,
2020).

Impacts

A total of 97 different species of
animals, including turtles, fish,
seabirds, mammals and coral-
limorphs, either ingested or be-
came entangled in plastics (Thiel
and others, 2018; Markic and
others, 2018); there is evidence
of ingestion closer to subtropical
gyres (Thiel and others, 2018);
microplastics are ingested in
ultra-deep amphipods (Jamieson
and others, 2019).

Southern Ocean

The Southern Ocean has the
lowest densities of plastic litter
in the world, owing to small-scale
human activity; marine debris
is on a very local scale; the po-
tential input is of approximately
44-500 kg of microplastics per
decade (Waller and others, 2017);
microplastics are generated from
macroplastic  degradation or
transferred across the limit of the
Polar region (polar front).

There are microplastics in intertidal sedi-
ments from a sub-Antarctic island (Barnes
and others, 2009) in deep-sea sediments
in the Weddell Sea (Van Cauwenberghe
and others, 2013), in surface waters of the
Pacific sector (Waller and others 2017,
Isobe and others, 2015; 2017) and in shal-
low sediments and macroalgae at sites on
King George Island near scientific research
stations (Waller and others 2017); concen-
trations of 0.100—-0.514 g/km? are found in
the south polar front, ranging from 46,000
to 99,000 particles/km? south of latitude
60° south, with higher concentrations in
coastal regions of the Ross Sea (Cincinelli
and others, 2017; C6zar and others, 2014;
Isobe and others, 2017); there are plastics
in sediments from Terra Nova Bay, with a
total of 1,661 items (3.14 g), fibres being
the most frequent type (Munari and others,
2017); in surface trawls in the Antarctic
peninsula, there is debris estimated at
1,794 items/km?, an average weight of
27.8 g/km?, not originating from latitudes
lower than 58° south; paint fragments are
30 times more abundant than plastics
(Lacerda and others, 2019).

The transfer of litter from
northern waters to Antarctica
is common.

There has been macroplastic and
fishing debris on beaches and in
seabird colonies at Bird Island
Research Station since the austral
summer of 1992/93 (Barnes and
others, 2009); plastic particles
are ingested by 12 species of sea-
birds, the majority in association
with the wandering albatross and
the grey-headed albatross, and
recently in penguins (Bessa and
others, 2019); there have been
encounters between marine mam-
mals and marine debris — mainly
Antarctic fur seals entangled in
plastic packaging bands, syn-
thetic line and fishing nets; the
number of incidents has declined
significantly since the introduc-
tion of legislation in the late 1980s
to prohibit the disposal of plastics
overboard and improvements in
the disposal of packaging bands
(Barnes and others, 2009).

United Nations, Treaty Series, vol. 2354, No. 42279.
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Table 2

Marine litter trends in the marine environment (locations, compartments)
(compilation of data from reports and scientific literature)

Location

Compartment/

species

Period
(duration)

Methods

Observation

Reference

East Greenland Ingested microplastics 2005and  Collected from live birds in No evident temporal trend Amélineau and
in little auk (Alle alle) 2014 nests others, 2016

East Greenland Subsurface 2005and  WP-2 net; vertical tows Significant increase Amélineau and
microplastics 2014 -50 m to surface others, 2016

North Atlantic/ Deep-sea floor; two 2002-2014 Towed camera Clear increase in litter Possible spreading  Tekman and

Arctic Circle, stations at 2,500 m, densities and abundance  from Europe to others, 2017

Fram Strait 79-79°35’ north of small-sized plastics North Atlantic and

Arctic Basin

North-East Atlantic 78 beaches 2001-2011 Convention for the No large-scale trends Hydrodynamics; Schulz and
Protection of the climate-related others, 2013
Marine Environment of drivers for local
the North-east Atlantic; short-term changes
Marine Strategy Framework
Directive protocol

North-East Atlantic  Microplastics 1976-2015 Epibenthic sled; No trends between overall Two species Courtene-

(Rockall Trough) ingestion in deep-sea Agassiz trawl abundance or polymer Jones and

benthic invertebrates types others, 2019
(>2,000 m)

North Atlantic Floating/subsurface 1957-2016 Debris trapped in towed Increase since 1957; 6.5 million nautical  Ostle and
continuous plankton no trend since 2000; no miles others, 2019
recorders (16,725 tows) change in Arctic waters

North Sea, waters of Seabed; 1992-2017 Marine Strategy Framework  No detectable trend Unit: presence of Maes and

the United Kingdom 17-150 stations/year Directive classification plastic others, 2018

of Great Britain and system

Northern Ireland

North Sea/ Birds (fulmars, 973 1979-2012 Regular protocol to the Increase to mid-1990s; Van Franeker

Netherlands

samples stranded)

Convention for the Protection
of the Marine Environment
of the North-East Atlantic

(mass and number)

stable in the past decade;

significant decrease in
pellets

and Lavender
Law, 2015
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Location

Waters of Ireland

Compartment/

species

Cetaceans (stranded
and by-catches)

Period
(duration)

1990-2015

Methods

Stomach content

Trends

No trend for ingestion of

litter and entanglement

Observation

Reference

Lusher, 2015

Baltic Sea 2,377 hauls; 2012-2017 Marine Strategy Framework Increase in plastics in Plastic Zablotski and
53 cruises Directive; Baltic International past two years; no trend (35 per cent Kraak, 2019
Trawl Surveys for litter from fishing of litter)
Baltic Sea 245 stations; 1987-2015 Plankton samples; No change in floating or Beer and

floating/ingested
microplastics; Atlantic
herring and sprat (814
samples)

trawling; stomach content

ingested microplastics

others, 2018

North Atlantic
subtropical gyre

Floating microplastics

1986-2008

6,136 surface Neuston nets,
335-pym mesh

No trend

Sea Education
Association
archived plankton
samples

Lavender Law
and others,
2010

North Atlantic
subtropical gyre

Floating plastics
(2,624 tows)

1987-2012

Surface Neuston nets, 335-
pm mesh

No significant change
in user plastics; highly
significant decrease in
industrial plastics

Extension of work
from Lavender Law
and others (2010)

Van Franeker
and Lavender
Law, 2015

North-east Adriatic
Sea

Seabed (67 stations)

2011-2016

Otter trawl

Decrease in total litter; no

trend for plastic

50 per cent of
plastic is from
fishing/aquaculture

Strafella and
others, 2019

France,
Mediterranean

Sea floor;
shelves and canyons

1994-2017

Trawling (1,902 hauls);
Marine Strategy Framework
Directive classification
system

No regular increase but
higher levels in 1999—
2001, and since 2012

Plastic
(up to 62 per cent)

Gerigny and
others, 2019

Spain,
Mediterranean

Seabed shelves
(1,323 hauls)

2007-2017

Trawling, Marine Strategy
Framework Directive
classification system

No temporal trend;

decrease in Alboran Sea

MEDITS project

Garcia-Rivera
and others,
2018

Western

Ingested debris;

1995-2016

Marine Strategy Framework

Slight decrease

195 samples

Doménech and

Mediterranean sea turtles Directive classification others, 2019
system
Balearic Islands Floating 2005-2015 Onshore/offshore cleaning  No trend (all types of Cleaning operations Compa and

boats

debris); increase in
summer

others, 2019
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Location

Southern Brazil

Compartment/

species

Birds (white-chinned
petrel, 122 samples,
stranded)

Period
(duration)

1990-2014

Methods

Stomach content

Increase in fragments and
pieces; decrease in virgin

pellets

Observation

Reference

Petry and
Benemann,
2017

North Pacific

Floating microplastics

2001-2012

2,500 surface Neuston nets,

No evident temporal trend

Confounded spatial

Lavender Law

subtropical gyre 335-pm mesh and temporal and others,
variability 2014
Taiwan Beach litter 2004-2016 Clean-up events No temporal trend Data from ocean Walther and

Province of China

(541 clean-up events)

coastal clean-up
events

others, 2018

China National monitoring; 2011-2018 State Oceanic No trend Ministry of
beaches, surface and Adminsitration protocols Ecology and
sea floor Environment,

China, 2019

China 23 sites (beaches 2007-2014 North-West Pacific action No clear trend Percentage of Zhou and
and adjacent waters; plan; State Oceanic plastic increasing others, 2016
floating and seabed) Administration protocols in seabed litter

Chile Beaches (all coasts); 2006-2016 Participative science; No trend Three sampling Hidalgo-Ruz
3 surveys, 69 beaches main categories years and others,

2018

Ecuador Beaches (26 sites) 2018-2020 Participative science (400 No trend One samplingyear  Gaibor and

volunteers)

others, 2020
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1.6. Consequences of changes for
human communities, economies

and well-being

The most significant impact of the use of
plastic in products and packaging is marine
pollution (UNEP, 2014), but it is important to
emphasize that it is difficult to quantify the
economic impact of marine litter. Based on
figures from 2011, the economic costs of
marine plastic, in relation to marine natural
capital, are conservatively conjectured to be
between $3,300 and $33,000 per ton per year
(Beaumont and others, 2019). While the input
of plastic into the ocean is limited in European
coastal areas (Jambeck and others, 2015), the
estimated costs of cleaning up marine litter in
coastal areas can amount to up to €630 mil-
lion per year (Crippa and others, 2019). More
recently (Mcllgorm and others, 2020), a nine-
fold increase in the direct economic costs of
marine litter was found from 2009 to 2015,
reaching $10.8 billion.

In addition to indirect impacts (i.e., on biodiver-
sity and ecosystems), beach litter is perhaps
the most visible direct impact and affects the
patrimonial value of coastal areas that can
be translated as the financial expenditure of
cleaning up (UNEP, 2019). Damage and costs
to marine ecosystems and services must be
considered in the future despite an actual lim-
ited understanding of the detrimental impacts
on the structure and functioning of the marine
ecosystem.

Marine litter can also result in increased costs
for the shipping sector and recreational activ-
ities, including yachting (e.g., fouled motors,
entangled propellers, lost output and repair
costs) (Hong and others, 2017), but the dam-
age and associated social costs extend to oth-
er sectors such as aquaculture and fisheries.
The removal of 10 per cent of derelict fishing
pots alone would provide estimated addition-
al revenues of $831 million annually for the

global crustacean fishery industry (Scheld and
others, 2016).

Most microplastics in marine organisms are
found in their digestive system, which people
do not ordinarily consume, with the excep-
tion of shellfish and small fish that are eaten
whole. Besides accidents and injuries, there is
no evidence that microplastics concentrations
have a negative impact on fish and shellfish
health or commercial stocks (Barboza and
others, 2018). Links to human health are not
sufficiently addressed, and gaps in knowledge
are even greater in relation to nanoplastics (< 1
micron), in particular their absorption and be-
haviour (GESAMP, 2016; see also chap. 8) and
how they may pass through biological barriers
via different mechanisms (Wright and Kelly,
2017). As relevant toxicity data are absent, the
European Food Safety Authority concluded
that it was currently not possible to evaluate
the human health risk of nanoplastics and
microplastics (European Food Safety Author-
ity Panel on Contaminants in the Food Chain,
2016). Moreover, there are indications that mi-
croplastic fibre ingestion by humans through
the consumption of contaminated seafood is
only a minimal contribution to the microplastic
contamination of the total food basket (Catari-
no and others, 2018).

The socioeconomic impact of marine litter and
the potential cost for key sectors and activities
in or depending on the marine and coastal
environment have not been well assessed,
resulting in the mispricing of ecosystem val-
ues and the externalization of pollution costs.
Approaches for giving value to marine litter
are also not well known. Efforts need to be
focused on assessing the environmental and
socioeconomic costs of the damage caused
by marine litter and a cost-benefit analysis of
marine litter prevention and reduction meas-
ures (see table 3).
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Riverine inputs
Beach litter
Surface litter
Sea floor litter
Microplastics
Wildlife
Human health
Fisheries
Navigation
Municipalities

Marine litter in relation to economic sectors, sources, amounts and impacts

Table 3
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1.7. Relevance to the Sustainable
Development Goals and other
frameworks

Global commitments on marine litter have
been made in the context of the General As-
sembly and the United Nations Environment
Assembly, as well as the Convention on Bio-
logical Diversity,® and in recent declarations
by the Group of Seven (action plan to combat
marine litter) and the Group of 20 (action plan
on marine litter) (United Nations Environment
Assembly (UNEA), 2019). In 2016, the United
Nations Environment Assembly adopted reso-
lution 2/11 on combating marine plastic litter
and microplastics* and, in 2019, it published
guidelines for the monitoring and assessment
of plastic litter in the ocean.>

Marine debris is directly linked to Sustaina-
ble Development Goal 14 on conserving and
sustainably using the oceans, seas and ma-
rine resources for sustainable development.
Target 14.1 is currently classified as a tier Il
indicator, for which no internationally estab-
lished methodology or standards are available
(UNEA, 2019). To advance measurements of
indicator 14.1.1,> more harmonized methods
have been proposed to encourage the devel-
opment and implementation of regional or
global monitoring programmes and facilitate
the exchange of results. The methods will help
to move indicator 14.1.1 from tier Il to tier Il
(for which conceptually clear, established
methodology and standards exist, but data are
not regularly produced).

Microplastics and nanoplastics also relate to
Goal 12 on ensuring sustainable consumption

3 United Nations, Treaty Series, vol. 1760, No. 30619.

F-Y

EA.2/Res.11.

See General Assembly resolution 71/313, annex.
United Nations, Treaty Series, vol. 1673, No. 28911.

0 N oG

and production patterns. Goal 11 should be
mentioned as well since plastic marine litter
also originates from the mismanaged waste of
urban settlements. Solid waste ending in the
ocean is directly related to Goal 6, as plastic
litter and microplastics are carried by misman-
aged wastewater and storm water.

In 2019, the Group of Seven reviewed the on-
going activities within the regional seas con-
ventions and set priorities for further action,
ensuring effective coordination through United
Nations bodies to address monitoring and the
socioeconomic impacts and consequences on
human health and biota, as well as the involve-
ment of industry in developing and implement-
ing responses relating to the management of
waste and prevention. Also, in the framework of
the Basel Convention on the Control of Trans-
boundary Movements of Hazardous Wastes
and Their Disposal,” the parties adopted
amendments to the annexes thereto to bring
certain plastic wastes within the scope of the
Convention in order to, inter alia, address the
impacts of plastic on the marine environment.®

In addition to many national plans, interregional
policies, such as the European Union plastics
strategy of 2018 and its various legally binding
directives (the Marine Strategy Framework
Directive (2008/56/EC), the directive on port
reception facilities (2019/883/EU) and the di-
rective on single-use plastics (2019/904/EU)),°
constitute a good example of an approach to
address marine litter, taking into account cir-
cular economy principles, with many measures
that are now being implemented (e.g., new
materials, wastewater treatment, bans and
extended producer responsibility).

See United Nations Environment Assembly of the United Nations Environment Programme, document UNEP/

Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection, Report and Studies No. 99.

See United Nations Environment Programme, document UNEP-CHW.14-28. See also www.basel.int/TheConvention

/ConferenceoftheParties/Meetings/COP14/tabid/7520/Default.aspx.
9  See https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32008L0056, https://eur-lex.europa.eu/eli/
dir/2019/883/0j, and https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019L0904.
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Many initiatives have been launched to include
scientific, political, social and economic action
in projects, from both the individual and the
global system perspective. As an example, the
free massive open online course on marine
litter1? is aimed at forming a global network of
actors actively involved in addressing marine
litter challenges. New tools such as mobile
applications also enable citizens to log data
on the location and type of debris found on
coastlines and waterways in scientific data-
bases. Other effective tools, such as the pub-
licly available European Marine Observation
and Data Network (EMODnet),"" include digital
maps of litter, thus providing a comprehensive
tool for marine policy and society as a whole.

More than 60 countries have introduced bans
and levies to curb single-use plastic waste
(UNEP, 2018), often without data, metrics or
monitoring in place to evaluate the effective-
ness and consequences of such actions.
Measures include a ban on certain items (such
as plastic bags), the introduction of levies or
deposit systems and voluntary agreements at
the industry level.

A variety of existing measures have already
been implemented (Food and Agriculture
Organization of the United Nations, 2016),
including gear marking; port state measures;
onshore collection; payment for retrieved gear;
better location and reporting of lost gear; dis-
posal and recycling; alternatives to single-use
plastics, especially polystyrene fish boxes; and
awareness-raising schemes.

Pursuant to the International Convention for
the Prevention of Pollution from Ships, 1973,
as modified by the Protocol of 1978 relating
thereto,’? efforts to address marine litter in-
clude the development of a port reception fa-
cility database as a module of the International
Maritime Organization (IMO) Global Integrated
Shipping Information System.

Outlook

The management of marine litter pollution
is exceptionally complex and requires an
integrated approach, encompassing sci-
ence, legislation, economics, ocean literacy,
education, social participation and interna-
tional cooperation on capacity-building, and
technology transfer, as well as technical and
financial support at multiple levels, from the
global to the regional and local levels, owing to
the diversity of the actors, sources, materials,
socioeconomic aspects and regulatory frame-
works involved. Without improved internation-
al policies and mobilization, plastic pollution
will only worsen (Jambeck and others, 2015).
It is estimated that, if current consumption
patterns and waste management practices
do not improve, there will be about 12 billion
tons of plastic litter in landfills and the natural
environment by 2050 (Geyer and others, 2017).
The consequences will not be purely econom-
ic, and the environmental impact will be huge.

1.8.

A variety of options exist to deal with critical
levels of marine litter, some of which include
approaches to address the issue, while un-
derstanding that not all are applicable to or
supported by every country and some do not
consider adverse impacts: the reduction of
plastic consumption; support for eco-design
and innovation (especially research into
end-of-life plastic issues and alternatives);
resource efficiency and better management
of waste and water; long-term, efficient and
viable recycling targets for municipal waste,
packaging and plastic waste; greater use of
policy instruments and control measures, in-
cluding incentives, taxes and other regulatory
measures, such as bans or extended producer
responsibility schemes; and the adoption of
remanufacturing initiatives and the coordina-
tion of policy investments in the waste sector
(Ten Brink and others, 2018). There is also a

10 See https://sustainablehighereducation.com/2019/03/22/mooc2019.

11 See www.emodnet-bathymetry.eu/approach.
12 United Nations, Treaty Series, vol. 1340, No. 22484.

168


https://sustainablehighereducation.com/2019/03/22/mooc2019/
C:\\Users\\patrick.benalcazar\\AppData\\Local\\Temp\\www.emodnet-bathymetry.eu\\approach

Chapter 12: Changes in inputs and distribution of solid waste

need for tight regulation and supervision of
global waste trading, especially scrap plastic.

Plastic pollution is also a gateway to effective
environmental education. The challenge is to
change people’s perceptions and understand-
ing of the issue, so that they can see plastic
pollution as a vector of education, awareness
and literacy, as well as to find potential strat-
egies to overcome political, economic and
cultural barriers. Within the context of marine
litter science, the objectives may be related
to policy-relevant goals and thus increase the
stimulus to citizens (GESAMP, 2019).

1.9. Keyremaining knowledge and
capacity-building gaps

For microplastics, major gaps in knowledge
include the quantification of microplastics in
the marine environment using standardized
methods and information on how plastic de-
grades in various components of the marine
environment and on the presence and impact
of nanoplastics. More research is needed into
the role of plastic debris as a transport vector
of pathogens, antibiotic resistance, chemicals
and biotoxins and the potential for dispersing
diseases among marine life and human pop-
ulations. Finally, in many countries, the lack
of adequate national and regional monitoring
of the quantities and impacts of marine litter,
including plastics, is a major bottleneck for
addressing the issue and for assessing the
effectiveness of measures already taken.

Recent programmes (under the Commonwealth
Scientific and Industrial Research Organisation,
the University of Baltimore and the Marine Strat-
egy Framework Directive) have been designed
to answer some of the scientific questions sur-
rounding the factors that govern the distribution
of land-based litter and the quantity of litter that
flows from the land to the sea. Outputs of the
initiatives are expected to include data-driven
estimates of leakage rates to the sea and help
countries to understand where best to target
effective interventions to stop debris from en-
tering the ocean. With different methodologies

developed to measure plastic leakage into wa-
terways and oceans, from either mismanaged
waste or in the form of microplastics, there is
a need to harmonize the different approaches.

Most significantly, there are insufficient in-
frastructures and policies for recycling, or for
wastewater and solid waste management
(UNEP, 2017). In addition, and although illegal
stakeholders may be active in solid waste col-
lection and recovery, legislation is weak and
there are huge disparities between countries
with informal sectors, illegal manufacturing
and black markets, which are limiting the imple-
mentation of reduction measures in relation to
use, waste management and prevention (UNEP,
2019). There is, however, general agreement
and a raft of initiatives from all stakeholders on
implementing more sustainable patterns of pro-
duction and consumption, including the circular
economy, which is aimed at eliminating waste
and the continual use of resources, by promot-
ing reuse, sharing, repair, remanufacturing and
recycling to create a closed-loop system. The
recent actions taken by the United Nations
Environmental Assembly at its fourth session
(UNEA, 2019) largely support that approach,
with resolutions on sustainable consumption,
production and business practices, waste man-
agement and single-use plastic products.

Additional gaps include weak enforcement,
separate collection, strong regional disparities
between urban and rural areas and poor storm
water management. Essential measures
include those aimed at securing landfills, de-
veloping port waste management, promoting
best practices for the fishing industry and im-
proving maritime transport to limit container
losses or primary microplastics spills.

Understanding that the reduction in plastic
consumption should lead to a reduction in
plastic waste generation, barriers in tackling
marine litter and microplastics may be related
to unsustainable patterns of consumption and
production. Collaboration with the private sec-
tor and industry is needed to promote a shift
towards sustainable solutions. Insufficient
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economic incentives may be an underlyingrea-  use or generation of hazardous substances is
son for challenges related to changing behav-  of particular interest for both producers and
iours. Finally, the design of chemical products  users of plastic (see table 4).

and processes that reduce or eliminate the

Table 4
Summary of knowledge and capacity-building gaps

Knowledge gaps

Incomplete knowledge about root causes of marine litter. Research is not being focused on the sources
and fate of plastic pollution.

Accurate accounting methods and analytical tools for microplastics and nanoplastics related to
throughput, detection limits, precision and quality are limited.

Polymer identification is complex and time-consuming for um range particles.

Fragmented scientific knowledge (about scale of plastic pollution, microplastics, scientific and
technical basis for monitoring, coordination on data, toxicity of plastics, risk assessment and fate).

Unknown effects on human health of ingestion of plastic-contaminated seafood.

Little knowledge of the contribution and impacts of abandoned, lost or otherwise discarded fishing
gear and aquaculture-related marine litter.

Knowledge of the degradation of plastics and the leaching of additives or other chemical classes in
different environments remains limited.

Scope and granularity of computational models are insufficiently developed.

Knowledge gaps regarding economic impacts of plastics on fisheries, tourism and maritime
transportation. Links between marine litter fluxes and regional economy poorly understood.

Impact of marine plastic litter on climate change through extreme events and possible release of
emissions or by limiting the ability of the ocean to act as a carbon sink needs to be studied further.

Extended producer responsibility is difficult to implement in some countries, especially archipelagic
countries.

Lack of public awareness, behavioural change and circular economy models, with differences in
educational levels depending on the countries.

Capacity-building gaps
Monitoring not in place in many parts of the world.

Technical difficulties in locating accumulation areas and specific types of litter (abandoned, lost or
otherwise discarded fishing gear).

Technological shortcomings (i.e., deficiencies in waste management infrastructures). Solid policies
must relate to environmentally sustainable and efficient waste management, recycling capacity and
materials substitution.

Economic evaluation methodologies need to incorporate costs of plastic in the environment.

Lack of integrated decision-making at different levels and coordination in the establishment and
implementation of programmes, including measures that target regional priorities.

Weak enforcement of measures.

Insufficient or inefficient waste treatment infrastructures and policies; inexistent waste management in
many parts of the world.

Strong regional disparities between urban and rural areas.

Poor storm water management.

Inadequate infrastructures for waste collection, management, recycling and port reception.
Recyclability must be improved.

Collaboration and coordination with the private sector and industry are needed to reduce and transform
the production, demand and consumption of plastic.

Awareness, information and education must be improved.
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2.  Dumping at sea, including garbage from ships

and sewage sludge

Introduction

2.1.

Dumping is any deliberate disposal of waste or
other matter from vessels, aircraft, platforms
or other human-made structures at sea, ac-
cording to article 1, paragraph 5 (a) (i), of the
United Nations Convention on the Law of the
Sea,® the Convention on the Prevention of Ma-
rine Pollution by Dumping of Wastes and Other
Matter, 1972 (the London Convention), and the
1996 London Protocol thereto.

The dumping of substances such as dredged
material, sewage sludge, industrial waste,
fish waste, discharges from vessels and hu-
man-made structures, organic and inorganic
chemicals, radioactive material, war explosives
and military chemicals has had an impact on
marine ecosystems and created environmen-
tal challenges (Commission for the Protection
of the Marine Environment of the North-East
Atlantic (OSPAR), 2010b; IMO, 2018). In addi-
tion to the United Nations Convention on the
Law of the Sea, to counter the environmental
challenges resulting from waste dumping, the
London Convention and the London Protocol
contain provisions for controlling the unreg-
ulated dumping and incineration of waste at
sea. Those regulatory requirements have been
amended on several occasions (IMO, 2018).
In addition, many countries have developed
regional initiatives and approaches to control
and assess waste dumping activities. Initiatives
have also been taken in the framework of the
Stockholm Convention on Persistent Organic
Pollutants™ and the Basel Convention’s to ad-
dress the control of transboundary movements
of hazardous wastes and their disposal, as well
as to protect human health and the environment
from persistent organic pollutants.

13 United Nations, Treaty Series, vol. 1833, No. 31363.
14 |bid., vol. 2256, No. 40214.
15 |bid., vol. 1673, No. 28911.

2.2. Situation recorded in the first
World Ocean Assessment

Chapter 24 of the first Assessment, on solid
waste disposal (United Nations, 2017b), out-
lined the regulatory system relating to dump-
ing and important international milestones,
such as the adoption of the London Conven-
tion and the London Protocol. An overview of
the regulatory techniques and waste streams
covered under both instruments was provided,
as well as efforts to understand the quantity
and nature of waste and other matter being
dumped. The Assessment also identified
concerns about underreporting by many con-
tracting parties to the London Convention and
the London Protocol, leading to difficulties in
deriving a clear picture for assessing regime
implementation and understanding waste
dumping status.

2.3. Changes in the state of dumping

at sea

The London Protocol prohibited all dumping of
waste, except for a limited number of catego-
ries such as: (a) dredged material; (b) sewage
sludge; (c) fish waste, or material resulting from
industrial fish processing operations; (d) ves-
sels and platforms or other human-made
structures at sea; (e) inert, inorganic geological
material; (f) organic material of natural origin;
(9) bulky items primarily comprising iron, steel,
concrete and similar non-harmful materials,
for which the concern is physical impact; and
(h) sub-seabed sequestration of CO, streams
in sub-seabed geological formations (IMO,
2018).
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Changes in the overall waste dumping status
can be understood by reviewing published
waste dumping data and permits issued under
the London Convention and the London Proto-
col (IMO, 2019). The sections below provide an
overview of the different solid waste dumping
categories.

2.3.1. Sewage sludge dumping

Sewage sludge dumping has an impact on sed-
iment quality, benthic assemblages, aquatic
flora and fauna and, in general, the whole ma-
rine ecosystem. Excessive nutrient loads from
sewage discharges can lead to a reduction in
oxygen content in water, cause marine life mor-
tality and destroy entire habitats and ecosys-
tems (see chap. 10). A total of 13 contracting
parties reported the disposal of sewage sludge
for the period from 1976 to 2016, with a total
amount of 393 x 10° tons (IMO, 2019). Figure Il
shows that dumping has declined dramatically
to the point that many contracting parties pro-
hibit the activity and very few report disposal
operations. In 2011, a total of 0.6 million tons
was dumped while, in 2016, the quantity fell to
only 0.00041 million tons.

Figure lll
Amount of sewage sludge dumped
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Source: IMO (2019).
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In 2016, IMO published a report on the current
state of knowledge regarding marine litter in
waste dumped at sea, under the London Con-
vention and the London Protocol. It sought
to review whether sewage sludge or dredged
material contained marine litter, depending on
litter types, properties and quantities. It con-
cluded that such an assessment was difficult
at the time owing to an overall shortage of data,
differences in methodology and reporting and
the lack of systematic sampling in space and
time (IMO, 2016a).

2.3.2. Disposal of vessels at sea

A total of 22 contracting parties to the London
Convention and the London Protocol reported
disposing of 758 vessels from 1976 to 2010
(IMO, 2016a). Some of the vessels were dis-
posed of to create reefs (Hess and others,
2001), but in other cases the contracting
parties only permitted the dumping of vessels
when no land-based disposal options existed
and the vessels were dumped in deeper waters
and not for the purpose of creating reefs. Other
disposal vectors from vessels include material
for scientific experiments (IMO, 2016b).

2.3.3. Dumping of organic and inorganic
wastes

Organic and inorganic wastes have long been
disposed of at sea, primarily loaded from land
and transported offshore for disposal from
vessels and platforms. Many nations continue
to use the ocean as an ongoing depository for
certain wastes generated within their borders.
A total of 15 contracting parties to the London
Convention and the London Protocol reported
disposing of inert, inorganic geological mate-
rial at sea for the period from 1983 to 2010,
with a total amount of 315,227 x 10° tons (IMO,
2016a). In 2011, 3.82248 million tons were
dumped; in 2013, 1.453725 million tons; and in
2016, 1.229620 million tons (see figure 1V).
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Figure IV
Amount of inert, inorganic geological
material licensed
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Source: IMO (2019).

Also, a total of 17 contracting parties to the
London Convention and the London Protocol
reported disposing of organic material of nat-
ural origin at sea during the period from 1977
to 2010, with a total amount, including spoilt
cargo (consisting of organic material of natural
origin), of 37,628 x 10° tons (IMO, 2016a). Spoilt
cargo was reported as disposed of at sea (to-
talling 31,833 x 10° tons) by seven contracting
parties from 2003 to 2010 (IMO, 2016a).

2.3.4. Dumping of industrial wastes and war
chemicals

A total of 23 contracting parties reported the
disposal of industrial wastes at sea from 1976
to 1995 (232 x 10° tons), including scrapped
vessels, waste explosives in concrete, sludge,
waste acids or alkali, cattle industry waste,
glass dust, industrial dust, ceramics, ammuni-
tion, concrete pipes, demolition rubble, sodium
hydrosulphite, sludge containing heavy metals
and fluorides, titanium oxide production waste,
chlorophenol production waste, chromate pro-
duction waste, gunpowder, fly ash, fermenta-
tion waste and potassium mining waste (IMO,
2019).

War explosives and military chemicals dumped
at sea since the First World War still present
significant risks to the marine ecosystem and
for various users of the sea (see figure V).

Figure V
Global distribution of documented marine
sites with munitions dumped at sea

Source: Global distribution of documented marine
sites with munitions dumped at sea, produced by the
James Martin Center for Nonproliferation Studies, Mid-
dlebury Institute of International Studies at Monterey
(www.nonproliferation.org/chemical-weapon-muni
tions-dumped-at-sea).

Environmental samples typically show low
concentrations of munitions compounds in
water and sediments (in the order of ng/L and
ug/kg, respectively), and the ecological risk
appears to be generally low (Helsinki Com-
mission, 2013; OSPAR, 2010a). Nonetheless,
recent work demonstrates the possibility of
sublethal genetic and metabolic effects in
aquatic organisms (Beck and others, 2018).

Moreover, the catching of munitions in fisher
nets, the interaction of explosives with subma-
rine infrastructure or offshore installations, as
well as related material floating to the surface,
can lead to accidental burning or explosions
(OSPAR, 2010a).

2.3.5. Incineration at sea

Incineration at sea is the disposal of waste
at sea, using specially designed incinerator
ships, by burning organochlorine compounds
and other toxic wastes that are difficult to
dispose of. Amendments to the London Con-
vention that entered into force in 1994 banned
the incineration at sea of industrial wastes,
but incineration did not end until 2000 (IMO,
2016a).
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2.4. Factors associated with changes

The present section covers various factors
that led to changes in dumping practices,
namely: (a) factors that triggered increased
dumping activities in the past; and (b) sus-
tained actions taken to mitigate such a grave
environmental issue. For centuries, communi-
ties have disposed of waste in the ocean and
seas, assuming that they were convenient
and safe dumping grounds for diverting land-
based pollution. Factors such as ignorance,
negligence and a lack of proper waste dispos-
al systems played an important role in harmful
waste dumping practices, as did the lack of
strict regulations and monitoring.

Improved scientific understanding, aware-
ness in scientific communities and increased
government participation, along with growing
global concern, increased the need for inter-
national instruments to regulate the dumping
of waste in the ocean (IMO, 2018). In addition
to the United Nations Convention on the Law
of the Sea, the regulatory measures taken in
the framework of the London Convention and
the London Protocol were important factors in
improving the dumping situation.

Generic and comprehensive guidelines have
been developed for all wastes that may be
considered for dumping at sea (OSPAR, 2016;
IMO, 2018). Also, guidance on national imple-
mentation of the London Protocol has been
developed and updated and provides an out-
line of the types of action that States should
consider at the national level. Based on the
underreporting issues highlighted in the first
Assessment, contracting parties to the London
Protocol and the London Convention took fur-
ther action to address the situation, including
the adoption a strategic plan (IMO, 2019).
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2.5. Impacts of changes on and
interactions with other
components of the marine system

The impacts of discharged materials on the
marine ecosystem are the crux of the global
solid waste dumping issue. Owing to the dy-
namic nature of the ocean, determining the
fate of various dumped materials is a chal-
lenging task. Furthermore, the existence of
different pollution sources and the complexity
associated with tracking down specific con-
taminants make it difficult to establish the
extent to which ocean dumping contributes
to observed ecological effects and impacts.
In general, dumping effects depend upon the
type, quantity and quality of waste materials
as well as the characteristics of affected areas
of the ocean. In addition, the duration of the
extended time period of dumping practices
contributes to the ecological effects. To com-
prehend the dynamics, it is necessary to un-
derstand the possible impacts of major waste
categories on marine components, as well as
how changes in dumping practices are allevi-
ating the problems (IMO, 2018).

Solid waste dumping in the ocean and seas
can have varied impacts on the marine ecosys-
tem, flora and fauna, as well as human beings
who rely on saline water sources. These may
include chemical pollution (see chap. 11), nutri-
ent pollution and eutrophication (see chap. 10),
water quality degradation, depletion of water
oxygen levels, suffocation of marine creatures,
decreased submerged vegetation, poisoning
and death of oceanic plants and animals, and
human health hazards. While different pollu-
tion pathways and associated sources exist,
solid waste dumping actions carry their share
of responsibility for the burden on the ocean
and seas (IMO, 2018).
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2.6. Ecosystem and socioeconomic
consequences of continued
changes in the system

In the ocean, undesired shifts between eco-
system states are caused by the combination
of external forces that have an impact on the
system and the internal resilience of the sys-
tem. As resilience declines, the ecosystem
becomes vulnerable and, as a consequence,
progressively smaller external events can
cause shifts. Thus, anthropogenic actions
leading to perturbation increase the likelihood
of undesired regime shifts (Scheffer and oth-
ers, 2001).

Just as there is limited knowledge of soci-
oeconomic consequences, the same holds
true when assessing the consequences of
continued change in the system. Ecosystem
state shifts can cause large losses in terms of
ecological and economic resources. Restoring
a desired state may depend on the degrada-
tion affecting the system and require drastic
and expensive intervention. One estimate sug-
gests that removing litter from the wastewater
streams of South Africa would cost about
$279 million per year (Lane and others, 2007).
With regard to other dumping activities, there
are significant gaps in knowledge of socio-
economic consequences and market-based
instruments.

2.7. Relevance to the Sustainable
Development Goals

The issue of waste dumping is closely con-
nected to Sustainable Development Goal 14, in
particular targets 14.1 and 14.c. In the context
of the present chapter, the relevant objectives
of Goal 14 are also linked to Goal 12 on ensur-
ing sustainable consumption and production
patterns, as well as Goal 11 on making cities
and human settlements inclusive, safe, resil-
ient and sustainable. A considerable amount of
work has been undertaken to further support

the integration of the Goals among sectors,
which may have a spillover effect on dumping
at sea. Most notably, the Global Partnership
on Waste Management (UNEP, 2010) is an im-
portant convergence and integration nexus, in
particular as its six thematic areas include in-
tegrated waste management, marine litter and
waste minimization. Pursuant to the London
Convention, efforts to address marine litter
include the development of a port reception
facility database as a module of the IMO Global
Integrated Shipping Information System.

2.8. Outlook

Drivers of change in reference to dumping are
associated with modifications to the produc-
tion and consumption patterns of materials
that are currently dumped in the ocean. Where-
as different and distinct waste streams are
covered under the London Convention and the
London Protocol, each stream is associated
with separate industries and drivers that may
lead to change. Therefore, changing produc-
tion and consumption patterns need to include
stakeholders from a diverse set of industries.

The strategic plan, adopted in 2016 at the
thirty-eighth Consultative Meeting of Con-
tracting Parties to the London Convention and
the eleventh Meeting of Contracting Parties
to the London Protocol, provides some indi-
cation of near- to medium-term development
with regard to dumping (IMO, 2018). The plan
outlines four strategic directions. Strategic
direction 1 is aimed at promoting ratification
of or accession to the London Protocol and
outlines a target substantially to increase the
rate per year of new ratifications or accessions
thereto. Strategic direction 2 is aimed at en-
hancing the effective implementation of the
London Protocol and the London Convention
through the provision of technical assistance
and support to the contracting parties and
the development of guidance and measures
to support implementation by addressing
regulatory, scientific and technical barriers,
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as well as encouraging and facilitating im-
proved compliance, including reporting, and
the participation of the contracting parties in
the work of both instruments. Strategic direc-
tion 3 is aimed at promoting the work of the
London Protocol and the London Convention
externally; and strategic direction 4 is aimed
at identifying and addressing emerging issues
in the marine environment within the scope of
both instruments. To that end, several graded
targets have been formulated, stating that, by
2030, 100 per cent of the contracting parties
should be meeting their reporting obligations
and have a national authority in place and
appropriate legislative or regulatory authority
to implement the London Convention and the
London Protocol.

Future goals under both the London Conven-
tion and the London Protocol are the regula-
tion of ocean fertilization and geoengineering
and a review of the impacts of new marine
“geoengineering” technologies. Further work
is envisaged on the basis of collaboration
between IMO (under the London Protocol), the
United Nations and the Joint Group of Experts
on the Scientific Aspects of Marine Environ-
mental Protection on mine tailings, habitat
destruction or restoration and marine litter, in
order to address gaps in the international legal
framework. Furthermore, easy online reporting
will be introduced, a database established and
monitoring activities reviewed. Finally, the en-
vironmental effects of the legacy of chemical
munitions dumped at sea in the past will be
addressed.

2.9. Keyremaining knowledge and
capacity-building gaps

Since the adoption of the United Nations
Convention on the Law of the Sea, the London
Convention and the London Protocol, regu-
lations for solid waste disposal at sea were
introduced by coastal States and significant
progress has been made (IMO, 2018). However,
owing to substantial underreporting by many
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contracting parties and a lack of published
data, it is difficult to track implementation and
understand the current extent of the challenge
that exists.

Knowledge gaps include:

e Scale of the impacts of dumped fibre-
reinforced plastic vessels

e Socioeconomic impacts of all waste
streams allowed to be dumped, including
the legacy of dumping activities

e Understanding of the impacts of relevant
policies on dumping activities and marine
environmental impacts (such as waste
policies)

e Understanding of the extent and impact of
marine litter

e Cumulative impacts of current and pre-
vious dumping activities and prevailing
pollution from other sources

Capacity-building gaps include:

e Monitoring (and reporting) of dumping
activities

e Understanding of the impacts of land-
based activities on the amount of waste
streams dumped in the ocean

¢ New techniques to manage the risks asso-
ciated with dumped munitions, the devel-
opment of guidelines on encounters with
munitions (such as individuals working
in the fishing industry, techniques for the
safe removal and monitoring of possible
effects of dumped munitions

e Development of sustainable alternatives to
ocean-based dumping or prevention of the
need for dumping by changing production
patterns

While the dumping of most allowable waste
streams has been significantly reduced, other
waste streams may increase. Distant areas of
the world are also increasingly connected as
consumption, production and governance de-
cisions influence materials, waste, energy and
information flows in other countries, which
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can generate aggregate economic gains while  from urban construction and development
shifting economic and environmental costs.
With over 60 per cent of the urban infrastruc-
ture expected to exist by 2050 yet to be built,
understanding the role of dumping activities  need to be considered.

activities is crucial. The land-ocean impacts
of those activities on the marine environment
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Keynote points

e Coastal erosion can lead to coastal retreat,
habitat destruction and loss of land, which
result in significant negative ecological
and socioeconomic impacts on the global
coastal zones.

e Sediment budget and geology determine
coastal morphology and dynamics, which
influence the nature and health of coastal
ecosystems. Human activities affecting
the sediment dynamics, both on the coast
and on land, modify the naturally occurring
patterns of erosion and sedimentation.

e Globally, the abstraction or interruption of
sediment supplies to and along the coast
has been increasing, through upstream
dams, coastal and river sand mining, and
coastal infrastructures. Reduced sediment
supply enhances shoreline retreat.

o Distinct from sand or muddy coasts, cliffs
experience progressive erosion, which is
largely caused by a combination of ge-
otechnical instability, weathering on the
upper cliff profile and wave action on the
lower profile.

1. Introduction

Coastal erosion and subsequent damage to
coastal properties were briefly discussed in
chapter 26 of the first World Ocean Assess-
ment (United Nations, 2017a). However, there
was limited discussion of the wider causes,
geographical distribution and impacts of
coastal erosion and sedimentation, the effects
of the increased use of coastal protection
structures, the impacts of coastal erosion on
coastal ecological systems, and the capacity
for modelling and forecasting coastal erosion
and sedimentation.

The above-mentioned gaps are addressed in
the present chapter, with a particular focus
on the trends and changes to coastal erosion
and sedimentation patterns over the period
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e The results of recent investigations reveal
that, at approximately 15 per cent of all
sandy beaches worldwide, the shoreline
has been retreating, with an average trend
of 1T m or more per year over the past
33 years, while almost half of the world’s
sandy beaches are currently stable.

e Many areas of the observed historical
shoreline advance are related to recla-
mation and impoundment by coastal
structures. Those human activities modify
coastal dynamics, typically resulting in
downdrift erosion.

¢ Climate change impacts, including sea level
rise and potential increases in the frequen-
cy and intensity of severe tropical and ex-
tratropical storms, can accelerate coastal
erosion. Human activities have the strong-
est impacts on deltas and adjacent coasts,
with potentially severe impacts on other
coastal systems, such as sand spits, barrier
islands and wave-dominated estuaries.

2010-2020, following the baseline state de-
scribed inthe first Assessment (United Nations,
2017c). Aspects that have been considered
include changes in river management that
alter the sediment supply to the coasts; sand
mining, dredging and the disposal of dredged
materials; changes in coastal infrastructures
affecting coastal sediment transport pro-
cesses; coastal erosion and sedimentation
with respect to coastal and ocean ecological
systems and social economics (natural re-
sources or capital, livelihoods and well-being);
management practices for coastal erosion and
sedimentation prevention; and advances in
knowledge and capacity that have contributed
to the evaluation of the changes in state.
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2. Changes in state of coastal erosion and sedimentation

Factors that influence coastal erosion and
sedimentation encompass characteristics
of coastal sediment, exchanges between the
land, the coast and the shelf, and geomorphic
responses to oceanic forcing. Human activ-
ities may both substantially influence and be
affected by coastal erosion and sedimentation
(Hapke and others, 2013; Angamuthu and oth-
ers, 2018; Mentaschi and others, 2018).

A modern evaluation of the change to deltaic
sediment supply was undertaken using sat-
ellite imagery approaches with consideration
of sediment trapping on the floodplain or
estuaries (Nyberg and others, 2018); relative
distribution between the shelf and the coast;
and fluvial sediment mobility compared with in
situ material on muddy, sandy or rocky coasts.
Factors that influence geographically variable
shoreline responses to sediment availability
include underlying geological frameworks,
wave action, tidal hydrodynamics, aeolian
processes and ecomorphodynamic feedback,
such as for dunes or mangroves (Moore and
others, 2018).

Widespread impacts owing to human activi-
ties can occur if longshore sediment transport
is disrupted by the installation of coastal struc-
tures or sand mining (Hapke and others, 2013;
International Council for the Exploration of the
Sea, 2016). Furthermore, low-lying coastal are-
as that are identified as being sensitive to the
projected, rapid sea level rise include coastal
wetlands, barrier coasts, deltas and small is-
lands (Nicholls and others, 1999).

Until recently, there has been no reliable glob-
al-scale assessment of the occurrence of
sandy beaches or their rates of shoreline mor-
phological change. Exploiting the increased
availability of satellite images, advanced im-
age processing analysis techniques and com-
puting resources, Luijendijk and others (2018a)
presented an up-to-date global assessment of
the occurrence and evolution of sandy shore-
lines using a fully automated analysis of 33
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years (1984-2016) of satellite imagery. Their
analysis showed that 31 per cent of the ice-
free world shoreline is sandy, with the highest
presence of sandy beaches reported in Africa
(66 per cent), although the nature and char-
acteristics of those beaches examined in the
study vary substantially.

2.1.

Changes in drivers

Human civilizations originated and thrived in
the floodplains and the deltaic coastal zones
of the world’'s large rivers, which are now
inhabited by about 2.7 billion people (Best,
2019). The rapid increase in the demand for
water, food, land and power has led to human
interventions, such as the construction of
large dams, deforestation, intensive agricul-
ture expansion, urbanization, infrastructural
construction and sand mining. Such human
activities have placed those systems under
immense stress, leading to large-scale and
irreversible changes.

According to the International Commission
on Large Dams (2018), globally, there are
59,071 dams with heights of more than 15 m
and related reservoirs of more than 3 million
m3. The largest densities of hydropower dams
are found in South America, South Asia and
Northern Europe. The largest dams, including
those have been built, are under construction
or are planned, are located in the Mekong River
basin, the Amazon River basin and the Congo
River basin (Kondolf and others, 2014; Warner
and others, 2019).

The construction of dams and reservoirs can
reduce the sediment supply to the coast by
different degrees (Slagel and Griggs, 2008),
sometimes by more than 50 per cent (Besset
and others, 2019), leading to the erosion of
deltas and adjacent coasts. The reduction in
sediment supply to the coasts is expected
to increase greatly in the twenty-first century
(Dunn and others, 2018), by 50 to 100 per cent



(Kondolf and others, 2014; Besset and others,
2019). For example, in the Pearl River, China,
the construction of two mega dams (Yangtan
and Longtan) has reduced the fluvial sediment
supply to the coast by 70 per cent over the
period 1992-2013 (Ranasinghe and others,
2019). Kondolf and others (2014) found that
140 dams had been built, were under con-
struction or were planned for the Mekong
River or its tributaries. Under a “definite fu-
ture”, if 38 dams that are planned or are un-
der construction are actually completed, the
cumulative sediment reduction to the Mekong
Delta would be 51 per cent; and if all dams that
are planned and under construction are com-
pleted, there would be a cumulative sediment
reduction to the Mekong Delta of 96 per cent.
That would lead to a serious decay of man-
grove systems and, as a consequence, the
erosion of the coast and irreversible changes
in the surrounding ecosystem. On the other
hand, there are substantial efforts in States to
remove large dams, such as the Elwha Dam in
Washington State, United States (Warrick and
others, 2015).

Sand mined from rivers, beaches and coastal
seabeds is used for land reclamation, beach
nourishment and industry (Bendixen and oth-
ers, 2019). That removes significant amounts
of sand that would otherwise contribute to
littoral transport, consequently resulting in a
coastal sediment deficit (Montoi and others,
2017) and affecting the coastal morphology
(International Council for the Exploration of
the Sea, 2016; Abam and Oba, 2018). Present-
ly, coastal beach and seabed sand mining is
common practice in many countries, although
itis sometimes illegal. Sand mining, in general,
is known to take place in 73 countries on five
continents, although there is no reliable figure
on the practice worldwide (Peduzzi, 2014,
Jayappa and Deepika, 2018).
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2.2. Changes in pressure

Economics and population growth commonly
drive human occupation of the coastal zone,
which is offset by the socioeconomic costs
of coastal management and adverse effects
upon coastal ecosystem services. The bal-
ance between those pressures is commonly
challenged by jurisdictional or economic
divisions, with benefits and impacts often sep-
arated geographically (e.g., updrift accretion
and downdrift erosion affect different commu-
nities) or occurring over differ