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Foreword

by the Secretary-General

The past year has presented unprecedented challenges. The coronavirus disease (COVID-19)
pandemic has disrupted lives and livelihoods and exposed our societies’ fragility. Sadly, the pan-
demic is not the only crisis that humanity faces. Climate change and biodiversity loss continue
unabated, threatening sustainable development and our viability as a species. These challenges
are particularly evident when we look at the state of our planet’s life support system, the ocean.

In 2015, the first World Ocean Assessment warned that many areas of the ocean had been seri-
ously degraded, the greatest threat to the ocean being the failure to deal with the many pressures
caused by human activities. The message in the second World Ocean Assessment is that the
situation has not improved, with the many benefits that the ocean provides at risk. The Assess-
ment advises that, to ensure sustainability, we must work together to improve integrated ocean
management, including through joint research, capacity development and the sharing of data,
information and technology.

The ocean plays a crucial role in the achievement of the Sustainable Development Goals and the
livelihoods of billions of people. We urgently need to change how we interact with it. The forth-
coming United Nations Decade of Ocean Science for Sustainable Development and the United
Nations Decade on Ecosystem Restoration provide opportunities for us to understand more and
to reverse the damage that has already been done. The information in the second Assessment
can assist in this process, as well as inform relevant intergovernmental conferences scheduled
for 2021.

| urge leaders and all stakeholders to heed the warnings in the Assessment as we work to con-
serve and sustainably manage our planet’s marine environment. Let us foster not only a green
but also a blue recovery from the COVID-19 pandemic.

ANTONIO GUTERRES






Summary

In its resolutions 57/141 and 58/240, the General Assembly decided to establish a regular pro-
cess under the United Nations for global reporting and assessment of the state of the marine
environment, including socioeconomic aspects, both current and foreseeable, building on exist-
ing regional assessments. In its resolution 71/257, the Assembly recalled that the scope of the
first cycle of the Regular Process focused on establishing a baseline and decided that the scope
of the second cycle would extend to evaluating trends and identifying gaps. The programme of
work for the period 2017-2020 of the second cycle of the Regular Process includes the prepa-
ration by the Group of Experts of the Regular Process for Global Reporting and Assessment of
the State of the Marine Environment, including Socioeconomic Aspects, of the second World
Ocean Assessment, building on the baselines established by the First Global Integrated Marine
Assessment (first World Ocean Assessment). In its resolution 72/73, the Assembly decided that
the Group of Experts should proceed on the basis of a single comprehensive assessment. The
present document was prepared by the Group of Experts in accordance with those decisions.

Disclaimer

The present document is a product of the Group of Experts of the Regular Process for Global Reporting
and Assessment of the State of the Marine Environment, including Socioeconomic Aspects, which is
responsible for the contents of the publication. The members of the Group of Experts and the pool of ex-
perts who participated in the writing of the second World Ocean Assessment contributed in their personal
capacity. The members of the Group and the pool are not representatives of any Government or any other
authority or organization.

The designations employed, including geographical names, and the presentation of the materials in the
present publication, including the citations, maps and bibliography, do not imply the expression of any
opinion whatsoever on the part of the United Nations concerning the names and legal status of any coun-
try, territory, city or area or of its authorities or concerning the delimitation of its frontiers or boundaries
and do not imply official endorsement or acceptance by the United Nations. Information contained in
the present publication emanating from actions and decisions taken by States does not imply official
endorsement, acceptance or recognition by the United Nations of such actions and decisions, and such
information is included without prejudice to the position of any State Member of the United Nations.






Preface

The goal for the General Assembly in creating
the Regular Process for the Global Reporting
and Assessment of the State of the Marine En-
vironment, including Socioeconomic Aspects,
was to ensure a comprehensive overview of
the ocean and the relationships between the
ocean and humans, covering all environmental,
social and economic aspects. Such an over-
view would serve as a background to the many
decisions that must be taken in that field at the
international, national and local levels in pursuit
of sustainable development. The first World
Ocean Assessment was completed in 2015 and
represents a major step towards that goal.

Inevitably, with such an ambitious goal, not
only were some aspects not fully covered in the
first output of the Regular Process, but also, as
time passed, the assessment that was made
up to 2015 needed to be updated. The General
Assembly therefore provided for further global
integrated marine assessments to record de-
velopments from the baseline provided by the
first Assessment and, where possible, to show
trends. In 2016, it decided that a second com-
prehensive assessment should be prepared by
the end of 2020.

The present volume contains the second
World Ocean Assessment. It provides more
information on aspects of the ocean and its
relationships with humans, including separate
assessments of the abyssal plains and marine
hydrates, and brings together in specific chap-
ters matters that were addressed in different
sections of the first Assessment, such as the
state of fish species and marine infrastructure.

As with the first Assessment, the production
of the present Assessment has been a major
task, relying essentially on voluntary efforts of
hundreds of experts in many fields, with support
from the regular budget of the United Nations.
As before, it has been a privilege for the Group
of Experts of the Regular Process for Global

Reporting and Assessment of the State of the
Marine Environment, including Socioeconomic
Aspects, to organize, contribute to and finalize
the Assessment. Crucial support has again been
provided by the Secretariat, including the Divi-
sion for Ocean Affairs and the Law of the Sea,
several international organizations and a num-
ber of States Members of the United Nations,
as detailed in chapter 2. The Group of Experts
is grateful to all those people and institutions
but, under the terms of reference and working
methods endorsed by the General Assembly, is
ultimately responsible for the final text.

The bulk of the text was written before the out-
break of the coronavirus disease (COVID-19)
pandemic. Some mention of the effects of that
pandemic has been included (for example, in
the sections of chapter 8A dealing with fisher-
ies, shipping and tourism), but the full implica-
tions of the pandemic on human interactions
with the ocean are still being worked out and
will need to be explored fully in the third cycle of
the Regular Process. Nevertheless, the ocean
and the services that it provides will have an im-
portant role in the recovery from the pandemic.
It is hoped that the information in the present
Assessment will help with that process.

As with the first Assessment, the present
document contains no policy analysis or
recommendations, in line with the guidance
endorsed by the General Assembly. It is there-
fore for national Governments and competent
international authorities to decide what action
should be taken in the light of the assessments
under the Regular Process.

RENISON RuwA and ALAN SIMCOCK
Joint Coordinators of
the Group of Experts of the Regular Process

JORN SCHMIDT
Member of the Group of Experts of the
Regular Process, assisting the Joint Coordinators
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e Understanding of the ocean continues
to improve. Innovations in sensors and
autonomous observation platforms have
substantially increased observations of the
ocean. Regional observation programmes
have expanded, with better coordination
and integration.

e Some responses for mitigating or reducing
pressures and their associated impacts
on the ocean have improved since the first
World Ocean Assessment.' They include
the expansion and implementation of man-
agement frameworks for conserving the
marine environment, including the estab-
lishment of marine protected areas and,
in some regions, improved management
of pollution and fisheries. However, many
pressures from human activities continue
to degrade the ocean, including important
habitats, such as mangroves and coral
reefs. Pressures include those associated
with climate change; unsustainable fishing,
including illegal, unreported and unregu-
lated fishing; the introduction of invasive
species; atmospheric pollution causing
acidification and eutrophication; excessive
inputs of nutrients and hazardous sub-
stances, including plastics, microplastics
and nanoplastics; increasing amounts
of anthropogenic noise; and ill-managed

1. Introduction

The ocean covers more than 70 per cent of the
surface of the planet and forms 95 per cent
of the biosphere. Changes in the ocean drive
weather systems that influence both land and
marine ecosystems. The ocean and its eco-
systems also provide significant benefits to

Chapter 1: Overall summary

coastal development and extraction of
natural resources.

e There continues to be a lack of quantifi-
cation of the impacts of pressures and
their cumulative effects. A general failure
to achieve the integrated management of
human uses of coasts and the ocean is
increasing risks to the benefits that people
draw from the ocean, including in terms of
food safety and security, material provi-
sion, human health and well-being, coastal
safety and the maintenance of key ecosys-
tem services.

e Improving the management of human
uses of the ocean to ensure sustainability
will require improved coordination and
cooperation to provide capacity-building
in regions where it is lacking, innovations
in marine technology, the integration of
multidisciplinary observation systems,
the implementation of integrated manage-
ment and planning and improved access
to, and exchange of, ocean knowledge and
technologies.

e The coronavirus disease (COVID-19) pan-
demic is having a major effect on many
human activities carried out in the ocean.
The full implications of the pandemic on
human interactions with the ocean are still
to be fully assessed.

the global community, including climate reg-
ulation, coastal protection, food, employment,
recreation and cultural well-being. Those ben-
efits depend, to a great extent, on the mainte-
nance of ocean processes, marine biological
diversity and related ecosystem services.

T United Nations, The First Global Integrated Marine Assessment: World Ocean Assessment | (Cambridge, Cam-

bridge University Press, 2017).
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Concerned by the declining state of the ocean,
States Members of the United Nations, through
the General Assembly, established the Regular
Process for Global Reporting and Assessment
of the State of the Marine Environment, includ-
ing Socioeconomic Aspects. The aim of the
Regular Process is to provide an evaluation
of the state of the global ocean, the services
that it provides and the human activities that
influence its state. The first World Ocean As-
sessment was completed in 2015. It concluded
that many parts of the ocean had been seri-
ously degraded and that, if the problems that
it described were not addressed, they would
produce a destructive cycle of degradation in
which the ocean could no longer provide many
of the benefits on which humans rely. As part of
the work identified for the second cycle of the
Regular Process, three process-specific techni-
cal abstracts were produced, summarizing the
content of the first World Ocean Assessment in
relation to climate change, biodiversity in areas
beyond national jurisdiction and Sustainable

2. Drivers

In the second World Ocean Assessment, driv-
ers are characterized as social, demographic
and economic developments in societies,
including changes in lifestyles and associated
consumption and production patterns that
apply pressures to the ocean (chap. 4). Rela-
tionships between drivers and pressures (and
their impacts) are complex and dynamic, with
interlinkages leading to cumulative interac-
tions. The drivers identified in chapter 4 are:

(a) Population growth and demographic
changes. The world’s population continues
to grow, although the rate of growth has
slowed from the rates observed in the late
1960s, with rates of international migration
also increasing. The extent to which an
increasing global population places pres-
sure on the marine environment varies,

Development Goal 14, on life below water (see
General Assembly resolution 70/1).

The second World Ocean Assessment provides
an update to the first Assessment, taking into
account developments and changes known to
have occurred since 2015, and complements
it by describing further human interactions
with the ocean. Most of the text of the second
Assessment was written before the outbreak
of the COVID-19 pandemic, and it will take
time for the full implications of the pandemic
to become apparent. Where appropriate, the
second Assessment provides an evaluation
of how the developments and changes since
the first World Ocean Assessment contribute
to the achievement of relevant Sustainable De-
velopment Goals. Developments and changes
relevant to the societal goals of the United
Nations Decade of Ocean Science for Sustain-
able Development (see resolution 72/73) are
also indicated.

depending on a range of factors, including
where and how people live, their consump-
tion patterns and technologies used to pro-
duce energy, food and materials, provide
transport and manage waste;

(b) Economic activity. Economies continue to
grow globally, although at a slower pace
than reported in the first World Ocean As-
sessment, as a result of weaker manufac-
turing and trade. As the global population
has grown, demand for goods and services
has increased, with associated increases
in energy consumption and resource use.
Many countries have developed, or are
developing, strategies for growing ocean-
based economies (the blue economy).
However, an important constraint on the
growth of ocean economies is the current



declining health of the ocean and the pres-
sures being placed on it;

(c) Technological advances. Advances in
technology continue to increase efficiency,
expand markets and enhance economic
growth. Innovations have enabled out-
comes for the marine environment that are
both positive (such as increasing efficien-
cies in energy generation) and negative
(such as overcapacity in fisheries);

(d) Changing governance structures and geo-
political instability. At both the internation-
al and national levels, improved methods
of cooperation and implementation of ef-
fective policies across some regions have
contributed to reducing some pressures
on the ocean. However, in regions where
there is conflict over access to resources
and maritime boundaries, policies and
agreements focused on sustainability can
be undermined;

(e) Climate change. Anthropogenic green-
house gas emissions have continued to
rise, causing further long-term climate
changes, with widespread effects through-
out the ocean that will persist for centuries
and affect the ocean. The impacts of cli-
mate change have been recognized by the
Conference of the Parties to the United

3. Cleaning up the ocean

The lack of appropriate wastewater treatment
and the release of pollutants from the manu-
facturing industry, agriculture, tourism, fish-
eries and shipping continue to put pressure
on the ocean, with a negative impact on food
security, food safety and marine biodiversity.

See FCCC/CP/2015/10/Add.1, decision 1/CP.21, annex.
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Nations Framework Convention on Climate
Change in its decision 1/CP.21, by which
it adopted the Paris Agreement,? aimed
at strengthening the global response to
threats from climate change.

The global influence of the five drivers is not
uniformly distributed. Human populations are
not evenly dispersed, and population growth
varies among countries and regions. Geo-
graphical disparities in economic growth have
been increasing since the 1980s. Associated
differences in technological advances mean
that some countries can extract resources
from previously inaccessible areas, with the
probability of increased pressures in those
regions. Many regions, in particular those with
least developed countries, still lack access to
technologies that can assist in using marine
resources sustainably.® Regional disputes
and geopolitical instabilities may impede the
implementation of global and regional treaties
and agreements, thereby affecting economic
growth, the transfer of technologies and the
implementation of frameworks for managing
ocean use. The effects of climate change are
also not uniform, with some regions, including
the Arctic Ocean, warming at higher rates than
the global average (chap. 5).

Marine litter, ranging from nanomaterials to
macromaterials, is a further problem, given
that, in addition to the damage caused by
its presence, it can also carry pollutants and
non-indigenous species over long distances
(chaps. 10-12).

3 Unless otherwise indicated, “sustainable” and “sustainability” are used with reference to all aspects — environ-

mental, social and economic.
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3.1. Linkages with the Sustainable
Development Goals and the
United Nations Decade of
Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.1:

By 2025, prevent and significantly reduce marine
pollution of all kinds, in particular from land-
based activities, including marine debris and
nutrient pollution

Decade of Ocean Science outcome:

A clean ocean where sources of pollution are
identified and reduced or removed

Concentrations of some pollutants (such as
persistent organic pollutants and metals) in
some regions are declining, but information on
concentrations is not spatially uniform. Knowl-
edge gaps remain with regard to not only recog-
nized but also emerging pollutants. In several
regions, capacity gaps remain in applying con-
sistent, coherent policies and related enforce-
ment to prevent and control inputs of pollutants
into the ocean (chaps. 10-12 and 20).

The particular ways in which progress towards
other Sustainable Development Goals will as-
sistin the achievement of target 14.1 are set out
in table 1, and the particular ways in which the
achievement of that target will assist with pro-
gress towards other Goals are set out in table 2.

3.2. Nutrient pollution

Anthropogenic inputs of nitrogen and phos-
phorus into coastal ecosystems from direct
discharges, land run-off, rivers and the at-
mosphere have generally continued to rise,
even though better control of their release is
reducing inputs into some bodies of water.
Owing to excessive inputs of such nutrients,
eutrophication is an increasing problem, and
the number of hypoxic zones (sometimes
called “dead zones”) has increased from more

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

than 400 globally in 2008 to approximately
700 in 2019. The ecosystems most affected
include the northern part of the Gulf of Mexico,
the Baltic Sea, the North Sea, the Bay of Ben-
gal, the South China Sea and the East China
Sea. It is estimated that coastal anthropogen-
ic nitrogen inputs will double during the first
half of the twenty-first century. In addition,
deoxygenation is projected to worsen through
increases in ocean temperatures and changes
in stratification and ocean currents driven by
climate change (chap. 5), in particular in coast-
al regions of Africa, South America, South and
South-East Asia and Oceania (chap. 10).

3.3.

Hazardous substances

Industrial development and the intensity
of agriculture have continued to increase,
resulting in both ongoing and new inputs of
hazardous substances into the ocean. New
types of input include pharmaceuticals, per-
sonal care products and nanomaterials that
cannot be removed by wastewater treatment
in many parts of the world. The detection of
pharmaceuticals and personal care products
is increasing across the ocean, including in
the Arctic Ocean and the Southern Ocean. A
number of such products have been observed
to cause harm to plants and animals, but the
scale of the impact on marine organisms is
unknown, largely because they are generally
not monitored (chap. 11).

Although the Stockholm Convention on Per-
sistent Organic Pollutants* has generally had
a positive effect on global concentrations,
persistent organic pollutants continue to be
detected in marine areas and in marine species
far from their sources of production and use.
Even low concentrations have been shown to
reduce reproductive success in marine species,
including Arctic seals. In most ocean regions,
information on trends is lacking (chap. 11).



The Minamata Convention on Mercury® has
generally reduced global mercury concentra-
tions, with evidence, in most regions, that mer-
cury concentrations in the ocean are levelling
off. However, a slight increase in concentra-
tions of some metals in higher trophic organ-
isms has been reported. To better assess
metal concentration trends, expanded coastal
time-series analyses are needed globally, in-
cluding of levels of metal nanomaterials in the
ocean (chap. 11).

Concentrations of most radioactive substanc-
es continue to decrease through the decay of
historical inputs. There have been no major
nuclear accidents since 2011, and discharges
from nuclear reprocessing plants in Europe
continue to decrease substantially. Smaller
amounts of radionuclides continue to be re-
leased by nuclear power reactors in 30 coun-
tries (chap. 11).

Globally, the number of shipping accidents has
continued to decrease: an annual average of
88 ships of more than 100 gross tonnage were
lost between 2014 and 2018, compared with
120 in the preceding five years. Progress is be-
ing made in reducing air pollution from ships.
The number of oil spills has remained low: an
annual average of 6 spills of more than seven
tons from oil tankers occurred between 2010
and 2018, compared with an annual average
of 18 spills in the previous decade. Offshore
oil and gas installations also release hydro-
carbons into the marine environment, but the
long-term impacts of such releases remain
unknown (chaps. 11 and 19).

3.4. Solid waste

Inputs of solid waste into the ocean (including
marine litter) from unintentional releases and
the intentional dumping of waste are largely un-
quantified around the world. Plastics represent
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up to 80 per cent of marine litter, with annual
inputs into the ocean from rivers estimated at
1.15-2.41 million tons. The presence of plastics
has been recorded in more than 1,400 marine
species. Less is known about the effects of
microplastics (pieces of less than 5 mm) and
nanoplastics (pieces of less than 100 nm),
although nanoplastics have been observed to
enter the cells of organisms. Those two groups
of plastics are derived from both the break-
down of macroplastics and deliberate man-
ufacture (e.g., as ingredients in personal care
products). The dumping of sewage sludge and
organic and inorganic waste remains limited,
with the dumping of sewage sludge continuing
to decline as a result of the implementation of
the Convention on the Prevention of Marine
Pollution by Dumping of Wastes and Other
Matter of 1972 (the London Convention)¢ and
the 1996 Protocol thereto,” and many regional
conventions. However, insufficient reporting
under those agreements remain, resulting in
uncertainties in the extent of the dumping of
waste. Munitions dumped at sea continue to
present low risks to the marine ecosystem
and (when caught in nets) to fishers. Recent
research, however, suggests that the release
of compounds from munitions might have sub-
lethal genetic and metabolic effects in marine
organisms (chap. 12).

3.5.

Noise

Anthropogenic noise affecting the oceans
comes from many sources (e.g., vessels, oil
and gas exploration and extraction, industrial
activities and sonar) and varies across space
and time. The regions most affected are those
characterized by heavy industrial use, such
as the Gulf of Mexico, the North Sea and the
Atlantic Ocean. Unlike many other sources of
marine pollution, noise does not persist once
the sound source has been removed from the

5 UNEP(DTIE)/Hg/CONF/4, annex II. The Convention entered into force on 16 August 2017.

6 United Nations, Treaty Series, vol. 1046, No. 15749.

7 The London Protocol entered into force on 24 March 2006.
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environment. Understanding the impacts of
anthropogenic noise on marine biodiversity
has increased over the past two decades, with
arange of direct and indirectimpacts observed
across a number of taxa, from zooplankton to
marine mammals. Understanding of those im-
pacts has improved in parallel with increasing
recognition of the need to monitor noise en-
tering the marine environment and to identify
and reduce its impacts. While some efforts
are being made to reduce noise created by a
variety of sources, increasing use of the ocean
is likely to offset those efforts (chap. 20).

3.6. Key knowledge and
capacity-building gaps
Methods for standardizing the monitoring

of pollutants, including noise, and data sets
are needed urgently, so that both spatial and

temporal differences in pollutants can be
evaluated and priorities established. Capac-
ity-building is needed to reduce the input of
pollutants into the ocean, in particular through
the introduction of cleaner production, quieter
technologies and cheaper and readily deploy-
able wastewater-processing technologies. To
reduce the duplication of efforts, the creation
of a general database on hazardous substanc-
es and a baseline of ambient noise would be
desirable to support risk assessment and
modelling. As the extent of transboundary
marine pollution is poorly understood in many
parts of the world, in particular with regard
to airborne pollutants, more accurate data
on their emissions and transport are needed.
Lastly, it is necessary to gain a much better
understanding of the effects of pollutants,
including anthropogenic noise, on the marine
environment (chaps. 10-12 and 20).

4, Protecting marine ecosystems

The main threats to marine ecosystems come
from human activities, such as fishing, aqua-
culture, shipping, sand and mineral extraction,
oil and gas exploitation, the building of renew-
able energy infrastructure, coastal infrastruc-
ture development and pollution, including the
release of greenhouse gases.

4.1. Linkages with the Sustainable
Development Goals and the
United Nations Decade of
Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.2:

By 2020, sustainably manage and protect marine
and coastal ecosystems to avoid significant
adverse impacts, including by strengthening their
resilience, and take action for their restoration in
order to achieve healthy and productive oceans

10

Sustainable Development Goal target 14.5:

By 2020, conserve at least 10 per cent of coastal
and marine areas, consistent with national and
international law and based on the best available
scientific information

Decade of Ocean Science outcome:

A healthy and resilient ocean where marine
ecosystems are understood, protected, restored
and managed

Many marine species and habitats continue
to be adversely affected by increasing anthro-
pogenic pressures (chaps. 6A-G and 7A-Q;
see also sect. 5 below). Understanding of the
distribution and status of species and hab-
itats and how they are being affected by an-
thropogenic pressures is improving. In 2020,
marine protected areas covered 18 per cent
of the ocean within national jurisdictions,
representing approximately 8 per cent of the
entire ocean, while about 1 per cent of marine
areas beyond national jurisdiction had been
protected (chap. 27).



The particular ways in which progress towards
other Sustainable Development Goals will as-
sistin the achievement of targets 14.2 and 14.5
are set out in table 1, and the particular ways
in which the achievement of those targets will
assist with progress towards other Goals are
set out in table 2.

The protection of marine ecosystems is em-
bedded in various international agreements,
such as the United Nations Convention on the
Law of the Sea® and the Convention on Biolog-
ical Diversity,® as well as in regional conven-
tions and national legislation. Notwithstanding
the objectives of such agreements and con-
ventions, the status of many marine species
and habitats continues to decline globally,
thereby putting the functioning of ecosystems
at risk. In addition, climate change is resulting
in ocean warming, acidification, changes in
circulation, dissolved oxygen concentrations
and water cycle amplification. As a result, the
transfer of nutrients associated with primary
productivity from surface waters to the deep
sea is declining. Globally, about 2,000 marine
species have been introduced outside their
natural range as a result of human activities
(chaps. 5, 6A-G, 7A-Q and 22).

Many management frameworks for protecting
marine ecosystems have a sectoral focus and
can therefore have differing objectives for the
protection of the marine environment across
sectors. Management tools can be area-based
(such as marine protected areas and fishery
closures) or non-area-based (such as global
emission controls, catch and effort controls and
technical restrictions). Management approach-
es are increasingly moving away from being fo-
cused on sectoral use towards including diverse
links between ecological and social, economic
and cultural aspects. The ecosystem approach
integrates environmental, social and economic

8  United Nations, Treaty Series, vol. 1833, No. 31363.
9 Ibid., vol. 1760, No. 30619.
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aspects at the global, regional, national or local
level. Cultural information is becoming an inte-
gral part of management frameworks, both in
the context of community-based management
and for safeguarding the cultural dimension of
the marine environment. Such information can
be diverse and intangible, such as traditional
marine resource use, sea routes, ancient nav-
igational skills, maritime identities, legends,
rituals, beliefs and practices, aesthetic and in-
spirational qualities, cultural heritage and plac-
es of spiritual, sacred and religious importance
(chap. 27).

In some areas, in particular in South-East Asia,
“blue infrastructure development”, as well as
such approaches as nature-based solutions,
are being introduced in an attempt to harmo-
nize coastal development and protection with
habitat and ecological protection (chaps. 8A,
13 and 14).

4.2. Coastal ecosystems

Notwithstanding increases in marine protect-
ed areas and the expansion of Ramsar Sites,'®
mangroves (except in the Red Sea) and sea-
grass meadows (in particular in South-East
Asia) continue to decline, with 19 per cent
of mangroves and 21 per cent of seagrass
species identified as near-threatened. The
combined effects of ocean warming and
human activities are increasingly affecting
tropical and subtropical coral reefs and kelp
forests globally. In recent years, coral reefs
have undergone mass bleaching on an annual
basis, while kelp forests have been affected by
marine heatwaves (chap. 9), resulting in rapid
losses (chaps. 6G, 7D and 7H).

Overall, about 6 per cent of known fish spe-
cies and nearly 30 per cent of elasmobranch
species are listed as Near Threatened or

10 gSee Convention on Wetlands of International Importance especially as Waterfow! Habitat (United Nations,

Treaty Series, vol. 996, No. 14583).

1
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Vulnerable. Globally, the status of marine
mammals varies, with 75 per cent of species in
some groups (sirenians, freshwater dolphins,
polar bears and otters) being classified as Vul-
nerable, Endangered or Critically Endangered.
Many large whale species are now recovering
from past harvesting as a result of prohibitions
on and the regulation of commercial catches
and national recovery plans. The conservation
status of marine reptiles has varied greatly:
protection in certain regions has increased
some populations, while those in other areas
are declining because of continuing or increas-
ing threats. The global conservation status of
seabirds has worsened, with over 30 per cent
of species now listed as Vulnerable, Endan-
gered or Critically Endangered (chaps. 6C—F).

4.3.

Open ocean and deep-sea
ecosystems™

The open ocean continues to be affected by
ocean warming, acidification, deoxygenation
and marine pollution. Nutrient inputs derived
from the Amazon River and brought up by
upwelling off the coast of West Africa appear
to have fuelled a massive seaweed bloom of
floating sargassum: the 20-million-ton bloom
began to develop in 2011 in the equatorial At-
lantic Ocean and, by 2018, had extended 8,850
km across that area (chaps. 7N, 10 and 12).

Understanding of the distribution of cold-water
corals has increased, and they are known to
occur along continental margins, mid-ocean
ridges and seamounts worldwide. They and
other deep-sea features (seamounts, pinna-
cles, ridges, trenches, hydrothermal vents and
cold seeps) remain under threat from fishing,
offshore oil drilling, deep-sea mining and pol-
lution, including plastic waste, and, to a lesser
extent, climate change. Some efforts to curb
deep-water bottom trawling and establish ma-
rine protected areas where cold-water corals
occur have partially restored some damaged

cold-water coral communities. However, such
habitats can take decades or even centuries to
recover, making it difficult to identify trends of
improvement (chaps. 7E, 7L, 70 and 7P).

4.4. Key knowledge and capacity-
building gaps

Since 2015, on average, one new species of
fish has been described per week, highlighting
how much remains to be discovered. Although
knowledge of ecosystem composition and
functioning has improved since the issuance of
the first Assessment, gaps remain, in particu-
lar with regard to deep-sea ecosystems and
open-ocean planktonic and benthic species.
Gaps also remain in understanding the biology
and ecology of coastal species, in particular in
the territorial waters of developing countries.
There is no well-organized structure to study
the approximately 2,000 non-indigenous spe-
cies that have spread to new areas as a result
of human activities and their impacts on nat-
ural ecosystems. The conservation status of
less than 1 per cent of macroalgal species has
been assessed (chaps. 6A-C, 6G, 7N and 22).

While the ecosystem approach has been
widely acknowledged as an effective frame-
work for managing human impacts, further
research and capacity-building are needed
to realize its full potential across the world’s
oceans. In many regions, there is a lack of
information needed to establish links between
ecological causes and effects in order to bal-
ance them against socioeconomic priorities,
in decision-making. Enhanced collaboration in
monitoring will help in sharing capacity across
sectors and institutions and provide more
efficient monitoring, data and information.
Increased capacity in understanding manage-
ment approaches and implementing them will
support Governments and other stakeholders
in understanding options for the management
and governance of marine areas (chap. 27).

11 See chap. 2, sect. 4, for a definition of the terms “open ocean” and “deep sea”.
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5. Understanding of the ocean for sustainable management

The sustainable use of the ocean cannot be
achieved before acquiring a deep understand-
ing of ocean processes and its functioning, as
well as coherent knowledge of the impacts of
human activities on the ocean (chaps. 8A and
27).

5.1. Linkages with the Sustainable
Development Goals and the
United Nations Decade of
Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.3:
Minimize and address the impacts of ocean
acidification, including through enhanced scien-
tific cooperation at all levels

Sustainable Development Goal target 14.a:
Increase scientific knowledge, develop research
capacity and transfer marine technology, taking
into account the Intergovernmental Oceano-
graphic Commission Criteria and Guidelines on
the Transfer of Marine Technology, in order to
improve ocean health and to enhance the contri-
bution of marine biodiversity to the development
of developing countries, in particular small island
developing States and least developed countries

Decade of Ocean Science outcomes:

+ A predicted ocean where society understands
and can respond to changing ocean conditions
An accessible ocean with open and equitable
access to data, information and technology
and innovation

* An inspiring and engaging ocean where
society understands and values the ocean in
relation to human well-being and sustainable
development

The input of carbon dioxide into the ocean
is continuing, albeit in an irregular manner,
resulting in acidification of the ocean. Com-
pounded with other pressures, it has a nega-
tive impact on a wide range of organisms, in
particular those that form calcium carbonate

shells, with the potential to alter biodiversity
and ecosystem structure. Ocean acidification,
combined with rising temperatures, sea level
rise, deoxygenation and increasing extreme
climate events, further threatens the goods
and services provided by coastal ecosystems
(chaps. 5 and 9).

Scientific understanding of the ocean, its
functioning and the impacts on it grows ever
faster. However, in many parts of the ocean,
knowledge and capacity-building gaps re-
main, in particular in areas beyond national
jurisdiction. Quantification of the cumulative
effects of pressures on the ocean is nascent,
as is the quantification of comprehensive and
standardized indicators of ocean health. The
capacity to enable people to have access to
and use scientific understanding remains a re-
quirement for applying integrated approaches
to the management of human impacts on the
ocean (chaps. 3, 25 and 27).

The particular ways in which progress towards
other Sustainable Development Goals will as-
sistinthe achievement of targets 14.3 and 14.a
are set out in table 1, and the particular ways
in which the achievement of those targets will
assist with progress towards other Goals are
set out in table 2.

5.2. Global scientific understanding

Innovations in technology and engineering
related to sensors and autonomous observa-
tion platforms have allowed for ocean data
collection at finer temporal and spatial reso-
lutions and expanded those observations into
remote areas. Cost-effective and user-friendly
sensors, along with mobile applications, the
enhanced participation of citizens and the de-
ployment of sensors on non-scientific ships,
are also facilitating the expanded collection
of ocean observations. Such developments
have increased understanding of physical and
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biogeochemical systems in the ocean and how
the ocean is changing in response to climate
change, as well as enhanced ocean modelling
capabilities on the global and regional scales
(chaps. 3 and 5).

The promotion of networking and the coordi-
nation of regional observation programmes
have contributed to the further development
of global ocean observations within an inte-
grated system. The standardization and har-
monization of observation methods are also
being pursued through international initiatives.
Platforms to share best practices in ocean
observation, data-sharing and community di-
alogues have also been established, with the
aim of improving the effective use of ocean
data for the benefit of society (chap. 3).

5.3.

Sustainable management

Over the past two decades, many frameworks
for assessing interactions between human
activities and natural events (“cumulative ef-
fects”) have been developed using different
approaches and terminologies and applied
on differing scales. Along with other assess-
ments of the environment, they include envi-
ronmental impact assessments and strategic
environmental assessments and are useful
tools for informing marine spatial planning
and resource management (chaps. 25-27).

Both marine spatial planning and management
frameworks comprise a spectrum of process-
es but have unified objectives of identifying
users of the marine environment, planning the
activities of those users and effecting some
form of regulation of that use to ensure sus-
tainability. In general, marine spatial planning
has been most effectively developed with the
involvement of all relevant authorities and
stakeholders and has included economic,
environmental and social perspectives. Social
perspectives and social and cultural values
are increasingly recognized in management
frameworks, but reconciling a multiplicity of
heterogenousvaluesisachallenge. Addressing
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multiple values is best done by engaging with
affected communities, hence the need to rec-
ognize community-based management that
is sensitive to the cultural dimensions of the
sea within ecosystem approaches to manage-
ment. Increased understanding of the rights,
tenures and traditional and indigenous cus-
tomary uses of inshore marine environments
has catalysed recognition of the strengths
of community-based management. Culture
is potentially powerful, as both a factor to be
managed and monitored and the foundation
upon which management-incorporating eco-
system approaches may be developed in the
context of sustainable development (chaps.
26 and 27).

5.4. Key knowledge and
capacity-building gaps

Globally, disparities remain in knowledge to
support ecosystem-based management. Most
research and information available (based
on the number of publications) relates to the
North Atlantic Ocean, the North Pacific Ocean
and the Arctic Ocean. Disparities in infrastruc-
ture and professional capacities limit ocean
research, resulting in regional and national dis-
parities in scientific understanding. To better
monitor significant changes in physical and bi-
ogeochemical environments and theirimpacts
on ecosystems and society, further integration
of multidisciplinary observation systems and
improved models are needed. Innovation in
funding strategies is also required to sustain
such systems (chap. 3).

Most assessments of cumulative effects tend
to be focused on existing and past activities
in the marine environment. Similarly, much
marine spatial planning has been carried out in
areas where activities are ongoing, and many
management frameworks are applied to exist-
ing activities with regard to resource extraction
and use, making them retrospective in nature.
Assessments that allow for “foresighting” are
needed to inform planning of future activities



and support management that is adaptive to
future conditions and sustains ecosystems
and human well-being. Developing such ap-
proaches is not straightforward and will re-
quire substantial effort. Increased capacity in
transboundary cooperation, the strengthening
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of science-policy capacity, greater coordina-
tion between social and natural sciences and
between science and civil society, including in-
dustry, and the recognition of traditional knowl-
edge, culture and social history are needed to
support holistic management (chaps. 25-27).

6. Promoting safety from the ocean

A wide range of events in and on the ocean
threaten those who live near or work on the
ocean or rely on it for food. Examples of such
events are tsunamis, storm surges, rogue
waves, cyclones, hurricanes and typhoons,
coastal flooding, erosion, marine heatwaves
and harmful algal blooms. The ocean plays an
important role in driving hydrological variabil-
ity, such as droughts and pluvials over land,
on intraseasonal to interannual (and longer)
timescales (chap. 9). Such events, together
with various effects of hazardous substances
and excessive nutrients, have the potential to
threaten food security and hamper sustaina-
ble economic development.

6.1. Linkages with the Sustainable
Development Goals and the
United Nations Decade of
Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.1:

By 2025, prevent and significantly reduce marine
pollution of all kinds, in particular from land-
based activities, including marine debris and
nutrient pollution

Sustainable Development Goal target 14.3:
Minimize and address the impacts of ocean
acidification, including through enhanced scien-
tific cooperation at all levels

Decade of Ocean Science outcome:
A safe ocean where life and livelihoods are
protected from ocean-related hazards

Marine heatwaves and tropical cyclones, hurri-
canes and typhoons are increasing in frequen-
cy and severity as a result of climate change,
but such increases can be reduced by climate
change mitigation efforts. As indicated above,
the ocean also drives hydrological variability
over land. The construction of dams and res-
ervoirs is, in some areas, reducing sediment
supply to the coast by more than 50 per cent,
leading to the erosion of deltas and adjacent
coasts. As a result of nutrient pollution, harm-
ful algal blooms are becoming more frequent.
The number of pollutants in the ocean contin-
ues to increase, and therefore the mixtures to
which biotas are exposed and that are inte-
grated into food systems are becoming more
complex (chaps. 9-11 and 13).

The particular ways in which progress towards
other Sustainable Development Goals will as-
sistin the achievement of targets 14.1 and 14.3
are set out in table 1, and the particular ways
in which the achievement of those targets will
assist with progress towards other Goals are
set out in table 2.

6.2. Hazards from the ocean

In addition to continuing threats such as tsu-
namis, climate change is increasingly affecting
areas and their associated communities not
previously exposed to rising sea levels. Such
rises can also exacerbate coastal erosion.
Precipitation, winds and extreme sea level
events associated with tropical cyclones have
increased in recent decades, as has the annual
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global proportion of category 4 or 5 tropical
cyclones. There are increasing risks to loca-
tions that had historically not been exposed to
storms, owing to unprecedented storm trajec-
tories. The management of risks from chang-
ing storm trajectories and storm intensity
proves challenging because of the difficulties
of early warning and the reluctance of affected
populations to respond (chaps. 9 and 13).

Over the past two decades, marine heatwaves
have had negative impacts on marine organ-
isms and ecosystems in all ocean basins. Such
events are projected to increase in frequency,
duration, spatial extent and intensity under fu-
ture global warming, thus pushing some marine
organisms, fisheries and ecosystems beyond
the limits of their resilience, with cascading
impacts on economies and societies. Coast-
al erosion, driven by, for example, decreased
fluvial sediment supply to the coast owing to
changed river management, coastal sand min-
ing and longshore impoundment by coastal
structures, is increasingly causing problems.
Changes in the coastal profile following the
destruction of mangroves, salt marshes and
barrier islands add to such problems. Inputs
of nitrogen and phosphorus to coastal ecosys-
tems through river run-off and atmospheric
deposition have increased owing to the use of

synthetic fertilizers, the combustion of fossil
fuels and the direct input of municipal waste.
That is leading to an increase in harmful algal
blooms, including toxic algal events, which, in-
ter alia, can lead to shellfish and fish becoming
poisonous, thus causing paralysis and other
illnesses in humans (chaps. 9, 10 and 13).

6.3. Keyknowledge and
capacity-building gaps

Improved understanding of the ocean and its
interrelation with the atmosphere is essential
to improving human safety in extreme weather
events. Similarly, better understanding of the
scale, progress and distribution of pollution
and of coastal dynamics is needed. The need
to strengthen and harmonize warning systems
for reducing the risks associated with ocean
hazards is identified in the Sendai Framework
for Disaster Risk Reduction 2015-2030.'2
Progress is needed on forecasting systems
for hazards, emergency planning and warn-
ings should be expanded and preparation
frameworks should be implemented to ensure
a rapid response for affected communities.
Integrated systems that allow for forecasting,
detection and response to multiple hazards
are required (chaps. 9-14).

7.  Sustainable food from the ocean

Animal protein from the seas provides about
17 per cent of all animal protein consumed
by humans and supports about 12 per cent
of human livelihoods. It is largely derived
from wild fisheries, although the contribution
of aquaculture to food security is growing
rapidly and has greater potential for growth

12 General Assembly resolution 69/283, annex II.
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than capture fisheries. Fishing practices place
multiple stressors on the marine environment
in many regions, and the expansion of aqua-
culture brings new or increased pressures on
marine ecosystems, in particular in coastal
areas (chaps. 15-17).



7.1. Linkages with the Sustainable
Development Goals and the
United Nations Decade of
Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.4:

By 2020, effectively regulate harvesting and end
overfishing, illegal, unreported and unregulated
fishing and destructive fishing practices and
implement science-based management plans,
in order to restore fish stocks in the shortest
time feasible, at least to levels that can produce
maximum sustainable yield as determined by
their biological characteristics

Sustainable Development Goal target 14.6:

By 2020, prohibit certain forms of fisheries
subsidies which contribute to overcapacity and
overfishing, eliminate subsidies that contribute
to illegal, unreported and unregulated fishing
and refrain from introducing new such subsidies,
recognizing that appropriate and effective special
and differential treatment for developing and
least developed countries should be an integral
part of the World Trade Organization fisheries
subsidies negotiation®

Sustainable Development Goal target 14.7:

By 2030, increase the economic benefits to small
island developing States and least developed
countries from the sustainable use of marine
resources, including through sustainable man-
agement of fisheries, aquaculture and tourism
Sustainable Development Goal target 14.b:
Provide access for small-scale artisanal fishers
to marine resources and markets

Decade of Ocean Science outcome:

A productive ocean supporting sustainable food
supply and a sustainable ocean economy

The particular ways in which progress towards
other Sustainable Development Goals will as-
sist in the achievement of targets 14.4, 14.6,
14.7 and 14.b are set out in table 1, and the
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particular ways in which the achievement of
those targets will assist with progress towards
other Goals are set out in table 2.

7.2.  Marine capture fisheries

Estimated global landings of marine capture
fisheries increased by 3 per cent to 80.6 million
tons, valued at $127 billion (at 2017 prices),
between 2012 and 2017. About 33 per cent
of the world's fish stocks, especially at higher
trophic levels, are classified as being fished at
biologically unsustainable levels, with close
to 60 per cent maximally sustainably fished.™
The sustainability of many of the world's
capture fisheries continues to be hampered
by overexploitation, overcapacity, ineffective
management, harmful subsidies, by-catch,
in particular of threatened, endangered and
protected species, and illegal, unreported and
unregulated fishing, with ongoing habitat deg-
radation and loss of gear creating further pres-
sures on the marine environment. Overfishing
is estimated to have led to an annual loss of
$88.9 billion in net benefits. Fish markets
continue to exhibit fast-paced globalization,
thus increasing the vulnerability of small-scale
fisheries to the depletion of locally important
stocks. Negotiations under the auspices of the
World Trade Organization on reducing harmful
fishery subsidies have continued, although no
firm agreement has yet been reached. Less
than 40 per cent of States have signed the
Agreement on Port State Measures to Prevent,
Deter and Eliminate lllegal, Unreported and Un-
regulated Fishing's of 2009. The application of
information technology to help to expand the
opportunities of small-scale fisheries in areas
such as safety, the sharing of local knowledge,
capacity-building and governance have been
outlined by the Food and Agriculture Organ-
ization of the United Nations in its Voluntary

13 Taking into account ongoing World Trade Organization negotiations, the Doha Development Agenda and the

Hong Kong ministerial mandate.

14 “Maximally sustainably fished” is used here in the sense explained in chapter 15.
15 Food and Agriculture Organization of the United Nations, document C 2009/REP and Corr.1-3, appendix E.

17



World Ocean Assessment Il: Volume |

Guidelines for Securing Sustainable Small-
Scale Fisheries in the Context of Food Secu-
rity and Poverty Eradication, and the growing
use of human rights approaches is providing
opportunities for the empowerment of such
fisheries (chap. 15).

Promisingly, scientific stock assessments and
management have been shown to lead to more
sustainable outcomes across a number of
regions. New approaches to identifying illegal,
unreported and unregulated fishing are now
being applied in some regions. Recent research
has shown that, with appropriate governance,
the median time required to rebuild overfished
stocks could be less than 10 years, and, if re-
forms were to be implemented, 98 per cent of
overfished stocks could be considered healthy
by the middle of the twenty-first century.

The impacts of climate change are expected
to include increases in the intensity of natural
hazards and their frequency, thus affecting
the local distribution and abundance of fish
populations. Fishery-dependent developing
States may be affected most severely and,
because of expected changes in species dis-
tributions and consequent expected increases
in transboundary migrations of stocks, future
international governance may need to account
for such redistributions (chap. 15).

7.3.

Aquaculture

Aquaculture continues to grow faster than oth-
er major food production sectors, although its
growth has slowed over the past decade. The
sector was valued at $249.6 billion in 2017. It
supports the livelihoods of 540 million people,
19 per cent of whom were women in 2014. The
importance of that form of food production
lies inits high content of proteins and essential
micronutrients and fatty acids. The reliance
of aquaculture on fish meal decreased from
4.20 million tons in 2005 to 3.35 million tons in
2015. Aquaculture sustainability is more likely
to be closely linked with the sustained supply
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of terrestrial animal and plant proteins, oils and
carbohydrate sources for aquafeeds. Diseases
continue to pose a challenge to global aqua-
culture and are among the primary deterrents
to aquaculture development for many species.
In general, the environmental performance
of aquaculture has improved significantly
over the past decade. Challenges to be met
in expanding aquaculture production include
reducing impacts on valuable coastal eco-
systems such as mangroves, the sustainable
provision of external feed, the management of
fish diseases and the effects of escaped fish
on native species (chap. 16).

7.4.

Seaweed production

Seaweed for direct human consumption
amount to 80 per cent of total seaweed har-
vesting. Since 2012, global harvesting of sea-
weed has risen at a rate of about 2.6 per cent
a year, mostly from aquaculture, to 32 million
tons in 2017, with an estimated value of $12
billion. In addition to being used as food, sea-
weed is used increasingly in industrial appli-
cations, such as cosmetics, pharmaceuticals
and nutraceuticals, and as feed for livestock.
Macroalga cultivation amounts to 96 per cent
of total aquaculture production. Benefits from
production include the provision of high-qual-
ity food and the creation of new jobs and
increased incomes for coastal inhabitants.
In addition, such production supports carbon
sequestration and oxygen production and re-
duces eutrophication (chap. 17).

7.5. Key knowledge and
capacity-building gaps

There is limited understanding of the extent
to which changing conditions could contrib-
ute to shifts in marine ecosystem structures
and functioning and the subsequent impacts
on marine productivity. There have been im-
provements in approaches to assessing fish-
eries and accounting for their contributions



in data-poor environments, but further work is
needed to fill capacity-building gaps for coast-
al fisheries in developing regions. The science
of fish stock propagation is still in its early
stages, but shows some potential for increas-
ing fishery yield beyond what is achievable
through the exploitation of wild stocks alone.
However, understanding of ecological conse-
quences is lacking. Capacity-building gaps in
the management of fisheries include those
associated with identifying impacts on tar-
get species and incorporating the effects on
other species into management frameworks.
Ongoing capacity-building gaps in developing
countries also hinder their ability to take part
in regional and international negotiations for
reaching consensus on management practic-
es for sustaining healthy fish stocks.

To boost sustainable aquaculture devel-
opment, improved extension services are
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needed. The training of extension services
providers needs to incorporate information
delivery methods, as well as practical farm-
ing techniques, to help them to better assist
farmers in improving production practices.
Information technology and media, farmers’
associations, development agencies, private
sector suppliers and others will need to come
together to enhance sectoral training. The es-
tablishment of offshore aquaculture and mari-
culture will need to be supported by sufficient
marine services to ensure the sustainability
and safety of operations. Many knowledge
gaps remain with regard to the large-scale
production of seaweed and the likely impacts
of climate change. Some efforts to address
the knowledge and capacity-building gaps are
under way. The biology of many seaweed spe-
cies is still unknown, even for those species
currently harvested or farmed (chaps. 15-17).

8. Sustainable economic use of the ocean

The ocean supports a wide range of economic
activities, including maritime transport as part
of world trade, tourism and recreation, extrac-
tion of natural resources such as hydrocarbons
and other minerals, provision of renewable en-
ergy, and the use of marine genetic resources.

8.1. Linkages with the Sustainable

Development Goals and the
United Nations Decade of

Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.2: By
2020, sustainably manage and protect marine
and coastal ecosystems to avoid significant
adverse impacts, including by strengthening their
resilience, and take action for their restoration in
order to achieve healthy and productive oceans

Sustainable Development Goal target 14.7: By
2030, increase the economic benefits to small

island developing States and least developed
countries from the sustainable use of marine
resources, including through sustainable manage-
ment of fisheries, aquaculture and tourism

Sustainable Development Goal target 14.c:
Enhance the conservation and sustainable use of
oceans and their resources by implementing in-
ternational law as reflected in the United Nations
Convention on the Law of the Sea, which provides
the legal framework for the conservation and
sustainable use of oceans and their resources, as
recalled in paragraph 158 of “The future we want”

Economic use of the ocean has increased
globally. Many countries are developing or
have developed strategies for increasing such
maritime activities as renewable ocean ener-
gy, aquaculture, marine biotechnology, coastal
tourism and seabed mining (growth sectors of
the blue economy - a term that can include
environmentally sustainable shipping and
fisheries). The distribution around the world of
the economic benefits drawn from the ocean,
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however, is still very uneven (chaps. 4, 8A, 18
and 28).

The particular ways in which progress towards
other Sustainable Development Goals will as-
sist with the achievement of targets 14.2, 14.7
and 14.c, among others, are set out in table 1,
and the particular ways in which the achieve-
ment of those targets will assist with progress
towards other Goals are set out in table 2.

8.2. Seabed mining

Seabed mining for sand and gravel within na-
tional jurisdiction has increased to supplement
diminished land-based sources. The scale of
extraction can have significant effects on the
local marine environment and cause coast-
al erosion. The scale of other major mining
activities (such as for diamonds, phosphate,
iron ore and tin) remains more or less stable.
Deep seabed mining in areas beyond national
jurisdiction is closer to becoming a commer-
cial reality; however, exploiting many mineral
resources requires advanced technology and
is thus largely limited to those able to access
such technology (chap. 18).

8.3. Extraction of offshore
hydrocarbons

The offshore oil and gas sector is expanding
at the global level into deep and ultradeep
waters. Over the next decade, growth is likely
to be focused in such areas as the eastern
Mediterranean Sea and areas off the coast of
Guyana and the west coast of Africa. Mature
areas such as the North Sea and the Gulf of
Mexico are seeing the exhaustion of some
resources and the resulting increased decom-
missioning of offshore installations, although
some may be used for producing renewable
marine energy. Extraction techniques continue
to evolve to reduce their impact on the marine
environment (chap. 19).
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8.4. Maritime transport

The increase in tonnage of cargo carried by
international shipping has mirrored the growth
in world trade, following the recovery of the
world’s economy after 2012. Such growth,
however, has occurred against a weak com-
petitive background. A large proportion of the
world’s tonnage continues to be associated
with a relatively small number of registries, and
ownership and control of shipping remain con-
centrated in the hands of firms in a relatively
small number of countries. This concentration
has significant implications for future port de-
velopment, as it may result in fewer and larger
main ports serving as distribution hubs for
intercontinental trade. There was a slight de-
cline in the total number of attempted and ac-
tual cases of piracy and armed robbery against
ships between 2015 and 2019 (chap. 8A).

8.5. Tourism and recreation

International travel and associated tourism
are economically important in many parts of
the world, in particular in the “sun, sea and
sand” type of tourism, which is concentrated
in coastal marine regions. In all touristic areas,
the major impact on the marine environment
comes from coastal development, including
the proportion of land covered by construc-
tions, such as hotels, restaurants, retail
shops and transport infrastructure, including
airports and train terminals, and the need for
“armoured” coastal defences, street lighting
and sewerage. Snorkelling, diving and wildlife
viewing continue to be significant elements in
coastal tourism (chap. 8A).

8.6. Marine genetic resources

Marine genetic resources continue to be the
focus of an expanding range of commercial
and non-commercial applications. Rapidly
shrinking costs of gene sequencing and
synthesis, as well as rapid advances in meta-
bolic engineering and synthetic biology, have



reduced dependency on the acquisition of
physical samples from the ocean. Sponges
and algae continue to attract significant inter-
est for the bioactive properties of their natural
compounds (chap. 23).

8.7. Marine renewable energy

The marine renewable energy sector (offshore
wind energy, tidal and ocean current energy,
wave energy, ocean thermal energy and osmot-
ic power and marine biomass energy) is evolv-
ing and developing at different rates. Of those
power sources, offshore wind technology is
mature and technically advanced. Although
in 2018 it represented only 1 per cent of total
renewable energy sources, it is growing rap-
idly: between 2017 and 2018, it accounted for
4 per cent of all growth in renewable energy.
From 2017 to 2018, it grew by 59 per cent in
Asia and by 17 per cent in Europe. In the next
decade, Asia and the United States of Amer-
ica could be major drivers of offshore wind
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power development and installation. Tidal en-
ergy converters have reached the commercial
stage, while other marine renewable energy
technologies are currently under development.
Among emerging marine renewable energy
sources, offshore solar energy is the most
promising, as components of the relevant
technology are well developed (chap. 21).

8.8. Key knowledge and
capacity-building gaps

All maritime industries are highly dependent
on technology to operate safely and without
damaging the marine environment. With regard
to marine genetic resources, capacity-building
remains an issue, as most work in this field
is carried out in a small number of countries.
There is a need to build skills in many countries
to plan and develop their blue economy sustain-
ably and to manage the related human activities
(chaps. 8A, 14,18, 19, 21, 23, 25 and 27).

9. Effective implementation of international law as reflected
in the United Nations Convention on the L.aw of the Sea

Effective implementation of international law
as reflected in the United Nations Convention
on the Law of the Sea (which sets out the
legal framework within which all activities in
the oceans and seas must be carried out), is
essential for the conservation and sustainable
use of the ocean and its resources and for
safeguarding the many ecosystem services
that the ocean provides, both for current and
future generations.

9.1. Linkages with the Sustainable
Development Goals and the
United Nations Decade of
Ocean Science for Sustainable
Development

Sustainable Development Goal target 14.c: En-
hance the conservation and sustainable use of
oceans and their resources by implementing in-
ternational law as reflected in the United Nations
Convention on the Law of the Sea, which provides
the legal framework for the conservation and
sustainable use of oceans and their resources, as
recalled in paragraph 158 of “The future we want”

Steps have already been taken at all levels to
strengthen the implementation of international
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law as reflected in the United Nations Con-
vention on the Law of the Sea, including by in-
creasing the level of participation of States in
the numerous global and regional treaties that
supplement its provisions. Examples at the
global level include international conventions
such as the London Convention and the Lon-
don Protocol, the International Convention for
the Prevention of Pollution from Ships, 1973,
as modified by the Protocol of 1978 relating
thereto and by the Protocol of 1997¢ (includ-
ing its annex VI on the reduction in sulfur emis-
sions from ships, which entered into force in
2020), and the Agreement on Port State Meas-
ures to Prevent, Deter and Eliminate lllegal,
Unreported and Unregulated Fishing of FAO,
which entered into force in 2016 (chaps. 8A,
11,12, 15 and 28).

There are still major challenges to ensuring
participation in international instruments, ad-
dressing resource and capacity constraints,
strengthening intersectoral cooperation, en-
suring coordination and information-sharing
at all levels and developing new instruments
to address emerging challenges in a timely
fashion (chap. 28).

The particular ways in which progress to-
wards other Sustainable Development Goals
will assist in the achievement of target 14.c
are set out in table 1, and the particular ways
in which achievement of that target will as-
sist with progress towards other Goals are
set out in table 2.

9.2. Implementation of international
law as reflected in the
United Nations Convention
on the Law of the Sea

The integration of environmental, social and
economic dimensions is at the core of the Unit-
ed Nations Convention on the Law of the Sea.
The Convention establishes a delicate balance
between the need for economic and social
development through the use of the ocean and
its resources and the need to conserve and
manage those resources in a sustainable man-
ner and to protect and preserve the marine en-
vironment. The integrated approach to ocean
management as reflected in the Convention is
essential for promoting sustainable develop-
ment, as sectoral and fragmented approaches
lack coherence and may lead to solutions that
are of limited benefit to the conservation and
sustainable use of the ocean and its resources.

The Convention is, in many fields, supplement-
ed by more specific, sectoral instruments. In
addition to its two implementing agreements,"”
there are numerous global and regional legal
instruments covering many aspects of ocean
use. Effective conservation and sustainable
use of the ocean and its resources will only
be achieved through the full and effective im-
plementation of this body of international law.
Actions and efforts should focus primarily on
implementation gaps or any regulatory gaps,
especially in areas beyond national jurisdiction.

16 See www.imo.org/en/About/Conventions/Pages/International-Convention-for-the-Prevention-of-Pollution

-from-Ships-(MARPOL).aspx.

17 Agreement relating to the implementation of Part XI of the United Nations Convention on the Law of the Sea of
10 December 1982; and Agreement for the Implementation of the Provisions of the United Nations Convention
on the Law of the Sea of 10 December 1982 relating to the Conservation and Management of Straddling Fish

Stocks and Highly Migratory Fish Stocks.
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9.3.

Implementation and

regulatory gaps

Resource capacity, including financial capac-
ity, remains a significant constraint for the
protection and preservation of the marine
environment and marine scientific research,
while technological constraints are often an
impediment to the effective implementation
of a State’s obligations. Gaps also exist with
regard to the material scope (e.g., no compre-
hensive rules on plastics and microplastics) or
geographical scope of application of relevant
instruments (e.g., geographical coverage by
the regional fisheries management organi-
zations and arrangements) (chaps. 27 and
28). Many small island developing States and
least developed countries lack access to the

Table 1
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detailed knowledge and skilled human re-
sources needed for ocean management, and
resources for managing the large marine areas
under their jurisdiction are often limited. Filling
these gaps will ensure that economic benefits
can be maximized in an environmentally sus-
tainable manner. Specific challenges exist in
the enforcement of management measures
in areas beyond national jurisdiction, owing to
regulatory gaps and a lack of cross-sectoral
coordination. These issues are currently being
discussed at the United Nations in the context
of the intergovernmental negotiations on the
development of an international legally binding
instrument under the United Nations Conven-
tion on the Law of the Sea on the conserva-
tion and sustainable use of marine biological
diversity of areas beyond national jurisdiction
(chaps. 27 and 28).

Contribution made by other Sustainable Development Goals to achieving Goal 14

Sustainable Development Goals

Targets under Sustainable
Development Goal 14

of Goal 14

contributing to the achievement

Mechanism

Cleaning up the ocean

Target 14.1: By 2025, prevent
and significantly reduce
marine pollution of all kinds,

Goal 6: Ensure availability and
sustainable management of
water and sanitation for all

Improved wastewater
management

in particular from land-based
activities, including marine
debris and nutrient pollution

Goal 7: Ensure access to
affordable, reliable, sustainable
and modern energy for all

Improved sources and
efficiencies in energy and
associated reduction in
emissions

Goal 11: Make cities and human
settlements inclusive, safe,
resilient and sustainable

Sustainable urbanization and
reduction in the environmental
impact of cities

Goal 12: Ensure sustainable
consumption and production
patterns

Environmentally sound
management of chemicals and
all wastes, including by reducing
waste generation

Goal 17: Strengthen the means
of implementation and revitalize
the Global Partnership for
Sustainable Development

Improved access to science,
technology and innovation,
enhanced knowledge-sharing
and transfer of technology, and
capacity-building
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Targets under Sustainable
Development Goal 14

Sustainable Development Goals
contributing to the achievement
of Goal 14

Mechanism

Protecting marine ecosystems

Target 14.2: By 2020,
sustainably manage and
protect marine and coastal
ecosystems to avoid
significant adverse impacts,
including by strengthening
their resilience, and take
action for their restoration in
order to achieve healthy and
productive oceans

Target 14.5: By 2020,
conserve at least 10 per cent
of coastal and marine areas,
consistent with national

and international law and
based on the best available
scientific information

Goal 6: Ensure availability and
sustainable management of
water and sanitation for all

Improved wastewater
management and protection and
restoration of wetlands

Goal 7: Ensure access to
affordable, reliable, sustainable
and modern energy for all

Improved sources and
efficiencies in energy and
associated reduction in
emissions

Goal 9: Build resilient
infrastructure, promote inclusive
and sustainable industrialization
and foster innovation

Use of clean technologies
and associated reduction in
emissions

Goal 11: Make cities and human
settlements inclusive, safe,
resilient and sustainable

Sustainable urbanization and
reduction in the environmental
impact of cities

Goal 12: Ensure sustainable
consumption and production
patterns

Sustainable management and
use of natural resources and
reduction in waste along supply
chains

Goal 13: Take urgent action to
combat climate change and its
impacts?

Implementation of climate
change mitigation, adaptation
and impact reduction measures

Goal 15: Protect, restore and
promote sustainable use

of terrestrial ecosystems,
sustainably manage forests,
combat desertification, and halt
and reverse land degradation and
halt biodiversity loss

Reduction in the degradation
of natural habitats and loss of
biodiversity, and prevention of
the extinction of species

Goal 17: Strengthen the means
of implementation and revitalize
the Global Partnership for
Sustainable Development

Improved access to science,
technology and innovation,
enhanced knowledge-sharing
and transfer of technology, and
capacity-building

Understanding of the ocean for sustainable management

Target 14.3: Minimize and
address the impacts of
ocean acidification, including
through enhanced scientific
cooperation at all levels

Goal 9: Build resilient
infrastructure, promote inclusive
and sustainable industrialization
and foster innovation

Enhancement of scientific
research, upgrade of the
technological capabilities of
industrial sectors in all countries,
in particular developing
countries, and encouragement of
innovation
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Targets under Sustainable
Development Goal 14
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Mechanism

Target 14.a: Increase
scientific knowledge, develop
research capacity and

Goal 13: Take urgent action to
combat climate change and its
impacts?

Implementation of climate
change mitigation, adaptation
and impact reduction measures

transfer marine technology,
taking into account

the Intergovernmental
Oceanographic Commission
Criteria and Guidelines

on the Transfer of Marine
Technology, in order to
improve ocean health and
to enhance the contribution
of marine biodiversity to the
development of developing
countries, in particular small
island developing States and
least developed countries

Goal 17: Strengthen the means
of implementation and revitalize
the Global Partnership for
Sustainable Development

Improved access to science,
technology and innovation,
enhanced knowledge-sharing
and transfer of technology, and
capacity-building

Promoting safety from the ocean

Target 14.1: By 2025, prevent
and significantly reduce
marine pollution of all kinds,
in particular from land-based
activities, including marine

Goal 1: End poverty in all its
forms everywhere

Reduction in exposure and
vulnerability to climate-induced
extreme events and building

of resilience to environmental
shocks and disasters

debris and nutrient pollution N

security and improved nutrition
and promote sustainable
agriculture

Strengthening of capacity to
adapt to climate change, extreme
weather and other disasters

Goal 6: Ensure availability and
sustainable management of
water and sanitation for all

Reduction in pollution, improved
wastewater management and
protection and restoration of
water-related ecosystems

Goal 11: Make cities and human
settlements inclusive, safe,
resilient and sustainable

Reduction in the number of
people affected by disasters,
strengthening of national

and regional development
planning and implementation
of integrated policies and plans
for mitigation and adaptation
to climate change, resilience to
disasters and the development
and implementation of holistic
disaster risk management

Goal 12: Ensure sustainable
consumption and production
patterns

Environmentally sound
management of chemicals and
all waste

Goal 13: Take urgent action to
combat climate change and its
impacts?

Strengthening of resilience and
adaptive capacity to climate-
related and other natural
disasters and support for impact
reduction and early warning
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Targets under Sustainable
Development Goal 14

Sustainable Development Goals
contributing to the achievement
of Goal 14

Mechanism

Goal 15: Protect, restore and
promote sustainable use

of terrestrial ecosystems,
sustainably manage forests,
combat desertification, and halt
and reverse land degradation and
halt biodiversity loss

Conservation, restoration and
sustainable use of terrestrial and
inland freshwater ecosystems,
and reduction in the degradation
of habitats

Sustainable food from the ocean

Target 14.4: By 2020, effec-
tively regulate harvesting
and end overfishing, illegal,
unreported and unregulated
fishing and destructive fish-
ing practices and implement
science-based management
plans, in order to restore fish
stocks in the shortest time
feasible, at least to levels
that can produce maximum
sustainable yield as deter-
mined by their biological
characteristics

Target 14.6: By 2020, prohibit
certain forms of fisheries
subsidies which contribute to
overcapacity and overfishing,
eliminate subsidies that con-
tribute to illegal, unreported
and unregulated fishing and
refrain from introducing new
such subsidies, recognizing
that appropriate and effective
special and differential treat-
ment for developing and least
developed countries should be
an integral part of the World
Trade Organization fisheries
subsidies negotiationP

Target 14.7: By 2030, increase
the economic benefits to
small island developing
States and least developed
countries from the sustaina-
ble use of marine resources,
including through sustainable
management of fisheries,
aquaculture and tourism

Target 14.b: Provide access
for small-scale artisanal
fishers to marine resources
and markets

Goal 2: End hunger, achieve food
security and improved nutrition
and promote sustainable
agriculture

Increase in agricultural
productivity (including
aquaculture and mariculture),
ensuring sustainable food
production and maintaining
ecosystems and the genetic
diversity of wild species

Goal 8: Promote sustained,
inclusive and sustainable
economic growth, full and
productive employment and
decent work for all

Improved resource efficiency in
consumption and production

Goal 9: Build resilient
infrastructure, promote inclusive
and sustainable industrialization
and foster innovation

Enhancement of scientific
research and technological
development, research and
innovation in developing
countries

Goal 12: Ensure sustainable
consumption and production
patterns

Sustainable management and
efficient use of natural resources,
reduction in food losses along
production and supply chains,
including post-harvest losses,
strengthening of scientific and
technological capacity to move
towards more sustainable
patterns of consumption and
production, implementation of
methods to ensure that tourism
remains sustainable, creates jobs
and promotes local products, and
phasing out of harmful subsidies,
where they exist, to reflect their
environmental impacts

Goal 13: Take urgent action to
combat climate change and its
impacts?

Implementation of climate
change mitigation, adaptation
and impact reduction measures

Goal 17: Strengthen the means
of implementation and revitalize
the Global Partnership for
Sustainable Development

Improved access to science,
technology and innovation,
enhanced knowledge-sharing
and transfer of technology, and
capacity-building
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Mechanism

Sustainable economic use of the ocean

Target 14.2: By 2020,
sustainably manage and
protect marine and coastal
ecosystems to avoid
significant adverse impacts,
including by strengthening
their resilience, and take
action for their restoration in
order to achieve healthy and
productive oceans

Target 14.7: By 2030,
increase the economic
benefits to small island
developing States and least
developed countries from the
sustainable use of marine
resources, including through
sustainable management of
fisheries, aquaculture and
tourism

Target 14.c: Enhance the
conservation and sustainable
use of oceans and their
resources by implementing
international law as reflected
in the United Nations
Convention on the Law of

the Sea, which provides

the legal framework for the
conservation and sustainable
use of oceans and their
resources, as recalled in
paragraph 158 of “The future
we want”

Goal 6: Ensure availability and
sustainable management of
water and sanitation for all

Improved wastewater
management and protection and
restoration of wetlands

Goal 7: Ensure access to
affordable, reliable, sustainable
and modern energy for all

Improved sources and efficiencies
in energy and associated
reduction in emissions

Goal 11: Make cities and human
settlements inclusive, safe,
resilient and sustainable

Sustainable urbanization and
reduction in the environmental
impact of cities

Goal 12: Ensure sustainable
consumption and production
patterns

Sustainable management and
use of natural resources

Goal 13: Take urgent action to
combat climate change and its
impacts?

Implementation of climate
change mitigation, adaptation
and impact reduction measures

Goal 15: Protect, restore and
promote sustainable use

of terrestrial ecosystems,
sustainably manage forests,
combat desertification, and halt
and reverse land degradation and
halt biodiversity loss

Reduction in the degradation
of natural habitats and loss of
biodiversity, and prevention of
the extinction of species

Goal 16: Promote peaceful and
inclusive societies for sustainable
development, provide access to
justice for all and build effective,
accountable and inclusive
institutions at all levels

Promotion of the rule of law at
the national and international
levels

Goal 17: Strengthen the means
of implementation and revitalize
the Global Partnership for
Sustainable Development

Improved access to science,
technology and innovation,
enhanced knowledge-sharing
and transfer of technology, and
capacity-building

Effective implementation of international law as reflected in the
United Nations Convention on the Law of the Sea

Target 14.c: Enhance the
conservation and sustainable
use of oceans and their
resources by implementing
international law as reflected
in the United Nations Con-
vention on the Law of the
Sea, which provides the legal
framework for the conserva-
tion and sustainable use of
oceans and their resources,
as recalled in paragraph 158
of “The future we want”

Goal 2: End hunger, achieve food
security and improved nutrition
and promote sustainable
agriculture

Ensuring of sustainable

food production systems,
maintenance of ecosystems

and strengthening of capacity to
adapt to climate change, extreme
weather, drought, flooding and
other disasters

Goal 3: Ensure healthy lives and
promote well-being for all at all
ages

Reduction in hazardous
chemicals, pollution and
contamination
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Targets under Sustainable
Development Goal 14

Sustainable Development Goals

contributing to the achievement
of Goal 14

Mechanism

Goal 6: Ensure availability and
sustainable management of
water and sanitation for all

Reduction in pollution, improved
wastewater management and
protection and restoration of
water-related ecosystems

Goal 11: Make cities and human
settlements inclusive, safe,
resilient and sustainable

Protection and safeguarding of
cultural and natural heritage

Goal 12: Ensure sustainable
consumption and production
patterns

Environmentally sound
management of chemicals and
all wastes throughout their life
cycle, within agreed international
frameworks

Goal 13: Take urgent action to
combat climate change and its
impacts?

Integration of climate change
measures into national policies,
strategies and planning

Goal 17: Strengthen the means
of implementation and revitalize
the Global Partnership for
Sustainable Development

Enhancement of policy
coherence for sustainable
development

a  Acknowledging that the United Nations Framework Convention on Climate Change is the primary international,
intergovernmental forum for negotiating the global response to climate change.

b Taking into account ongoing World Trade Organization negotiations, the Doha Development Agenda and the

Hong Kong ministerial mandate.
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Table 2
Contribution made by Sustainable Development Goal 14 to achieving other Goals

Targets under Sustainable
Development Goal 14

Sustainable Development
Goals contributed to by the
achievement of Goal 14

Mechanism

Target 14.1: By 2025, prevent
and significantly reduce
marine pollution of all kinds,
in particular from land-based
activities, including marine
debris and nutrient pollution

Goal 3: Ensure healthy lives
and promote well-being for
all at all ages

Reduction in hazardous chemicals,
pollution and contamination

Goal 6: Ensure availability
and sustainable
management of water and
sanitation for all

Reduction in pollution and the
release of hazardous chemicals and
materials and wastewater

Goal 11: Make cities

and human settlements
inclusive, safe, resilient and
sustainable

Sustainable urbanization and
reduction in the environmental
impact of cities

Goal 12: Ensure sustainable
consumption and production
patterns

Environmentally sound management
of chemicals and all wastes,
including by reducing waste
generation

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Improved access to science,
technology and innovation, enhanced
knowledge-sharing and transfer of
technology, and capacity-building

Target 14.2: By 2020,
sustainably manage and
protect marine and coastal
ecosystems to avoid
significant adverse impacts,
including by strengthening
their resilience, and take
action for their restoration in
order to achieve healthy and
productive oceans

Goal 1: End poverty in all its
forms everywhere

Reduction in exposure and
vulnerability to climate-induced
extreme events and building of
resilience to environmental shocks
and disasters

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Increase in agricultural productivity
(including aquaculture and
mariculture), ensuring sustainable
food production and maintaining
ecosystems and the genetic diversity
of wild species

Goal 8: Promote sustained,
inclusive and sustainable
economic growth, full and
productive employment and
decent work for all

Provision of opportunities for
sustained economic growth and
sustainable tourism

Goal 11: Make cities

and human settlements
inclusive, safe, resilient and
sustainable

Preservation of and support for
those ecosystems that afford
protection from disasters to coastal
communities

Goal 13: Take urgent action
to combat climate change
and its impacts?

Contribution to resilience to climate-
related hazards
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Targets under Sustainable
Development Goal 14

Sustainable Development
Goals contributed to by the
achievement of Goal 14

Mechanism

Target 14.3: Minimize and
address the impacts of

ocean acidification, including

through enhanced scientific
cooperation at all levels

Goal 1: End poverty in all its
forms everywhere

Reduction in exposure and building
of resilience to environmental shocks
and disasters

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Ensuring of sustainable food
production systems, maintenance
of ecosystems, strengthening of
capacity to adapt to climate change
and enhancement of cooperation

in research and technological
development

Goal 12: Ensure sustainable
consumption and production
patterns

Support for developing countries in
strengthening their scientific and
technological capacity

Goal 13: Take urgent action
to combat climate change
and its impacts?

Implementation of climate change
mitigation, adaptation and impact
reduction measures

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Improved access to science,
technology and innovation, enhanced
knowledge-sharing and transfer of
technology, and capacity-building

Target 14.4: By 2020,
effectively regulate
harvesting and end
overfishing, illegal,
unreported and unregulated
fishing and destructive
fishing practices and
implement science-based
management plans,

in order to restore fish
stocks in the shortest

time feasible, at least to
levels that can produce
maximum sustainable yield
as determined by their
biological characteristics

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Increase in agricultural productivity
(including aquaculture and
mariculture), ensuring sustainable
food production and maintaining
ecosystems and the genetic diversity
of wild species

Goal 8: Promote sustained,
inclusive and sustainable
economic growth, full and
productive employment and
decent work for all

Support for productive activities

Goal 12: Ensure sustainable
consumption and production
patterns

Achievement of sustainable
management and efficient use of
natural resources, reduction in food
losses along production and supply
chains, including post-harvest
losses, strengthening of scientific
and technological capacity to move
towards more sustainable patterns
of consumption and production, and
phasing out of harmful subsidies

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Enhancement of partnerships for
sustainable development
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Mechanism

Target 14.5: By 2020,
conserve at least 10 per cent
of coastal and marine areas,
consistent with national

and international law and
based on the best available
scientific information

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Maintenance of ecosystems,
strengthening of capacity to adapt
to climate change, and enhancement
of cooperation in research and
technological development

Goal 11: Make cities

and human settlements
inclusive, safe, resilient and
sustainable

Preservation of and support for
those ecosystems that afford
protection from disasters to coastal
communities

Goal 15: Protect, restore and
promote sustainable use

of terrestrial ecosystems,
sustainably manage forests,
combat desertification,

and halt and reverse land
degradation and halt
biodiversity loss

Reduction in the degradation

of natural habitats and loss of
biodiversity, and prevention of the
extinction of species

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Improved access to science,
technology and innovation, enhanced
knowledge-sharing and transfer of
technology, and capacity-building

Target 14.6: By 2020, prohibit
certain forms of fisheries
subsidies which contribute to
overcapacity and overfishing,
eliminate subsidies that
contribute to illegal,
unreported and unregulated
fishing and refrain from
introducing new such
subsidies, recognizing that
appropriate and effective
special and differential
treatment for developing and
least developed countries
should be an integral part of
the World Trade Organization
fisheries subsidies
negotiation®

Goal 8: Promote sustained,
inclusive and sustainable
economic growth, full and
productive employment and
decent work for all

Support for productive activities

Goal 12: Ensure sustainable
consumption and production
patterns

Achievement of sustainable
management and efficient use of
natural resources, reduction in food
losses along production and supply
chains, including post-harvest
losses, strengthening of scientific
and technological capacity to move
towards more sustainable patterns
of consumption and production, and
phasing out of harmful subsidies

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Enhancement of partnerships for
sustainable development

Target 14.7: By 2030, increase
the economic benefits to
small island developing States
and least developed countries
from the sustainable use of
marine resources, including
through sustainable
management of fisheries,
aquaculture and tourism

Goal 1: End poverty in all its
forms everywhere

Reduction in exposure and building
of resilience to environmental shocks
and disasters

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Increase in agricultural productivity
(including aquaculture and
mariculture), ensuring sustainable
food production and maintaining
ecosystems and the genetic diversity
of wild species
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Targets under Sustainable
Development Goal 14

Sustainable Development
Goals contributed to by the
achievement of Goal 14

Mechanism

Goal 8: Promote sustained,
inclusive and sustainable
economic growth, full and
productive employment and
decent work for all

Provision of opportunities for
sustained economic growth and
sustainable tourism

Goal 9: Build resilient
infrastructure, promote
inclusive and sustainable
industrialization and foster
innovation

Enhancement of scientific research,
upgrade of the technological
capabilities of industrial sectors in
all countries, in particular developing
countries, and encouragement of
innovation

Goal 12: Ensure sustainable
consumption and production
patterns

Achievement of sustainable
management and efficient use of
natural resources, and strengthening
of scientific and technological
capacity

Goal 13: Take urgent action
to combat climate change
and its impacts?

Implementation of climate change
mitigation, adaptation and impact
reduction measures

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Improved access to science,
technology and innovation, enhanced
knowledge-sharing and transfer of
technology, and capacity-building

Target 14.a: Increase
scientific knowledge, develop
research capacity and
transfer marine technology,
taking into account

the Intergovernmental
Oceanographic Commission
Criteria and Guidelines

on the Transfer of Marine
Technology, in order to
improve ocean health and

to enhance the contribution
of marine biodiversity to the
development of developing
countries, in particular small
island developing States and
least developed countries

Goal 9: Build resilient
infrastructure, promote
inclusive and sustainable
industrialization and foster
innovation

Enhancement of scientific research,
upgrade of the technological
capabilities of industrial sectors in
all countries, in particular developing
countries, and encouragement of
innovation

Goal 12: Ensure sustainable
consumption and production
patterns

Achievement of sustainable
management and efficient use of
natural resources, and strengthening
of scientific and technological
capacity

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Improved access to science,
technology and innovation, enhanced
knowledge-sharing and transfer of
technology, and capacity-building

Target 14.b: Provide access
for small-scale artisanal
fishers to marine resources
and markets

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Increase in agricultural productivity
(including aquaculture and
mariculture), ensuring sustainable
food production and maintaining
ecosystems and the genetic diversity
of wild species
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Mechanism

Goal 8: Promote sustained,
inclusive and sustainable
economic growth, full and
productive employment and
decent work for all

Improved resource efficiency in
consumption and production

Goal 9: Build resilient
infrastructure, promote
inclusive and sustainable
industrialization and foster
innovation

Enhancement of scientific research
and technological development,
research and innovation in
developing countries

Goal 12: Ensure sustainable
consumption and production
patterns

Sustainable management and
efficient use of natural resources,
and implementation of tools for
monitoring sustainable development
impacts for sustainable tourism that
creates jobs and promotes local
culture and products

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Improved access to science,
technology and innovation, enhanced
knowledge-sharing and transfer of
technology, and capacity-building

Target 14.c: Enhance the
conservation and sustainable
use of oceans and their
resources by implementing
international law as reflected
in the United Nations
Convention on the Law of

the Sea, which provides

the legal framework for the
conservation and sustainable
use of oceans and their
resources, as recalled in
paragraph 158 of “The future
we want”

Goal 2: End hunger, achieve
food security and improved
nutrition and promote
sustainable agriculture

Ensuring of sustainable food
production systems, maintenance
of ecosystems and strengthening of
capacity to adapt to climate change,
extreme weather, drought, flooding
and other disasters

Goal 3: Ensure healthy lives
and promote well-being for
all at all ages

Reduction in hazardous chemicals,
pollution and contamination

Goal 6: Ensure availability
and sustainable
management of water and
sanitation for all

Reduction in pollution, improved
wastewater management and
protection and restoration of water-
related ecosystems

Goal 7: Ensure access
to affordable, reliable,
sustainable and modern
energy for all

Improved sources and efficiencies in
energy and associated reduction in
emissions

Goal 11: Make cities

and human settlements
inclusive, safe, resilient and
sustainable

Sustainable urbanization and
reduction in the environmental
impact of cities, and protection and
safeguarding of cultural and natural
heritage

Goal 12: Ensure sustainable
consumption and production
patterns

Sustainable management and use of
natural resources, environmentally
sound management of chemicals
and all wastes throughout their life
cycle, within agreed international
frameworks
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Targets under Sustainable
Development Goal 14

Sustainable Development
Goals contributed to by the
achievement of Goal 14

Goal 13: Take urgent action
to combat climate change
and its impacts?

Mechanism

Implementation of climate change
mitigation, adaptation and impact
reduction measures, and integration
of climate change measures into
national policies, strategies and
planning

Goal 15: Protect, restore and
promote sustainable use

of terrestrial ecosystems,
sustainably manage forests,
combat desertification,

and halt and reverse land
degradation and halt
biodiversity loss

Reduction in the degradation

of natural habitats and loss of
biodiversity, and prevention of the
extinction of species

Goal 16: Promote peaceful
and inclusive societies for
sustainable development,
provide access to justice
for all and build effective,
accountable and inclusive
institutions at all levels

Promotion of the rule of law at the
national and international levels

Goal 17: Strengthen the
means of implementation
and revitalize the Global
Partnership for Sustainable
Development

Enhancement of policy coherence for
sustainable development
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Landscape of subgoals under Sustainable Development Goal 14 and relevant chapters
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Keynote points

e The purpose of the second World Ocean
Assessment is to update the first World
Ocean Assessment by providing an under-
standing of changes that have occurred in
the global ocean since 2010 and associat-
ed trends.

e The Assessment also provides an over-
view of understanding of some aspects
not fully covered in the first Assessment,
such as inputs of anthropogenic noise,
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marine hydrates, cumulative effects, ma-
rine spatial planning and management
approaches.

The Assessment follows a modified ap-
proach to the drivers-pressures-state-im-
pact-response framework, supported
through a series of workshops aimed at
identifying region-specific information and
input for the Assessment, a peer-review
process and a process of review by States.

1. Purpose of the second World Ocean Assessment

The purpose of the second World Ocean As-
sessment is derived from the principles guid-
ing the Regular Process for Global Reporting
and Assessment of the State of the Marine
Environment, including Socioeconomic As-
pects, and its objective and scope as set out
in relevant decisions of the General Assembly,
the Ad Hoc Working Group of the Whole of the
General Assembly on the Regular Process and
its Bureau. The overall objective is set out in
the recommendations of the Working Group
on the proposed framework of the Regular
Process (A/64/347, annex):

The regular process under the United Na-
tions would be recognized as the global
mechanism for reviewing the state of
the marine environment, including soci-
oeconomic aspects, on a continual and
systematic basis by providing regular as-
sessments at the global and supraregional
levels and an integrated view of environ-
mental, economic and social aspects. Such
assessments would support informed
decision-making and thus contribute to
managing in a sustainable manner human
activities that affect the oceans and seas,
in accordance with international law, in-
cluding the United Nations Convention on
the Law of the Sea and other applicable
international instruments and initiatives.

The recommendations of the Working
Group were endorsed by the General
Assembly in its resolution 64/71, and the
principles guiding the Regular Process and
its objective and scope were reaffirmed by
the Assembly in its resolution 71/257.

With regard to the principles guiding the
Regular Process, the Working Group states
in its recommendations that:

The regular process would be guided by
international law, including the United
Nations Convention on the Law of the Sea
and other applicable international instru-
ments and initiatives, and would include
reference to the following principles:

(a) Viewing the oceans as part of the
whole Earth system;

(b) Regular evaluation by Member States
of assessment products and the reg-
ular process itself to support adaptive
management;

(c) Use of sound science and the promo-
tion of scientific excellence;

(d) Regular analysis to ensure that emerg-
ing issues, significant changes and
gaps in knowledge are detected at an
early stage;
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(e) Continual improvement in scientific
and assessment capacity, including
the promotion and development of ca-
pacity-building activities and transfer
of technology;

(f) Effective links with policymakers and
other users;

(9) Inclusiveness with respect to com-
munication and engagement with
all stakeholders through appropriate
means for their participation, including
appropriate representation and region-
al balance at all levels;

(h) Recognition and utilization of tradi-
tional and indigenous knowledge and
principles;

(i) Transparency and accountability for
the regular process and its products;
(j) Exchange of information at all levels;

(k) Effective links with, and building on,
existing assessment processes, in
particular at the regional and national
levels;

(I) Adherence to equitable geographical
representation in all activities of the
regular process.

During the first cycle, the scope of the Reg-
ular Process and of the first World Ocean
Assessment was to establish a baseline
assessment of all aspects of the ocean -
environmental, social and economic. In its
resolution 72/73, the General Assembly
decided that the scope of the second cy-
cle would extend to evaluating trends and
identifying gaps.

The present Assessment, which is the first
follow-up to the first Assessment, is aimed
at providing a global overview of trends
since 2010 in all aspects of the ocean.
In addition, it contains reports on some
aspects of the ocean that were not fully
covered in the first Assessment, including
inputs of anthropogenic noise, marine hy-
drates, cumulative effects, marine spatial
planning and management approaches.

2. Primary audience and framework of the second

World Ocean Assessment

The Regular Process is primarily accounta-
ble to the General Assembly (see A/65/358).
Given the objective of the Regular Process
to “support informed decision-making and
thus contribute to managing in a sustainable
manner human activities that affect the ocean
and seas”, the main intended audience of the
present Assessment are people in all sectors
who will be making decisions that will affect
the marine environment. They need to be able
to gain an overview of the entire marine envi-
ronment, as well as focus on the aspects most
relevant to their field.

The present Assessment follows the
drivers-pressures-state-impacts-response
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framework, as discussed in chapter 3 of the
first Assessment, with some modifications.
That modified approach resulted from the
discussions in the first round of regional work-
shops (described below) on the structure of
the Assessment. Consequently, in the present
Assessment:

(a) Relevantdrivers of change in the ocean are
set out (Part 3);

(b) Trends in the current state of the main
components of the marine environment,
such as groups of species, types of habi-
tats and human society, including maritime
industries, are described (Part 4);



(c) Pressures and their impacts on the ocean,
including relevant socioeconomic compo-
nents, are identified (Part 5);

(d) Developments in the management meas-
ures adopted in response to those pres-
sures and impacts are described (Part 6).

Chapter 2: Approach to the assessment

In the rest of the present Part, an overview is
given of current scientific understanding of the
ocean, in order to provide the background to
the Assessment.

3. Preparation of the second World Ocean Assessment

In accordance with the terms of reference and
working methods of the Group of Experts of
the Regular Process for Global Reporting and
Assessment of the State of the Marine Envi-
ronment, including Socioeconomic Aspects,
for the second cycle of the Regular Process,
and the guidance for contributors prepared by
the Group of Experts, the present Assessment
was prepared by the Group and by writing
teams drawn from the pool of experts.

The Group of Experts was constituted to over-
see the work required to undertake the present
Assessment. The Group comprises experts
nominated by each of the United Nations re-
gional groups of Member States. Those who
wrote the individual chapters of the Assess-
ment and reviewed drafts of those chapters
were drawn from both the Group of Experts
and a pool of experts. The pool comprises ex-
perts who served in the pool of experts during
the first cycle of the Regular Process and addi-
tional experts nominated by States specifically
for the second cycle.

The process of preparing the present Assess-
ment began with the Group of Experts setting
out the structure. An initial structure, based
on that of the first Assessment, consisted of
a summary followed by four parts focused on
components of the ocean: the ocean and its
circulation; the food web; coastal and shelf
seas; and the open ocean. The proposed
structure was discussed in an initial round of
five regional workshops held in 2017, at which
the outcomes of the first Assessment were
outlined, recent regional assessments were

reviewed and regional priorities were identified
forincorporation into the present Assessment.
On the basis of inputs from those attending
the workshops, the proposed structure of the
Assessment was revised by the Group so that
it addressed two main issues raised: that it
more explicitly follow the internationally rec-
ognized drivers-pressures-state-impacts-re-
sponse framework (Smeets and Weterings,
1999), and that it include specific coverage
of management issues. The revised structure
was embodied in the outline for the present
Assessment, which was considered, amended
and approved by the Ad Hoc Working Group of
the Whole at its 10th meeting.

In support of the development of the chapters,
a second round of regional workshops was
held in 2018, attended by members of the
Group of Experts and experts (including mem-
bers of the pool of experts and proposed mem-
bers of writing teams) nominated by States,
especially those in the regions concerned.
The workshops were focused on developing
specific chapters of the Assessment, with par-
ticipants highlighting regional inputs, regional
capacity-building needs and other issues.

The Group of Experts ensured that there were
appropriate lists of members of the writing
teams, and submitted them to the Bureau of
the Ad Hoc Working Group of the Whole for
approval. A range of methods was adopted
to identify possible members of the writing
teams: several experts with relevant expertise
were already in the pool of experts and agreed
to participate in the drafting when approached
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by the Group; some members took part in a
regional workshop and were later nominated
to the pool of experts; and some were added
following a request for specific expertise by
the Group or through self-nomination. The
writing teams primarily conducted their work
through teleconferences and correspondence.

The guidance for contributors was developed
by the Group of Experts, which noted, inter alia,
the need to strive for a global overview, how to
describe risks, how to handle uncertainty, and
ethics in authoring and evaluating material for
the Regular Process (UNGA, 2017b; UNGA,
2018). Lead and co-lead members of the
Group for each chapter provided guidance on
acceptable types of information and balance
within the chapter. Members of the writing
team for each chapter were expected to con-
sider the overall balance of the draft chapter
and ensure that, as far as possible, each chap-
ter was based on the best available data and
information and that the conclusions made
were sound and well supported.

4. Terminology

There is an important distinction to be made
between the terminology used in the scientific
description of the ocean and the legal termi-
nology used to describe States’ rights and
obligations in the ocean. With the exception of
some aspects of the continental shelf beyond
200 nautical miles, the limits of the maritime
zones established by the United Nations Con-
vention on the Law of the Sea are not based on
geomorphic criteria.

In the present Assessment, unless stated oth-
erwise, the term “continental shelf” refers to
the geomorphic continental shelf, and not to
the continental shelf as defined in the Conven-
tion (see in particular chapters 7J, 7M and 7N).
The geomorphic continental shelf is usually
defined in terms of the submarine extension
of a continent or island as far as the point at
which there is a marked discontinuity in the
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The draft of each chapter, once completed
and considered fit for peer review, was sent for
review by at least two peer reviewers drawn
from the pool of experts. Peer reviewers act-
ed in a totally independent capacity and were
not involved in drafting the chapter that they
reviewed. They were requested to evaluate
each chapter from the point of view of over-
all balance and to consider whether the best
available data and information had been used
and whether the conclusions were sound and
well supported.

Following the peer review and the subsequent
revision of each chapter by the writing teams,
the chapters were compiled and edited to pro-
duce an integrated document to be submitted
for review by States. Following that review,
the chapters were further revised by the writ-
ing teams, and a final draft assessment was
compiled. That was submitted by the Group of
Experts to the Ad Hoc Working Group of the
Whole in order for the Working Group to au-
thorize submission to the General Assembly.

slope, and the continental slope begins its fall
down to the continental rise or the abyssal
plain (Hobbs, 2003).

Similarly, the term “open ocean” refers to the
water column of deep-water areas that are be-
yond (i.e., seawards of) the geomorphic conti-
nental shelf. It covers the whole of the water
column (pelagic zone) in the areas beyond the
geomorphic continental shelf.

The term “deep sea” refers to the sea floor of
deep-water areas that are beyond (i.e., sea-
wards of) the geomorphic continental shelf. It
is the benthic zone that lies in deep water (gen-
erally, water with a depth greater than 200 m).

Furthermore, the term “areas beyond national
jurisdiction” refers to the high seas and the
Area (i.e., the seabed and ocean floor and
subsoil thereof, beyond the limits of national
jurisdiction) as defined in the Convention.
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Keynote points

e Innovations in technology and engineer-
ing regarding sensors and autonomous
observation platforms have substantially
increased observations of the ocean and
allowed for those observations to be col-
lected at finer temporal and spatial reso-
lutions.

e The networking and coordination of re-
gional observation programmes has been
promoted and has enabled better the co-
ordination and integration of efforts and
the standardization and harmonization of
observation methods.

1. Introduction

In the present chapter, changes related to the
scientific basis for understanding the marine
environment are described. Evidence-based
science is considered to be the basis for under-
standing all aspects of the world. The natural
sciences have been particularly important for
the discovery and advancement of understand-
ing of the environment, while social sciences and
the humanities are important for understanding
values placed on the marine environment and
human behaviour in both using and valuing
the ocean. Those disciplines, when combined,
have been essential to understanding the chal-
lenges faced by humanity, from individuals to
communities and societies, in achieving sus-
tainable use of the marine environment that
preserves those values and ensures that the
marine environment is conserved. Interdisci-
plinary and transdisciplinary approaches are
increasingly encouraged in marine sciences,
and new funding schemes that support such
approaches have been implemented by several

See www.biodiversa.org.

See http://jpi-oceans.eu.

See www.belmontforum.org.

See https://allatlanticocean.org/main.
See https://meetings.pices.int.
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e Global disparities in understanding and
knowledge gaps at the continental region-
al level remain, in particular across Africa,
Oceania and South America.

e Mostobservation networks do notincorpo-
rate the economic, social and cultural as-
pects of the ocean and, as a consequence,
there is a lack of focused, publicly accessi-
ble observations of such aspects in stand-
ardized formats at the regional and global
levels; such observations may be provided
through work on supplemental national
accounts.

international funding bodies, such as BiodivER-
sA," JPI Oceans? and the Belmont Forum,® and
national agencies, as well as through scientific
diplomacy efforts and initiatives.4*

The present chapter provides an overview of
the advances in science that underly under-
standing of the ocean, as well as the chang-
es in scientific capacity since the first World
Ocean Assessment (United Nations, 2017c).
It summarizes new developments in science
and progress in relation to scientific capacity
and builds upon chapter 3 of the first Assess-
ment, on scientific understanding of ecosys-
tem services (United Nations, 2017a), and
chapter 30 of the first Assessment, on marine
scientific research (United Nations, 2017b).
However, it does not provide an update on the
concept of ecosystem services or details of
the new concept of nature’s contributions to
people as outlined in the recent report of the
Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES)
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(Pascual and others, 2017), as they are includ-
ed in chapter 28 of the present Assessment.

The present chapter also covers more general
developments since the first Assessment in
relation to specific disciplines and how they
have changed understanding of the ocean

(see sect. 2). It summarizes key region-specif-
ic changes (see sect. 3), outlines changes that
can be expected in the coming years (see sect.
4) and provides an overview of existing knowl-
edge gaps (see sect. 5) and capacity-building
gaps (see sect. 6).

2. Description of changes in data, technology and
models since the first World Ocean Assessment and their
consequences for overall understanding, including
socioeconomic consequences

Following Valdés and others (International
Oceanographic Commission (UNESCO-I0OC),
2017a), changes and growth in scientific un-
derstanding are identified for eight global cate-
gories of marine scientific research disciplines,
namely: (@) marine ecosystem functions and
processes; (b) ocean and climate; (c) ocean
crust and marine geohazards; (d) blue growth;
(e) ocean health; (f) human health and well-be-
ing; (g) ocean technology and engineering; and
(h) ocean observations and marine data. Inno-
vations in technology and engineering related
to sensors (e.g., Wang and others, 2019) and
autonomous observation platforms (Zolich
and others, 2019) have allowed for data collec-
tion at finer temporal and spatial resolutions
and expanded those observations into remote
areas (Camus and others, 2019). Cost-effective
and user-friendly sensors, along with mobile
applications, the enhanced participation of citi-
zens (e.g., Simoniello and others, 2019) and the
deployment of sensors on non-scientific ships
are also facilitating the expanded collection of
ocean observations (Jiang and others, 2019).
That has increased understanding of physical
and biogeochemical systems in the ocean (e.g.,
Moore and others, 2019) and benefited further
development of capacity in the early warning
and prediction of hazards (Luther and others,
2017). Data sets and methods for the accurate

6 See https://seabed2030.gebco.net.
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assessment of anthropogenic CO, emissions
and their redistribution in the atmosphere,
oceans and terrestrial biosphere have been
developed (Le Quéré and others, 2018).

Advances in computing technology and in
statistical approaches to analysing large data
sets, such as through machine learning and ar-
tificial intelligence, have resulted in advances
in remote sensing and the utility of ocean data
sets, notably in the monitoring and surveil-
lance of fisheries (Toonen and Bush, 2020) and
bioinvasion management (Koerich and others,
2020). Advances in genomic approaches to
ocean observation, such as through eDNA
methods (Ruppert and others, 2019), are ad-
vancing understanding of the distribution and
composition of species (Canonico and others,
2019) in the ocean and providing greater in-
sights into food webs, trophic linkages and the
connectivity of species throughout regions.
New frameworks and tools that identify and
assess the cumulative effects of multiple pres-
sures on marine ecosystems (Stelzenmiiller
and others, 2018; see also chap. 25) and allow
for the exploration of management options
for the sustainable development of human
society have been developed (Halpern and
others, 2017; Audzijonyte and others, 2019).
Projects such as the Seabed 2030 project® of


https://seabed2030.gebco.net

the Nippon Foundation and the General Bathy-
metric Chart of the Oceans have been initiated,
with ambitious goals to map 100 per cent of
the ocean floor by 2030.

To further develop global ocean observations
within an integrated system and ensure that
ocean data are comparable, the networking
and coordination of regional observation pro-
grammes has been promoted (Moltmann and
others, 2019). Observation methods are being
standardized and harmonized through inter-
national initiatives such as the Global Climate
Observing System essential climate variables
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initiative (Bojinski and others, 2014) and the
Global Ocean Observing System essential
ocean variables initiative (Miloslavich and
others, 2018). Findable, accessible, interoper-
able and reusable data services and principles
have been proposed for the ocean (Tanhua
and others, 2019a), and platforms for sharing
best practices in ocean observing, data shar-
ing and community dialogue have also been
established (Pearlman and others, 2019), with
the aim of improving the effective use of ocean
data for the benefit of society.

3. Key region—speciﬁc changes and consequences

3.1. Arctic Ocean

The Arctic Council, including the Arctic Mon-
itoring and Assessment Programme and the
Conservation of Arctic Flora and Fauna Cir-
cumpolar Biodiversity Monitoring Program,
regularly publishes reports on the state of
the terrestrial, freshwater and marine envi-
ronment of the Arctic. Recent reports on the
state of Arctic biodiversity (Conservation of
Arctic Flora and Fauna (CAFF), 2017), ocean
acidification (Arctic Monitoring and Assess-
ment Programme (AMAP), 2018) and climate
change effects (AMAP, 2019) have provided
new information on rapid changes in the Arctic
marine environment, including increasing river
discharges associated with low ice coverage
that have resulted in an increase in carbon
and nutrients and, thus, primary production in
coastal regions. Such changes in production,
as well as in the timing and intensity of marine
algae blooms, are having profound impacts on
the whole food web. Warming of the Arctic has
also resulted in the introduction of 20 species,
and changes in the distributional range of 59
others have been confirmed in the Chukchi
Sea and the Beaufort Sea in the past 15 years.

7 See www.bonusportal.org.

According to observations, ocean acidifica-
tion is severely affecting the Arctic food web,
including commercial species such as cod
(AMAP, 2019). Despite significant changes in
the Arctic Ocean, several regions and ecosys-
tem components continue to be understudied
and are lacking long-term monitoring (CAFF,
2017).

3.2. North Atlantic Ocean,
Baltic Sea, Black Sea,

Mediterranean Sea and

North Sea

The joint Baltic Sea research and development
programme, BONUS,” has made significant
progress in improving understanding of the
Baltic Sea. Some maijor trend reversals, such
as the return of top predators, the recovery of
certain fish stocks and the reduced input of
nutrients and harmful substances in the Baltic,
have been noted recently (Reusch and others,
2018). A spatially explicit end-to-end Atlantis
ecosystem model was recently developed for
the Baltic Sea with the aim of evaluating the
effects of anthropogenic pressures on the
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marine ecosystem (Bossier and others, 2018).
In the Second Holistic Assessment of the Eco-
system Health of the Baltic Sea, the Helsinki
Commission showed that, although there were
limited signs of improvement in the state of the
Baltic Sea, the goals and ecological objectives
of the Baltic Sea Action Plan had not yet been
reached. The results of economic and social
analyses were also included for themes for
which information was available at the subre-
gional level (Helsinki Commission, 2018).

The Commission for the Protection of the Ma-
rine Environment of the North-East Atlantic®
publishes updates from time to time on the
status of the marine environment. According
to its assessment (Commission for the Protec-
tion of the Marine Environment of the North-
East Atlantic, 2017), marine protected areas
had expanded, and there had been a decrease
in contaminants and radioactive discharge, in
particular from oil and gas installations. How-
ever, eutrophication was still an issue, and an
increase in marine litter, especially plastics,
was noted. Although the population of some
marine mammals, such as the harbour seal
(Phoca vitulina) and the grey seal (Halichoerus
grypus), was increasing, the population of
others, including the harbour porpoise (Phoc-
oena phocoena) and the bottlenose dolphin
(Tursiops truncatus), was declining. More than
a quarter of the marine bird species assessed
were declining, and benthic habitats continued
to be affected by bottom trawling.

Under the Convention for the Protection of the
Marine Environment and the Coastal Region
of the Mediterranean,® several well-elaborated
action plans are being developed that target
priority issues for the Mediterranean. They
include pollution, the conservation of habitats
and species, climate change, integrated coast-
al zone management and the sustainable use
of resources.

8  See www.ospar.org.
9  See www.unep.org/unepmap.
10 See http://pirata.ccst.inpe.br/en/home.
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Large numbers of local hypoxic “dead zone”
vortices in the eastern part of the tropical North
Atlantic have recently been discovered. North
of 12° north, the vortices bring low-salinity sea-
water from the upwelling area of the eastern
boundary of the North Atlantic to the high seas,
while south of 12° north, the eddies appear to
be generated in the open ocean (Schiitte and
others, 2016a). Increased chlorophyll concen-
trations associated with enhanced oxygen
consumption within the eddy cores result in
an increase in total oxygen consumption in the
open eastern tropical North Atlantic Ocean.
That is thought to contribute to the formation
of the shallow oxygen minimum zone in the
region (Schiitte and others, 2016b).

3.3. South Atlantic Ocean
and wider Caribbean

Significant progress has been made in the
observation, understanding and prediction of
multiple coupled climate change effects in the
tropical Atlantic, such as continental rainfall,
hurricane activity, marine biological produc-
tivity, heatwaves, atmospheric circulation with
the equatorial Pacific, correlation with and im-
pact on social phenomena, and freshwater in-
put from the Amazon (Foltz and others, 2019;
Rodrigues and others, 2019). The Prediction
and Research Moored Array in the Tropical
Atlantic’® has been transitioned to the next
generation of mooring to expand and enhance
its capability for ocean and climate research
and forecasting. More in situ observations
have been obtained through repeated hydro-
graphic and volunteer ship surveys. There
has been a long-term relaxation of upwelling
in the coastal regions of Senegal, resulting in
diatom blooms. That is expected to result in
anoxia and nitrogen loss in the region (Machu
and others, 2019). Greater understanding of
the cause, movement and ecological impacts
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of sargassum blooms in the Caribbean Sea is
required (Wang and Hu, 2017).

Progress has been made on the Coral Reef
Early Warning System, in particular through
new partnerships, including between the Car-
ibbean Community Climate Change Centre
and the National Oceanic and Atmospheric
Administration. Under that agreement, the
Atlantic Ocean and Meteorological Laborato-
ry, which is partially funded by the Coral Reef
Conservation Program, provides consultation
and information systems support, including
programming of the data-gathering buoy and
transmission of the data to the Laboratory.

3.4.

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

Advances in understanding of the Indian Ocean
and its ecosystems since the first Assessment
are largely due to the second International In-
dian Ocean Expedition, which has been oper-
ational since 2015 and was extended in 2020
for another five years (Hood and others, 2015;
Hood and others, 2019). The multinational col-
laborative effort has observed that the subsur-
face depletion of oxygen is expanding along
the western boundary of the Arabian Sea and
has led to a dramatic shift in ecosystems in
both the Arabian Sea and the Bay of Bengal
(Gomes and others, 2014; Bristow and others,
2017). The expedition has also discovered new
submarine canyons and provided enhanced
understanding of the benthic habitats of
the abyssal nodule field of the central Indian
Ocean basin, the western continental margin
of the Arabian Sea and the western regions
of the Bay of Bengal (Hood and others, 2019).
Massive changes in the biogeochemistry and
ecosystems of the Persian Gulf resulting from
human activities and the first reported meas-
urements of primary production, nitrogen
uptake and phytoplankton diversity across

1 See https://meetings.pices.int.
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biogeochemical provinces in the central olig-
otrophic Indian Ocean have also been noted as
part of the expedition (Hood and others, 2015).

A review of the Indian Ocean Observing Sys-
tem has led to the redesign of the Research
Moored Array for African-Asian-Australian
Monsoon Analysis and Prediction moorings to
include new sites in the Arabian Sea and eight
additional sites planned for just outside the ex-
clusive economic zone of India. The moorings
provide oceanographic and meteorological
data in near real time and are directly available
to climate and weather prediction centres for
climate modelling and weather forecasting
(Hermes and others, 2019). Growing numbers
of Argo floats with biogeochemical sensors
deployed under the system provide insights
into key processes associated with plankton
blooms and oxygen minimum zones (Hermes
and others, 2019).

The Indonesian Throughflow, the leakage
of western tropical Pacific water into the
south-eastern tropical Indian Ocean through
the Indonesian seas, is an important pathway
for the transfer of climate signals and their
anomalies in the global ocean (Fan and others,
2018; Feng and others, 2017; lwatani and others,
2018; Lee and others, 2019; Maher and others,
2018; Zhou and others, 2016). A large amount
of uncertainty still remains in measuring and
modelling the physical and biogeochemical
variability within the Indonesian seas.

3.5. North Pacific Ocean

The North Pacific components of the Integrated
Ocean Observing System have expanded their
capacity in coastal monitoring and started to
include social science disciplines. That has led
to a better understanding of the mechanism
and ecological impacts of the Alaskan heat-
wave in 2014-2016 (Yang and others, 2019).

Since the first Assessment, the North Pacific
Marine Science Organization' has enhanced
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its role in coordinating regional observation
networks in the North Pacific and serves as
the platform for sharing knowledge among
scientists and the bridge between science
and policymakers. In the period since the first
Assessment, it has released two special publi-
cations: one on ocean acidification and deoxy-
genation in the North Pacific Ocean (Christian
and Ono, 2019); and another on the effects of
marine debris caused by the 2011 tsunami in
Japan (Clarke Murray and others, 2019). It has
also furthered understanding of climate and
ecosystem predictability, drivers of algal and
jellyfish blooms, marine ecosystems and the
services that they provide, human well-being
and top predators (Watanuki and others, 2016;
Makino and Perry, 2017; Trainer, 2017; Uye and
Brodeur, 2017; Zhang and others, 2015; Jang
and Curchitser, 2018). The organization peri-
odically produces a North Pacific ecosystem
status report aimed at reviewing and summa-
rizing the status and trends of marine ecosys-
tems in the North Pacific, in which it considers
the factors that are causing or are expected to
cause change in the near future. The third re-
port, which will contain details of the trends of
physical, chemical and biological properties of
the North Pacific Ocean throughout the 2010s,
is currently being prepared.

Intensive expansion of marine research capa-
bility and capacity, including remote sensing
and in situ platforms and land-based infra-
structure, by China (Chen and Lei, 2019), has
enhanced monitoring capacity in waters off
South-East Asia. The system has supported
progress in regional cooperation in sustain-
able development and marine and climate
research.

12 See www.marinehotspots.org.

13 See www.imosoceanreport.org.au.

14 See www.met.igp.gob.pe/elnino/enfen.
15 See http://tpos2020.org.

16 See www.pmel.noaa.gov/gtmba/mission.
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3.6. South Pacific Ocean

New understanding of the effects of climate
change and ocean warming has helped to
identify major hotspots within the South Pacific
Ocean, including south-east of Australia, west of
the Galapagos Islands, eastern Micronesia and
the Drake Passage, where regions are warming
at rates above the global average.’? At the same
time, descriptions and understanding of marine
heatwaves and theirimpacts on marine ecosys-
tems have progressed (Oliver and others, 2018;
Fordyce and others, 2019). Assessments of
coral atolls across the region have revealed no
widespread signs of physical destabilization in
the face of sea level rise, with land area remain-
ing stable (Duvat, 2018). Observing systems
in the region are now collecting time series of
a variety of ocean observations, including the
physical and chemical environment, biological
productivity and marine animals for which
trends and changes are being reported.’®

New regional partnerships among the mem-
bers of the Permanent Commission for the
South Pacific (Chile, Colombia, Ecuador and
Peru) have been developed with the aim of
monitoring and forecasting oceanographic
and climatic variability.’ In the recent report
on the Tropical Pacific Observing System,'s
recommendations were made for a redesigned
moored array’¢ that could improve observa-
tions in the tropical Pacific Ocean.

Every five years, the Government of Australia
produces a report on the state of the Australian
environment, the most recent of which was is-
sued in 2016 (Clark and Johnston, 2016; Evans
and others, 2016; Evans and others, 2018). It
was concluded in the marine and coastal the-
matic reports that the overall state of the Aus-
tralian coastal and marine environments could
be regarded as good. However, the historical
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impacts of a number of pressures, such as
commercial and recreational fishing, and
ongoing pressures caused by activities that
are currently inadequately managed, such as
climate change and marine debris, have led to
a deterioration in those environments and are
continuing to have a negative effect on them.
As a result, the outlook for the coastal and ma-
rine environment was regarded as mixed and
largely depended on the escalating trajectory
of climate-related pressures and the ongoing
expansion of coastal and marine development.

New Zealand also regularly produces reports
on the state of its marine environment; two
have been released since the first Assess-
ment, in 2016 and 2019."7 The most recent
report highlighted ongoing issues, including
the fact that many species and habitats are
under threat, pollution inputs are increasing,
as is sediment accumulation of the marine en-
vironment, and boat activity and shipping are
increasing, resulting in the spread of non-na-
tive species and pollution, increased coastal
development and unprecedented change in
the marine environment associated with cli-
mate change. It is worth noting that the report
highlighted that the cumulative effect of such
pressures was the most urgent problem faced
by the ocean.

3.7.

The Southern Ocean Observing System, a
joint initiative of the Scientific Committee on
Antarctic Research and the Scientific Commit-
tee on Oceanic Research established in 2011,
facilitates the collection of essential physical,
chemical and biological oceanographic ob-
servations in the Southern Ocean. Regional
networks of observational activities operating
under the framework of the Southern Ocean
Observing System facilitate information
exchange, technology transfer, the standard-
ization of measurements and data sharing.’®

Southern Ocean

17 See www. mfe.govt.nz.
18 See http://soos.ag/activities/cwg/soflux.
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Tools developed by the system include an
open-access interactive web-based platform,
which allows users to explore circumpolar
data sets and facilitate the exchange of sci-
entific information. A database of upcoming
expeditions to the Southern Ocean enables us-
ers to discover which expeditions, such as voy-
ages, flights or traverses, are planned to help
to facilitate the coordination of field activities
(Newman and others, 2019). The system has
supported progress in the number of observa-
tions collected since the first Assessment, in
particular with regard to monitoring increases
in ocean temperature (Roemmich and others,
2015), increases in westerly winds over the
Antarctic circumpolar current (Gent, 2016)
and freshening of the ocean, most notably
close to the continent (Schmidtko and others,
2014). Deployment of biochemical sensors
has increased measurements of chlorophyll a,
nitrate, oxygen, light, optical properties and pH
throughout the Southern Ocean (Newman and
others, 2019). Ice-capable bio-Argo floats are
now collecting information on biogeochemical
cycles during ice-covered periods (Briggs and
others, 2017), and gliders are adding to the
collection of ocean observations (Newman
and others, 2019). As ecosystems are chang-
ing, variable effects on marine predators have
been observed; some populations of the Adélie
penguin (Pygoscelis adeliae) and the chinstrap
penguin (Pygoscelis antarcticus) have de-
clined, while some populations of the gentoo
penguin (Pygoscelis papua) have increased
(Trivelpiece and others, 2011; Hinke and oth-
ers, 2017; see also chap. 7K). Long-term mon-
itoring of marine species, including penguins
and seals, continues to be undertaken through
the Convention on the Conservation of Ant-
arctic Marine Living Resources as part of the
management of krill fisheries and is increasing
understanding of their foraging behaviour and
demographics (Newman and others, 2019).
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4.  Outlook for scientific understanding of the ocean

Further scientific research will help in assess-
ing the achievement of targets under Sustain-
able Development Goal 14, especially during
the United Nations Decade of Ocean Science
for Sustainable Development.’® As part of the
Decade, innovative approaches to science,
involving many disciplines and many sectors
of society, are recognized as being necessary
to achieve the 2030 Agenda for Sustainable
Development. With regard to ocean and coast-
al observation in general, the OceanObs’19
Conference?? has put forward a series of
recommendations that are focused, inter alia,
on sustaining ocean observations; connecting
with users and stakeholders; identifying the
benefits to society of observations; further de-
veloping indicators for the ocean; and foster-
ing trans-disciplinary approaches to research.
Work has begun on road maps to further the
development of a global ocean observing
system that includes and integrates abiotic
and biotic observations and goes beyond

traditional observation technologies (Speich
and others, 2019). Together with advances in
computing technology and analytical meth-
ods, the outputs of eDNA studies will help in
the analysis of biodiversity observations, with
a resulting improvement in the input of infor-
mation into ecosystem models and their use
in ecosystem-based management.

The International Convention for the Control
and Management of Ships’ Ballast Water and
Sediments entered into force in 2017.2" It is
aimed at preventing the spread of harmful
aquatic organisms from one region to another
by establishing standards and procedures for
the management and control of ships’ ballast
water and sediments. Further scientific work
is needed to generate the required evidence
and knowledge, including on the basis of ob-
servations and technology development, to
assist managers and stakeholders, including
government authorities, in implementing the
Convention.

5. Key remaining knowledge gaps

The near-future scientific challenges are relat-
ed to topics such as understanding and antici-
pating El Nifio Southern Oscillation events and
marine ecosystem tipping points, quantifying
the cumulative effects of multiple pressures
on marine environments, developing adaptive
management approaches and making them
more operational, and encouraging broader
consideration and integration of local, tradi-
tional and indigenous knowledge in marine
ecosystem assessment and management.

Global disparities in understanding and knowl-
edge gaps at the continental regional level
remain. The bulk of the research and the infor-
mation readily available (based on the number
of publications) relates to the North Atlantic
Ocean, the North Pacific Ocean and the Arctic
Ocean. For other areas, in particular Africa,
Oceania and South America (UNESCO-IOC,
2017b), there is less information available.

Timely dissemination of collected measure-
ments is very important for the effective usage

19 See General Assembly resolution 72/73; see also www.oceandecade.org.

20 gee www.oceanobs19.net/sessions.

21 International Maritime Organization, document BWM/CONF/36, annex; see also www.imo.org/en/About/
Conventions/Pages/International-Convention-for-the-Control-and-Management-of-Ships’-Ballast-Water-and-

Sediments-(BWM).aspx.
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of data in today’s connected ocean prediction
and monitoring systems. That aspect of mak-
ing data available and the software for quality
control are essential to making the best use of
ocean observations.

Currently, most global observation networks
do not incorporate economic, social and
cultural aspects of the ocean and, as a con-
sequence, focused, sustained and publicly
accessible observations of those aspects of
marine systems in standardized formats at the
regional and global levels are lacking (Evans
and others, 2019). The compilation of econom-
ic, social and cultural information in useable
formats for inclusion in an assessment frame-
work for synthesis on a global scale requires
considerable effort, often beyond the ability of
those individuals or groups of individuals in-
volved in contributing to present Assessment.
It is an area in which an extension of current
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observation frameworks to incorporate sus-
tained and standardized monitoring of eco-
nomic, social and cultural aspects of the ocean
would significantly improve assessments un-
dertaken in the framework of the Assessment
(Evans and others, 2019). IPBES has made
clear the need to increase capacity not only to
monitor biodiversity but also to understand its
functions and the effect that human activities,
including climate change, have on biodiversity
(IPBES, 2019). One of the aims of the variables
being developed under the Global Ocean Ob-
serving System is to expand observations of
pressures placed on marine ecosystems by
human activities to include ocean noise and
marine debris, including plastics. The outputs
of the Assessment could assist in guiding the
process for identifying such variables and, in
so doing, could provide a mutual pathway for
further improvements to the observations that
contribute to future assessments.

6. Key remaining capacity-building gaps

Advances in global understanding of scientific
knowledge depend on uniformity in efforts to
engage in research globally across the con-
tinental regions. The uniformity of research
efforts globally further depends on how ad-
vanced infrastructure, specialized scientific
human capacity and technology are distrib-
uted and shared through partnerships. Many
natural science disciplines, such as physical,
chemical and biological oceanography and
marine geology, require research vessels or
other specialized equipment and upgraded
modern technology and the support of land-
based laboratories equipped with modern
equipment to support research surveys in the
entire depth range of the global ocean. Further
support needs to be provided through the use
of satellites for remote-sensing studies of the

22 gee http://soos.aq/activities/cwg/soflux.

ocean. Innovation for cost-effective in situ ob-
servation tools and methods is also needed.

Currently, the level of scientific understanding
is regionally skewed because of disparities in
the capacities of regional infrastructure and
in specialized professional human capacity.
Such disparities, therefore, affect possibilities
for engaging in competitive ocean research
and, in turn, lead to the observed disparities
in scientific understanding of oceans at the
regional level.

For improving the forecast capacities for the El
Nifio Southern Oscillation and other ocean-cli-
matic variations, ocean observing systems
need to be strengthened and partnerships
with regional countries promoted in order to
enhance local capacities.?? In order to monitor
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the significant changes in physical and bioge-
ochemical environments and their impacts on
ecosystems and society, further integration of
multidisciplinary observations and a reduction
in the uncertainty of prediction models are
needed. Innovation in funding strategies is
also required to sustain integrated observing
systems.

The ocean science community has proposed
action plans for the coming decade (Speich
and others, 2019), which include efforts to in-
crease the efficiency of the ocean information
value chain (Tanhua and others, 2019b). To
maximize the value of ocean data for societal
use, the interface of each service, scientific
observation, data assembly and management
and policy should be smoothly streamlined.
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Keynote points

e Drivers that have the greatest influence on
the marine environment and its sustaina-
bility are: (a) population growth and demo-
graphic changes; (b) economic activity;
(c) technological advances; (d) changing
governance structures and geopolitical
instability; and (e) climate change.

e Relationships between drivers and pres-
sures (and their impacts) are complex and
dynamic, with interlinkages between driv-
ers leading to cumulative interactions and
effects of pressures.

e Drivers vary regionally as a result of global
variability in population distribution and
demographics, the degree of economic
development, technological capacity and

1. Introduction

The drivers-pressures-state-impacts-response
conceptual framework (Smeets and Weter-
ings, 1999) is a widely used approach to as-
sess causes and consequences of ecosystem
change and the actions that might be imple-
mented in response to that change. Since
its development, it has been further refined,
and many derivatives have been formulated
to address limitations and apply the frame-
work to specific environments (e.g., Patricio
and others, 2016). Although there are many
variants, the underlying framework helps to
characterize the effect of human activities on
the environment and can be used to inform de-
cision-making and policymaking (Maxim and
others, 2009). The framework has been used
to structure the second Assessment, and a
detailed description is included in chapter 2.

The present chapter is focused on drivers of
change in the marine environment, their de-
velopment since the first Assessment (United
Nations, 2017a) and projected changes for
the future. Drivers of change in the marine

Chapter 4: Drivers

the uneven effects of climate change;
therefore human activities and pressures
vary globally. The most notable differenc-
es are between temperate and tropical re-
gions, and developed and least developed
regions.

e Integrated modelling frameworks, within
which scenarios can be explored - includ-
ing changes to people and economies,
governance structures and the effects of
climate change on maritime industries
and the environment that are multisectoral
and therefore provide whole-of-system ap-
proaches - allow for the identification of
sustainable ocean use.

environment were not specifically detailed in
the first Assessment, although they were con-
sidered in some chapters.

There is no universally agreed set of drivers
that has been defined for the marine environ-
ment. Different programmes and assessment
processes have defined drivers in varying ways
and, in some cases, drivers and pressures,
whether natural or anthropogenic in nature,
are used interchangeably. In the Millennium
Ecosystem Assessment, drivers are defined
as any natural or human-induced factor that di-
rectly orindirectly results in achangein an eco-
system (Millennium Ecosystem Assessment,
2003). The Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Ser-
vices takes a similar approach in its global
assessment, identifying drivers as direct hu-
man influences on nature and factors behind
human choices that affect nature (Balvanera
and others, 2019). The European Environment
Agency considers only human-induced factors
as drivers (European Environment Agency,
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2005), while the Intergovernmental Panel on
Climate Change defines drivers within the con-
text of global emissions as those elements that
directly or indirectly contribute to greenhouse
gas emissions (Blanco and others, 2014).

In the context of the present Assessment,
drivers have been characterized according to
social, demographic and economic develop-
ments in societies, including corresponding
changes in lifestyles and associated overall
consumption and production patterns (Eu-
ropean Environment Agency, 2019), that are
applying pressures on the marine environ-
ment, as detailed in Part 5. Pressures are the
immediate factors that lead to changes in the
state of the marine environment and occur
in addition to changes resulting from natu-
ral processes (United Nations Environment
Programme, 2019). The drivers that have the
greatest influence on the marine environment
and its sustainability are:

(a) Population
changes;

growth and demographic

(b) Economic activity;
(c) Technological advances;

(d) Changing governance structures and geo-
political instability;

(e) Climate change.’

Increases in the global population, together
with global economic growth and technologi-
cal change, have led to changes in lifestyle and

thus an increase in the demand for resources,
including food, energy and natural resources
such as rare earth elements, sand and metals.
Population growth and the associated demand
are causing increases in greenhouse gases
emissions, the production of waste, including
plastic, the use of chemicals in agricultural
production, energy production and the extrac-
tion of resources.

The relationships between drivers and pres-
sures, and their impacts, are complex and
dynamic, with interlinkages between drivers.
For example, technological advances can in-
fluence economic growth, and changing gov-
ernance regimes can influence access to and
use of technologies. With increasing affluence
and access to technologies, efficiencies can
be achieved in resource extraction, leading to
greater pressures being placed on the ocean
(see also sect. 2).

The Sustainable Development Goals? were
developed to translate human aspirations for
a sustainable and equitable future into spe-
cific development goals, while recognizing
explicitly adverse ecological threats and the
strategies required to mitigate them (United
Nations, 2017b). While the marine environment
is directly addressed in Goal 14 on life below
water, the Goals are interlinked, with progress
made in one influencing the others. Accord-
ingly, realization of the sustainable use of the
marine environment will depend on success-
fully addressing all of the Goals (International
Council for Science, 2017).

1 Strictly speaking, the driver is the increase in greenhouse gases that is causing a changed climate. However,
the term “climate change” is widely used to describe human activity that directly or indirectly alters the compo-

sition of the global atmosphere.
2 See General Assembly resolution 70/1.
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2. Drivers of change in the marine environment

2.1. Population growth and

demographic changes

Although the global human population in-
creased from 7 billion in 2011 to 7.7 billion
in 2019,° the growth rate has been steadily
decreasing, from 2.1 per cent in 1968 to
1.08 per cent in 2019. Projections of global
population growth suggest an uneven but con-
tinuing increase, at a lower rate of change, to a
mean population size of 9.7 billion by 2050. The
decrease in the growth rate is associated with
declining numbers of births and, combined
with lower mortality rates and increasing lon-
gevity associated with increasing health stand-
ards, means that the average age of the global
population is rising (Baxter and others, 2017).

The number of international migrants has
increased from 2.8 per cent of the global pop-
ulation in 2000 to 3.5 per cent in 2019 (United
Nations, Department of Economic and Social
Affairs, Population Division (UNDESA), 2019a).
Most migrations have occurred between
countries within the same region, with the ex-
ception of North America and Oceania, where,
97.5 per cent and 87.9 per cent, respectively,
of international migrants were born in another
region (UNDESA, 2019a).

More than 600 million people live in coastal
regions that are less than 10 m above sea level,
and nearly 2.5 billion people live within 100 km
of the coast (UNDESA, 2019b). Those regions
are experiencing higher rates of population
growth and urbanization than inland regions
(Neumann and others, 2015). Such growth has
resulted in many economic benefits to coastal
regions, including improved transportation and
increased trade, tourism and food production,
as well as social, recreational and cultural
benefits (Clark and Johnston, 2017). However,

as the population in those regions grows, it is
placing ever more pressure on coastal ecosys-
tems. The extent to which an increasing global
population places pressures on the marine
environment varies and depends on a variety
of factors, including where and how people live,
the amount that is consumed and the technol-
ogies used to produce energy, food and mate-
rials, provide transport and manage the waste
produced. The implications of changes to the
global population on coastal regions, the use of
marine resources and the generation of waste
are described in detail in chapter 8 and Part 5.

2.2. Economic activity

Economic growth, measured as gross do-
mestic product (GDP) per capita, has steadily
increased globally,* although it has slowed as
a result of declining trade volume. Growth in
the first half of 2019 stood at 1 per cent, the
weakest level since 2012 (IMF, 2019). Econom-
ic growth, when averaged across the global
population (with vast geographical variability
in economic growth, as noted in sect. 3), has
resulted in the average annual income of an
individual increasing from $3,300 in 1950 to
$14,574 in 2016. The slowdown in growth is
largely associated with weak manufacturing
and trade. In contrast, service industries such
as tourism have grown (IMF, 2019).

As the global population has grown and the
demand for goods and services has increased,
there has been an associated increase in en-
ergy consumption and resource use. Under-
standing the relationship between increasing
economic activity and the use of natural
resources is essential to identifying future
sustainability and limiting impacts associated
with extraction, production, consumption and
waste generation (Jackson, 2017).

3 See https://population.un.org/wpp/Graphs/DemographicProfiles/Line/900.

4 See https://ourworldindata.org/economic-growth.
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Total energy demand, as measured in mil-
lion tons of oil equivalent (Mtoe), grew from
13,267 Mtoe in 2014 to 13,978 Mtoe in 2018.5
At the same time, primary energy intensity, an
indicator of how much energy is used by the
global economy, slowed from 1.7 per cent in
2017 to 1.2 per cent in 2019 (IEA, 2019a). The
slowing of efficiencies (i.e., the amount of GDP
generated for the amount of energy used) is
the result of a number of short-term factors,
such as growth in fossil fuel-based electricity
generation, and longer-term structural chang-
es, such as a slowing transition towards less
energy-intensive industries. At the same time,
investment targeting energy efficiencies has
been stable since 2014. Improvements in tech-
nical efficiency reduced energy-related carbon
emissions by 3.5 gigatons of CO, between
2015 and 2018 (IEA, 2019a). In addition, renew-
able energy production has grown as many
countries shift to energy strategies that rely on
it as part of efforts to reduce greenhouse gas
emissions. Ocean energy production is part of
many strategic developments and grew from
1 TWh (Terawatt hour) in 2014 to 1.2 TWh in
2018 (IEA, 2019b). Changes in energy produc-
tion, including marine renewable energy and
the pressures generated on the marine envi-
ronment, are detailed in chapters 19 and 21.

Economic activity associated with the ex-
traction of marine resources also continues
to grow as the global population expands.
Marine and freshwater food production was a
key protein provider and source of income for
approximately 59.6 million people globally in
2016, an increase from 56.6 million in 2014. Al-
though marine capture fisheries remain stable
at around 80 million tons, mariculture is stead-
ily increasing, from 26.8 million tons in 2014 to
28.7 million tons in 2016 (Food and Agriculture
Organization of the United Nations, 2018). The
implications for increasing marine food pro-
duction demands, including overfishing, by-
catch of endangered species and habitat loss

or degradation by fishing and aquaculture, are
described in detail in chapters 15-17.

Many countries are developing or have de-
veloped strategies for the potential growth
of maritime activities, such as ocean energy,
aquaculture, marine biotechnology, coastal
tourism and seabed mining (i.e., growth of the
blue economy). However, an important con-
straint on the growth of ocean economies is
the current declining health of the ocean and
the pressures already being placed on it (Or-
ganization for Economic Cooperation and De-
velopment, 2016), many of which are detailed
in Part 5.

2.3. Technological advances

As maritime activities have expanded and de-
mands on resources have increased, techno-
logical advances have been key to increasing
efficiencies, expanding markets and enhanc-
ing economic growth associated with activi-
ties. Such innovations have led to both positive
and negative outcomes for the marine environ-
ment. Some advances in fishing technologies
have led to an overall increase in capacity and,
in many regions in Asia, Europe and North
America, to overcapacity (Eigaard and oth-
ers, 2014). Increased efficiencies generated
through the use of technologies (also known
as “technological creep”), for example, allow-
ing for more efficient and accurate targeting
of catches, have also resulted in effort gains
within fisheries, thus contributing to overfish-
ing of stocks (Finkbeiner and others, 2017).
Conversely, advances in remote sensing,
camera technologies, field deployment of ge-
netic approaches to species identification and
the use of artificial intelligence and machine
learning approaches are now contributing to
better monitoring of illegal, unregulated and
unreported catches (Detsis and others, 2012),
improving the reporting of catches (Ruiz and
others, 2014), allowing for the traceability of

5 See https://yearbook.enerdata.net/total-energy/world-consumption-statistics.html.
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products (Lewis and Boyle, 2017) and reduc-
ing wastage along supply chains (Haflidason
and others, 2012). Such technologies are also
assisting in improved monitoring of the move-
ments of fishing fleets, thus ensuring more
effective management of protected areas
(Rowlands and others, 2019).

Technological advances, including digitaliza-
tion, are modernizing energy efficiency by re-
ducing energy use, shifting demand from peak
to off-peak periods, increasing connectivity
and providing flexible loads (which account for
increasing shares of intermittent energy gen-
eration in the renewable sector), with positive
outcomes in terms of greenhouse gas emis-
sions (IEA, 2019a). Improvements in vehicle
engines to burn fossil fuels more efficiently
and innovations in solar and wind energy to
produce clean energy are also helping to re-
duce greenhouse gas emissions.

2.4. Changing governance structures
and geopolitical instability

Many international treaties and agreements,
including the United Nations Convention on
the Law of the Sea,® the Convention on the
Prevention of Marine Pollution by Dumping of
Wastes and Other Matter of 1972, 7 the Agree-
ment for the Implementation of the Provisions
of the United Nations Convention on the Law
of the Sea of 10 December 1982 relating to the
Conservation and Management of Straddling
Fish Stocks and Highly Migratory Fish Stocks,®
the Convention on Biological Diversity® and the
2030 Agenda for Sustainable Development,’®
are aimed at reducing pressures on the ma-
rine environment and improving conservation
outcomes. Targets set in association with

United Nations, Treaty Series, vol. 1833, No. 31363.
Ibid., vol. 1046, No. 15749.

Ibid., vol. 2167, No. 37924.

9 Ibid., vol. 1760, No. 30619.

10 See General Assembly resolution 70/1.
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international agreements, such as the Aichi
Biodiversity Targets' and the Sustainable De-
velopment Goals,'2 have led to an increase in
the establishment of marine protected areas
and an associated increase in the protection
of the marine environment. Regional fisheries
management organizations provide for the
coordination of efforts aimed at managing
shared fishery resources (Haas and others,
2020), and in some regions they have provid-
ed for the implementation of effective stock
rebuilding frameworks following overfishing
(Hillary and others, 2016).

Supporting policies implemented nationally
have also improved the management of ma-
rine activities in some areas (Evans and others,
2017). However, global inequities, including
those associated with wealth, gender, geogra-
phy, rights and access to resources, can have
implications on the effectiveness of policies
designed to manage the marine environment
(Balvanera and others, 2019). Furthermore, the
consolidation and concentration of company
ownership has resulted in a few corporations
or financiers often controlling large shares of
the flows in any market (e.g., Bailey and others,
2018). Corporations have increased potential
to negotiate directly with Governments, which
could hamper progress towards sustainable
outcomes for the marine environment. Where
there is conflict over access to resources
and property rights, policies and agreements
focused on sustainability can be undermined
by such conflicts (Suarez-de Vivero and
Rodriguez Mateos, 2017). In addition, insta-
bility in Governments can result in the slow or
ineffectual development of policies and man-
agement frameworks, resulting in ongoing or
increasing overexploitation of resources.

11 See United Nations Environment Programme, document UNEP/CBD/COP/10/27, annex, decision X/2.

12 See General Assembly resolution 70/1.
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2.5.

Climate has always been a major influence
on the marine environment, with high natural
variability from year to year and longer-term
variability associated with climate phenome-
na at the regional and global levels. However,
there is strong evidence that the climate is
changing at a rate unprecedented in the geo-
logical record. The Intergovernmental Panel
on Climate Change, in its special report on the
ocean and cryosphere in a changing climate
(Intergovernmental Panel on Climate Change
(IPCC), 2019), summarizes historic and recent
patterns in the global climate and provides
projections of changes under different green-
house gas emissions scenarios.

Climate change

Greenhouse gas emissions have continued
to rise over the period since the first Assess-
ment, with global CO, emissions increasing
from 30.4 gigatons in 2010 to 33.3 gigatons in
2019."®* The growth in emissions has resulted
in widespread reduction of the cryosphere
(frozen-water parts of the planet), continued
increases in ocean temperature, decreases in
ocean pH and oxygen, shifts in currents and in-
creases in extreme events such as heatwaves
(IPCC, 2019). Those changes are described
in detail in chapter 5, and the pressures that
they are generating, including socioeconomic
impacts, are described in detail in chapter 9.

Following on from the United Nations Frame-
work Convention on Climate Change (which
entered into force in 1994) and the Kyoto Pro-
tocol (which entered into force in 2005), the
Conference of the Parties to the Convention,
at its twenty-first session, adopted the Paris

Agreement in December 2015.* The Agree-
ment is aimed at strengthening the global
response to the threat of climate change by
holding the global average temperature well
below 2°C above pre-industrial levels and
to pursue efforts to limit the temperature in-
crease to 1.5°C above pre-industrial levels. It
is recognized in the Agreement that climate
change represents an urgent and potentially
irreversible threat to human societies and the
planet and thus requires the widest possible
cooperation of all countries. It is also recog-
nized that deep reductions in global emissions
will be required in order to achieve the ultimate
objective of the Convention.

In its report on global warming of 1.5°C
(IPCC, 2018), the Intergovernmental Panel on
Climate Change outlined the mitigation path-
ways compatible with a 1.5°C warming of the
global climate, likely impacts associated with
such warming and what would be needed in
response to such a change. It highlighted that
warming from anthropogenic emissions would
persist for centuries to millenniums and would
continue to cause further long-term changes
in the climate system, including the ocean.

Interactions between climate change and oth-
er drivers include influencing the distribution
of global populations as people shift from
increasingly uninhabitable areas, economic
impacts, including those associated with food
production (e.g., aquaculture and fisheries),
and an ever greater need for technological in-
novations and solutions to reduce greenhouse
gases, including further reliance on marine
renewable energy.

13 See www.iea.org/articles/global-co2-emissions-in-2019.

14 See FCCC/CP/2015/10/Add.1, decision 1/CP.21, annex.
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3. Key region-specific issues or aspects associated with drivers

Geographical variability in the distribution of
populations, economic development, access
to technological advances, capacity in imple-
menting governance and management frame-
works and effects and responses to climate
change result in considerable variability in the
influence of each of the drivers described in
section 2 across ocean regions.

3.1. Population growth and
demographic changes

Fertility rates in high-income regions are lower
than those in middle-income and low-income
regions (Baxter and others, 2017). Varying
fertility rates present challenges for those
countries where fertility rates and population
growth are both high (UNDESA, 2019c), as well
as for those countries where fertility rates are
low and the ageing component of the popula-
tion is growing (see also sect. 4). Sub-Saharan
Africa, Central and Southern Asia and Eastern
and South-Eastern Asia are all regions with
high population growth. The average rate
of population growth in the least developed
countries' was 2.3 per cent over the period
2015-2020, more than double the global rate.
That presents challenges for those countries
in achieving sustainable development and the
conservation of coastal and marine areas, and
is further compounded by their vulnerability
to climate change, climate variability and sea
level rise (UNDESA, 2019c).

3.2. Economic growth

Geographic disparities in economic growth
have been increasing since the 1980s, re-
flecting economic gains in some regions and
stagnation in others. While most countries

experienced positive growth between 1950
and 2016, others, such as the Central African
Republic and the Democratic Republic of the
Congo, experienced negative growth, largely
as a result of political instability (Karnane and
Quinn, 2019). Notably, disparities within coun-
tries in employment and productivity have also
been growing, with large differences in the
extent of disparities across developed econ-
omies (IMF, 2019). Climate change may fur-
ther exacerbate such disparities, in particular
where there is geographical variability in the
distribution of susceptible industries such as
agriculture (including fisheries and aquacul-
ture). In general, economic activity is affected
by non-linear increases in temperature, which
may bring benefits to economic activities in
very cold regions (e.g., opening up the Arctic
Ocean to shipping routes and greater trade po-
tential) but, beyond a certain optimum temper-
ature, there are negative impacts for economic
output and labour potential (IMF, 2019).

3.3. Technological advances

Areas beyond national jurisdiction have become
increasingly accessible owing to technological
advancements that facilitate the exploration
and exploitation of deep-sea resources, includ-
ing biodiversity, minerals, oil and gas. Ensuring
the sustainable development of those regions
will require international cooperation in order
to manage them effectively. Negotiations on a
legally binding international instrument under
the United Nations Convention on the Law of
the Sea on the conservation and sustainable
use of the marine biological diversity of areas
beyond national jurisdiction'® are focused on
ensuring the sustainable development and

15 The Group of Least Developed Countries comprises 47 countries: 32 in sub-Saharan Africa; 2 in Northern Africa
and Western Asia; 4 in Central and Southern Asia; 4 in Eastern and South-Eastern Asia; 1 in Latin America and
the Caribbean; and 4 in Oceania. For further information, see http://unohrlls.org/about-ldcs.

16 See General Assembly resolution 72/249.
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conservation of those areas (see also chap.
28). The International Seabed Authority has a
dual mandate of promoting the development
of deep-sea minerals, while ensuring that
such development is not harmful to the envi-
ronment. In areas beyond national jurisdiction,
appropriate planning will be required to mini-
mize impacts on the marine environment. The
uptake of technological advances for access-
ing and utilizing marine resources, sustainably
developing marine industries and effectively
managing those uses is not globally even.
Many regions, in particular those where the
least developed countries are located, still lack
access to technologies that can assist with the
sustainable use of marine resources.

3.4. Changing governance structures
and geopolitical instability

There has been an increase in nationalism
and protectionism over the past decade,
contributing to changing trade agreements
and, more recently, the implementation of
tariffs on goods between specific countries.
The Democracy Index'? fell from 5.55 in 2014
to 5.44 in 2019, largely driven by the regional
deterioration of conditions in Latin America
and sub-Saharan Africa. When indices for
individual countries are calculated, stark re-
gional differences are evident. Countries in
Scandinavia, the far north of North America
and the South-West Pacific had the highest
indices, while those in sub-Saharan Africa, the
Middle East and parts of Asia had the lowest.

4. QOutlook

Within coastal regions, projections under
shared socioeconomic pathways estimate
a 71 per cent increase in the global human
population across the period 2000-2050 to
over 1 billion, as a result of overall global pop-
ulation growth as well as migration into those

17" See www.eiu.com/topic/democracy-index.
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Those differences have an impact on the im-
plementation of global and regional treaties
and agreements, thereby affecting economic
growth, the transfer of technologies and the
implementation of frameworks for managing
ocean use, including the development of na-
tional ocean-related policies. That, therefore,
affects the sustainability of human activities
and the protection of marine ecosystems in
those areas.

3.5.

Climate change effects are not uniform across
the global ocean. A number of regions are
warming at higher rates than the global average
and are identified as marine hotspots (Hobday
and Pecl, 2014). A number of those hotspots
are located where human dependence on ma-
rine resources is greatest, such as South-East
Asia and Western Africa, with substantive im-
plications for food security compared with oth-
er regions. The Arctic is another region where
the ocean is warming at 2 to 3 times above the
global average (IPCC, 2018). Similarly, decreas-
es in the pH and carbonate ion concentrations
of the ocean, associated with ocean acidifica-
tion, and other effects of climate change, such
as deoxygenation, stratification and sea level
rise, are regionally variable, with highly variable
impacts on the marine environment. Regional
differences in such changes are described in
detail in chapter 5, and the pressures that they
are generating, including socioeconomic im-
pacts, are described in detail in chapter 9.

Climate change

areas (Merkens and others, 2016). Under the
same scenarios, populations in low-density
to medium-density areas (<1,000 persons
km?) are projected to decline, while those in
higher-density areas are projected to increase
(Jones and O'Neill, 2016), with an expansion of


http://www.eiu.com/topic/democracy-index

urban footprints in high-density areas and an
increasing strain on associated infrastructure.
How and where global populations live and
their associated impacts on the environment
will be influenced by climate change in many
ways. As areas become increasingly unliveable
as a result of declining precipitation, increas-
ing temperatures, sea level rise and the loss of
ecosystem goods and services, people will re-
distribute themselves to more liveable regions,
increasing urban footprints in those regions.

As the global population ages and overall
growth slows, the size of the labour force is ex-
pected to decline, with an impact on the global
economy. Itis estimated that the global popula-
tion considered to have the highest proportion
of contributors to global economies, namely
the population aged 20-64, will grow less
than half as fast over the period 2015-2040
compared with the previous 25 years, while
the population over the age of 65 will grow five
times faster than the working-age population
(Baxter and others, 2017). How global econ-
omies respond to the influence of changing
population growth and demographics will de-
pend on public policy, such as introducing pol-
icies that reduce barriers to the employment
of women, and their ability to use advances in
technologies to maintain productivity. Those
changes in population growth and the distribu-
tion and densities of the population, as well as
changing economies, will influence the marine
environment in ways yet to be determined.

Economic activity in the ocean is expanding
rapidly, with projections that, by 2030, under a
business-as-usual scenario, the ocean econo-
my could more than double to a value of more
than $3 trillion, with approximately 40 million
full-time jobs (Organization for Economic Co-
operation and Development, 2016). Technolog-
ical advances and innovations will be critical to
identifying sustainable pathways that allow for
the development of global economies, including
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the ocean economy, while addressing many of
the challenges facing the ocean at present.

In the context of such rapid change, regulation
and governance will struggle to keep up. The
integration of emerging ocean industries into
existing, fragmented regulatory frameworks
will restrict the ability to address pressures
generated by industries in an effective and
timely way. More effective integrated ocean
management will be required to ensure a
sustainable future for the ocean in the light of
the drivers of change detailed in the present
chapter and also in chapter 27.

If greenhouse gas emissions continue to be
released at the current rate, it is estimated that
the surface temperature will warm by 1.5°C
sometime between 2030 and 2052 (IPCC,
2018). Many changes to marine ecosystems as
a result of climate change have already been
observed, and future climate-related change
and associated risks will depend on whether
(and when) net zero greenhouse gas emissions
are achieved and the associated rate, peak and
duration of surface warming (IPCC, 2018). Even
if net zero global anthropogenic CO, emissions
are achieved, sustained warming will persist
for centuries to millenniums and will continue
to cause further long-term changes in the cli-
mate system and, by association, in the ocean,
including sea level rise and ocean acidification
(IPCC, 2018). The upscaling and acceleration
of mitigating and adaptive approaches will
be required to reduce future climate-related
risks to food security, maritime industries and
coastal communities associated with changes
to the marine environment.

The COVID-19 pandemic is currently sweeping
across the world, causing major disruption to
national economies and people. In many re-
gions, because of mitigating efforts to reduce
the spread of the virus, pressures immediately
affecting the ocean, such as fishing, tourism
activities, pollution and greenhouse gas emis-
sions, have been temporarily reduced.”® With

18 see www.carbonbrief.org/analysis-coronavirus-has-temporarily-reduced-chinas-co2-emissions-by-a-quarter.
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restrictions being placed on the movement
of people and on business operations, along
with the closing of borders, disruption to
supply chains and declining markets have af-
fected a number of marine industries, notably
fisheries.’ The likely impacts that reduced
pressures might have on longer-term change
by drivers such as climate change, however,

are expected to be minimal, and it is currently
unclear what benefits might be afforded to
marine ecosystems. Disruptions to global sup-
ply chains have highlighted the need in many
countries to strengthen local supply chains
and, in particular, to explore e-commerce op-
tions for supporting supply chains in general.

5. Key remaining knowledge and capacity-building gaps

All five drivers detailed in the present chapter
interact with each other in varying ways. Un-
derstanding of such interactions varies, and, in
particular, understanding of the mechanisms
by which interactions between drivers influence
the marine environment, although recognized
as essential for developing holistic approaches
to ocean management, is an emerging area of
research. Integrated management that takes
into account social, economic, ecosystem and
cultural values and needs — a whole-of-system
approach — allows for the identification of
sustainable pathways that support national
economies and human well-being.

Modelling frameworks need to be developed,
within which scenarios that include chang-
es to population, exploration of governance
structures and environmental and economic
effects resulting from climate change, can be
explored. The initial development of integrated
socioecological models that incorporate the
marine environment and fisheries in shared
socioeconomic pathways is now being imple-
mented to explore future structuring of ocean
fisheries (Maury and others, 2017; Bograd and
others, 2019). Alternative approaches to inte-
grated models are also being used to explore
future states of the marine ecosystem and
fisheries (Tittensor and others, 2018). There
is a need to advance such efforts, not only to
expand modelling approaches to explore the
effects of multiple drivers and their cumulative

effects on marine ecosystems, but also to de-
velop tools that provide an interface between
modelling approaches and decision-making
frameworks and allow for the planning and
implementation of sustainable approaches to
the use of the ocean.

The ability to measure and, therefore, under-
stand the key components that contribute to
the drivers of change outlined in the present
chapter, namely social, demographic and
economic developments in societies, includ-
ing corresponding changes in lifestyles and
associated overall consumption and produc-
tion patterns, is not equal across the planet.
There is a need for capacity development, in
particular in the least developed countries, in
collecting observations that provide for the
understanding of key drivers that affect the
marine environment, their interactions and the
outcomes of change in each for the marine
environment. Similarly, the development of
capacity to record changes caused by pres-
sures associated with drivers of change and,
thereby, understand impacts on the marine
environment is also needed (Evans and oth-
ers, 2019). Finally, the capacity to effectively
plan, assess and manage ocean activities
within frameworks that recognize key drivers
of change and their interactions is necessary,
in particular in regions where there is currently
little capacity to implement such frameworks.

19 See www.ices.dk/news-and-events/news-archive/news/Pages/wgsocialCOVID.aspx.

76


http://www.ices.dk/news-and-events/news-archive/news/Pages/wgsocialCOVID.aspx

Chapter 4: Drivers

References

Bailey, Megan, and others (2018). The role of corporate social responsibility in creating a Seussian world
of seafood sustainability. Fish and Fisheries, vol. 19, No. 5, pp. 782-790.

Balvanera, Patricia, and others (2019). Chapter 2: Status and trends; indirect and direct drivers of change.
In IPBES Global Assessment on Biodiversity and Ecosystem Services, ed. IPBES. Bonn: IPBES Sec-
retariat.

Baxter, David, and others (2017). Population aging and the global economy: weakening demographic tail-
winds reduce economic growth. In Berkeley Forum on Aging and the Global Economy. Issue brief
No. 1.

Blanco, Gabriel, and others (2014). Chapter 5: Drivers, trends and mitigation. In Climate Change 2014: Miti-
gation of Climate Change. IPCC Working Group Ill Contribution to AR5. Cambridge University Press.

Bograd, Steven J., and others (2019). Developing a Social-Ecological-Environmental System Framework to
Address Climate Change Impacts in the North Pacific. Frontiers in Marine Science, vol. 6, art. 333.

Clark, G.F,, and E.L. Johnston (2017). Australia State of the Environment 2016: Coasts, Independent Report
to the Australian Government Minister for Environment and Energy. Canberra: Australian Govern-
ment Department of the Environment and Energy.

Detsis, Emmanouil, and others (2012). Project catch: a space-based solution to combat illegal, unreported
and unregulated fishing: Part I: vessel monitoring system. Acta Astronautica, vol. 80, pp. 114-123.

Eigaard, Ole Ritzau, and others (2014). Technological development and fisheries management. Reviews in
Fisheries Science & Aquaculture, vol. 22, No. 2, pp. 156—174. https://doi.org/10.1080/23308249.2
014.899557.

European Environment Agency (2005). Sustainable Use and Management of Natural Resources. EEA Re-
port, 9/2005. Copenhagen: European Environment Agency.
(2019). The European Environment — State and Outlook 2020, Knowledge for Transition to a Sus-
tainable Europe. EEA Report, 9/2005. Copenhagen: European Environment Agency.

Evans, Karen, and others (2019). The global integrated world ocean assessment: linking observations to
science and policy across multiple scales. Frontiers in Marine Science, vol. 6, art. 298.

Evans, Karen, and others (2017). Australia State of the Environment 2016: Marine Environment, Independent
Report to the Australian Government Minister for the Environment and Energy. Canberra: Australian
Government Department of the Environment and Energy.

Food and Agriculture Organization of the United Nations (2018). The State of World Fisheries and Aquacul-
ture 20718-Meeting the Sustainable Development Goals. Rome.

Finkbeiner, Elena M., and others (2017). Reconstructing overfishing: moving beyond malthus for effective
and equitable solutions. Fish and Fisheries, vol. 18, No. 6, pp. 1180-1191.

Haas, Bianca, and others (2020). Factors influencing the performance of regional fisheries management
organizations. Marine Policy, vol. 113.

Haflidason, Témas, and others (2012). Criteria for temperature alerts in cod supply chains. International
Journal of Physical Distribution & Logistics Management, vol. 42, No. 2, pp. 355-371.

Hillary, Richard M., and others (2016). A scientific alternative to moratoria for rebuilding depleted interna-
tional tuna stocks. Fish and Fisheries, vol. 17,No. 2, pp. 469-482. https://doi.org/10.1111/faf.12121.

Hobday, Alistair J.,and Gretta T. Pecl (2014). Identification of global marine hotspots: sentinels for change and
vanguards for adaptation action. Reviews in Fish Biology and Fisheries, vol. 24, No. 2, pp. 415-425.

77


https://doi.org/10.1080/23308249.2014.899557
https://doi.org/10.1080/23308249.2014.899557
https://doi.org/10.1111/faf.12121

World Ocean Assessment Il: Volume |

Intergovernmental Panel on Climate Change (IPCC) (2018). Global Warming of 1.5° C. An IPCC Special
Report on the Impacts of Global Warming of 1.5° C above Pre-Industrial Levels and Related Global
Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty. eds. Valérie
Masson-Delmotte and others. Intergovernmental Panel on Climate Change.

(2019). Summary for policymakers. In IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate, eds. Hans-Otto Portner and others, Intergovernmental Panel on Climate Change.

International Council for Science (2017). A Guide to SDG Interactions: From Science to Implementation.
eds. D.J. Griggs and others. Paris: International Council for Science, Paris.

International Energy Agency (IEA) (2019a). Energy Efficiency 2019. Paris: International Energy Agency.

(2019b). Tracking Power. Paris: International Energy Agency. www.iea.org/reports/tracking-
power-2019.

International Monetary Fund (IMF) (2019). World Economic Outlook: Global Manufacturing Downturn, Ris-
ing Trade Barriers. Washington, D.C.: International Monetary Fund.

Jackson, W.J. (2017). Australia State of the Environment 2016: Drivers, Independent Report to the Australian
Government Minister for the Environment and Energy. Canberra: Australian Government Depart-
ment of the Environment and Energy.

Jones, Bryan, and Brian C. O’'Neill (2016). Spatially explicit global population scenarios consistent with the
shared socioeconomic pathways. Environmental Research Letters, vol. 11, No. 8, p. 084003.

Karnane, Pooja, and Michael A. Quinn (2019). Political instability, ethnic fractionalization and economic
growth. International Economics and Economic Policy, vol. 16, No. 2, pp. 435-461. https://doi.
org/10.1007/s10368-017-0393-3.

Lewis, Sara G., and Mariah Boyle (2017). The expanding role of traceability in seafood: tools and key
initiatives. Journal of Food Science, vol. 82, No. S1, pp. A13-21. https://doi.org/10.1111/1750-
3841.13743.

Maury, Olivier, and others (2017). From shared socio-economic pathways (SSPs) to oceanic system
pathways (OSPs): Building policy-relevant scenarios for global oceanic ecosystems and fisheries.
Global Environmental Change, vol. 45, pp. 203-216.

Maxim, Laura, and others (2009). An analysis of risks for biodiversity under the DPSIR framework. Ecolog-
ical Economics, vol. 69, No. 1, pp. 12-23.

Merkens, Jan-Ludolf, and others (2016). Gridded population projections for the coastal zone under the
shared socioeconomic pathways. Global and Planetary Change, vol. 145, pp. 57-66.

Millennium Ecosystem Assessment (2003). Millennium Ecosystem Assessment: Ecosystems and Human
Well-Being: A Framework for Assessment. Washington, D.C.: Island Press.

Neumann, Barbara, and others (2015). Future coastal population growth and exposure to sea-level rise
and coastal flooding — a global assessment. PloS One, vol. 10, No. 3, p. e0118571.

Organization for Economic Cooperation and Development (2016). The Ocean Economy in 2030. https://doi.
org/10.1787/9789264251724-en.

Patricio, Joana, and others (2016). DPSIR — two decades of trying to develop a unifying framework for
marine environmental management? Frontiers in Marine Science, vol. 3, art. 177. https://doi.
org/10.3389/fmars.2016.00177.

Rowlands, Gwilym, and others (2019). Satellite surveillance of fishing vessel activity in the Ascension
Island Exclusive Economic Zone and Marine Protected Area. Marine Policy, vol. 101, pp. 39-50.

Ruiz, J., and others (2014). Electronic monitoring trials on in the tropical tuna purse-seine fishery. ICES
Journal of Marine Science, vol. 72, No. 4, pp. 1201-1213. https://doi.org/10.1093/icesjms/fsu224.

78


https://www.iea.org/reports/­tracking-power-2019
https://www.iea.org/reports/­tracking-power-2019
https://doi.org/10.1007/s10368-017-0393-3
https://doi.org/10.1007/s10368-017-0393-3
https://doi.org/10.1111/1750-3841.13743
https://doi.org/10.1111/1750-3841.13743
https://doi.org/10.1787/9789264251724-en
https://doi.org/10.1787/9789264251724-en
https://doi.org/10.3389/fmars.2016.00177
https://doi.org/10.3389/fmars.2016.00177
https://doi.org/10.1093/icesjms/fsu224

Chapter 4: Drivers

Smeets, Edith, and Rob Weterings (1999). Environmental Indicators: Typology and Overview. Copenhagen:
European Environment Agency.

Sudrez-de Vivero, Juan L., and Juan C. Rodriguez Mateos (2017). Forecasting geopolitical risks: Oceans
as source of instability. Marine Policy, vol. 75, pp. 19-28.

Tittensor, Derek P, and others (2018). A protocol for the intercomparison of marine fishery and ecosystem
models: Fish-MIP v1. 0. Geoscientific Model Development, vol. 11, No. 4, pp. 1421-1442.

United Nations (2017a). The First Global Integrated Marine Assessment: World Ocean Assessment |. Cam-
bridge: Cambridge University Press.

(2017b). The Conservation and Sustainable Use of Marine Biological Diversity of Areas beyond
National Jurisdiction. A Technical Abstract of the First Global Integrated Marine Assessment. New
York: United Nations.

United Nations, Department of Economic and Social Affairs, Population Division (UNDESA) (2019a). In-
ternational Migrant Stock 20179. United Nations. www.un.org/en/development/desa/population/
migration/data/estimates2/estimates19.asp.

(2019b). Percentage of Total Population Living in Coastal Areas. New York: United Nations. https://
sedac.ciesin.columbia.edu/es/papers/Coastal_Zone_Pop_Method.pdf.

(2019c¢). World Population Prospects 2019: Highlights (ST/ESA/SER.A/423). New York: United
Nations.

United Nations Environment Programme, ed. (2019). Global Environment Outlook — GEO-6: Healthy Planet,
Healthy People. Cambridge University Press. https://doi.org/10.1017/9781108627146.

79


https://www.un.org/en/development/desa/­population/migration/data/estimates2/estimates19.asp
https://www.un.org/en/development/desa/­population/migration/data/estimates2/estimates19.asp
https://sedac.ciesin.columbia.edu/es/papers/Coastal_Zone_Pop_Method.pdf
https://sedac.ciesin.columbia.edu/es/papers/Coastal_Zone_Pop_Method.pdf
https://doi.org/10.1017/9781108627146




Part four

Current state
of the marine
environment
and its trends






Chapter 5
Trends in the
physical and
chemical state
of the ocean

Contributors: Carlos Garcia-Soto (convener and lead member), Levke Caesar, Anny Cazenave,
Lijing Cheng, Alicia Cheripka, Paul Durack, Karen Evans (co-lead member), David Halpern, Libby

Jewett, Sung Yong Kim, Guancheng Li, Ignatius Rigor, Sunke Schmidtko, Juying Wang (co-lead
member) and Tymon Zielinski (co-lead member).






Chapter 5: Trends in the physical and chemical state of the ocean

Keynote points

1.

Thermal expansion from a warming ocean
and land ice melt are the main causes of
the accelerating global rise in the mean
sea level.

Global warming is also affecting many
circulation systems. The Atlantic merid-
ional overturning circulation has already
weakened and will most likely continue to
do so in the future. The impacts of ocean
circulation changes include a regional rise
in sea levels, changes in the nutrient dis-
tribution and carbon uptake of the ocean
and feedbacks with the atmosphere, such
as altering the distribution of precipitation.

More than 90 per cent of the heat from
global warming is stored in the global
ocean. Oceans have exhibited robust
warming since the 1950s from the surface
to a depth of 2,000 m. The proportion of
ocean heat content has more than doubled
since the 1990s compared with long-term
trends. Ocean warming can be seen in
most of the global ocean, with a few re-
gions exhibiting long-term cooling.

The ocean shows a marked pattern of
salinity changes in multidecadal obser-
vations, with surface and subsurface pat-
terns providing clear evidence of a water
cycle amplification over the ocean. That
is manifested in enhanced salinities in
the near-surface, high-salinity subtropical
regions and freshening in the low-salinity
regions such as the West Pacific Warm
Pool and the poles.

Introduction

In the present chapter, the current physical
and chemical state of the ocean and its trends
are analysed using seven key climate change
indicators:

An increase in atmospheric CO, levels, and
a subsequent increase in carbon in the
oceans, has changed the chemistry of the
oceans to include changes to pH and arag-
onite saturation. A more carbon-enriched
marine environment, especially when
coupled with other environmental stress-
ors, has been demonstrated through field
studies and experiments to have negative
impacts on a wide range of organisms,
in particular those that form calcium car-
bonate shells, and alter biodiversity and
ecosystem structure.

Decades of oxygen observations allow
for robust trend analyses. Long-term
measurements have shown decreases in
dissolved oxygen concentrations for most
ocean regions and the expansion of oxy-
gen-depleted zones. A temperature-driven
solubility decrease is responsible for most
near-surface oxygen loss, though oxygen
decrease is not limited to the upper ocean
and is present throughout the water col-
umn in many areas.

Total sea ice extent has been declining
rapidly in the Arctic, but trends are insig-
nificant in the Antarctic. In the Arctic, the
summer trends are most striking in the
Pacific sector of the Arctic Ocean, while, in
the Antarctic, the summer trends show in-
creases in the Weddell Sea and decreases
inthe West Antarctic sector of the Southern
Ocean. Variations in sea ice extent result
from changes in wind and ocean currents.

Sea level. Sea level integrates changes
occurring in the Earth’s climate system
in response to unforced climate variabil-
ity, as well as natural and anthropogenic
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influences. It is therefore a leading indica-
tor of global climate change and variability.

Ocean circulation. Ocean circulation plays
a central role in regulating the Earth’s cli-
mate and influences marine life by trans-
porting heat, carbon, oxygen and nutrients.
The main drivers of ocean circulation are
surface winds and density gradients (de-
termined by ocean temperature and salin-
ity), and any changes in those drivers can
induce changes to ocean circulation.

Sea temperature and ocean heat content.
The rapid warming of the global ocean
over the past few decades has affected the
weather, climate, ecosystems, human so-
ciety and economies (Intergovernmental
Panel on Climate Change, 2019). More heat
in the ocean is manifested in many ways,
including an increasing interior ocean tem-
perature (Cheng and others, 2019b), a ris-
ing sea level caused by thermal expansion,
melting ice sheets, an intensified hydro-
logical cycle, changing atmospheric and
oceanic circulations and stronger tropical
cyclones with heavier rainfall (Trenberth
and others, 2018).

Salinity. With the advent of improved
observational salinity products, more
attention has been paid to ocean salinity
in Intergovernmental Panel on Climate
Change assessment reports (fourth report,
Bindoff and others, 2007; and fifth report,
Rhein and others, 2013) and in the first
World Ocean Assessment (United Nations,
2017). Changes to ocean salinity are im-
portant given that the global ocean covers
71 per cent of the Earth’s surface and con-
tains 97 per cent of the Earth’s free water
(Durack, 2015). Any global water changes
will be expressed in the changing patterns
of ocean salinity, a water cycle marker of
the largest reservoir of the climate system.

Ocean acidification. Rising concentra-
tions of CO, in the atmosphere also have

a direct effect on the chemistry of the
ocean through the absorption of CO,. The
ocean absorbed roughly 30 per cent of all
CO, emissions in the period from 1870 to
2015 (Le Quéré and others, 2016; Gruber
and others, 2019), and the increased CO,
level in the water lowers its pH through the
formation of carbonic acid.

e Dissolved oxygen. Variations in oceanic
oxygen have a profound impact on marine
life, from nutrient cycling to pelagic fish
habitat boundaries (e.g., Worm and others,
2005; Diaz and Rosenberg, 2008; Stramma
and others, 2012; Levin, 2018) and can in-
fluence climate change through emissions
of nitrous oxide, a potent greenhouse gas
(e.g., Voss and others, 2013).

e Seaice. Seaice inthe polar regions covers
about 15 per cent of the global ocean and
affects the global climate system through
its influence on global heat balance and
global thermohaline circulation. In addi-
tion, sea ice has a high albedo, reflecting
more sunlight than the liquid ocean, and its
melt releases fresh water, which slows the
global ocean conveyor belt (the constantly
moving system of deep-ocean circulation
driven by temperature and salinity).

The present chapter, using those indicators,
contains details of the impacts of climate
change on the physical and chemical state of
the ocean and its evolution and spatial pat-
terns. It is to be read in conjunction with chap-
ter 9, in which extreme climate events (marine
heatwaves, extreme El Nifio events and tropi-
cal cyclones) are analysed and the pressures
of some of the physical and chemical changes
on marine ecosystems and human populations
are described in more detail. Some additional
aspects are covered in the section on high-lat-
itude ice in chapter 7 on trends in the state of

biodiversity in marine habitats.
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2. Physical and chemical state of the ocean

Sea level

2.1.

Since the early 1990s, sea level has been
routinely monitored at the global and regional
levels by a series of high-precision altimetry
missions (TOPEX/POSEIDON, Jason-1, Ja-
son-2, Jason-3, Envisat, SARAL/AIltiKa, Senti-
nel-3A and Sentinel-3B).

The most recently updated global mean sea
level curve based on satellite altimetryis shown
in figure | (update of Legeais and others, 2018).
Since 1993, the global mean sea level has
been rising at a mean rate of 3.1 £+ 0.3 mm per
year, with a clear superimposed acceleration
of approximately 0.1 mm per year (Chen and
others, 2017; Dieng and others, 2017; Yi and
others, 2017; Nerem and others, 2018; World
Climate Research Programme Global Sea Lev-
el Budget Group, 2018)." Satellite altimetry has
also revealed strong regional variability in the
rates of sea level change, with regional rates
up to 2-3 times more than the global mean in
some regions over the altimetry era (see figure

.

There are now various observing systems
that make it possible to quantify the different
contributions of global and regional sea level
changes. The Argo system of autonomous
profiling floats? measures sea water temper-
ature and salinity to a depth of 2,000 m with
almost global coverage. The Gravity Recovery
and Climate Experiment, a space gravimetry
mission, allows for monitoring of ocean mass
changes owing to glacier and ice sheet mass
loss, as well as land water storage change. It
also measures individual water mass changes
of glaciers, ice sheets and terrestrial water
bodies. Other techniques, such as interfero-
metric synthetic aperture radar and radar and

1T See General Assembly resolution 70/1.
2 See www.argo.net.

laser altimetry, are also used to estimate ice
sheet mass balances.

Figure |
Global mean sea level evolution from
multi-mission satellite altimetry
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Figure Il

Regional trend patterns in sea level from satellite altimetry

(September 1992 to September 2018)
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Source: Copernicus Marine Environment Monitoring Service.

The study of the sea level budget is important
as it provides constraints on missing or poorly
known contributions, such as the deep ocean,
that are undersampled by current observing
systems. Global mean sea level corrected for
ocean mass change helps independently to
estimate changes in total ocean heat content
over time, from which the Earth’s energy imbal-
ance can be deduced. Figure Ill presents annu-
al averages since 2005 of the global mean sea
level and sum of ocean thermal expansion and
ocean mass increase owing to land ice melt
and terrestrial water storage change (World
Climate Research Programme Global Sea Lev-
el Budget Group, 2018). The figure shows that
annual residuals remain below the 2 mm level.
In terms of trends, the sea level budget since
2005 is close to 0.3 mm per year, similar to the
mean sea level rise uncertainty. Other studies
(Dieng and others, 2017; Nerem and others,
2018) also show closure of the sea level budget
over the whole altimetry era (since 1993).
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Figure lll
Yearly global mean sea level budget since
2005
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Source: World Climate Research Programme Global
Mean Sea Level Budget Group, 2018.

Abbreviation: GRACE, Gravity Recovery and Climate
Experiment.
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At the local level, in particular in coastal areas,
additional small-scale processes are added
to the global mean and regional sea level
components and can make coastal sea level
substantially deviate from open ocean sea
level rise (Woodworth and others, 2019). For
example, changes in wind, waves and small-
scale currents close to the coast, as well as
freshwater input in river estuaries, can modify
the density structure of sea waters, and there-
fore the coastal sea level.

2.2. QOcean circulation

The observed changes in the ocean circulation
system occur globally and are derived from a
variety of data sources. Changes in sea level
height, measured with high-precision satellite
altimetry since 1993, seem to indicate a widen-
ing and strengthening of the subtropical gyres
in the North Pacific (Qiu and Chen, 2012) and
South Pacific (Cai, 2006; Hill and others, 2008).
The data, furthermore, show a poleward move-
ment of many ocean currents, including the
Antarctic circumpolar current and the subtrop-
ical gyres in the southern hemisphere (Gille,
2008), as well as western boundary currents in
all ocean basins (Wu and others, 2012).

The most severe changes, however, are ob-
served in the Atlantic Ocean. One of the major
ocean current systems, the Atlantic meridi-
onal overturning circulation, has long been
predicted to slow down in response to global
warming (Intergovernmental Panel on Climate
Change, 2013). As the current system trans-
ports heat from the southern hemisphere and
the tropics into the North Atlantic, its evolution
can be deduced from that of sea surface tem-
perature. The observed cooling in the subpolar
North Atlantic since the end of the nineteenth

century has already been linked to a slowing
Atlantic meridional overturning circulation
(Dima and Lohmann, 2010; Latif and others,
2006; Rahmstorf and others, 2015). Further-
more, different and largely independent proxy
indicators of the evolution of the circulation
published in recent years indicate that it is at
its weakest for several hundreds of years (see
figure 1IV) and has been weakening during the
past century (see figure V; Caesar and others,
2018). Such weakening can also be seen in the
direct measurements of the RAPID research
programme? (Smeed and others, 2018) over
the past decade.

Information about the circulations and their
changes can be inferred from direct measure-
ments, proxies or model simulations. The main
uncertainties regarding the trends in ocean
circulation arise from the short timespans of
direct, continuous measurements, the incom-
pleteness when representing a circulation
through proxies and the inherent uncertain-
ties of the models. It is therefore important
that the existing research programmes of
observations, such as the Global Drifter Pro-
gram (Dohan, 2010) and the Argo programme
(Freeland and others, 2010), are sustained.
That also includes the main projects for ob-
serving the Atlantic meridional overturning
circulation, namely the RAPID array (Smeed
and others, 2014) measuring the strength of
the circulation since 2004 at roughly 26° north,
the Overturning in the Subpolar North Atlantic
Program# (Lozier and others, 2017) measuring
the overturning that has been feeding the cir-
culation since 2014 and the Observatoire de la
variabilité interannuelle et décennale en Atlan-
tique Nords line measuring ocean parameters
along a line between Greenland and Portugal
(Mercier and others, 2015).

3 The RAPID programme is aimed at determining the variability of the Atlantic meridional overturning circulation
and its link to climate. An array deployed in 2004 continuously observes the strength of the circulation at about

26° north.

4 Thisis an international program designed to provide a continuous record of the fluxes of heat, mass and fresh

water in the subpolar North Atlantic.

5 The project documents the variability of the circulation and water mass properties in the northern North Atlantic.
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Figure IV
Trend of the strength of the Atlantic meridional overturning circulation
in observations since 1400 from various proxies
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Caesar and others, 2018: global sea surface data
—— Rahmestorf and others, 2015: terrestrial proxies
—— Thornalley and others, 2018: subsurface temperatures
—— Sherwood and others, 2011: deep-sea coral data

Thornalley and others, 2018: sortable silt data
Smeed and others, 2018: RAPID project measurements
—— Thibodeau and others, 2018: benthic foraminifera core data

The figure shows the long-term evolution of the sea surface and land temperatures in the North Atlantic region (light
blue (Caesar and others, 2018), navy (Rahmstorf and others, 2015), blue (Thornalley and others, 2018)), data from
deep-sea cores (dark green (Sherwood and others, 2011), light green (Thornalley and others, 2018), orange (Thibodeau
and others, 2018)) and the linear trend of in situ circulation monitoring by the RAPID project (tan (Smeed and others,

2018)).

Figure V
Trend of the strength of the Atlantic meridi-
onal overturning circulation in observations
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The figure shows the long-term (20-year locally weight-
ed scatterplot smoothing filtering; blue, navy and green
lines are annual values) sea surface temperature proxy
(tan), the quadratic trend of an ocean reanalysis product
(Meteorological Office Global Seasonal Forecasting
System, version 5; Jackson and others, 2016), a recon-
struction from satellite altimetry and cable measure-
ments (Frackja-Williams, 2015) and the linear trend of in
situ circulation monitoring by the RAPID project.
Source: Caesar and others, 2018.
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The impacts of the changes in the ocean cir-
culation system vary. The Atlantic meridional
overturning circulation is crucial for meridional
heat transport and therefore strongly influenc-
es the climate in the North Atlantic region. Its
slowdown can reduce ocean carbon uptake
(Zickfeld and others, 2008) and will enhance
sea level rise along the east coast of the Unit-
ed States of America (Goddard and others,
2015). The stronger North Pacific subtropical
gyre, however, leads to regional sea level rise
in the western tropical North Pacific Ocean
(Timmermann and others, 2010). These are
the dynamic responses of sea level height
to changes in ocean circulation. The pole-
ward displacement of the western boundary
currents leads to warming in regions previ-
ously unaffected by those warm and strong
currents. The consequent thermal expansion
will cause arise in sea level in adjacent coastal
areas, such as in the Southern Ocean and the
Indian Ocean (Alory and others, 2007; Gille,
2008). Other possible impacts that need fur-
ther investigation include changes in marine
ecosystems and primary production, given
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that currents transport nutrients, and effects
on weather systems, such as the occurrence
of heatwaves, droughts or flooding, because
ocean circulation has a considerable impact
on atmospheric circulation, and with that pre-
cipitation, patterns (Duchez and others, 2016).

2.3. Seatemperature and
ocean heat content

Sea surface temperature

The global sea surface temperature analyses
assessed here are derived from four published
data sets (see figure VI). All data sets reveal
an increase in global mean sea surface tem-
perature since the early twentieth century. The
globally averaged sea surface temperature
data as calculated by a linear trend over the
period 1900-2018 show an incontrovertible
warming of 0.60°C + 0.07°C (centennial in situ
observation-based estimates of sea surface
temperature, version 1, COBE1) (Ishii and others,
2005), 0.62°C + 0.11°C (centennial in situ obser-
vation-based estimates of sea surface temper-
ature, version 2, COBE2) (Hirahara and others,
2014), 0.56°C * 0.07°C (Hadley Centre sea ice
and sea surface temperature data set, HadISST)
(Rayner and others, 2003), 0.72°C + 0.10°C (ex-
tended reconstructed sea surface temperature,
ERSST) (Huang and others, 2017) per century
(c), with a 90 per cent confidence interval pro-
vided. Considering all data sets, the mean sea
surface temperature rate is 0.62°C + 0.12°C ¢
over the same period. Differences between the
data sets are mainly due to how each method-
ology treats areas with little or no data, and how
each analysis accounts for changes in meas-
urement methods. Among all data sets, the
10 warmest years on record have all occurred
since 1997, with the 5 warmest years occurring
since 2014. The recent decade (2009-2018)
shows a much higher rate of warming than
the long-term trend: 2.41°C = 1.79°C (COBE1),
2.97°C + 1.81°C (COBE2), 2.05°C * 1.85°C (Ha-
dISST) and 2.81°C + 1.98°C (ERSST) c. The
mean rate is 2.56°C + 0.68°C ¢ in the period

2009-2018. In addition to the in situ obser-
vations, satellite-based data gave consistent
changes in sea surface temperature in the pe-
riod from 1981 to 2016 (Good and others, 2020;
see also figure VI).

Most ocean areas around the globe are warm-
ing (see figure VI.B). The broad warming over
the global ocean surface is direct evidence of
human influence on the climate system (Bind-
off and others, 2013). A few regions, such as
the subpolar North Atlantic Ocean, have expe-
rienced cooling over the past century (often
named the “cold blob” or the “North Atlantic
warming hole”). A number of studies suggest
that the “cold blob” indicates a weakening
Atlantic meridional overturning circulation,
possibly in response to increased CO, con-
centrations in the atmosphere (Caesar and
others, 2018). On other hand, lower warming
rates have characterized the Equatorial Pacific
and Eastern Tropical Pacific. In the South-East
Pacific, from central Peru to northern Chile,
a multidecadal surface cooling trend was
detected until the late 2000s (Gutiérrez and
others, 2016, and references therein), probably
associated with coastal upwelling enhance-
ment or remotely driven circulation changes
(Dewitte and others, 2012).

Ocean heat content

Climate change from human activities is main-
ly due to interference with the natural flows of
energy through the climate system, creating
an energy imbalance caused by increased
heat-trapping (greenhouse) gases (Hansen
and others, 2011; Trenberth and others, 2018)
inthe atmosphere. More than 90 per cent of the
energy imbalance accumulates in the ocean
(Rhein and others, 2013). The heat imbalance
is manifested by the increase in ocean heat
content. Locally, ocean heat content (OHC)
can be estimated by integrating sea tempera-
ture (T) from ocean depth z, to z,;

OHC = Cpfzzf vipTdz

Where p is the density of the seawater and C,
is the specific heat capacity of the seawater.
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Figure VI.A
Global average surface temperature
anomalies (°C, annual mean)
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Figure VI.B
Spatial pattern of the long-term sea
surface temperature trend (°C per century)
from 1854 to 2018 for ERSST data
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The Earth’s energy imbalance and ocean heat
content are the fundamental metrics for global
warming (Hansen and others, 2011; Trenberth
and others, 2018; Von Schuckmann and oth-
ers, 2016; Cheng and others, 2018). The ocean
heat content record is much less affected by
internal variability in the climate system than
the more commonly used sea surface temper-
ature records, so it is better suited to detecting
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and attributing human influences (Cheng and
others, 2018) than other measures.

Since the fifth assessment report of the In-
tergovernmental Panel on Climate Change
(Rhein and others, 2013), substantial progress
has been made in improving long-term ocean
heat content records, and a number of sourc-
es of uncertainty in prior measurements and
analyses have been identified and are better
accounted for (Abraham and others, 2013; Boy-
er and others, 2016; Cheng and others, 2016,
20174; Ishii and others, 2017). At the same time,
efforts have been made to improve how spatial
or temporal gaps are accounted for in histor-
ical ocean temperature measurements. For
example, a new spatial interpolation method
was proposed (Cheng and others, 2017a), and
a correction to an existing estimate was made
available (Ishii and others, 2017). It is becoming
clearer that many traditional gap-filling strate-
gies introduced a conservative bias towards
low-magnitude changes. Those with less bias
include Cheng and others (2017a), Domingues
and others (2008) and Ishii and others (2017).

The three recent ocean heat content esti-
mates based on observations show highly
consistent ocean warming since the late 1950s
(see figure VII). They suggest a linear rate of
0.36 + 0.06 Wm? (Ishii and others (2017) and
0.33 £ 0.10 Wm2 (Cheng and others, 2017a) (av-
eraged over the Earth’s surface) in the period
1955-2018, with the mean rate of 0.34 + 0.08
Wm2 among all data sets. The new estimates
are collectively higher than previous estimates
(Rhein and others, 2013) and more consistent
with each other (Cheng and others, 2019a).
The rate of ocean warming for the upper
2,000 m has increased in the decades after the
1990s, with linear trends of 0.58 + 0.06 Wm?
(Cheng and others, 2017a), 0.61 + 0.08 Wm?
(Ishii and others, 2017) and 0.66 + 0.02 Wm?
(Domingues and others, 2008; Levitus and oth-
ers, 2012) between 1999 and 2018. The mean
rate is 0.62 + 0.05 Wm=. In the recent decade
(2009-2018), the rate of ocean heat content in-
crease is: 0.56 + 0.06 Wm? (Cheng and others,
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2017a),0.66 + 0.09 Wm (Ishii and others, 2017)
and 0.66 + 0.03 Wm2 (Domingues and others,
2008; Levitus and others, 2012). The mean rate
is 0.65 + 0.07 Wm™2. For ocean heat content,
the past 10 years are the 10 warmest on record
(Cheng and others, 2019a), as the heat content
is less affected by natural variability.

Increases in ocean heat content are observed
practically throughout the global ocean, to
a depth of 2,000 m (see figure VII). Some in-
triguing patterns emerge for long-term content
change in the period 1960-2018: stronger
warming in the Southern Ocean (approximate-
ly 70° south to approximately 40° south) and
Atlantic Ocean (approximately 40° south to ap-
proximately 50° north) than other regions and
weaker warming throughout the Pacific Ocean
and Indian Ocean (approximately 30° south to
approximately 60° north) (see figure VII). The
long-term warming of the Southern Ocean
has been identified and attributed primarily to
greenhouse gases (Cheng and others, 20173;
Swart and others, 2018), driven predominantly
by air-sea flux changes associated with up-
per-ocean overturning circulation and mixing
(Swart and others, 2018). Southern Ocean
warming has important consequences owing
to its influence on the southern hemisphere ice
reservoir. Near-surface Southern Ocean heat
content is key in limiting the seasonal devel-
opment of sea ice, and warming can therefore
feed back into the global climate by limiting the
Earth’s albedo. In addition, ocean warming ac-
celerates the melting of Antarctic ice shelves,
threatening the stability of the Antarctic ice
sheet, with global implications in terms of sea
level rise (Sallée and others, 2018).

Over the period 1998-2013, a slowdown in the
increase of sea surface temperature and glob-
al surface temperature led to numerous as-
sertions about a “climate hiatus” (Hartmann,
2013). The updated record until 2018 (see
figure V) shows that the linear trend of sea
surface temperature for the period 1998-2018
is 1.25°C £ 0.52°C ¢, which is greater than the

linear trend during the reference period (1982~
1997) (1.00°C * 0.46°C c). That effectively
indicates the end of the slowdown in surface
temperature increase with the appearance of
the extreme 2015/16 El Nifio event (Hu and Fe-
dorov, 2017). In addition, it is clear that the rate
of ocean heat content increase has risen since
the late 1990s (see figure VII). The unabated
increase in the rate of sea surface temperature
and ocean heat content refute the concept of a
slowdown of human-induced global warming.

Figure VILA

Observational ocean heat content changes
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Note: Zettajoules: 1,021 joules, annual mean for the up-
per 2,000 m (Cheng and others, 2017a; Domingues and
others, 2008; Levitus and others, 2012; Ishii and others,
2017). The estimate of Domingues (0-700 m) is com-
bined with that of Levitus (700-2,000 m) to produce a
0-2,000 m time series, following the fifth assessment
report of the Intergovernmental Panel on Climate
Change (Rhein and others, 2013).

Figure VII.B
Spatial pattern of long-term ocean heat
content trend (Wm2), 1955-2018
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2.4. Salinity

The studies described in the fourth and fifth
assessment reports of the Intergovernmental
Panel on Climate Change documented spatial
patterns in near-surface and subsurface salin-
ity that represent long-term change (Bindoff
and others, 2007; Rhein and others, 2013). In
the first World Ocean Assessment (United Na-
tions, 2017), the marked long-term multidec-
adal changes to global ocean salinity were
documented throughout the historical period.

The studies noted above provide clear evi-
dence that the near-surface, high-salinity sub-
tropical ocean regions and the entire Atlantic
basin have become more saline, and low-sa-
linity regions, such as the West Pacific Warm
Pool, and high latitude regions have become
fresher when comparing the earlier historical
data (from about the 1950s) with present-day
salinities (e.g., Boyer and others, 2005; Hosoda
and others, 2009; Durack and Wijffels, 2010;
Helm and others, 2010; Skliris and others,
2014). The pattern of changes reflects an am-
plification of climatological mean salinity and
has been linked through model simulations
(e.g., Durack and others, 2012, 2013; Terray
and others, 2012; Vinogradova and Ponte,
2013; Durack, 2015; Levang and Schmitt, 2015;
Zika and others, 2015) to indicate a coincident
amplification of the atmospheric water cycle
(e.g., Held and Soden, 2006).

While long-term historical assessments of
change are complicated by the sparse observ-
ing network extending back to the mid-twenti-
eth century, recent assessments leverage the
comprehensive global ocean coverage of Argo
profile data from 2008 to the near-present. As
the modern observations provide only 10 years
of temporal coverage (2008 to the present),
estimated changes are more strongly affected
by unforced variability modes, which influence
ocean salinity regionally more than long-term
estimates, but their spatial and temporal cov-
erage allows for more accurate estimates of
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change. The latest Argo-only analyses have
shown for the first time that nearly all salinity
anomalies in 2017 in the Atlantic between 0
and 1,500 m are positive (> 0.05 Practical Sa-
linity Scale-78), mirroring the long-term trends
noted above, with the Pacific showing a gener-
al freshening, similar to long-term trends.

Since the first Assessment, salinity retrievals
from the Soil Moisture and Ocean Salinity
Aquarius and Soil Moisture Active Passive
satellites (e.g., Berger and others, 2002; Lager-
loef and others, 2008; Tang and others, 2017)
have become more prominent. While satellite
salinity data are only available since 2010 and
work is ongoing to intercompare and homoge-
nize data products across satellite platforms,
they are beginning to provide key insights
into ocean salinity variability owing to precip-
itation events (e.g., Boutin and others, 2013,
2014; Drushka and others, 2016). In addition,
the comparative high temporal and spatial
coverage of satellite salinity, when contrasted
with the in situ platforms (e.g., Argo), for the
first time provides insights into water cycle in-
teractions with the terrestrial and oceanic wa-
ter cycles, such as the Amazon outlet plume
(Grodsky and others, 2014).

Considering all available analyses, it is ex-
tremely likely that near-surface and subsur-
face salinity changes have occurred across
the globe since the 1950s. A salinity pattern
amplification is apparent, with fresh regions
becoming fresher and salty regions becoming
saltier, and is supported by all available obser-
vational studies that have considered salinity
change since the advent of instrumental re-
cords. For example, high-latitude oceans have
shown significant rates of freshening. More
modern assessments are currently too short
to confirm consistent changes over the past
decade. However, the most recent analyses
suggest that consistent patterns are begin-
ning to emerge for the Atlantic and, to a lesser
degree, the upper Pacific Ocean basins.
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Ocean acidification

2.5.

Global surface ocean pH has declined on av-
erage by approximately 0.1 since the Industrial
Revolution (Caldeira and others, 2003), an in-
crease in acidity of about 30 per cent. Ocean
pH is projected to decline, approximately, by
an additional 0.2-0.3 over the next century
(Caldeira and others, 2003; Feely and others,
2009) unless global carbon emissions are
significantly curtailed. Those changes can be
observed in extended ocean time series (see
figure VIII), and the rate of change is likely to
be unparalleled in at least the past 66 million
years (Honisch and others, 2012; Zeebe and
others, 2016). Carbonate chemistry varies
according to large-scale oceanic features, in-
cluding depth, distance from continents owing
to land influence, upwelling regime, freshwater
and nutrient input and latitude (Jewett and
Romanou, 2017). Owing to that variability, as
determined by the various characteristics, only
longer-term, observational time series can de-
tect the predicted long-term increase in acidity
at individual sites on account of rising atmos-
pheric CO, levels. The time of emergence of
the signal varies from 8 to 15 years for open
ocean sites and from 16 to 41 years for coastal
sites (Sutton and others, 2019), making it nec-
essary to commit to long-term observational
records, especially in the coastal zone where
most commercially and culturally important
marine resources reside.

It has now been documented that ocean acidi-
fication is making it harder for some marine or-
ganisms, such as corals, oysters and pteropods
(Hoegh-Guldberg and others, 2017; Lemasson
and others, 2017; Bednarsek and others,
2016; Feely and others, 2004; Orr and others,
2005), to form calcium carbonate shells and
skeletons. In some cases, ocean acidification
has also been shown to lower fithess in some

species such as coccolithophores, crabs and
sea urchins (Campbell and others, 2016; Dodd
and others, 2015; Riebesell and others, 2017;
Munday and others, 2009). Although individual
species, when tested, are vulnerable to ocean
acidification in laboratory settings, how that
is going to translate into changes in actual
ecosystems and species populations remains
unclear and mostly undocumented (McElhany,
2017). Research efforts over the past decade
have begun to build understanding of how ma-
rine species, ecosystems and biogeochemical
cycles may be influenced by ocean acidifica-
tion alone and in concert with other stressors,
including eutrophication, warming and hypox-
ia (Baumann, 2019; Murray, 2019). The inter-
action of ocean acidification in coastal zones
with coastal processes, such as upwelling of
undersaturated water and land-based nutrient
influxes, has become a high priority area of re-
search (Borgesa and Gypensb, 2010; Feely and
others, 2008). Natural variability in carbonate
chemistry, such as coastal upwelling and
seasonal fluctuations in primary productivity,
is compounded by anthropogenic changes to
create particularly extreme ocean acidifica-
tion conditions in some regions of the global
ocean (Feely and others, 2008; Cross and
others, 2014). Intensive national and interna-
tional efforts focused on carbonate chemistry
monitoring, biological observations and bio-
geochemical or ecological forecast modelling
over the past decade have shed light on the
status and impacts of ocean acidification from
the local to the global level. Gaps in the current
understanding of ocean chemistry are being
addressed through global monitoring capaci-
ty-building efforts, such as the Global Ocean
Acidification Observing Network, increased
biological impact studies and biogeochemical
ecosystem modelling.
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Figure VI

Trends in surface (< 50 m) ocean carbonate
chemistry calculated from observations
obtained at the Hawaii Ocean Time-series
Program in the North Pacific from 1988 to
2018
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The figure shows the linked increase in atmospheric
CO, concentrations (red), seawater pCO, concentra-
tions (green) and a corresponding decline in seawater
pH (blue, secondary y-axis). Ocean chemistry data were
obtained from the Hawaii Ocean Time-series Data Or-
ganization and Graphical System

Source: National Oceanic and Atmospheric Administra-
tion Pacific Marine Environmental Laboratory Carbon
Program.

2.6. Dissolved oxygen

Since chemical analysis methods have essen-
tially not changed (Carpenter, 1965; Wilcock
and others, 1981; Knapp and others, 1991),
long-term oceanic oxygen trends can be esti-
mated fairly robustly where there is sufficient
data coverage. Dissolved oxygen samples
are analysed by Winkler titration, which was
established in 1903 and has since been used
to calibrate all means of oceanic dissolved
oxygen measurements. That allows a robust
analysis of long-term trends in all areas with
sufficient data coverage. Modern Winkler ti-
tration is computer-aided, providing analysis
with higher accuracy, though a bias of historic
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measurements could not be shown (Schmidt-
ko and others, 2017). The postulated possible
bias of 0.5 per cent reagent changes (Knapp
and others, 1991) was tested on a global ox-
ygen data set and found to be very unlikely,
since the mapped pattern of oxygen change
for a deliberately introduced bias does not
match any observed pattern (Schmidtko and
others, 2017).

In the open ocean, most regional long-term
series data show a small long-term decrease
despite temporal variations on many times-
cales (e.g., Keeling and others, 2010). Increas-
ing oxygen levels are found only in very limited
time series (Keeling and others, 2010). Coastal
changes have mostly been fuelled by riverine
run-off of fertilizers, but in some cases may
have been affected by larger-scale oxygen
changes. They can lead to an increased occur-
rence of dead zones, with consequences for
the regional ecology and economy (Diaz and
Rosenberg, 2008).

Globally, the ocean has been losing oxygen
in recent decades. Both methods, comparing
decadal oxygen data snapshots and local
regression analyses (Schmidtko and others,
2017; Ito and others, 2017), show large-scale
oxygen declines (see figures IX.A and IX.B).
Despite various methods, the derived rates
agree within the same water layers and given
uncertainties. Deoxygenation rates vary with
depth and region, resembling the manifold
processes modifying the oxygen content, with
isolated regions showing an increase in oxy-
gen. The overall oxygen budget has decreased
by 2 per cent in the past five decades, a loss
of 4.8 + 2.1 petamoles since 1960 (Schmidtko
and others, 2017). In the upper water column,
temperature-driven solubility decrease is
dominating (see figure IX.C). For the period
1970-2010, the oxygen concentration in the
upper 1,000 m has decreased by 0.046 + 0.047
pmol I7 yr', including a solubility change of
0.025 pmol I yr' (Schmidtko and others,
2017). Analysing shallower layers increases
the solubility-related change significantly (see
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figure IX.C), in accordance with the heat gain in
the upper water column (see figure IX.C, upper
section). However, for the full ocean column,
solubility-driven changes from 1970 to 2010
are small,-0.006 ymol I yr' compared with the
overall oxygen loss 0.063 + 0.031 pymol I7 yr'.
Nevertheless, temperature cannot be ruled out
as the key source of such changes, through
mechanisms other than solubility change. The
mechanisms include stratification increase,
circulation changes and thermal impacts on
biogeochemical cycles (e.g., Keeling and oth-
ers, 2002; Bianchi and others, 2013; Stendardo
and Gruber, 2012).

Figure IX.A
Mean dissolved water column oxygen
concentration
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Figure IX.B
Dissolved oxygen changes in per cent
per decade

Dissolved oxygen change (per cent/decade)
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Note: Solid, dotted and dashed lines indicate the pres-
ence of low oxygen (40, 80 and 120 umol I") at some
depth within the water column.

Figure IX.C
Vertical distribution of oxygen loss
per decade of oxygen change
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Figure IX.D
Water column cumulative oxygen loss
owing to solubility change as a percent-
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Note: Solubility changes above 100 per cent are due to
processes that increase upper-ocean oxygen content
and counteract warming.

Source: Schmidtko and others, 2017.
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The area of oxygen minimum zones has typical-
ly been expanding in recent decades, although
there is significant regional variability (Diaz and
Rosenberg, 2008). Oxygen minimum zones have
potential impacts on climate change because
they emit large quantities of nitrous oxide, a
potent greenhouse gas, owing to denitrification
processes under anoxic conditions (e.g., Codis-
poti, 2010; Santoro and others, 2011). In particu-
lar, oxygen minimum zones have increased in
the Pacific Ocean and the Indian Ocean.

2.7.

Sea ice in the Arctic has been one of the most
iconic indicators of climate change. During the
boreal winter, the areal extent of Arctic sea ice
reaches a maximum area of 15.4 x 10° km? in
March and, during the boreal summer, declines
to 6.4 x 10% km? in September. Arctic sea ice ar-
eal extent is declining by -2.7 + 0.4 per cent per
decade during the winter (March 1979-2019),
and -12.8 + 2.3 per cent per decade during the
summer (September 1979-2018) (see figure X;
Feterrer and others, 2017). While the decreas-
ing trends during the winter are more evenly
distributed around the pole, the summer trends
are almost twice as high in the Pacific sector of
the Arctic Ocean (upper right of maps, figure X).
In that area, the changes in wind related to the
Arctic Oscillation have been increasingly blow-
ing the ice away from coastal areas and into the
North Atlantic (Rigor and others, 2002), leaving
in its wake a much younger and thinner ice pack
(Rigor and Wallace, 2004). The thickness of Arc-
tic seaice has decreased by at least 40 per cent
(Rothrock and others, 1999, comparing subma-
rine observations from 1958 to 1976 and from
1993 to 1997)), and Kwok (2018) shows that
those changes persist today. The observed
trends in sea ice extent (area) and thickness to-
gether indicate that the volume of Arctic seaice
has decreased by over 75 per cent since 1979.
That estimate is coincident with many model-
ling studies, such as the Pan-Arctic Ice Ocean
Modeling and Assimilation System (Zhang and
Rothrock, 2003; Schweiger and others, 2011),

Sea ice
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which estimates that the average volume of
Arctic sea ice of 11.5 x 10° km?® in September
has decreased between 1979 and 2017 by
-2.8 x 10% km? per decade, with the record mini-
mum in total ice volume set in 2010.

In Antarctica, sea ice advances to its maxi-
mum extent of 19-20 x 10® km? in September
(austral winter) and decreases to a minimum
of 3.1 x 10° km? in February (austral sum-
mer). The trends in Antarctic sea ice extent
are 0.6 £+ 0.6 per cent per decade during
the summer (February 1979-2019) and
1.1 £ 3.7 per cent per decade during the winter
(September 1979-2018). Net Antarctic sea
ice extent showed a statistically significant
increase from 1979 to 2015. From 2016 on-
wards, it has been consistently below average
and has set new record low values. Given that
the sudden variability in Antarctic sea ice cov-
er is largely attributed to changes in the ocean
mixed layer, it is highly relevant to expand the
explanation. The net overall changes in sea
ice cover have varied greatly between regions.
That dichotomy between Arctic and Antarctic
sea ice has been attributed to limits imposed
by geography. During the winter, the maximum
extent of sea ice is imposed by the Antarctic
circumpolar currents and the underlying ba-
thymetry of the Southern Ocean (Nghiem and
others, 2016) and, during the summer, the sea
ice can only retreat to the edge of the Ant-
arctic continent. However, figure X (C and D)
shows that, regionally, the trends are more pro-
nounced. During the summer, sea ice extent is
increasing in the Weddell Sea but decreasing
in the Bellingshausen Sea and the Amundsen
Sea (West Antarctica), where the ice sheet
is more vulnerable to ocean processes. The
regional trends in sea ice extent have been re-
lated to changes in wind (and ocean currents)
related to the Southern Annular Mode and the
El Niflo Southern Oscillation (Parkinson, 2019;
and references therein). The 40-year record
reveals gradual Antarctic sea ice increases
followed by decreases at rates far exceeding
those seen in the Arctic.
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Since sea ice floats on the ocean, the contri-
bution of melting sea ice to sea level rise is
negligible. However, sea ice acts as a shield,
keeping insolation from warming the ocean,
and acts as a buttress for land ice, which ter-
minates over the ocean, keeping warm waters

Figure X

and waves from the ocean from eroding the ice
sheet. The loss of sea ice has made many ice
sheets more vulnerable and increased the rate
of sea level rise owing to the melt of the terres-
trial ice sheets (e.g., Stewart and others, 2019).

Arctic and Antarctic sea ice concentration trends (per cent per decade)

A. September 2018

B. March 2019

* . Canada

~l
. p(f /
‘ Area not imaged by sensor

D. March 2019

‘ ¢
" ’ East ¥
© Antarctica © Antarctica
o o
= =
£ £
< . West <
= Antarctica £
3 3
o [e]
%] %]
4l >

2 2 N 2 2 BN 2 2 2 2 2

o O o [oe] <t o < [ce) o~ O o

N A ! ! A - o

per decade

Trends for the Arctic are shown in the top row, and those for the Antarctic are shown in the bottom row, for September
1979-2018 in the left column, and for March 1979-2019 in the right column.

Source: National Snow and Ice Data Center, University of Colorado Boulder; Fetterer and others, 2017.
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3. Knowledge gaps

Sea level

3.1.

Unlike global mean and regional sea level
measured by satellite altimetry missions,
coastal sea level changes remain poorly
known. Coastal zones are indeed highly
undersampled by tide gauges and currently
unsurveyed (within 10 kilometres of the coast)
by conventional altimetry missions because
of land contamination on the radar signal (Ci-
pollini and others, 2018). However, dedicated
reprocessing of the data from those missions
now allow for estimating sea level change very
close to the coast (Marti and others, 2019). In
the near future, systematic use of new synthet-
ic aperture radar technology implemented in
recent European Space Agency missions (e.g.,
CryoSat-2 and Sentinel-3) will also allow for
estimating sea level changes very close to the
coast.

3.2. Ocean circulation

Some limitations remain for the current ocean
observation network, in particular for coast-
al regions, marginal seas and deep ocean
regions below 2,000 m. It is important to es-
tablish a deep ocean system in the future to
monitor ocean changes below that depth, in
order to provide a complete estimate of the
Earth’'s energy imbalance (Johnson and oth-
ers, 2015). Currently, boundary currents are
not fully represented by Argo, as floats can
swiftly pass through the energetic regions,
such as the western boundary current and
Atlantic circumpolar current regions, which
could induce an inverse cascade of kinetic
energy and affect large-scale low-frequency
variability (Wang and others, 2017). Achieving
adequate sampling will require an observing
system design based on a mixture of observ-
ing technologies adapted to the different oper-
ating environments. There is a need to develop
and maintain multiple platform observations
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for cross-validation and calibration purposes
(Meyssignac and others, 2019), including the
validation of climate models.

3.3. Seasurface temperature and
ocean heat content

Temperature records are regulated by the
modes of natural climate, such as the Pacific
Decadal Oscillation (England and others, 2014;
Kosaka and Xie, 2013), the El Nifio-Southern
Oscillation (Cheng and others, 2018) and the
Atlantic Multidecadal Oscillation (Garcia-Soto
and Pingree, 2012). The caveat of observa-
tion-based analyses is that the record is still
too short: in other words, the typical period of
the Atlantic Multidecadal Oscillation and the
Pacific Decadal Oscillation is approximately 30
to 70 years, similar to the length of the reliable
ocean heat content record (about 60 years
since the late 1950s). Combined analyses of
models and observations are the proposed way
forward (Cheng and others, 2018; Liu and oth-
ers, 2016) to better understand the sea surface
temperature and ocean heat content change
and variability on different timescales. The lack
of global long-term surface energy flux obser-
vations is an additional challenge that prevents
full understanding of sea surface temperature
and ocean heat content changes. There is in-
sufficient knowledge of El Nifio Southern Oscil-
lation mechanisms and feedbacks, as well as
its diversity related to global warming.

3.4. Salinity

While the observed salinity changes appear ro-
bustlyinallobservation-based analysestodate,
knowledge gaps exist in the definite source of
those changes, in particular in near-coastal
regions, which are linked to terrestrial and cry-
ospheric water reservoirs. Many observational
and model studies have conclusively linked
open ocean changes to surface-forced water
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cycle change, with coincident enhancement of
evaporation and precipitation patterns as the
primary driver of change. Continued changes
will have significant impacts on marine eco-
systems, including effects on the life cycle
timing, fitness and survivability of ecologically
and economically important species.

3.5. Ocean acidification

More research is needed to better inform mod-
els and improve predictions of the Earth system
response to ocean acidification, its impacts on
marine populations and communities and the
capacity of organisms to acclimatize or adapt
to the changes in ocean acidification-induced
ocean chemistry. There remains a strong need
for more extensive monitoring in coastal regions,
and high-quality, low-cost sensors to do such
monitoring, increased access to satellite data
and research into the long-term trends in ocean

4.  Summary

Ocean warming and land ice melt are the main
causes of present-day accelerating global
mean sea level rise. The global mean sea level
has been rising since 1993 (the altimetry era)
at a mean rate of 3.1 + 0.3 mm per year, with
a clear superimposed acceleration of approxi-
mately 0.1 mm per year.” Satellite altimetry has
also revealed strong regional variability in the
rates of sea level change, with regional rates
up to two or three times greater than the global
mean in some regions. Owing to global warm-
ing, many circulation systems also experience
changes.

Changes in sea level height, measured with
high-precision satellite altimetry, hint at the
widening and strengthening of the subtropical
gyres in the North and South Pacific. The stud-
ies, furthermore, show a poleward movement

6 See https://biogeochemical-argo.org.
7 See General Assembly resolution 70/1.

chemistry beyond the observational record
(paleo-ocean acidification). A good example is
the extension of the Argo programme to include
biogeochemical parameters, including pH.¢

Sea ice

3.6.

Maintaining the in situ observing networks in
the polar regions is a challenge owing to the
harsh environment and access being typically
limited to the spring and summer seasons.
Retrievals of geophysical parameters by satel-
lite are improving, but in situ observations are
required to validate such retrievals. In particu-
lar, in situ measurements of snow on sea ice,
and the thickness of sea ice, are invaluable to
advancing understanding of physical process-
es in the polar regions. Such measurements
are rare in the Arctic, and even rarer in the
Antarctic.

of many ocean currents, including the Antarc-
tic circumpolar current and the subtropical
gyres in the southern hemisphere, as well as
western boundary currents in all ocean basins.
One of the major ocean current systems, the
Atlantic meridional overturning circulation,
has already weakened, and it is very likely that
it will continue to do so in the future. Impacts
that follow such changes include regional sea
level rise, changes in nutrient distribution and
carbon uptake and feedbacks with the atmos-
phere.

The globally averaged ocean surface
temperature data show a warming of
0.6210.12°C per century over the period 1900-
2018.Intherecentdecade (2009-2018),therate
of ocean surface warming is 2.56+0.68°C c™.
The warming happens in most ocean regions,
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with some areas, such as in the North Atlantic,
showing long-term cooling. Since 1955, the
upper 2,000 m of the ocean has also exhibited
signs of robust warming, as evidenced by the
increase in ocean heat content.

The spatial patterns of multidecadal salini-
ty changes provide convincing evidence of
global-scale water cycle change in the global
ocean coincident with warming over the peri-
od. The resolved changes are replicated in all
observed analyses of long-term salinity chang-
es, and more recently have been reproduced
in forced climate model simulations. Those
changes are manifested in enhanced salinities
in the near-surface, high-salinity subtropical
regions and corresponding freshening in the
low-salinity regions such as the West Pacific
Warm Pool and the poles. Similar changes are
also seen in the ocean subsurface, with similar
patterns of freshening low-salinity waters and
enhanced high-salinity waters represented in
each of the ocean basins, Atlantic, Pacific and
Indian, and across the Southern Ocean.

Global surface ocean pH has declined on av-
erage by approximately 0.1 since the Industrial
Revolution, an increase in acidity of about
30 per cent. Ocean pH is projected to decline
by approximately an additional 0.3 over the
next century unless global carbon emissions
are significantly curtailed. The changes can be
observed in extended ocean time series, and
the rate of change is likely to be unparalleled
in at least the past 66 million years. The time
of emergence of the signal varies from 8 to
15 years for open ocean sites and 16 to 41
years for coastal sites, making it necessary to
commit to long-term observational records,
especially in the coastal zone, where most
commercially and culturally important marine
resources reside.
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Oceanic oxygen levels have declined in recent
decades, with strong regional variations. While
the overall oxygen content has decreased by
about 2 per cent in five decades, oxygen in
coastal areas or near oxygen minimum zones
shows larger variations. Coastal changes are
mostly fuelled by riverine run-off, and the open
ocean changes are likely related to a combi-
nation of changes in ocean circulation and
biogeochemical cycles. Temperature-driven
solubility decrease is responsible for most
near-surface oxygen loss, while other process-
es have to be accountable for deep-ocean
oxygen loss. A further decrease in oxygen in
and near oxygen minimum zones can lead to
climate feedback through consequent green-
house gas emissions.

Sea ice covers 15 per cent of the global ocean
and affects global heat balance and global
thermohaline circulation. Total sea ice extent
has been declining rapidly in the Arctic, but
trends are insignificant in the Antarctic. Arctic
seaice extent is declining by -2.7 + 0.4 per cent
¢’ during the winter, and -2.8 + 2.3 per cent ¢
during the summer. In contrast, trends in total
Antarctic sea ice extent are insignificant, 0.6 +
0.6 per cent ¢’ during the summer and 1.1
3.7 per cent ¢’ during the winter. Regionally,
the spatial distribution of the trends is dra-
matic. In the Arctic, the summer trends are
most striking in the Pacific sector of the Arctic
Ocean, while, in the Antarctic, the summer
trends show increases in the Weddell Sea and
decreases in the West Antarctic sector of the
Southern Ocean. The spatial distribution of the
changes in sea ice is attributed to changes in
wind and ocean currents related to the Arctic
Oscillation in the northern hemisphere and
the Southern Annular Mode and El Nifio in the
southern hemisphere.
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Chapter 6: Trends in the biodiversity of the main taxa of marine biota

Introduction

In the first World Ocean Assessment, published
in 2017, biological diversity was considered
from three viewpoints: geographical region,
taxonomic group and habitats identified as of
concern. In the second World Ocean Assess-
ment, biological diversity is considered by tax-
onomic group (chap. 6) and by habitats (chap.
7) for all regions for which data are available.
For the taxonomic groups that were included
in the first Assessment, the focus is on chang-
es that have occurred since its publication,
including new information. For the taxonomic
groups that were not included in the first As-
sessment, the focus is on general information,
in order to establish a baseline on their current
state.

Subchapter 6A expands on the information
on plankton contained in the first Assess-
ment by describing the biodiversity of that
group, providing in particular information on
single-celled phytoplankton, bacteria, viruses
and metazoan zooplankton. Information on
benthic invertebrates, which were not dis-
cussed separately in the first Assessment, is

provided in subchapter 6B. Among the pelagic
invertebrates, planktonic forms are included in
subchapter 6A. Data on pelagic invertebrates
(cephalopods) remain a gap that will need to
be filled in a future assessment, even though
some information on those invertebrates has
been provided in an addendum to subchapter
6B by the Group of Experts of the Regular Pro-
cess for Global Reporting and Assessment of
the State of the Marine Environment, including
Socioeconomic Aspects. New and expanded
information on fish diversity, in particular in
relation to species that were not considered in
the first Assessment, is included in subchap-
ter 6C. Chapter 6 also contains information
on recent changes in the biodiversity of ma-
rine mammals (subchap. 6D), marine reptiles
(subchap. 6E), seabirds (subchap. 6F) and
marine plants and macroalgae (subchap. 6G).
That last subchapter incorporates trends in
the status of kelp forests and algal beds. Ma-
rine plants are also described in subchapters
7G-1 from the viewpoint of habitats.
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Chapter 6A: Plankton (phytoplankton, zooplankton, microbes and viruses)

Keynote points

e Single-celled microbes are the most abun-
dant and diverse form of marine life. Food
webs based on them sustain most ocean
biodiversity.

e Marine phytoplankton account for about
50 per cent of the Earth’s primary produc-
tion, oxygen supply and N,-fixation. Dia-
toms and picoplankton (< 2 ym) account
for most marine primary production.

e Driven by upper-ocean warming, increases
in the vertical separation of layers of water
(stratification) and decreases in inorganic
nutrient inputs to the part of the ocean
where photosynthesis is possible (the eu-
photic zone) are likely to result in:

e Decreases in phytoplankton productiv-
ity and cell size;

e Increases in energy flow through mi-
crobial food webs relative to that

1. Introduction

Marine plankton communities are comprised
of viruses, prokaryotes (archaea and bacteria)
and eukaryotes (protists and Metazoa). Prokar-
yotes and eukaryotes include both primary
producers and heterotrophic consumers, and
marine plankton represent the most phyloge-
netically diverse group of organisms on Earth
(Colomban and others, 2015; United Nations,
2017a). The focus in the present subchapter is
on plankton assemblages of the upper ocean
(0 to -1,000 m) and climate-driven changes in
plankton that are most likely to have an impact
on ecosystem services.

Unicellular microbes account for most bio-
mass, biodiversity and metabolic activity in
the oceans (Gasol and others, 1997; Azam and

through metazoan food webs (plank-
ton > 20 pym);

e Decreases in the export of biological
production to the deep ocean. Such de-
creases would reduce the capacity of
the ocean to absorb CO,, accelerating
global atmospheric warming;

e Decrease in biological production of
higher trophic level.

e Climate-driven ocean acidification may
reduce the abundance and distribution
of calcareous plankton.

e Current global ocean observations do not
specifically monitor plankton diversity. An
international, integrated observing system
of ocean life is needed as a component
of the Global Earth Observing System of
Systems.

Malfatti 2007; Salazar and Sunagawa, 2017;
Bar-On and others, 2018) and play critical roles
in the provision of marine ecosystem services
(Palumbi and others, 2009; Liquete and others,
2013). In particular, phytoplankton account for
some 50 per cent of the Earth’s net primary
production (NPP) that fuels marine food webs
and for some 50 per cent of the Earth’s oxy-
gen supply (Field and others, 1998; Westberry
and others, 2008); and planktonic food webs
support most fisheries (Blanchard and others,
2012; Boyce and others, 2015), fuel the biolog-
ical pump? (Honjo and others, 2014) and sus-
tain biodiversity (Beaugrand and others, 2013;
Vallina and others, 2014). Phytoplankton NPP
and the flows of nutrients through planktonic
food webs make significant contributions to

1 Biologically mediated export of particulate organic matter and calcium carbonate to the deep ocean (below

1,000 m).

117



World Ocean Assessment Il: Volume |

at least 14 Sustainable Development Goals
(Wood and others, 2018), first of all Goal 14
(Conserve and sustainably use the oceans,
seas and marine resources for sustainable
development).?

The objectives of the present subchapter
are to: (a) describe the current composition
of plankton assemblages and past trends in
their diversity and productivity at the global
and regional levels; (b) summarize predicted,
climate-driven trends in those plankton as-
semblages; and (c) identify gaps in current

knowledge. The climate-driven changes in
the upper-ocean environment targeted in the
present section are ocean warming and ocean
acidification.?® This information is particularly
relevant to chapters 5 (trends in the physi-
cal and chemical state of the ocean) and 10
(changes in nutrient inputs to the marine en-
vironment). Subjects addressed in the present
subchapter that were not specifically covered
in chapter 6 of the first World Ocean Assess-
ment (United Nations, 2017b) include past and
projected trends in the diversity of plankton.

2. Summary of chapter 6 of the first World Ocean Assessment

Regional and global patterns of NPP by phy-
toplankton and benthic macrophytes, nutrient
cycling in the upper ocean and anthropogenic
impacts on those processes were studied,
leading to the following findings:

e With the exception of coastal waters
subject to riverine inputs of nutrients and
high-nutrient low-chlorophyll zones, the
global pattern of phytoplankton NPP re-
flects the pattern of deep-water nutrient
(nitrogen and phosphorus) inputs to the
euphotic zone.*

e Phytoplankton NPP in subtropical gyres
decreased from 1998 to 2006 as a result
of climate-driven upper-ocean warming
and associated decreases in nutrient sup-
ply, while NPP has increased in coastal
ecosystems as a result of increases in
land-based nutrient inputs. This has led
to a global spread of hypoxia in the ocean,
a decline in the spatial extent of seagrass
beds and increases in the occurrence of
toxic phytoplankton events.

2 See General Assembly resolution 70/1.
3

e Phytoplankton species diversity tends to
be lowest in polar and subpolar waters,
where fast-growing species account for
most NPP, and highest in tropical and sub-
tropical waters, where small phytoplankton
(< 10 ym) account for most NPP.

e As the upper ocean warms and becomes
more stratified, it is likely that small phy-
toplankton species will account for an in-
creasingly large fraction of NPP, resulting
in decreases in fish stocks and organic
carbon export to the deep sea.

e With increases in upper-ocean tempera-
tures at high latitudes, the spatial ranges of
copepod species in the North Atlantic have
expanded to higher latitudes and seasonal
peaks in abundance are occurring earlier in
the year for temperate species.

Ocean acidification refers to a reduction in the pH of the ocean over an extended period of time, caused primar-

ily by the uptake of CO, from the atmosphere.

4 The euphotic zone is the upper layer of the ocean into which sufficient light penetrates for photosynthesis to

occur.
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3. Regions targeted in the present World Ocean Assessment

Mean sea surface chlorophyll a concentration (1997-2010) and
six regions targeted in the present report
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Source: adapted from Sundby and others (2016).

Note: 1, central gyres; 2, high-latitude spring bloom regions; 3, Antarctic circumpolar region; 4, polar sea ice
region; 5, coastal upwelling region; and 6, equatorial upwelling region (blue: < 0.1 mg/m=; green: 0.1-1.0 mg/m;
yellow: 1-3 mg/m3; and red: > 3 mg/m-).

Phytoplankton NPP varies regionally (Behren-  regions (as numbered in the figure above) are
feld and others, 2006; Uitz and others, 2010;  as follows:

United Nations, 2017c), and the global ocean 1
has been subdivided into regions by the In- '
tergovernmental Panel on Climate Change
accordingly (Hoegh-Guldberg and Poloczans-
ka, 2017). Of the seven regions defined by the
Panel, those targeted in the present section
represent high- and low-latitude systems, sys-
tems in which the primary input of nutrients is
from deep water through vertical mixing or up- 3. Antarctic circumpolar region of the South-

The five subtropical central gyres, the
largest biomes of the upper ocean (about
40 per cent of the surface of the ocean,
22 per cent of the annual NPP of the ocean);

2. High-latitude spring bloom regions (about
25 per cent of the surface of the ocean,
43 per cent of the annual NPP of the ocean);

welling and systems that exhibit a broad range ern Ocean (about 12 per cent of the sur-
of trophic states® (that do not reflect land- face of the ocean, about 9 per cent of the
based inputs of nutrients). The six targeted annual NPP of the ocean);

5 From oligotrophic regions with low mean annual chlorophyll a concentrations (< 0.1 mg m3) to eutrophic re-
gions with relatively high mean concentrations (1-30 mg m-).
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4. Polar sea ice regions of the Arctic Ocean
and Southern Ocean (about 4 per cent of
the surface of the ocean, 1-2 per cent of
annual NPP of the ocean);

5. Coastal upwelling regions (about 2 per cent
of the surface of the ocean, 7 per cent of
the annual NPP of the ocean);

6. Equatorial upwelling regions (about
8 per cent of the surface of the ocean,
9 per cent of the annual NPP of the ocean).

Collectively, those six regions encompass
90 per cent of the surface of the ocean and ac-
count for 90 per cent of the NPP of the ocean.

4. Estimating plankton diversity

4.1. Species diversity

Accurate estimates of plankton species diver-
sity at the regional and global levels based on
the microscopic examination of ocean samples
are not possible at the presnt time, owing to
severe undersampling® (Appeltans and others,
2012), the rapidly growing number of cryptic
species’ revealed by metagenomics (Delong,
2009; Goetze, 2010; Lindeque and others,
2013; Harvey and others, 2017), larval stages
of zooplankton that lack clear diagnostic char-
acteristics (Bucklin and others, 2016) and a
lack of consensus among microbiologists on
the definition of species (Amaral-Zettler and
others, 2010). The problem of undersampling
can only be addressed by increasing the time-
space resolution of sampling. In this regard,
the importance of expanding and sustaining
support for the Global Alliance of Continuous
Plankton Recorder Surveys (Batten and others,
2019) and for the development of an integrat-
ed ocean life observing system (Canonico and
others, 2019) must be stressed.

4.2. Functional diversity

Grouping organisms into functional groups
that share common characteristics (size and
ecological roles) can be more useful ecolog-
ically than taxonomic groupings (Litchman
and others, 2010; Mitra and others, 2016). The
size spectrum of plankton spans over seven
orders of magnitude (Boyce and others, 2015;
Sommer and others, 2017) and is reflected in
the pathways by which phytoplankton NPP
is recycled in the upper ocean, channelled
to fisheries or exported to the interior of the
ocean through the biological pump (Ward
and others, 2012; Acevedo-Trejos and others,
2018). Plankton have been categorized by size
into picoplankton (0.2-2 pm), nanoplankton
(2-20 pm), microplankton (20-200 pm), mes-
oplankton (200 um to 20 mm), macroplankton
(20-200 mm) and megaplankton (> 200 mm)
(Sieburth and others, 1978; Sommer and oth-
ers, 2017). At the level of the major ocean ba-
sins, phytoplankton biomass and the fraction
of large phytoplankton generally increase as
the availability of dissolved inorganic nutrients
increase, a pattern that reflects the importance
of nutrient supplies as a parameter of phyto-
plankton NPP and community composition
(Mousing and others, 2018).

6 Measurements are too sparse in time and space to estimate plankton biodiversity accurately at the regional

and global levels.

7 Genetically distinct species (based on operational taxonomic units) that do not exhibit clear morphological
differences. Such units are used to estimate species richness on the basis of genetic differences (Caron and

others, 2009).
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From a functional perspective, marine food
webs can be divided into two categories based
on size (Fenchel, 1988; Pomeroy and others,
2007):

(a) Microbial food webs populated by pico-
phytoplankton and nanophytoplankton,
heterotrophic bacteria and protozoan con-
sumers that are fuelled primarily by pico-
phytoplankton NPP (including the release
of dissolved organic matter by primary
producers and consumers);

(b) Metazoan food webs populated by micro-
phytoplankton and metazoan plankton that

5. Microbial plankton
5.1.

Major taxa in terms of their contribution to
global NPP include prokaryotic cyanobacteria
and eukaryotic diatoms, coccolithophores and
chlorophytes (Not and others, 2007; Simon
and others, 2009; Uitz and others, 2010; Flom-
baum and others, 2013).

Phytoplankton

5.1.1. Diversity and functional groups
of phytoplankton

Five functional groups of phytoplankton have
been recognized on the basis of their size
and roles in pelagic food webs and nutrient
cycles (Chisholm, 1992; Le Quéré and others,
2005; Marafién and others, 2012): photosyn-
thetic picoplankton, silicifying microplankton,
calcifying nanoplankton, nitrogen-fixing mes-
oplankton and dimethyl sulphide-producing
nanoplankton. For the purposes of the present
subchapter, toxic microplankton have been
added to this list. Changes in the relative abun-
dance, productivity and toxicity of those func-
tional groups have major repercussions on
their capacity to support ecosystem services.

are fuelled primarily by microphytoplankton
productivity and microbial food webs.

Microbial food webs account for most living
biomass and nutrient recycling in the ocean
(Del Giorgio and Duarte 2002; Sunagawa and
others, 2015), while metazoan food webs sup-
port most fisheries and the biological pump
(Legendre and Michaud, 1998; Sommer and
others, 2002). Thus, changes in the balance
between those two food webs are likely to have
major impacts on the provision of ecosystem
services (Miren and others, 2005; Worm and
others, 2006; Sommer and others, 2016).

5.1.1.1. Picoplankton

Picoplankton include two genera of cyanobac-
teria (Prochlorococcus and Synechococcus)
and a diverse ensemble of picoeukaryotes
from several phyla (Not and others, 2007,
Kirkham and others, 2013). They are globally
ubiquitous, account for some 50 per cent of
the NPP of the ocean (Agusti and others,
2019) and fuel microbial food webs (Marafién
and others, 2001, 2015). It is estimated that
Prochlorococcus accounts for 17-39 per cent
of picoplankton biomass globally, Synechoc-
occus for 12-15 per cent and picoeukaryotes
for 49-62 per cent (Buitenhuis and others,
2012). Prochlorococcus dominates the phyto-
plankton in warm (> 15 °C), nutrient-poor wa-
ters (Chisholm, 2017). Synechococcus has a
broader, more uniform distribution and is more
abundant than Prochlorococcus under cooler,
nutrient-rich conditions (Follows and others,
2007; Flombaum and others, 2013). Picoeu-
karyotes tend to increase in abundance with
increasing nutrient levels, often dominating
the phytoplankton at high-latitudes (Li, 1994;
Worden and Not, 2008; Kirkham and others,
2013). Those organisms exhibit extraordinary
genomic diversity that underlies their broad
geographical distribution (Vaulot, 2008; Kent
and others, 2016).
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5.1.1.2.Silicitying microplankton: diatoms

Diatoms dominate microphytoplanktonin cold,
turbulent, nutrient-rich waters (Malone, 1980;
Rousseaux and Gregg, 2015). They account
for 40-50 per cent of global marine NPP, fuel
metazoan food webs and account for some
40 per cent of carbon export through the bio-
logical pump (Honjo and others, 2014; Tréguer
and others, 2018). Diatoms are therefore im-
portant players in the global carbon cycle.

5.1.1.3. Calcitying nanoplankton?®

Coccolithophores (dominated by Emiliania
huxleyi) are globally ubiquitous, function as
both a sink (photosynthesis) and a source (cal-
cification) of CO, and are therefore important
players in the global carbon cycle (Sarmiento
and others, 2002; Balch and others, 2016).
E. huxleyi forms the “great calcite belt” that
surrounds Antarctica between the subantarc-
tic and polar fronts (Balch and others, 2016;
Nissen and others, 2018). There is evidence
that E. huxleyi produces more biogenic CaCO,
than any other organism on Earth (Igle-
sias-Rodriguez and others, 2002). Blooms tend
to occur following seasonal diatom blooms
(Brown and Yoder, 1994; Smith and others,
2017). E. huxleyi harbours a pan-genome of
extensive genetic variability that underpins its
cosmopolitan distribution and its capacity to
bloom under a wide variety of environmental
conditions (Read and others, 2013).

5.1.1.4. Nitrogen-fixing mesoplankton®

Planktonic cyanobacteria account for about
half of the Earth’s N,-fixation (Karl and oth-
ers, 2002; Landolfi and others, 2018) and are
the largest source of fixed nitrogen in the

global ocean (Galloway and others, 2004;
Gruber, 2004). The group includes unicellular
symbionts (diatom-diazotroph associations)
and colonial genera (e.g., Trichodesmium)
(Delmont and others, 2018; White and others,
2018). Most marine nitrogen fixation occurs
in the subtropical gyres (Gruber, 2019) where
Trichodesmium is most abundant at tempera-
tures above 20°C (Breitbarth and others, 2007,
Monteiro and others, 2010).

5.1.1.5. Dimethylsulphoniopropionate-

producing nanoplankton®

Over90 per cent of dimethyl sulphide emissions
to the atmosphere come from dimethylsulpho-
niopropionate produced in the ocean, most of
which by Prymnesiophyceae (e.g., Phaeocystis
spp. and Emiliania huxleyi) and Dinophyceae
(e.g., Prorocentrum minimum) during blooms
(Keller and others, 1989; Bullock and others,
2017). Phaeocystis is a cosmopolitan genus
with alife cycle that alternates between free-liv-
ing nanoplankton (3—9 ym) and large (> 2 mm)
gelatinous colonies (Schoemann and others,
2005). The latter develop during massive
summer blooms in high-latitude spring bloom
regions and during summer blooms in polar
sea ice regions and in the Antarctic circumpo-
lar region (Schoemann and others, 2005; Vogt
and others, 2012). Blooms of Prorocentrum
minimum occur in regions with relatively high
anthropogenic nutrient inputs, and its global
distribution is expected to expand, given that
anthropogenic nutrient inputs are projected to
more than double by 2050, unless inputs are
controlled more effectively on a global scale
(Glibert and others, 2008).

8  Calcifying plankton include taxa that create shells, skeletons or other structures from calcium carbonate. This
is a taxonomically diverse group that includes phytoplankton such as coccolithophores, zooplankton such as
pteropods and the larval stages of benthic bivalve molluscs and echinoderms.

9 Nitrogen fixation is not limited to mesozooplankton. There is evidence that there are non-cyanobacterial diaz-
otrophs (bacteria and archaea) in the oceans (Benavides and others, 2018).

10 pimethylsulphoniopropionate is the biogenic precursor of dimethyl sulphide, which represents a large source
of sulfur going into the Earth’s atmosphere, where it helps to drive the formation of clouds that block solar
radiation from reaching the Earth’s surface and reflect it back into space.
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5.1.1.6. Toxin-producing microplankton

Among the 5,000 species of extant marine phy-
toplankton (Sournia and others, 1991), some 80
or so species have the capacity to produce po-
tent toxins that find their way through fish and
shellfish into humans (Hallegraeff and others,
2004). Most toxic species are dinoflagellates
that cause paralytic shellfish poisoning (e.g., Al-
exandrium spp.), diarrhoeic shellfish poisoning
(e.g., Dinophysis spp.), neurotoxic shellfish poi-
soning (e.g., Karenia spp.), azaspiracid shellfish
poisoning (e.g., Protoperidinium crassipes) and
ciguatera fish poisoning (e.g., Gambierdiscus
toxicus). One diatom genus (Pseudo-nitzschia
spp.) also causes amnesic shellfish poisoning
(Lelong and others, 2012). Toxin-producing mi-
croplankton have a cosmopolitan distribution
(Hallegraeff and others, 2004).

52 . Protozoan consumers

Most heterotrophic protozoa fall into the nano-
and micro-zooplankton size classes and are
major consumers in microbial food webs and
important links to metazoan food webs (Lan-
dry and Calbet, 2004; Mitra and others, 2016).
Their diversity can be described in terms of
three basic body plans that broadly determine
their ecological roles: amoeboid, flagellated
and ciliated forms (Fuhrman and Caron, 2016).

Amoeboid foraminifers are most abundant
in high-latitude spring bloom regions and
least abundant in subtropical gyres (Berger,
1969). They are major producers of marine
calcareous shells deposited on the ocean floor
(Schiebel and Hemleben, 2005). Radiolaria are
common in the euphotic zone in tropical and
subtropical oceanic regions globally and much
less abundant in coastal upwelling, high-lat-
itude spring bloom and polar regions (Caron
and Swanberg, 1990).

Heterotrophic nanoflagellates are the most
abundant protozoan consumers and control
the abundance of bacterioplankton (Fenchel,
1982; Massana and Jiirgens, 2003). While
nanoflagellates are important grazers of pico-
phytoplankton in oligotrophic habitats, heter-
otrophic microflagellates (e.g., dinoflagellates)
can be important consumers of microphyto-
plankton, including bloom-forming diatoms
(Sherr and Sherr, 2007; Calbet, 2008).

Microzooplankton (dinoflagellates and cili-
ates) have been estimated to graze over half
of daily global phytoplankton NPP and exert
significant top-down control on phytoplank-
ton blooms in ecosystems from the Southern
Ocean (Swalethorp and others, 2019) and the
western Arctic Ocean (Sherr and others, 2009)
to temperate coastal ecosystems (Pierce and
Turner, 1992).

5.3. Heterotrophic bacteria and
archaea

Bacterial assemblages are typically dominated
by a small number of phylotypes’ (Yooseph
and others, 2010), the 20 most abundant of
which fall into one of four groups (Amaral-Zet-
tler and others, 2010; Luo and Moran, 2014):
a-Proteobacteria (SAR11, Rhodobacteraceae),
y-Proteobacteria  (SAR86), Bacteroidetes
(Flavobacteriaceae) and Actinobacteria, most
abundant of which are a-Proteobacteria (Le-
fort and Gasol, 2013; Giovannoni, 2017). Spe-
cies richness tends to decrease toward the
poles for both the animal and plant kingdoms
(Wietz and others, 2010).

Four major groups of archaea (marine groups
I-1V) are abundant in the ocean (Church and
others, 2003; Danovaro and others, 2017).
Marine group | archaea are among the most
abundant and widely distributed, from polar
to tropical waters (Karner and others, 2007,

11 A group of genetically similar organisms that may be grouped at different taxonomic levels, such as species,

family, class or phylum.
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Santoro and others, 2019). Although bacteria
tend to outnumber archaea, the latter make an
important contribution to microbial biomass in
deep waters (Danovaro and others, 2015).

5.4. Viruses

Viruses play important roles in marine food
webs and nutrient recycling via their control
of the abundance of microbial populations
and the release of dissolved organic matter
by cell lysis (Rohwer and Thurber, 2009; Si-
eradzki and others, 2019). Viruses, including
free-living virions, are the most abundant bio-
logical entities in the oceans and are a major

6. Metazoan zooplankton

6.1. Holoplankton?

Metazoan holoplankton have been described
from 15 phyla (Bucklin and others, 2010; Wiebe
and others, 2010). As a group, they exhibit
diverse feeding types (Kigrboe, 2011), from
filter-feeders (e.g., copepods, euphausiids and
tunicates) to passive ambush predators (e.g.,
ctenophores and some pteropods) and active
ambush predators (e.g., chaetognaths and
some amphipods). Like other groups of ani-
mals, the diversity of holozooplankton tends
to decrease toward the poles (Lindley and
Batten, 2002; Burridge and others, 2017). Di-
versity also tends to be higher when biomass
is low (e.g., subtropical gyres) and lower when
biomass is high (e.g., coastal upwelling and
high-latitude spring bloom regions) (United
Nations, 2017a).

6.1.1. Crustaceans

About half of the known species of holoplank-
ton are crustaceans (Verity and Smetacek,

12 Species that live their entire life cycles as plankton.
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reservoir of genetic diversity (Suttle, 2007;
Simmonds and others, 2017). The majority of
viruses are bacteriophages (Coutinho and oth-
ers, 2017), and their abundance is correlated
with the abundance of bacteria from regional
to global scales (Fuhrman and Caron, 2016).
Metagenomic analyses indicate that there are
thousands of different virions in a few litres,
with the most abundant genotypes represent-
ed by a relatively small fraction of the entire
assemblage (Breitbart and others, 2004; Angly
and others, 2006). However, despite recent ad-
vancements in metagenomics such as those,
it is clear that this is the “tip of the iceberg”
in terms of viral biodiversity (Paez-Espino and
others, 2019).

1996; United Nations, 2017a). Copepods are by
far the most abundant and are a key trophic
link between phytoplankton and fisheries (e.g.,
Moélimann and others, 2003; Beaugrand, 2005).
While copepod abundance is generally highest
in regions where high NPP occurs seasonally,
biodiversity is generally highest in warm water
regions where NPP is relatively low (Rombouts
and others, 2009; Valdés and others, 2017).

With nearly 100 documented species (Baker
and others, 1990), euphausiids (krill) occur
throughout the global ocean and, like cope-
pods, are most abundant during periods of
high phytoplankton productivity (Baker and
others, 1990). They are especially abundant in
the Southern Ocean, where they play a crucial
role in the food web and are a target for fisher-
ies (Mangel and Nicol, 2000; Boopendranath,
2013).

There are approximately 200 described
species of planktonic ostracods (Angel and
others, 2007) and approximately 300 species
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of hyperiid amphipods™ (Vinogradov, 1996;
Boltovskoy and others, 2003). Ostracod spe-
cies richness tends to be highest in the mes-
opelagic zone at low latitudes (< 50°N) and in
the epipelagic zone at higher latitudes. The
majority of hyperiids spend at least part of
their life cycle living as commensals of salps,
jellyfish, ctenophores or siphonophores (Ma-
din and Harbison, 1977; Gasca and Haddock,
2004), and their species richness is highest
in regions where gelatinous zooplankton are
most abundant.

6.1.2. Gelatinous zooplankton

This diverse group includes cnidarians (jel-
lyfish),”* ctenophores (comb jellies), chae-
tognaths (arrow worms), tunicates (salps,
doliolids and appendicularians) and molluscs
(pteropods and heteropods) (Alldredge, 1984;
Jennings and others, 2010). As a group, tuni-
cates are well adapted to life in oligotrophic
oceans, where their diversity and abundance
are often greater than those of planktonic
crustaceans (Alldredge and Madin, 1982; Ma-
din and Harbison, 2001). Species richness is
highest in jellyfish (more than 1,000 species)

7. Documented trends

7.1. Global

The study of satellite time series (1998-2015)
of sea surface chlorophyll a has not yet re-
vealed a long-term trend in NPP on a global
scale (Gregg and others, 2017). However,
microplankton diatom biomass has declined
relative to picophytoplankton in most regions
during the period under review (Rousseaux and

13 An order of amphipods that is exclusively marine.

(Purcell and others, 2007; Pitt and others,
2018), followed by molluscs (250 species)
(Jennings and others, 2010), ctenophores (200
species) (Harbison, 1985; Madin and Harbison,
2001), tunicates (145 species) (Deibel and
Lowen, 2012) and chaetognaths (100 species)
(Daponte and others, 2004).

6.2. Meroplankton

Meroplankton are larval stages of benthic and
pelagic adults (e.g., shellfish and fish) and are,
therefore, temporary members of the plank-
ton. Their contribution to plankton diversity
occurs episodically or seasonally, and their
abundance relative to holoplankton decreases
with increasing depth and increasing latitude
(Silberberger and others, 2016; Costello and
Chaudhary, 2017). The distribution, diversity
and fecundity of adults that have a planktonic
larval stage are inextricably linked to the abun-
dance and diversity of their meroplanktonic
larvae which, in turn, influence the distribution
and diversity of their adult stage (Miron and
others, 1995; Hughes and others, 2000).

Gregg, 2015; Gregg and others, 2017), a trend
that appears to be related to upper-ocean
warming, increases in vertical stratification’s,
and decreases in nutrient supplies from the
deep sea (Daufresne and others, 2009; Basu
and Mackey, 2018).

A comparison of known toxic events in 1970
with those observed in 2017'¢ suggests that

14 Although jellyfish have a life cycle with a benthic polyp stage and a planktonic medusa stage, they are consid-
ered to be holoplankton because the sexually reproducing stage (medusa) is planktonic.

15 A water column becomes vertically stratified when a less dense body of water develops (owing to an increase
in temperature, a decrease in salinity, or both) over deeper, denser water. This process limits mixing between

the surface mixed layer and the deep ocean.

16 United States National Office for Harmful Algal Blooms, “Distribution of HABs throughout the World”. Available
at www.whoi.edu/website/redtide/regions/world-distribution.
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the public health and economic impacts of
toxic events have increased in frequency and
have spread globally (Hallegraeff and others,
2004):

o Paralytic shellfish poisoning events caused
by Alexandrium tamarense and A. catenella
increased from 19 coastal sites (including
12 in North America and 4 in western Eu-
rope) to 118 coastal sites (including 26 in
North America, 25 in western Europe, 36 in
the western Pacific, 9 in Australia and New
Zealand, 7 in South America, 7 in Africa
and 4 in India).

o Diarrhoeic shellfish poisoning events
caused by Dinophysis spp. increased from
15 coastal sites (including 13 in western
Europe) to 71 coastal sites (8 in North
America, 37 in western Europe, 9 in South
America, 7 in Australia and New Zealand, 6
in Japan and 4 in India).

e Amnesic shellfish poisoning events caused
by Pseudo-nitzschia spp. increased from 1
coastal site, in North America, to 31 coast-
al sites (including 12 in North America, 9 in
western Europe and 9 in Australia and New
Zealand).

While there is reason to suspect that the
combined effects of increases in coastal
eutrophication, sea surface temperature and
vertical stratification may favour the growth of
dinoflagellates, the underlying causes of those
trends remain a matter of speculation (Wells
and others, 2015).

Upper-ocean warming is influencing the bio-
geography and phenology of plankton species
(Hays and others, 2005; Thackeray and others,
2010; Mackas and others, 2012). On average,
seasonal spring peaks in biomass have ad-
vanced by 4.4 days per decade, with a stand-
ard error of 0.7 days, and the leading edges
of species distributions have extended pole-
wards by 72 km per decade (1920-2010), with
a standard error of 0.35 km (Hoegh-Guldberg

and others, 2014). While holoplankton show
large shifts in both biogeography and phe-
nology in response to upper-ocean warming,
meroplankton show relatively small shifts in
distribution but greater changes in phenology
(Edwards and Richardson, 2004), changes
that are likely to have feedback effects on the
abundance of adult populations.

7.2.

Polar sea ice regions

7.2.1. Southern Ocean

A significant interannual trend in NPP in the
Southern Ocean as a whole has not been
documented (Arrigo and others, 2008). How-
ever, opposing trends in NPP in the Ross Sea
(increasing) and the West Antarctic Peninsula
(decreasing) coincided with increases (Ross
Sea) and decreases (West Antarctic Penin-
sula) in sea ice extent’” (Montes-Hugo and
others, 2009; Ducklow and others, 2013). The
decrease in NPP was associated with a shift
in the size spectrum of phytoplankton from
microplankton-dominated (diatoms) assem-
blages to nanoplankton and picoeukaryotes
as sea surface temperature increased (Moline
and others, 2004; Montes-Hugo and others,
2009). Warming and the shift to smaller phy-
toplankton have also been associated with a
range extension of Emiliania huxleyi from the
Antarctic circumpolar region into the polar sea
ice region (Cubillos and others, 2007).

Inter-annual variations in the extent of sea
ice off the Antarctic Peninsula also appear to
be reflected in the relative abundance of two
dominant grazers: krill (Euphausia superba)
and salps (Salpa thompsoni). Krill recruitment,
which depends on the survival of larval krill dur-
ing winter, is the population parameter most
likely to be altered by climate change (Flores
and others, 2012). E. superba has been found
to be more abundant following winters with
extensive sea ice cover, while salps have been

17 See Michon Scott and Kathryn Hansen, “Sea ice”, NASA Earth Observatory, 16 September 2016.
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more abundant following winters when the
spatial extent of sea ice is relatively low (Loeb
and others, 1997). Thus, while krill populations
may have suffered from sea ice decline, salps
appear to have benefited from warming sur-
face waters during the twentieth century (Loeb
and Santora 2012). The observed decrease in
sea ice extent portends a long-term shift from
a food web dominated by E. superba to one
dominated by salps, with unknown cascading
effects on the abundance of vertebrate preda-
tors (Henschke and others, 2016).

7.2.2. Arctic Ocean

The Arctic Oceanis inthe process of transition-
ing to a warmer state (cf., Buchholz and others,
2010). Unlike the Antarctic, sea ice extent has
decreased (1998-2015) in all sectors of the
Arctic, owing to increases in sea surface tem-
perature (Kahru and others, 2016), a trend that
is associated with increases in NPP (Arrigo
and van Dijken, 2011; Hill and others, 2017) and
increases in the biomass of picoeukaryotes at
the expense of microplankton diatoms as the
vertical stratification of the water column in-
creased (Li and others, 2009).

As in coastal waters of the West Antarctic
Peninsula, krill are an important prey for a
number of species, including smelt. From
1984 to 1992 and from 2007 to 2015, krill
abundance increased in the south-western
and central Barents Sea, despite high smalt
predation, probably as a result of increasing
temperatures, stronger advection of krill into
the Barents Sea (Slagstad and others, 2011)
and increases in phytoplankton NPP (Dalpa-
dado and others, 2014). Warming has also
influenced the relative abundance of krill spe-
cies, with the boreal species Meganyctiphanes

norvegica increasing and the cold water spe-
cies Thysanoeassa raschii decreasing (Ras-
mussen, 2018).

7.3.  North Atlantic high-latitude

spring bloom region

In the seasonally nutrient-rich waters of the
North Atlantic high-latitude spring bloom
region, upper-ocean warming and an earlier
set-up of the seasonal pycnocline’® combine
to increase the length of the growing season
and the availability of sunlight. As a result,
NPP has been increasing in recent decades
(1979-2010) (Dalpadado and others, 2014;
Raitsos and others, 2014), a trend that has been
accompanied by increases in picoeukaryotes
and coccolithophores relative to diatoms (Li
and others, 2009), a reduction in the average
size of phytoplankton and zooplankton and
an increase in the biodiversity of plankton as-
semblages (Hoegh-Guldberg and Bruno, 2010;
Edwards and others, 2013).

Poleward expansions in the range of plankton
species in response to upper-ocean warming
have been well documented (Poloczanska and
others, 2013), especially in the North Atlantic:
Emiliana huxleyi into the Barents Sea (Smyth
and others, 2004); Calanus helgolandicus
replacing C. finmarchicus in the North Sea
(Edwards and others, 2013); and a poleward
expansion of the ranges of calcifying species
of plankton (foraminifers, coccolithophores
and pteropods) (Beaugrand and others, 2013;
Winter and others, 2014).

The phenologies™ of phytoplankton and
zooplankton species are also changing in re-
sponse to upper-ocean warming (1958-2002).
For example, during the period from 1958 to

18 A pycnocline is a vertical zone over which an increase in density separates a surface layer of relatively low den-
sity from a deeper layer of relatively high density. A seasonal pycnocline begins to form in the North Atlantic
high-latitude spring bloom region when solar heating begins to warm the surface layer during late winter-early
spring, a process that increases the availability of solar energy for photosynthesis.

19 Phenology refer to the timing of biological events in plant and animal lives (e.g., reproduction and migration) in

relation to changes in season and climate.
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2002, the seasonal abundance of the copepod
Calanus finmarchicus in the North Atlantic
began to peak earlier, so that, by the turn of
the century, abundance was peaking some 10
days earlier in the year than previously, while
its food (microplankton diatoms and dinoflag-
ellates) peaked some 30 days earlier (Edwards
and Richardson, 2004). Similarly, diatom
blooms in the North Sea are occurring earlier
in the year than the peak in abundance of their
macrozooplankton grazers (Hays and others,
2005). Such uncoupling of trophic levels has
also been documented in the Baltic Sea, where
the duration of the growing season during the
period from 1988 to 2017 increased at a rate of
4.5 days per year, resulting in an earlier spring
bloom, a prolongation of the summer biomass
minimum and a later and more prolonged au-
tumn bloom (Wasmund and others, 2019).

7.4. Upwelling regions

Diatom production has been increasing
(1996-2011) in eastern boundary upwelling
systems (Kahru and others, 2012), while NPP
increased in Pacific equatorial upwelling
(Chavez and others, 2011), apparently owing
to increases in upwelling (Tim and others,
2016). However, ocean acidification in coastal
upwelling systems is proving to be corrosive to
pteropod shells (Limacina helicina) (Bednarsek
and others, 2014). As the habitat suitability for
pteropods declines, metazoan food webs are
likely to be affected (BednarSek and others,

8. Outlook

Climate change during the course of the twen-
ty-first century is expected to continue to drive
changesinthe upperoceanthathave animpact
on the diversity and productivity of plankton
assemblages on the regional to global scales.
These changes include an expansion of the
subtropical gyres (Polovina and others, 2011),
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2012; Lischka and others, 2011), and ocean
acidification is likely to have a similar impact
in the Southern Ocean and the Arctic Ocean
(Comeau and others, 2009; Negrete-Garcia
and others, 2019).

7.5.  Subtropical gyres

Owing largely to declines in diatoms and chlo-
rophytes (Gregg and others, 2017), a significant
downward trend in chlorophyll a (1998-2013)
has been documented in all gyres, except in
the South Pacific (Signorini and others, 2015).
Rates of decline were greatest in the northern
hemisphere and lowest in the South Atlan-
tic Ocean and the Indian Ocean, trends that
correspond to expansions of the gyres in the
Atlantic Ocean and the North Pacific Ocean
(Polovina and others, 2008)

Downward trends in NPP were observed in
all five gyres that coincided with upper-ocean
warming and decreases in phytoplankton cell
size (Polovina and Woodworth, 2012). The
latter is consistent with observed increases
in the relative abundance of Prochlorococcus
and Synechococcus (Flombaum and others,
2013; Agusti and others, 2019), trends that
most likely reflect both warming temperatures
(Daufresne and others, 2009; Moran and oth-
ers, 2010) and decreasing nutrient supplies
as the euphotic zone becomes more isolated
from nutrient-rich deep water (Marafién and
others, 2015; Sommer and others, 2016).

ocean warming and acidification, decreases in
salinity, increases in vertical stratification and
decreases in inorganic nutrient supplies to the
euphotic zone in the open ocean (Bopp and
others, 2013). Predicted biological responses
to those changes on a global scale include the
following:
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(a) NPP is likely to decrease and the relative
abundance of picophytoplankton is likely
to increase (Daufresne and others, 2009;
Moran and others, 2010) at the expense of
microplankton diatoms (Bopp and others,
2005; Moore and others, 2018);

(b) These trends are likely to propagate
through food webs resulting in decreases
in the ocean’s carrying capacity for fish-
eries (Worm and others, 2006; Chust and
others, 2014) and in its capacity to seques-
ter carbon through the biological pump
(Boyd, 2015);

(c) Theexpansion of the subtropical gyres may
promote increases in N2 fixation (Boatman
and others, 2017; Follett and others, 2018),
a trend that could further perturb the glob-
al nitrogen cycle (Jiang and others, 2018);

(d) Plankton food webs in the polar oceans
and coastal upwelling regions will be the
most affected by ocean acidification, ow-
ing to the high solubility of CO, in cold wa-
ters (Bednarsek and others, 2014; Gardner
and others, 2018).

Regional exceptions during the course of the
twenty-first century are predicted to occur
polewards of the subtropical gyres as a result
of environmental changes in the euphotic
zone, including increases in the availability
of sunlight as the surface mixed layer shoals
in nutrient-rich environments (promoting in-
creases in NPP), increases in temperature and
decreases in salinity (favouring the growth
of small phytoplankton) (Tréguer and others,
2018). Notable examples include:

(@) Anincrease in NPP and a decrease in phy-
toplankton size in the Arctic Ocean (Mueter

and others, 2009; Kahru and others, 2011;
Dalpadado and others, 2014);

(b) Increases in NPP, export production and
the abundance of diatoms during the first
half of the century in the polar sea ice re-
gion of Antarctica (Bopp and others, 2007,
Kaufman and others, 2017; Moore and oth-
ers, 2018);

(c) Expansion of the range of Emiliania huxleyi
into the polar oceans (Winter and others,
2014) and increases in the frequency of
coccolithophore blooms in high-latitude
spring bloom regions (Bopp and others,
2013; Rivero-Calle and others, 2015);

(d) An increase in NPP and a decrease in the
relative abundance of diatoms in the North
Atlantic high-latitude bloom region (Bopp
and others, 2005, 2013; Sundby and others,
2016).

Projections of future trends in NPP in coast-
al upwelling regions are less certain, owing
to uncertainty concerning how interactions
between increases in upwelling-favourable
winds (increases in upwelling, NPP and the rel-
ative abundance of diatoms) and upper-ocean
warming (decreases in upwelling, NPP and the
relative abundance of diatoms) will play out
(Chavez and others, 2011; Garcia-Reyes and
others, 2015).

In this context, it must be emphasized that
the present analysis of the impacts of climate
change on plankton communities does not
consider transgenerational adaptation to cli-
mate-driven changes in the upper-ocean envi-
ronment (e.g., Schliiter and others, 2014; Thor
and Dupont, 2015).
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Keynote points

e Asof 2019, 153,434 marine benthic inverte-
brate species had been described globally.

e Since 2012, researchers have described
10,777 new marine benthic invertebrate
species; at the same time, biodiversity is
changing globally at rates unprecedented
in human history, creating the potential for
species extinction before they have been
described.

e The deep sea covers 43 per cent of
the Earth’s surface, with an estimated
95 per cent of marine invertebrate species
still undescribed.

e Major pressures on marine invertebrates
include temperature increase, ocean acid-
ification, physical impacts on the seabed,

1. Introduction

The present subchapter focuses on benthic
shrimps, worms, gastropods, bivalves and
other invertebrates living on or in the sea floor
that are important food sources for fishes, ma-
rine mammals, seabirds and humans, as well
as invertebrate species that are targeted by
some commercial fisheries. Those taxa form
the basis for some of the most productive
ecosystems on the planet (e.g., estuaries and
coral reefs), rivalling tropical forests (Valiela,
1995) and creating habitats covering more of
the Earth’s surface than all other habitats com-
bined (Snelgrove and others, 1997). Changes
in ocean use, the harvesting of organisms,
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the extraction of living and non-living re-
sources, coastal use, invasive species and
pollution.

e Large areas of the globe, including areas
beyond national jurisdiction, still lack
effective and adequate long-term ecosys-
tem monitoring and protection for marine
invertebrates.

e Despite new research regarding many im-
portant ecosystem processes, functions,
goods and services, huge knowledge gaps
remain in understanding the impact of
reductions in benthic invertebrate biodiver-
sity on human well-being and ecosystem
dynamics.

climate change, pollution and invasive species
contribute to global alterations in nature at
rates unprecedented in human history. Histor-
ically, coastal biota have experienced greater
pressures and impacts than the deep sea, but
the depletion of coastal marine resources and
new technologies create both the capacity and
incentive to fish, mine and drill in some of the
deepest parts of the ocean (McCauley and
others, 2015). Alterations of biodiversity often
erode economies, livelihoods, food security,
health and quality of life worldwide (Intergov-
ernmental Science-Policy Platform on Biodi-
versity and Ecosystem Services (IPBES), 2019).

2. Summary of the situation recorded
in the first World Ocean Assessment

In the first World Ocean Assessment (United
Nations, 2017b), major drivers and patterns
of marine invertebrate biodiversity were

identified, from regional to global scales. Com-
plexinteractions amongdrivers, as well as their
individual and collective impacts on marine
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biodiversity at multiple scales of biological
organization and observation, limit current
capacity to predict regional diversity with con-
fidence. Coastal and oceanic patterns differ
globally, and coastal benthic species richness
generally peaks near the equator and declines
polewards, in contrast to mid-latitude peaks in
oceanic species. However, strong longitudinal
gradients complicate coastal patterns, with
localized hotspots of biodiversity across many
taxa in areas such as the tropical Indo-Pacific
and the Caribbean.

Areas of low oxygen, bottom instability, varia-
tion in ocean chemistry, habitat variables and

maritime activities complicate the prediction
of marine invertebrate diversity patterns in
space and time. The multiple drivers of change,
often acting in tandem, make it extremely dif-
ficult to disentangle natural changes from hu-
man-induced pressures. Biodiversity hotspots
often attract and support human extractive
activities, directly linking ocean biodiversity
and ecosystem services. Moreover, those hot-
spots also often supportimportant ecosystem
functions, such as nutrient recycling, food web
support and habitat creation that, in turn, con-
tribute to ecosystem services of direct benefit
to humans.

3. Description of environmental changes (2010—2020)

3.1.

Marine invertebrate biodiversity

Records in the World Register of Marine
Species (WoRMS) (Vandepitte and others,
2018; WoRMS Editorial Board, 2019), indicate
that 10,777 new valid marine benthic inverte-
brate species were described between 2012
and 2019, bringing the total number of such
species described globally to 153,434. The
taxon Mollusca contain the highest num-
bers of described marine benthic inverte-
brate (31 per cent), followed by Arthropoda
(24 per cent).

The Ocean Biodiversity Information System
(OBIS) contains distribution information
for 124,372 marine species, representing
56.4 million distribution records. Among those,
WoRMS currently identifies 80,132 species as
marine benthic invertebrates, representing
8.1 million distribution records.

According to the data available in OBIS and
WOoRMS in 2019 (see figure 1), the well-sam-
pled North Atlantic Ocean contains the highest
numbers of recorded marine benthic inverte-
brate species (24,214 species), followed by the
comparatively undersampled South Pacific
Ocean (23,245 species), including the Coral
Sea (18,224 species), which will certainly yield
many more yet undiscovered species.

A study based on bathymetric zones (see
figure ) reveals that the Coral Sea contains
the highest number of species recorded at
depths shallower than 200 m (11,353 species),
followed by the Indian Ocean (9,971), the North
Atlantic Ocean (9,915) and the South Pacific
Ocean (7,498). In some instances (e.g., Bering
Sea, Arctic Ocean and Norwegian Sea) simi-
lar latitudes differ in benthic diversity. Below
1,000 m, the better-sampled (relative to other
basins) North Atlantic Ocean contains the
highest number of species (8,027).1

1 Distribution information is not available for all species described in the World Register of Marine Species
(WoRMS). The Ocean Biodiversity Information System (OBIS) constantly receives input from many data
providers and shows the exact ocean locations where marine species have been recorded. Because WoRMS
documentation of benthic traits is ongoing, some 11,000 of the invertebrate species in OBIS still lack functional
group designations, and the overview therefore omits those marine benthic invertebrate species.
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Total numbers of recorded marine invertebrate benthic species represented as three
depth categories (< 200 m, 200-1,000 m and > 1,000 m)
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Philippine Sea —— @
Caribbean Sea S e e
North Sea —o——o—e
Laccadive Sea —o——@ —@
South China Sea — oo
Norwegian Sea —— —@-o——@
Andaman or Burma Sea @ —e@
Bass Strait  #——o-@
Mozambique Channel — -0
Great Australian Bight - e—e—e
Mediterranean, eastern basin —#—q ——e@
Celtic Sea ¢ ————0—e
Bismarck Sea - —o—o——e@
Solomon Sea —~ —o-0——@
Arafura Sea =~ o———0e@
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Eastern China Sea - -o——eo—0
Inner seas off the west coast of Scotland (United Kingdom) -#———ee®
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Barentsz Sea ——o—e
SuluSea - »—o—e
Greenland Sea ———e
Bay of Fundy e—e
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Red Sea o—o-@
Arctic Ocean —)>—e
Bering Sea -»e—e
Balearic (Iberian Sea) »—ee
Bristol Channel ——e
Davis Strait - ee—e
Gulf of Aden o oo
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Gulf of Saint Lawrence -eo—ee
Tyrrhenian Sea « —e®
ulf of Alaska ~e-e-e
Celebes Sea «-e-e
lonian Sea « —eo®
Gulf of Guinea o« -
Yellow Sea —e
Makassar Strait «—ee
Gulf of California «e-e
Flores Sea -oe
Labrador Sea <>-e
Beaufort Sea »ee
Persian Gulf —e
Baltic Sea o—e
Molukka Sea < ee®
White Sea o-®
Hudson Strait -ese
North-Western Passages »®
Sea of Okhotsk »>e
Gulf of Oman <
Malacca Strait o-e
Hudson Bay e-e
Kara Sea em®
Singapore Strait —e
Ceram Sea «m»
Java Sea He
Gulf of Tomini »e@
Chukchi Sea -e
Savu Sea e
LaptevSea ®
BaliSea »
Gulf of Thailand -e
Halmahera Sea »
Baffin Bay <»
Alboran Sea »
Gulf of Agaba «»
Gulf of Bothnia e»
Seto Naikai or Inland Sea o
RiodelLaPlata e
Gulf of Finland e
Strait of Gibraltar ®
Gulf of Boni ®
Gulf of Suez o
East Siberian Sea o
Ligurian Sea »
Gulf of Riga e
Sea of Azov e
Sea of Marmara
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Source: OBIS (2019) for species occurrences; WoRMS for species group information; EMODnet (2016), GEBCO (2015)

and Provoost and Bosch (2018) for bathymetry data; and adapted from Marineregions.org (Claus and others, 2014;
Flanders Marine Institute (2018)) for sea areas.
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3.2. Assessment and state of marine
invertebrate biodiversity

Globally, multiple pressures and drivers affect
marine benthic invertebrates simultaneously
(see table below). While those impacts have
been the subject of many studies around the
globe, the present section and the table below
highlight only some recent targeted or valua-
ble time series studies that illustrate increased
understanding since the first Assessment.

3.2.1. Climate warming

Strong evidence indicates unabated warming
of the global ocean since 1970, which has
taken up more than 90 per cent of the excess
heat in the climate system. Since 1993, the
rate of ocean warming has probably more than
doubled (Intergovernmental Panel on Climate
Change (IPCC), 2019). Impacts on marine ben-
thos are particularly profound for polar and sub-
polar regions. Seaice reduction in the Arctic will
increase ship access to the region, potentially
increasing local anthropogenic pressure on
benthic communities, in particular in harbours.

Recent findings

¢ In the Arctic,? the Barents Sea (Jgrgensen
and others, 2019), other seas to the north
of Eurasia and the Far Eastern seas in
the North Pacific (Lobanov and others,
2014), marine invertebrates are shifting
northwards as a result of warming waters
(see table). Invertebrate biomass has
declined in areas of the Alaska seas (see
table) (Grebmeier and others, 2015) with
consequences for higher trophic levels
(Grebmeier, 2012); native elders link this
change to decreased sea ice coverage, the
movement of sand bars and alterations in
ocean currents (Metcalf and Behe, in Jgr-
gensen and others, 2017).

e In the North Atlantic, climate warming has
enabled the arrival of warm-water species
in inshore areas of the United Kingdom
of Great Britain and Northern Ireland (see
table) influenced by the Gulf Stream (Birch-
enough and others, 2015).

e In the Pacific, marine heatwaves have led
to severe bleaching and mass mortality
of corals around Australia (Le Nohaic and
others, 2017; Hughes and others, 2018;
Stuart-Smith and others, 2018), the Central
American coast (Cruz and others, 2018)
and the South China Sea (see table).

Some researchers predict increasing frequen-
cy and severity of marine heatwaves (Frolicher
and Laufkotter, 2018) in the coming decades,
even if emission-reduction targets established
under the Paris Agreement® are met. This
warming could eliminate key biogenic habitats
in coastal regions of temperate and Arctic
seas worldwide (Krumhansl| and others, 2016)
and affect reef ecosystems located in poorly
monitored waters with unknown damage (Ge-
nevier and others, 2019).

3.2.2. Bottom trawl fisheries

Bottom trawl fisheries are the most wide-
spread source of anthropogenic physical
disturbance to global seabed habitats, and
almost one quarter of global seafood landings
were caught by bottom trawls from 2011 to
2013 (Hiddink and others, 2017). Trawl gear
removes 6—41 per cent of faunal biomass per
pass and median recovery times are 1.9-6.4
years (excluding the deep sea), depending on
the fishery and environmental context (ibid.).
Trawling impact studies demonstrates that de-
creases in the relative abundance of long-lived
fauna (> 10 years) in trawled areas are greater
than those of fauna with shorter life spans
(1-3 years) (Hiddink and others, 2019).

See www.arcticbiodiversity.is/index.php/findings/benthos.

3 See FCCC/CP/2015/10/Add.1, decision 1/CP. 21, annex.
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Recent findings
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Bottom trawling alters native benthic
communities, with impacts characterized
as “some modifications” in the North Sea.
Studies conducted elsewhere in the North
Atlantic and beyond report similar changes
in benthic communities resulting from ag-
gregate dredging (Cooper and others, 2017)
and experimental trawling (Kenchington
and others, 2006), the imposition of “one of
the largest footprints per unit of biomass
landed” in south-west Portugal (Ramalho
and others, 2018) and negative impact on
macro-epibenthic composition in southern
Greenland (Yesson and others, 2016).

On bathyal seamounts in the South Pacif-
ic, east of New Zealand, the recovery of
coral communities after the use of heavy
ground gear will likely take many decades
(Clark and others, 2019).

In the North Pacific, negative impacts
of bottom trawling on macro-epibenthic
composition were reported in the East Chi-
na Sea (Wang and others, 2018).
Discarded or lost fishing gear has signifi-
cant impacts on cold-water coral assem-
blages (Deidun and others, 2015) at depths
of hundreds of metres.

Invertebrate fishery catches (see also
chap. 15) have rapidly expanded globally
to more than 10 million tons annually
and contribute significantly to global
seafood provision, export, trade and local
livelihoods. On average, 90 per cent of
invertebrate catch can be achieved at a
25 per cent depletion rate, requiring less
fishing effort, thereby raising profits, while
strongly reducing impacts on other trophic
groups (Eddy and others, 2017).

The harvesting of scallops (Chlamys island-
ica) in the Arctic (Barents Sea) (Nosova
and others, 2018) and of sea cucumbers,
scallops and crabs in the eastern seas of

www.invasivesnet.org/news.

the Russian Federation (Lysenko and oth-
ers, 2015) is altering biogenic habitats.

3.2.3. Invasive species

Invasive species (see also chap. 22 and the
International Association for Open Knowledge
on Invasive Alien Species)* occasionally be-
come a dominant pressure on native benthos.

Recent findings

According to studies on the expanding
range of the commercial, predatory snow
crab (Chionoecetes opilio) in the Arctic, C.
opilio removes nearly 30,000 tons of mac-
robenthos in the eastern Barents Sea annu-
ally (see table) (Zakharov and others, 2018).
In the North Atlantic, the invasive green
crab (Carcinus maenas) has had an impact
on seagrasses and sea floor invertebrates
in some Canadian coastal areas® (see ta-
ble) (Garbary and others, 2014, Matheson
and others, 2016). Extensively invasive Sar-
gassum algae (see also chaps. 6E and 6G)
now cover beaches and inshore coastal
habitats of Trinidad and Tobago and other
Caribbean islands (Gobin, 2016). Extensive
Sargassum beds can alter the abundance
of many native marine invertebrates and
may provide a suitable habitat for species
not previously represented in the local ben-
thic community.

In the Mediterranean, more than 500
non-indigenous marine invertebrate spe-
cies have been recorded (Tsiamis and
others, 2019), many of which have become
established, at least locally, at many sites.

Outbreaks of the sea urchin Centrostepha-
nus rodgersii are degrading kelp forests off
the coast of Tasmania, Australia (Ling and
Keane, 2018).

In the South Atlantic, invasive species fre-
quently dominate some Brazilian coastal
reefs (Creed and others, 2016, Mantelatto
and others, 2018) (see table).

Available at: www.dfo-mpo.gc.ca/species-especes/ais-eae/about-sur/index-eng.html.
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3.2.4. Consequences of pollution on seabed
communities

The consequences of pollution on seabed
communities were well documented in the first
World Ocean Assessment and by IPBES (IPBES,
2019). To assess the environmental state and
the resilience of benthic invertebrates, their
behaviour, dynamics and multiple interactions
with the environment need to be studied (Neves
and others, 2013, Pessoa and others, 2019).

Recent findings

e Agricultural run-off and the disposal of
municipal waste into the ocean add nu-
trients that produce algal blooms, which
eventually sink to the bottom, creating hy-
poxic conditions and low pH that typically
reduce benthic species diversity. Since the
first Assessment, additional algal blooms
have been reported by researchers in the
Indian Ocean, along the coast of Bangla-
desh (Kibria and others, 2016; Mallick and
others, 2016; Molla and others, 2015), and
in the South Atlantic, along the coast of
Brazil (Cruz and others, 2018) (see table).

e In the North Atlantic, outflow (sedimenta-
tion) from the Orinoco River (Trinidad and
Tobago) (see table) increases potential con-
tamination and mortality of benthic inver-
tebrate communities (Gobin, 2016), while a
metalliferous discharge caused a multi-year
decline in the ecological status of benthic
communities along the coast of Greece
(Simboura and others, 2014) (see table).

3.2.5. Storms and wave action

Cyclones and tsunamis are among the most
critical variables in shaping the biological
richness and structure of marine benthic
communities and significantly challenging
their resilience and stability (Betti and others,
2020). Hurricane frequency and intensity have
increased in recent decades along the tropi-
cal Atlantic, in close association with climate
change-related influences (see references in
Hernandez-Delgado and others, 2020).
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3.2.6. Mining of deep-sea minerals

The mining of deep-sea minerals (see also chap.
18) is a potential new industry that can help to
support an expanding “green” economy based
on new battery technology for electric vehicles,
wind turbines and improved telecommunica-
tions and computing technology (Hein and
others, 2013). Although no deep-sea mining is
currently conducted in the high seas, the Inter-
national Seabed Authority administers 30 explo-
ration licences (covering an area of 1.5 million
km?) in the Pacific Ocean and the Indian Ocean
and along the Mid-Atlantic Ridge. In mining op-
erations, the direct physical removal of sea floor
fauna and secondary effects from sediment
plumes or the release of ecotoxins will potential-
ly affect benthic environments and will require
careful evaluation (Miller and others, 2018).
Lack of knowledge of deep-sea biodiversity is
a major constraint to ensuring environmental
sustainability (Glover and others, 2018).

3.2.7. Human recreational activities, coastal
infrastructure development and ship
anchoring and bunkering

Human recreational activities, coastal infra-
structure development and ship anchoring
and bunkering continue to have an impact on
vulnerable habitats and associated inverte-
brate assemblages, as discussed in the first
Assessment, with additional records from near
Malta (see table) in the Mediterranean (Garcia-
March and others, 2007; Mifsud and others,
2006). In addition, ship-breaking activities on
the coast of Bangladesh (see table), in the Bay
of Bengal, have reduced benthic species diver-
sity (Hossain, 2010).

3.2.8. Crime

The criminal exploitation of marine species oc-
curs globally, as illustrated by the smuggling of
abalones out of South Africa by crime groups.
Arequest for assistance from law enforcement
agencies in receiving countries may provide a
solution (Warchol and Harrington, 2016).
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3.2.9. Consequences of changes in
marine invertebrate biodiversity
on human communities, economies

and well-being

Biodiversity changes have both direct and
indirect impacts on human well-being (IP-
BES, 2019). Unfortunately, there is a lack of
large-scale and long-term monitoring of large
marine areas, even though some Arctic and
North Atlantic nations have established long-
term monitoring of invertebrate fisheries and
by-catch from trawls within existing scientific
national fish-assessment surveys (Jgrgensen
and others, 2017).

Limited publications document specifically
how marine benthic invertebrates contribute
to human well-being (e.g., Officer and others,
1982; Snelgrove and others, 1997). However, the
first and the present Assessments document
the importance of benthic invertebrates to ma-
rine food webs and the many habitat-forming
or habitat-engineering benthic species. Some
key issues are summarized below.

e Under a business-as-usual emissions sce-
nario, the United Nations Educational, Sci-
entific and Cultural Organization predicts
that the Great Barrier Reef of Australia,
along with other World Heritage coral reefs,
will have ceased to exist as a functioning
coral reef ecosystem by 2100 (Heron and
others, 2017).

e Corals, oysters and other living reefs
(see also chap. 7F) can dissipate up to
97 per cent of the wave energy reaching
them, thus protecting structures and hu-
man lives (Ferrario and others, 2014). This
is potentially an important mitigation factor
as sea level rises. Artificial coastal barriers
to protect coastal infrastructure and hu-
man communities from climate-related sea
level rise will cost an estimated hundreds
of billions of dollars by the latter decades of
the twenty-first century (IPCC, 2019).

e Increased risk to food security linked to
decreases in seafood availability varies
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greatly on the local and cultural scales.
However, for many coastal indigenous peo-
ples and local communities, the harvesting
of benthic invertebrates, in particular inter-
tidal species, contributes significantly to
their culture and to community-scale food
security (IPBES, 201843, b; IPCC, 2019).

Elevated sea surface temperatures have
contributed to species range extensions
globally, including into South Pacific Tas-
manian waters (Pecl and others, 2014),
which will likely affect fisheries and possi-
bly tourism in the region, as well as ecosys-
tem services.

Climate-induced changes in the distribu-
tion of many benthic invertebrates may
cause anincrease in food resource species,
a decrease, including their local extinction,
or even new such species becoming avail-
able to dependent coastal communities
(IPCC, 2019). Several studies report chang-
es in the poleward range of sessile inverte-
brates at a slower rate than that of fishes,
but also consider benthic invertebrates
more likely to respond directly to chang-
es in temperature and pH (IPCC, 2019).
Invasive species, such as the snow crab,
support increased commercial harvesting
in the Arctic Barents Sea (Jgrgensen and
others, 2019), whereas the crab Portunus
segnis, a Lessepsian migrant spreading in
the Mediterranean, feeds on fish, shelled
molluscs, crustaceans and organic mat-
ter, thus having a significant impact on
trophic processes in native ecosystems, in
addition to being the host of a variety of
parasites (Rabaoui and others, 2015). In
the Africa and Asia-Pacific regions, the
impacts of invasive benthic invertebrates
increase the risk of failing to meet food
security needs (IPBES 2018b, c).

In the Mediterranean, infrastructure de-
velopment (e.g., habitat modification for
vessels), which has a direct impact on pro-
tected species (e.g., Cladocora caespito-
sa) and commercially important species,



decreases the value of marine ecosystem
services.

Despite some progress, there remains a
need for addressing the huge knowledge gap

Chapter 6B: Marine invertebrates

concerning the effects of biodiversity loss on
human communities, economies and well-be-
ing. Understanding the underlying causes of
change requires repeated time series studies.

4. International and governmental responses

Several ongoing initiatives reflect a growing
priority being given to protecting marine
biodiversity, in areas both within and beyond
national jurisdiction. These initiatives include
science processes, such as the World Ocean
Assessment, and legal processes, such as
the intergovernmental conference on an inter-
national legally binding instrument under the
United Nations Convention on the Law of the
Sea on the conservation and sustainable use
of marine biological diversity of areas beyond
national jurisdiction, as well as initiatives of
Intergovernmental Organizations, such as the
International Seabed Authority.

General Assembly resolution 61/105 of 8 De-
cember 2006, on sustainable fisheries, in
which the Assembly called for fisheries using
bottom-contacting gear to avoid significant
adverse impacts on vulnerable marine eco-
systems, has been particularly influential on
marine fisheries. The expert guidance from
the Food and Agriculture Organization of the
United Nations (FAO) (FAO, 2009) supported
States and regional fisheries management
organizations in identifying vulnerable marine
ecosystems and operating fisheries in ways
compliant with the resolution.

Actions taken in line with resolution 61/105
enhanced existing efforts of regional fisheries
management organizations to manage the
impacts of fisheries on biodiversity. Targeted
spatial and temporal closures and move-on
rules, triggered by indicators of the presence
of vulnerable marine ecosystems, are now

applied in combination with a variety of target
and limit catch levels spatial management ap-
proaches and gear and effort regulations. The
aim of these efforts is to keep the impacts of
fisheries on target species, by-catch species,
seabed habitats and ecological communi-
ties within safe ecological levels (Garcia and
others, 2014). The performance of regional
fisheries management organizations in deliv-
ering the mandate to protect seabed habitats
and species has been variable over time and
among organizations (Gianni and others, 2016),
but the frameworks are considered sound and
progress is being made (Bell and others, 2019).

4.1.

Recent governmental actions

e Some Arctic and North Atlantic nations
have established time and cost-efficient,
long-term monitoring of invertebrate by-
catch from trawls within existing scientific
national fish or shrimp assessment sur-
veys (Jgrgensen and others, 2017).

e In the South Pacific, New Zealand govern-
ment policies® prohibit bottom trawling
and dredging in order to conserve the
deep-sea environment in seamount clo-
sure areas and benthic protection areas,
and there is evidence that benthic species
of concern have benefited from those pro-
hibitions (Kelly and others, 2000).

e In the Arctic, in 2019, the Government of
Norway closed 442,022 km? to bottom
trawling in the Barents Sea (Jgrgensen
and others, 2020).

6 See www.mpi.govt.nz/dmsdocument/7242-compliance-fact-sheet-7-benthic-protection-areas-and-sea-

mount-closures.
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e In the North Pacific Ocean and the Bohai
Sea, strict ecological restoration and
fishery resources conservation were intro-
duced in 2018.7

e In the inlet of the Indian Ocean, despite
rules and regulations to protect the marine
ecosystem from hazards and destructive
activities, actual implementation remains
minimal.

e In the Mediterranean, the conservation
status of sponges has recently been lo-
cally assessed in the Aegean ecoregion
(Gerovasileiou and others, 2018).

e Competentauthoritiesinthe member States
of the European Union are implementing
the Marine Strategy Framework Directive.®
In the areas concerned, among other de-
scriptors, the sea floor integrity shall be
kept at a level that safeguards the structure
and function of the ecosystems and does
not adversely affect benthic ecosystems.
The second cycle of the implementation
plans under the Directive® increases the
protection from fishery impacts of seabed
features important to benthic invertebrates.
This includes, among others, the banning of
mobile bottom-contacting gears at depths
shallower than 50 m, to protect vulnerable
habitats, such as seagrass beds.

The Convention on Biological Diversity Aichi
Biodiversity Target 11,'° another major global
policy initiative, has direct relevance for ben-
thic invertebrates. This initiative calls for a
robust conservation strategy based on an ef-
fectively and equitably managed, ecologically
representative and well-connected system of
protected areas (see also Kenchington and
others, 2019) and other effective area-based
conservation measures, integrated into wider
seascapes (see also chaps. 26 and 27). Target

11 includes identifying and spatially delin-
eating areas of protection, ensuring scales
matching the spatial and temporal needs of
the biodiversity features.

This approach is intended to achieve positive
and sustained long-term outcomes for the
conservation of biodiversity, in particular
seabed invertebrate diversity and associated
ecosystem functions and services and, where
applicable, cultural, spiritual, socioeconomic
and other locally relevant values.

Benthic invertebrate biodiversity could par-
ticularly benefit from those developments,
given that, as documented in the present
subchapter, seabed habitats experience pres-
sures and impacts from many sectors and
their associated activities and are so diverse
that the effectiveness of specific types of con-
servation measures vary greatly with specific
environmental conditions, history and mixes
of human pressures, including climate change.

In general, increasing marine protected area
network coverage should reduce pressures
on benthic invertebrates and facilitate the
recovery of negatively affected areas. Aichi
Biodiversity Target 11 contributes to a growing
awareness that conservation strategies need
to move beyond protecting individual, isolated
marine areas (Secretariat of the Convention
on Biological Diversity, 2011). Marine protect-
ed area networks are essential biodiversity
conservation tools designed to improve ma-
rine biodiversity protection by encompassing
spatial scales that better reflect the life his-
tory distributions of species. Target 11 also
promotes conservation beyond boundaries
by recognizing the crucial role of governance
and economic, social and ecological factors
working in concert to influence ecological out-
comes (Meehan and others, 2020).

See www.mee.gov.cn/xxgk2018/xxgk/xxgk03/201812/120181211_684232.html.
Available at https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0056.
9 See https://mcc.jrc.ec.europa.eu/main/dev.py?N=248&0=202&titre_chap=D6%20Sea-floor%20integrity&titre_

page=Implementation#2016331103713.
10 See www.chd.int/sp/targets/rationale/target-11.
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5. Achievement of relevant Sustainable Development Goals"
and contribution to Aichi Biodiversity Target 11

Current negative trends in biodiversity and
ecosystems will undermine progress towards
the achievement of Aichi Biodiversity Target
11, which is aimed at the conservation and
integration into the wider landscape and sea-
scape of 10 per cent of coastal and marine

areas of particular importance for biodiversity
and ecosystem services by 2020, through ef-
fectively and equitably managed, ecologically
representative and well-connected systems
of protected areas and other effective ar-
ea-based conservation measures.

6. Keyremaining knowledge gaps and capacity-building gaps

6.1. Knowledge gaps

e Studies on the effect of protected areas
remain limited.

e Reviews do not break down impacts (e.g.,
climate change, resource exploitation and
pollution) on marine biodiversity by spe-
cies group. This limits knowledge of the
value and importance of invertebrates for
human well-being.

o Baseline biodiversity studies (for ecore-
gions or for habitats that are hotspots for
biodiversity) are lacking for the mesophot-
ic zone, underwater caves and many of the
thousands of global seamounts.

6.2. Capacity-building gaps
in the field

e The large-scale protection of the seabed,
at both the national and international
levels, must continue in order to sustain
benthic biodiversity and avoid the extirpa-
tion of species before they have even been
recorded.

e Listing species with restricted geographi-
cal ranges, often arising from specialized
habitat requirements, represents the most

11 See General Assembly resolution 70/1.

urgent need. Even describing 100 taxo-
nomic units every year over the next dec-
ade would add just 1,000 species before,
according to some experts, commercial
scale deep-sea mining is expected to be-
gin (Glover and others, 2018).

e Toincrease knowledge on biodiversity and
ecosystem understanding, marine national
regular assessment cruises should report
both targeted and non-targeted scientific
catch.

e Integrated ocean management should be

prioritized to coordinate conservation and
management among all relevant activities.

e Managers should develop and implement

common, well-defined measures to identi-
fy and respond to declining benthic habi-
tats in national and international waters.

e Studies are needed to determine the ef-

fects on ecosystems of reduced or lost
benthos, in particular in the context of
food web interactions.

Studies are needed to determine the effect
on food supply if harvested benthic com-
munities disappear.

e The cumulative impact of drivers and pres-

sures that can have a combined effect on
marine biodiversity needs to be assessed.
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