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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. 

I 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.

António Guterres
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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.
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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

Jörn Schmidt
Member of the Group of Experts of the 

Regular Process, assisting the Joint Coordinators
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Chapter 1: Overall summary

Keynote points

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

 • 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.

 • Some responses for mitigating or reducing 
pressures and their associated impacts 
on the ocean have improved since the first 
World Ocean Assessment.1 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 

coastal development and extraction of 
natural resources.

 • 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.

 • 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.

 • 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.

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 

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.
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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 

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.

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, 

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 



    7

Chapter 1: Overall summary

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 

2 See FCCC/CP/2015/10/Add.1, decision 1/CP.21, annex.
3 Unless otherwise indicated, “sustainable” and “sustainability” are used with reference to all aspects – environ-

mental, social and economic.

Nations Framework Convention on Climate 
Change in its decision 1/CP.21, by which 
it adopted the Paris Agreement,2 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.3 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).

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. 

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).
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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-
sist in 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 Pollutants4 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).
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The Minamata Convention on Mercury5 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 

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.

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)6 and 
the 1996 Protocol thereto,7 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 
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environment. Understanding the impacts of 
anthropogenic noise on marine biodiversity 
has increased over the past two decades, with 
a range of direct and indirect impacts 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

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).
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The particular ways in which progress towards 
other Sustainable Development Goals will as-
sist in 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 Sea8 and the Convention on Biolog-
ical Diversity,9 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.
10 See Convention on Wetlands of International Importance especially as Waterfowl Habitat (United Nations, 

Treaty Series, vol. 996, No. 14583).

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,10 
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 
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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 
ecosystems11

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 

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

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, 7O 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).
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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-
sist in the 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 
heterogenous values is a challenge. Addressing 

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 their impacts 
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 
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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 

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-
sist in 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 

12 General Assembly resolution 69/283, annex II.

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. Key knowledge 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 2015–2030.12 
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 

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).
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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 negotiation13

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 

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.

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.14 
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 Illegal, Unreported and Un-
regulated Fishing15 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 
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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 in its 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 

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 
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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 

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).

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 
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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 

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 Law 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 199716 (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 Illegal, 
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.

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.

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,17 
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.

http://www.imo.org/en/About/Conventions/Pages/International-Convention-for-the-Prevention-of-Pollution-from
http://www.imo.org/en/About/Conventions/Pages/International-Convention-for-the-Prevention-of-Pollution-from
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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 

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).

Table 1 
Contribution made by other Sustainable Development Goals to achieving Goal 14

Targets under Sustainable 
Development Goal 14

Sustainable Development Goals 
contributing to the achievement 
of Goal 14 Mechanism

Cleaning up the ocean

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

Improved wastewater 
management

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 
impactsa

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

Sustainable Development Goals 
contributing to the achievement 
of Goal 14 Mechanism

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 13: Take urgent action to 
combat climate change and its 
impactsa

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

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 
debris and nutrient pollution

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

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 
impactsa

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 negotiationb

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 
impactsa

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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Targets under Sustainable 
Development Goal 14

Sustainable Development Goals 
contributing to the achievement 
of Goal 14 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 
impactsa

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 
impactsa

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 impactsa

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 impactsa

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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Targets under Sustainable 
Development Goal 14

Sustainable Development 
Goals contributed to by the 

achievement of Goal 14 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 
negotiationb

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 impactsa

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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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

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 Mechanism

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

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

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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Landscape of subgoals under Sustainable Development Goal 14 and relevant chapters

Protecting  
marine ecosystems

Chap. 25 Cumulative impacts

Cleaning up the ocean
Chap. 10 Nutrient pollution
Chap. 11 Hazardous substances
Chap. 12 Solid waste
Chap. 20 Noise

Economic use  
Chap. 8 Human society

Chap. 14  Marine 
infrastructure 

Chap. 18 Seabed mining
Chap. 19 Hydrocarbon 
Chap. 21 Renewable energy
Chap. 22 Invasive species
Chap. 23  Marine genetic 

resources
Chap. 24 Marine hydrates

State
Chap. 6 Biodiversity
Chap. 7 Habitats 

Chap. 28 Overall benefits

International law of the sea
Chap. 28 Overall benefits

Understanding  
the ocean

Chap. 3  Scientific 
understanding

Chap. 5  Physical and  
chemical state

Chap. 9 Climate change

Pressure

Pressure

Response

Societal benefits

Promoting safety  
from the ocean
Chap. 5  Physical and chemical state
Chap. 9 Climate change
Chap.10 Nutrient pollution
Chap.13  Erosion and 

sedimentation

Sustainable food  
(and economic use)

Chap. 15 Capture fisheries
Chap. 16 Aquaculture
Chap. 17 Seaweed harvesting 

Pressure

Press
ure

Drivers
Chap. 4 Drivers

Management
Chap. 26  Marine spatial 

planning
Chap.  27  Management 

approach
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Keynote points
 • 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.

 • 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, 

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;

(g) 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;

(l) 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 

frame work, 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) Relevant drivers 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);
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(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).

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 
for incorporation 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.

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.

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 

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

1 See www.biodiversa.org.
2 See http://jpi-oceans.eu.
3 See www.belmontforum.org.
4 See https://allatlanticocean.org/main.
5 See https://meetings.pices.int.

 • 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.

 • 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.

 • Global disparities in understanding and 
knowledge gaps at the continental region-
al level remain, in particular across Africa, 
Oceania and South America.

 • Most observation networks do not incorpo-
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.

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 

international funding bodies, such as BiodivER-
sA,1 JPI Oceans2 and the Belmont Forum,3 and 
national agencies, as well as through scientific 
diplomacy efforts and initiatives.4,5 

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) 

http://www.biodiversa.org
http://jpi-oceans.eu
http://www.belmontforum.org
https://allatlanticocean.org/main
https://meetings.pices.int
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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 

6 See https://seabed2030.gebco.net.

(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-IOC), 
2017a), changes and growth in scientific un-
derstanding are identified for eight global cate-
gories of marine scientific research disciplines, 
namely: (a) 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 

assessment of anthropogenic CO2 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 (Stelzenmüller 
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 project6 of 

https://seabed2030.gebco.net
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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 

7 See www.bonusportal.org.

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. 

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,7 has made significant 
progress in improving understanding of the 
Baltic Sea. Some major 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 

http://www.bonusportal.org
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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 Atlantic8 
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,9 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.

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 (Schütte 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 (Schütte 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 
Atlantic10 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 

http://www.ospar.org
http://www.unep.org/unepmap
http://pirata.ccst.inpe.br/en/home
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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 

11 See https://meetings.pices.int.

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; Iwatani 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 Organization11 has enhanced 

https://meetings.pices.int
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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.

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.12 At the same 
time, descriptions and understanding of marine 
heatwaves and their impacts 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.13

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.14 In the recent report 
on the Tropical Pacific Observing System,15 
recommendations were made for a redesigned 
moored array16 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 

http://www.marinehotspots.org
http://www.imosoceanreport.org.au
http://www.met.igp.gob.pe/elnino/enfen
http://tpos2020.org
http://www.pmel.noaa.gov/gtmba/mission
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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 2019.17 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. Southern Ocean
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.18 

17 See www. mfe.govt.nz.
18 See http://soos.aq/activities/cwg/soflux.

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).

http://mfe.govt.nz
http://soos.aq/activities/cwg/soflux
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4. Outlook for scientific understanding of the ocean

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

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.19 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 
Conference20 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 2017.21 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 Niño 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 

http://www.oceandecade.org
http://www.oceanobs19.net/sessions
http://www.imo.org/en/About/Conventions/Pages/International-Convention-for-the-Control-and-Management-of-Sh
http://www.imo.org/en/About/Conventions/Pages/International-Convention-for-the-Control-and-Management-of-Sh
http://www.imo.org/en/About/Conventions/Pages/International-Convention-for-the-Control-and-Management-of-Sh
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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 

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

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 

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 
Niño 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.22 In order to monitor 

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

For example, the integration of observing sys-
tems and findable, accessible, interoperable 
and reusable data principals must be imple-
mented in a harmonized manner. The aim of 
the present Assessment is to enable scientific 
knowledge to be conveyed as information that 
is usable and understandable for non-academ-
ic users and thus can serve as an important 
link in the ocean data value chain.

Local, traditional and indigenous knowledge 
needs to be further integrated, and concepts 
relating to facilitating collaboration to pro-
vide opportunities for recognizing synergies 
and for sharing and exchanging information 
(Wright and others, 2019) need to become 
best practices.
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Keynote points

 • 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.

 • 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.

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

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.

 • 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.

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 

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 or indirectly results in a change in 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 growth and demographic 
changes;

(b) Economic activity;

(c) Technological advances;

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

(e) Climate change.1

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

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.

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 Goals2 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).
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2. Drivers of change in the marine environment

3 See https://population.un.org/wpp/Graphs/DemographicProfiles/Line/900.
4 See https://ourworldindata.org/economic-growth.

2.1. Population growth and 
demographic changes

Although the global human population in-
creased from 7 billion in 2011 to 7.7 billion 
in 2019,3 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,4 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).

https://population.un.org/wpp/Graphs/DemographicProfiles/Line/900
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 CO2 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 

5 See https://yearbook.enerdata.net/total-energy/world-consumption-statistics.html.

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 

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 (Hafliðason 
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,6 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,8 
the Convention on Biological Diversity9 and the 
2030 Agenda for Sustainable Development,10 
are aimed at reducing pressures on the ma-
rine environment and improving conservation 
outcomes. Targets set in association with 

6 United Nations, Treaty Series, vol. 1833, No. 31363.
7 Ibid., vol. 1046, No. 15749.
8 Ibid., vol. 2167, No. 37924.
9 Ibid., vol. 1760, No. 30619.
10 See General Assembly resolution 70/1.
11 See United Nations Environment Programme, document UNEP/CBD/COP/10/27, annex, decision X/2.
12 See General Assembly resolution 70/1.

international agreements, such as the Aichi 
Biodiversity Targets11 and the Sustainable De-
velopment Goals,12 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 (Suárez-de Vivero and 
Rodríguez 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.
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2.5. Climate change
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.

Greenhouse gas emissions have continued 
to rise over the period since the first Assess-
ment, with global CO2 emissions increasing 
from 30.4 gigatons in 2010 to 33.3 gigatons in 
2019.13 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 

13 See www.iea.org/articles/global-co2-emissions-in-2019.
14 See FCCC/CP/2015/10/Add.1, decision 1/CP.21, annex.

Agreement in December 2015.14 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.

http://www.iea.org/articles/global-co2-emissions-in-2019
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3. Key region-specific issues or aspects associated with drivers

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.

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 
countries15 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 jurisdiction16 are focused on 
ensuring the sustainable development and 

http://unohrlls.org/about-ldcs
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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 Index17 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. 

17 See www.eiu.com/topic/democracy-index.

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
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.

4. Outlook
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 

areas (Merkens and others, 2016). Under the 
same scenarios, populations in low-density 
to medium-density areas (<1,000 persons 
km2) 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
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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. It is 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 

18 See www.carbonbrief.org/analysis-coronavirus-has-temporarily-reduced-chinas-co2-emissions-by-a-quarter.

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 CO2 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.18 With 

http://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.19 The likely impacts that reduced 
pressures might have on longer-term change 
by drivers such as climate change, however, 

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

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.

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

 • 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.

 • An increase in atmospheric CO2 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 
in the West Antarctic sector of the Southern 
Ocean. Variations in sea ice extent result 
from changes in wind and ocean currents.

1. 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:

 • 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 CO2 in the atmosphere also have 

a direct effect on the chemistry of the 
ocean through the absorption of CO2. The 
ocean absorbed roughly 30 per cent of all 
CO2 emissions in the period from 1870 to 
2015 (Le Quéré and others, 2016; Gruber 
and others, 2019), and the increased CO2 
level in the water lowers its pH through the 
formation of carbonic acid.

 • 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).

 • Sea ice. Sea ice in the 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 Niño 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

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

2.1. Sea level
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/AltiKa, Senti-
nel-3A and Sentinel-3B).

The most recently updated global mean sea 
level curve based on satellite altimetry is shown 
in figure I (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 ap-
proximately 0.1 mm per year2 (Chen and others, 
2017; Dieng and others, 2017; Yi and others, 
2017; Nerem and others, 2018; World Climate 
Research Programme Global Sea Level Budget 
Group, 2018).1 Satellite altimetry has also re-
vealed 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 II).

Figure I 
Global mean sea level evolution from 
multi-mission satellite altimetry
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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 floats2 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 
laser altimetry, are also used to estimate ice 
sheet mass balances.

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 III 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).

http://www.argo.net
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Figure II 
Regional trend patterns in sea level from satellite altimetry  
(January 1993 to October 2019)
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Figure III 
Yearly global mean sea level budget since 
2005
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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.
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2.2. Ocean 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 

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 This is 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.

its weakest for several hundreds of years (see 
figure IV) 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 
programme3 (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 
Program4 (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 Nord5 line measuring ocean parameters 
along a line between Greenland and Portugal 
(Mercier and others, 2015).
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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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Figure V 
Trend of the strength of the Atlantic meridi-
onal overturning circulation in observations
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ments (Frackja-Williams, 2015) and the linear trend of in 
situ circulation monitoring by the RAPID project.
Source: Caesar and others, 2018.

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 a rise 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. Sea temperature 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-1), 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 c-1 
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-1. The 
mean rate is 2.56°C  ±  0.68°C  c-1 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 CO2 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) 
in the 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 z1 to z2:

OHC = cρ ∫z1

z2ρTdz
Where ρ is the density of the seawater and Cp 
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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Black dot signs indicate grid boxes where trends are 
significant (i.e., a trend of 0 lies outside the 90 per cent 
confidence interval).

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 

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, 
2017a; 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-2 (Ishii and others (2017) and 
0.33 ± 0.10 Wm-2 (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 
Wm-2 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-2 
(Cheng and others, 2017a), 0.61  ±  0.08 Wm-2 
(Ishii and others, 2017) and 0.66 ± 0.02 Wm-2 
(Domingues and others, 2008; Levitus and oth-
ers, 2012) between 1999 and 2018. The mean 
rate is 0.62 ± 0.05 Wm-2. In the recent decade 
(2009–2018), the rate of ocean heat content in-
crease is: 0.56 ± 0.06 Wm-2 (Cheng and others, 



    93

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

2017a), 0.66 ± 0.09 Wm-2 (Ishii and others, 2017) 
and 0.66 ± 0.03 Wm-2 (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, 2017a; 
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 c-1, which is greater than the 

linear trend during the reference period (1982–
1997) (1.00°C  ±  0.46°C c-1). That effectively 
indicates the end of the slowdown in surface 
temperature increase with the appearance of 
the extreme 2015/16 El Niño 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 VII.A 
Observational ocean heat content changes
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Note: Annual mean for the upper 2,000 m, in zettajoules 
(1021 joules) (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 
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report of the Intergovernmental Panel on Climate 
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Figure VII.B 
Spatial pattern of long-term ocean heat 
content trend (Wm-2), 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 

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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2.5. Ocean acidification
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 (Hönisch 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 CO2 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 fitness 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 VIII 
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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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 

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 
μmol l-1 yr-1, including a solubility change of 
0.025 μmol l-1 yr-1 (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 μmol l-1 yr-1 compared with the 
overall oxygen loss 0.063 ± 0.031 μmol l-1 yr-1. 
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
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Note: Solid, dotted and dashed lines indicate the pres-
ence of low oxygen (40, 80 and 120 umol l-1) 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-
age of observed deoxygenation
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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
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 106 km2 in 
March and, during the boreal summer, declines 
to 6.4 x 106 km2 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 sea ice 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 sea ice 
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), 

which estimates that the average volume of 
Arctic sea ice of 11.5 x 103 km3 in September 
has decreased between 1979 and 2017 by 
-2.8 × 103 km3 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 106 km2 in September 
(austral winter) and decreases to a minimum 
of 3.1 x 106 km2 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 Niño 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 

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).

Figure X 
Arctic and Antarctic sea ice concentration trends (per cent per decade)
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3. Knowledge gaps

3.1. Sea level

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 

for cross-validation and calibration purposes 
(Meyssignac and others, 2019), including the 
validation of climate models.

3.3. Sea surface 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 Niño-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 Niño 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-
bustly in all observation-based analyses to date, 
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 

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.6

3.6. Sea ice
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.

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.7 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 

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 
0.62±0.12 °C per century over the period 1900–
2018. In the recent decade (2009–2018), the rate 
of ocean surface warming is 2.56±0.68 °C c-1. 
The warming happens in most ocean regions, 

https://biogeochemical-argo.org
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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.

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 
sea ice extent is declining by -2.7 ± 0.4 per cent 
c-1 during the winter, and -2.8 ± 2.3 per cent c-1 
during the summer. In contrast, trends in total 
Antarctic sea ice extent are insignificant, 0.6 ± 
0.6 per cent c-1 during the summer and 1.1 ± 
3.7  per  cent c-1 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 Niño in the 
southern hemisphere.
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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–I from the viewpoint of habitats. 
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Keynote points

1 Biologically mediated export of particulate organic matter and calcium carbonate to the deep ocean (below 
1,000 m).

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

 • Marine phytoplankton account for about 
50 per cent of the Earth’s primary produc-
tion, oxygen supply and N2-fixation. Dia-
toms and picoplankton (< 2  µm) account 
for most marine primary production.

 • 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:

 • Decreases in phytoplankton productiv-
ity and cell size;

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

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

 • Decreases in the export of biological 
production to the deep ocean. Such de-
creases would reduce the capacity of 
the ocean to absorb CO2, accelerating 
global atmospheric warming;

 • Decrease in biological production of 
higher trophic level.

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

 • 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.

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 

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 pump1 (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 
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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).2

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 

2 See General Assembly resolution 70/1.
3 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 CO2 from the atmosphere.
4 The euphotic zone is the upper layer of the ocean into which sufficient light penetrates for photosynthesis to 

occur.

knowledge. The climate-driven changes in 
the upper-ocean environment targeted in the 
present section are ocean warming and ocean 
acidification.3 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:

 • 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.4

 • 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.

 • 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 µm) account for most NPP.

 • 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.

 • 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.
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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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5 From oligotrophic regions with low mean annual chlorophyll a concentrations (< 0.1 mg m-3) to eutrophic re-
gions with relatively high mean concentrations (1–30 mg m-3).

Phytoplankton NPP varies regionally (Behren-
feld and others, 2006; Uitz and others, 2010; 
United Nations, 2017c), and the global ocean 
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-
welling and systems that exhibit a broad range 
of trophic states5 (that do not reflect land-
based inputs of nutrients). The six targeted 

regions (as numbered in the figure above) are 
as follows: 

1. 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);

3. Antarctic circumpolar region of the South-
ern Ocean (about 12  per  cent of the sur-
face of the ocean, about 9 per cent of the 
annual NPP of the ocean); 
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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 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).

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 undersampling6 (Appeltans and others, 
2012), the rapidly growing number of cryptic 
species7 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 µm), nanoplankton 
(2–20 µm), microplankton (20–200 µm), mes-
oplankton (200 µm 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).
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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 

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 (Müren and others, 2005; Worm and 
others, 2006; Sommer and others, 2016).

5. Microbial plankton
5.1. Phytoplankton
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). 

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; Marañón 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.

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 (Marañón 
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. Silicifying microplankton: diatoms
Diatoms dominate microphytoplankton in 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. Calcifying nanoplankton8

Coccolithophores (dominated by Emiliania 
huxleyi) are globally ubiquitous, function as 
both a sink (photosynthesis) and a source (cal-
cification) of CO2 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 CaCO3 
than any other organism on Earth (Igle-
sias-Rodríguez 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 mesoplankton9

Planktonic cyanobacteria account for about 
half of the Earth’s N2-fixation (Karl and oth-
ers, 2002; Landolfi and others, 2018) and are 
the largest source of fixed nitrogen in the 

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 Dimethylsulphoniopropionate 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.

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 nanoplankton10

Over 90 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 a life cycle that alternates between free-liv-
ing nanoplankton (3–9 µm) 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).
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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).

5.2. 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).

11 A group of genetically similar organisms that may be grouped at different taxonomic levels, such as species, 
family, class or phylum. 

Heterotrophic nanoflagellates are the most 
abundant protozoan consumers and control 
the abundance of bacterioplankton (Fenchel, 
1982; Massana and Jürgens, 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 phylotypes11 (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): 
α-Proteobacteria (SAR11, Rhodobacteraceae), 
γ-Proteobacteria (SAR86), Bacteroidetes 
(Flavobacteriaceae) and Actinobacteria, most 
abundant of which are α-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–IV) are abundant in the ocean (Church and 
others, 2003; Danovaro and others, 2017). 
Marine group I archaea are among the most 
abundant and widely distributed, from polar 
to tropical waters (Karner and others, 2001; 
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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 

12 Species that live their entire life cycles as plankton.

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).

6. Metazoan zooplankton

6.1. Holoplankton12

Metazoan holoplankton have been described 
from 15 phyla (Bucklin and others, 2010; Wiebe 
and others, 2010). As a group, they exhibit 
diverse feeding types (Kiørboe, 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, 

1996; United Nations, 2017a). Copepods are by 
far the most abundant and are a key trophic 
link between phytoplankton and fisheries (e.g., 
Möllmann 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 amphipods13 (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),14 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) 

13 An order of amphipods that is exclusively marine.
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.

(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).

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 

Gregg, 2015; Gregg and others, 2017), a trend 
that appears to be related to upper-ocean 
warming, increases in vertical stratification15, 
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 201716 suggests that 

http://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): 

 • 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).

 • 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).

 • 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 

17 See Michon Scott and Kathryn Hansen, “Sea ice”, NASA Earth Observatory, 16 September 2016.

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 extent17 (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 
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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 Ocean is in the 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 

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.

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 pycnocline18 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 phenologies19 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 
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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) (Bednaršek 
and others, 2014). As the habitat suitability for 
pteropods declines, metazoan food webs are 
likely to be affected (Bednaršek and others, 

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-García 
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; Morán and oth-
ers, 2010) and decreasing nutrient supplies 
as the euphotic zone becomes more isolated 
from nutrient-rich deep water (Marañón and 
others, 2015; Sommer and others, 2016).

8. Outlook

Climate change during the course of the twen-
ty-first century is expected to continue to drive 
changes in the upper ocean that have an impact 
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), 

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; 
Morán 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) The expansion 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 CO2 in cold wa-
ters (Bednaršek 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:

(a) An increase 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, 2001; 
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; García-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., Schlüter and others, 2014; Thor 
and Dupont, 2015).
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Keynote points

 • As of 2019, 153,434 marine benthic inverte-
brate species had been described globally.

 • 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.

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

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

the extraction of living and non-living re-
sources, coastal use, invasive species and 
pollution.

 • 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.

 • 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. 

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, 

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-
plex interactions among drivers, 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 

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.

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 support important 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 
WoRMS in 2019 (see figure I), 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 I) 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
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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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British Columbia (Canada)

Bay of Biscay
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Bay of Bengal
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Gulf of Mexico
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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.

http://Marineregions.org
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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. Sea ice 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,2 the Barents Sea (Jørgensen 

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 Jør-
gensen and others, 2017). 

2 See www.arcticbiodiversity.is/index.php/findings/benthos.
3 See FCCC/CP/2015/10/Add.1, decision 1/CP. 21, annex.

 • 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). 

 • In the Pacific, marine heatwaves have led 
to severe bleaching and mass mortality 
of corals around Australia (Le Nohaïc 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 (Frölicher 
and Laufkötter, 2018) in the coming decades, 
even if emission-reduction targets established 
under the Paris Agreement3 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).

http://www.arcticbiodiversity.is/index.php/findings/benthos
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Selected national case studies and related natural and anthropogenic drivers and pressures

Arctic 
Ocean North Atlantic Ocean

South 
Atlantic 
Ocean

Indian 
Ocean

North 
Pacific 
Ocean

South 
Pacific 
Ocean

Indian Ocean- 
South Pacific 

Ocean boundary

N
orw

ay and Russian Federation, 
Barents Sea

Russian Federation, A
rctic seas

U
nited States, A

rctic

Canada, north-east 

G
reenland, w

est and south-east

U
nited Kingdom

, N
orth Sea

Portugal, south-w
est

G
reece, bays and gulfs

M
alta, coast

Trinidad and Tobago

Brazil, coast and bays

Bangladesh, coast

A
ustralia, w

est

Viet N
am

, coast

South C
hina Sea

Russian Federation, eastern seas

A
ustralia, north-east

N
ew

 Zealand, east

A
ustralia, south

Climate warming x x x x x x x x x
Temperature events (e.g., El Niño) x x x
Sedimentation x x x x x
Storms and wave action x x x x
Bottom trawl fisheries x x x x x x x x x x x x
Overharvesting of invertebrates x
Spreading of new species x x x x x x x
Outbreaks of species x x x
Pollution x x x x x
Eutrophication (from agriculture, 
aquaculture and sewage) x x x

Oil and gas exploitation and extraction x x x x x x
Offshore wind farms x
Large ship-breaking activities x
Anchoring x x x
Coastal infrastructure development x x x x
Tourism x x x x
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Recent findings
 • 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 

4 www.invasivesnet.org/news.
5 Available at: www.dfo-mpo.gc.ca/species-especes/ais-eae/about-sur/index-eng.html.

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)4 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 areas5 (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). 

http://www.invasivesnet.org/news
https://www.dfo-mpo.gc.ca/species-especes/ais-eae/about-sur/index-eng.html


    149

Chapter 6B: Marine invertebrates

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
 • 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). 

 • 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 
Hernández-Delgado and others, 2020).

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 
km2) 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 (García-
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. 
A request 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 (Jørgensen 
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.

 • 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). 

 • 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).

 • Increased risk to food security linked to 
decreases in seafood availability varies 

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, 2018a, 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 an increase 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 (Jørgensen 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, 
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decreases the value of marine ecosystem 
services. 

Despite some progress, there remains a 
need for addressing the huge knowledge gap 

6 See www.mpi.govt.nz/dmsdocument/7242-compliance-fact-sheet-7-benthic-protection-areas-and-sea-
mount-closures.

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 
 • 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 (Jørgensen and others, 2017). 

 • In the South Pacific, New Zealand govern-
ment policies6 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).

 • In the Arctic, in 2019, the Government of 
Norway closed 442,022 km2 to bottom 
trawling in the Barents Sea (Jørgensen 
and others, 2020).

http://www.mpi.govt.nz/dmsdocument/7242-compliance-fact-sheet-7-benthic-protection-areas-and-seamount-closures
http://www.mpi.govt.nz/dmsdocument/7242-compliance-fact-sheet-7-benthic-protection-areas-and-seamount-closures
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 • In the North Pacific Ocean and the Bohai 
Sea, strict ecological restoration and 
fishery resources conservation were intro-
duced in 2018.7

 • 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.

 • In the Mediterranean, the conservation 
status of sponges has recently been lo-
cally assessed in the Aegean ecoregion 
(Gerovasileiou and others, 2018).

 • Competent authorities in the member States 
of the European Union are implementing 
the Marine Strategy Framework Directive.8 
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 Directive9 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 11,10 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 

7 See www.mee.gov.cn/xxgk2018/xxgk/xxgk03/201812/t20181211_684232.html.
8 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=24&O=202&titre_chap=D6%20Sea-floor%20integrity&titre_

page=Implementation#2016331103713.
10 See www.cbd.int/sp/targets/rationale/target-11.

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).

http://www.mee.gov.cn/xxgk2018/xxgk/xxgk03/201812/t20181211_684232.html
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX
http://www.cbd.int/sp/targets/rationale/target-11
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5. Achievement of relevant Sustainable Development Goals11 
and contribution to Aichi Biodiversity Target 11

11 See General Assembly resolution 70/1.

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. Key remaining knowledge gaps and capacity-building gaps
6.1. Knowledge gaps
 • Studies on the effect of protected areas 

remain limited.
 • 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. 

 • 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

 • 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.

 • Listing species with restricted geographi-
cal ranges, often arising from specialized 
habitat requirements, represents the most 

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).

 • To increase knowledge on biodiversity and 
ecosystem understanding, marine national 
regular assessment cruises should report 
both targeted and non-targeted scientific 
catch. 

 • Integrated ocean management should be 
prioritized to coordinate conservation and 
management among all relevant activities. 

 • Managers should develop and implement 
common, well-defined measures to identi-
fy and respond to declining benthic habi-
tats in national and international waters.

 • 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.

 • 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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Addendum by the Group of Experts of the Regular Process for 
Global Reporting and Assessment of the State of the Marine 
Environment, including Socioeconomic Aspects

Status of pelagic invertebrates:  
cephalopods
Of the 750 species considered by the Interna-
tional Union for Conservation of Nature (IUCN), 
only one species is classified as Critically 
Endangered, two as Endangered and another 
two as Vulnerable, all of which are deep-sea 
umbrella octopuses (IUCN, 2020). 

However, more than 419 species are consid-
ered Data Deficient, and they include many 
deep-sea dwellers (IUCN, 2020). Ten nautilus 
species were included in appendix II to the 
Convention on International Trade in Endan-
gered Species of Wild Fauna and Flora in 2017 
to regulate international trade therein. 

Although information on many deep-sea dwell-
ers is still scarce, recent advances in deep-sea 
research has increased understanding of the 
ecology and biology of deep-sea cephalopods. 
In the central Pacific Ocean, a rare observation 
of the mating and reproductive behaviours of 
the deep-sea squids Chiroteuthis spp. has 
been recorded (Vecchione, 2019). A specimen 
of giant squid, the largest species (up to 13 
m) and one of the most enigmatic, was filmed 
in the Gulf of Mexico in 2019, which was only 
the second time ever that the species was 
recorded since it had been first observed in 
2012. Analysis of the mitochondrial DNA of 
43 specimens from the North Pacific Ocean, 
the Atlantic Ocean and Oceania supports the 
hypothesis that giant squids belong to a single 
species (Architeuthis dux) (Winkelmann and 
others, 2013). Ontogenetic changes in the 

feeding strategy of the vampire squid (Vampy-
roteuthis infernalis) have been established 
using stable isotope analyses (Golikov and 
others, 2019).

Recent work has identified a common mul-
ti-decadal increasing trend in the catch rates of 
dozens of cephalopods species with different 
biological and ecological strategies (demersal, 
benthopelagic and pelagic) in diverse oceanic 
regions (Doubleday and others, 2016). This 
proliferation has been attributed to their high 
adaptability and resilience to environmental 
fluctuations thanks to their rapid growth and 
flexible development. As an example, shoaling 
of the oxygen minimum zone in the California 
Current System has been thought to optimize 
feeding conditions for the Humboldt squid (Do-
sidicus gigas). This has allowed the species to 
thrive and expand its distribution northwards 
up to the Gulf of Alaska (Stewart and others, 
2014). In the North Sea, a warming trend from 
the mid-1980s to the mid-2010s is thought 
to have been responsible for an increase in 
overall abundance of several squid species 
and in an northward expansion of their distri-
bution (van der Kooij and others, 2016). Future 
warming of the Arctic Ocean may facilitate the 
trans-Arctic expansion of the European cut-
tlefish (Sepia officinalis) into North Canadian 
waters by 2300 (Xavier and others, 2016). In 
Australian waters, warming waters associated 
with a poleward extension of the Eastern Aus-
tralian Current are facilitating the expansion of 
the distribution of the gloomy octopus (Octo-
pus tetricus) (Ramos and others, 2018).
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Keynote points

 • The mobilization of existing data and the 
development of tools and open, global re-
positories provide a global picture of the di-
versity of marine fishes, with 17,762 known 
species, including 238 species described 
since the first World Ocean Assessment 
(United Nations, 2017e).

 • While knowledge of the biodiversity of 
marine fishes exceeds that of many other 
marine taxa, further improvements will 
be necessary not only in taxonomic and 
biosystematic infrastructure but also in 
the exploration and characterization of the 
oceans to achieve a complete inventory.

 • More than half of the known marine fish 
species have had their conservation status 
assessed by the International Union for 

Conservation of Nature (IUCN), and ap-
proximately a third of those assessments 
having been conducted since the first As-
sessment.

 • Of the fish species with conservation as-
sessments, around 6 per cent of bony fish-
es, nearly 50  per  cent of elasmobranchs, 
10 per cent of chimaeras and both species 
of coelacanths are threatened or near 
threatened with extinction.

 • Capacity for documenting and understand-
ing marine fish diversity continues to grow, 
but significant gaps remain for certain 
ecosystem groups (e.g., mesopelagic fish-
es) and in predicting responses to multiple 
simultaneous external stressors.

1. Introduction

The present subchapter covers marine fish 
taxonomy, distribution, habitat and conser-
vation status, emphasizing how the overall 
state of knowledge has changed since the first 
World Ocean Assessment. The consequences 
of changing fish diversity for humanity are 
briefly considered, and perspectives for spe-
cific regions are provided. The subchapter 
concludes with an outlook for fish biodiversity, 
including continuing gaps in knowledge and 
capacity. All 17,762 taxonomically valid species 
within the World Register of Marine Species 
(WoRMS) superclass Pisces (WoRMS, 2019) 
are considered, including bony fishes (class 
Actinopterygii, 16,503 species), sharks and 
rays (class Elasmobranchii, 1,202 species), 
chimaeras (class Holocephali, 55 species) and 
coelacanths (class Coelacanthi, 2 species).

The global biomass of marine fishes is approx-
imately four times the total biomass of all birds 
and mammals (Bar-On and others, 2018), and 
fishes constitute an important part of marine 

biodiversity. Approximately 70 per cent of the 
marine fish biomass is comprised of meso-
pelagic fishes, although with wide estimate 
ranges, found in depths of 200–1,000 m (Irig-
oien and others, 2014, Hidalgo and Browman, 
2019). Fishes occur throughout the world’s 
oceans and in a wide range of depths. For ex-
ample, the fish seen alive at the greatest depth 
is the snailfish Pseudoliparis swirei, formally 
described in 2017 and found in depths greater 
than 8,000 m in the Mariana Trench in the Pa-
cific Ocean (Linley and others, 2016, Gerringer 
and others, 2017). Fishes play a key role in ma-
rine food webs as both predators and prey, of-
ten moving through food webs over the course 
of their lifetimes, such as from planktonic 
larvae into predatory adults. Fish biodiversity 
varies between habitats. Habitat affiliations in 
the Fishbase biodiversity information system 
for 17,246 species (97  per  cent of all known 
species) show that most bony fishes are dem-
ersal or reef-associated, while most species of 



164   

World Ocean Assessment II: Volume I

sharks and rays, chimaeras and coelacanths 
are demersal or bathydemersal (see table 1).

Fish biodiversity is changing, and fishes are 
sensitive to environmental changes caused by 
multiple external pressures (Comte and Olden, 
2017) and to exploitation by fisheries (see 
chap.  15), which has important implications 
for human well-being (Food and Agriculture Or-
ganization of the United Nations (FAO), 2018). 
The first Assessment included chapters on the 
conservation challenges faced by the 1,088 
species of sharks and other elasmobranchs 
(United Nations, 2017c) and the 25 species of 
tunas and billfishes (United Nations, 2017d). In 
addition, overall synthesis chapters revealed 
that fishes were among the best-known marine 
groups (United Nations, 2017a, b), with clear 
latitudinal and depth gradients in diversity. The 
mechanisms driving fish diversity are complex 
and include ecosystem stability and age, niche 
partitioning and predator-mediated dampen-
ing of dominance (Rabosky and others, 2018).

Overexploitation and habitat loss and deg-
radation were recently identified as major 
threats to marine fish biodiversity, and while 
the impacts of climate change have become 
more apparent, pollution was not considered 
a significant threat (Arthington and others, 
2016). Subsequently, evidence has emerged 
that scientific assessment and effective fish-
eries management can reverse the effects of 
overexploitation, leading to increases in abun-
dance on average for well-managed stocks 
constituting half of the reported global fish 
catch, although overexploitation remains a sig-
nificant threat in regions with less-developed 
fisheries management (Hilborn and others, 
2020). The impacts of climate change and 
thermal stress on marine fishes, in particular 
coral reef fish communities, have become 
more severe (Robinson and others, 2019), 
while novel threats, for instance microplastic 
pollution, are now also attracting increased re-
search interest, even though considerable un-
certainty remains about their population-level 
effects (Villarrubia-Gómez and others, 2018).

Table 1 
Number of valid marine species in each taxonomic class of fishes,  
according to the WoRMS taxonomy, in each broad habitat category

Habitat

Class

Actinopterygii Elasmobranchii Holocephali Coelacanthi

Existing
Described 
since 2015 Existing

Described 
since 2015 Existing

Described 
since 2015 Existing

Described 
since 2015

Bathydemersal 1 785 (11%) 4 314 (26%) 2 38 (69%) – – –

Demersal 5 691 (34%) 11 449 (37%) 5 11 (20%) 3 2 (100%) –

Benthopelagic 1 422 (9%) 18 131 (11%) 13 4 (7%) – – –

Bathypelagic 1 346 (8%) 3 33 (3%) 1 2 (4%) – – –

Pelagic-neritic 807 (5%) 38 34 (3%) 10 – – – –

Pelagic-oceanic 378 (2%) 1 83 (7%) 11 – – – –

Reef- 
associated

4 618 (28%) 93 98 (8%) 1 – – – –

Unknown 456 (3%) 22 60 (5%) 2 – – – –

Total 16 503 190 1 202 45 55 3 2 –

Source: WoRMS Editorial Board (2019); Froese and Pauly (2019).
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2. Documented change in the state of fish biodiversity 

Documenting changes in fish biodiversity 
requires considering fish taxonomy, including 
the description of new species; spatial distribu-
tion, which can be assessed using occurrence 
records to reveal contractions or expansions 
in species ranges; and formal assessments 
of conservation status, to highlight species of 

conservation concern. Summarizing findings 
across higher taxonomic groups, and across 
groups of species occurring in similar habitat 
zones, is also necessary. Primary data sources 
used to quantify all those aspects of change 
are listed in table 2.

Table 2 
Major types of global aggregations of data on marine fishes

Data type Source Reference
Taxonomy and 
systematics

World Register of Marine Species (WoRMS)

California Academy of Sciences

Eschmeyer's Catalog of Fishes

WoRMS Editorial Board, 2019;

Van der Laan and others, 2019

Fricke and others, 2020
Global occurrence data Ocean Biodiversity Information System (OBIS) OBIS, 2018
Habitat affinities FishBase Froese and Pauly, 2019
Conservation status IUCN Red List of Threatened Species IUCN, 2019

2.1. Taxonomy
Since 2015, 238 new marine fish species have 
been described and added to WoRMS (see 
table 1). Almost half (49 per cent) of the newly 
described bony fishes are reef-associated, 
whereas most of the newly described elasmo-
branchs are pelagic (see table 1). This rate of 
description is around 6 to 7 times lower than 
the one species per day described between 
1999 and 2013 (United Nations, 2017a). This 
taxonomic effort is supplemented by recent 
phylogenetic studies of bony fishes (Rabosky 
and others, 2018) and of sharks, rays and chi-
maeras (Stein and others, 2018).

2.2. Occurrences
Fishes continue to be well represented in glob-
al occurrence databases, providing insight 
into distributions, biogeography and macro-
ecological analyses. Collectively, the Ocean 
Biodiversity Information System (OBIS) (OBIS, 

2018) includes 20,302,222 occurrence records 
for 15,101 marine fish species, with fishes 
making up more than a third of all occurrence 
records. Occurrence records are now availa-
ble from OBIS for 85 per cent of bony fishes, 
84  per  cent of elasmobranchs, 78  per  cent 
of chimaeras and one of the two coelacanth 
species. A total of 306,913 of those occur-
rence records have been added since the first 
Assessment, covering 4,099 (23 per cent) fish 
species, comprising 3,857 (23 per cent) bony 
fishes (for a total of 241,385 new occurrence 
records), 233 (19  per  cent) sharks and rays 
(65,480 new records), eight (15 per cent) chi-
maeras (46 new records) and one of the two 
coelacanths (two new records). The first ever 
occurrences of 76 species (68 bony fishes and 
eight elasmobranchs) have been recorded in 
OBIS since 2015 (153 occurrence records in 
total). These species are primarily demersal 
(32 species) or reef-associated (13 species). 
Five of the 238 species added to WoRMS since 
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the first Assessment already have occurrence 
records in OBIS.

2.3. Conservation status
Marine fishes are among the well-assessed 
marine taxonomic groups in terms of conser-
vation status (Webb and Mindel, 2015). Fif-
ty-three per cent (9,372 species) of all marine 
fishes have been assessed by IUCN in the 2019 
Red List (IUCN, 2019)1 and 44 per cent (7,756 
species) have been assigned to a category 
other than Data Deficient. Thirty-two per cent 
(3,008 species) of all assessments of marine 
fishes have occurred since the first Assess-
ment, in 2015. So far, as no marine fish species 
has been reassessed since the first Assess-
ment, the IUCN Red List cannot yet be used 
to assess changes in the status of individual 
species. However, the proportion of species in 
each threat category is shown for each taxo-
nomic class in table 3 and that for each habitat 
affiliation in table 4. Ecological and trait-based 
methods for predicting the conservation sta-
tus of species categorized as Data Deficient 
suggest that, at least with regard to sharks and 
rays found in European waters, approximately 
half to two thirds of species in this category 
should also be considered as at risk of extinc-
tion (Walls and Dulvy, 2019). Recent evidence 
suggests that 24 per cent of the mean monthly 
space used by sharks falls under the footprint 
of pelagic longline fisheries and that pelagic 
sharks have limited spatial refuge from current 
levels of fishing effort in marine areas beyond 
national jurisdictions (Queiroz and others, 
2019).

1 Search focused on species in the classes Actinopterygii, Cephalaspidomorphi, Chondrichthyes, Myxini 
and Sarcopterygii with global scope, in the marine oceanic, marine deep benthic, marine intertidal, ma-
rine coastal and supratidal or marine neritic habitats, to ensure that all species within the World Register 
of Marine Species superclass Pisces were included (see www.iucnredlist.org/search?permalink=c53b-
bf34-fec3-4549-8a83-d7630d2bc6bd).

2.4. Advances in knowledge and 
capacity contributing to the 
evaluation of changes in state

The evaluation of changes in state since the 
first Assessment is made possible by new 
data from ongoing long-term monitoring 
programmes (e.g., international bottom trawl 
surveys by the International Council for the 
Exploration of the Sea (ICES)), contributions of 
fishery observers to scientific data collection, 
global compilations of fish stock assessments 
(e.g., the RAM Legacy Stock Assessment Da-
tabase) and conservation assessments (e.g., 
the 2019 IUCN Red List), as well as improve-
ments in technology allowing sampling in nov-
el environments (Linley and others, 2016) and 
the monitoring of individual movements using 
satellite tagging (Curtis and others, 2018). Dra-
matic increases in knowledge of fish diversity 
have also been made possible by increased 
deep-water fishing (to 1,200  m) by commer-
cial and research vessels, coupled with an 
increase in shallow-water sampling, enabling 
the discovery of many cryptic reef fish species 
in some regions (Gordon and others, 2010). 
Data infrastructure (e.g., WoRMS, OBIS and 
ICES data portal) providing the backbone for 
assessments has been supplemented by new 
analytical tools enabling users to interact 
programmatically with the data sources (Boet-
tiger and others, 2012; Chamberlain, 2018; 
Chamberlain and Salmon, 2018; Provoost and 
Bosch, 2019; Millar and others, 2019). Those 
developments and tools have facilitated the 
use of marine fish data products as indicators 
of the status of marine ecosystems (ICES, 
2018, 2019). 

http://www.iucnredlist.org/search?permalink=c53bbf34-fec3-4549-8a83-d7630d2bc6bd
http://www.iucnredlist.org/search?permalink=c53bbf34-fec3-4549-8a83-d7630d2bc6bd
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Table 3 
Number of marine fish species in each IUCN category by class

IUCN 
category

Class

Actinopterygii Elasmobranchii Holocephali Coelacanthi

Pre-first 
Assessment

Post-first 
Assessment Total

Pre-first 
Assessment

Post-first 
Assessment Total

Pre-first 
Assessment

Post-first 
Assessment Total

Pre-first 
Assessment

Post-first 
Assessment Total

Least 
Concern

4 642 2 071 6 713 
(80.6%)

117 201 318 
(31.8%)

9 16 25 
(54.3%)

- - -

Near 
Threatened

70 27 97 
(1.2%)

85 22 107 
(10.7%)

2 - 2 
(4.3%)

- - -

Vulnerable 171 39 210 
(2.5%)

80 27 107 
(10.7%)

- 1 1 
(2.2%)

1 1 
(50%)

Endangered 45 18 63 
(0.8%)

29 15 44 
(4.4%)

- - - - - -

Critically 
Endangered

25 2 27 
(0.3%)

14 24 38 
(3.8%)

- - - 1 - 1 
(50%)

Extinct in 
the Wild or 
Extinct

2 - 2 
(0.02%)

- - - - - - - - -

Data 
Deficient

746 467 1 213 
(14.6%)

310 75 385 
(38.5%)

15 3 18 
(39.1%)

- - -

Total 5 701 
(34.5%)

2 624 
(15.9%)

8 325  635 
(52.5%)

364 
(30.1%)

999  26 
(47.3%)

20 
(36.4%)

46  2 
(100%)

0 
(0%)

2 

Note: “Pre-first Assessment” indicates the number of species most recently assessed before 2015, and “Post-first Assessment” the number of species assessed 
since 2015. Also shown are the total number of species in each IUCN category for each class and the percentage of all assessed species in each IUCN category 
for each class. The last row shows the total number of species assessed pre- and post-first Assessment in each class, and the percentage of all species in that 
class that have been assessed.
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Table 4 
Number of marine fish species in each IUCN category by habitat affiliation

Not Evaluated Data Deficient Not Threatened Threatened

Number 
of 

species

Percentage 
of all 

known 
species

Number 
of 

species

Percentage 
of species 
assessed 
by IUCN

Number 
of 

species

Percentage 
of species 
assessed 
by IUCN

Number 
of 

species

Percentage 
of species 
assessed 
by IUCN

Bathydemersal 1 325 61.9 285 34.9 491 60.1 41 5.0

Demersal 3 060 49.7 617 19.9 2 169 69.9 317 10.2

Benthopelagic 936 60.0 124 19.8 440 70.4 61 9.8

Bathypelagic 594 42.7 140 17.6 452 81.9 4 0.5

Pelagic-neritic 351 41.6 120 24.4 335 68.1 37 7.5

Pelagic-oceanic 187 40.5 41 14.9 202 73.5 32 11.6

Reef-associated 1 561 33.0 262 8.3 2 712 85.5 198 6.2

Unknown 425 82.2 27 29.3 55 59.8 10 10.9

Note: The percentages of species categorized as “Not Evaluated” are the percentages of all known species with a 
given habitat affiliation that have not been assessed by IUCN. Percentages in the other columns are percentages of 
species assessed by IUCN in each category. The IUCN categories Least Concern and Lower Risk/Least Concern are 
combined under “Not Threatened”, and the categories Near Threatened, Vulnerable, Endangered, Critically Endan-
gered, Extinct in the Wild and Extinct are combined under “Threatened”.

3. Consequences of biodiversity change on human 
communities, economies and well-being

2 See General Assembly resolution 70/1.

Changes in fish biodiversity have direct and 
immediate consequences for human com-
munities, economies and well-being through 
their impacts on commercial, recreational and 
subsistence fisheries, as well as on alternative 
sources of income derived from marine eco-
systems, including tourism (FAO, 2018). Fishes 
are integral to the achievement of Sustainable 
Development Goal 14 of conserving and sus-
tainably using marine resources,2 with several 
indicators relating directly to the role that 
fishes play in sustainable food provision (see 

chap. 15). Improved knowledge of the distribu-
tion and abundance of marine fishes, in par-
ticular, is key to monitoring progress toward 
target 14.4 (effectively regulate harvesting). In-
creasing the economic benefits to small island 
developing States and least developed coun-
tries through tourism (target 14.7) will involve 
understanding the distribution and status of 
charismatic fish species, such as manta rays 
(Kessel and others, 2017) or fish assemblages, 
such as coral reef fishes (Wabnitz and others, 
2018). 
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4. Key region-specific changes and consequences
4.1. North Atlantic Ocean

In the North Atlantic and adjacent areas, pres-
sure on fish stocks shows an overall down-
ward trend over the period 2003–2017, with 
the median fishing mortality stabilized at 1.0. 
The pressure indicator (F/Fmsy) for the Med-
iterranean and the Black Sea has remained at 
2.2. The number of stocks within safe biologi-
cal limits has almost doubled, from 15 in 2003 
to 29 in 2017, with the largest increase in the 
Bay of Biscay and the Iberian waters – from 2 
to 8 stocks. The overall biomass volume has 
continued to develop positively, increasing 
by around 36  per cent. In the Mediterranean 
and the Black Sea, the 2016 spawning stock 
biomass showed no significant increase com-
pared with 2003. The North-West Atlantic saw 
a marked change in fish community structure 
with the collapse of cod and mackerel stocks 
as a result of overfishing (Shelton and Sinclair, 
2008; Van Beveren and others, 2020).

In the Baltic Sea, gradual long‐term trends, 
rather than abrupt changes in functional 
diversity and multi-trait community composi-
tion, were observed between 1971 and 2013 
(Törnroos and others, 2018). There are three 
sub-assemblages along a strong west-east 
salinity gradient, with low functional redundan-
cy in the Baltic Proper compared with other 
sub-areas, suggesting an ecosystem more 
susceptible to external pressures (Frelat and 
others, 2018). In the North Sea, taxonomic and 
trait-based indicators provide new evidence of 
fish assemblage structure and highlight the 
multifaceted effects of drivers responsible for 
those changes. Specifically, the central North 
Sea displayed a decrease in community size 
structure linked to changes in fishing, and the 
Norwegian trench region displayed an increase 
in community size structure primarily linked to 
climate change, while no change was observed 
along the eastern Scottish coast where the 
community size structure was most strongly 

associated with net primary production (Mar-
shall and others, 2016). In the Mediterranean, 
the dynamics of small and medium pelagic 
fish populations exhibit synchrony with climate 
variability: while the North Atlantic Oscillation 
is affecting their dynamics in the western and 
central Mediterranean, anchovy and sardine 
populations follow the signal of the Atlantic 
Multidecadal Oscillation in the eastern and 
central Mediterranean. Thus, there are strong 
subregional patterns in the temporal dynamics 
of pelagic fish in the Mediterranean (Tsikliras 
and others, 2019).

4.2. South Atlantic Ocean
The wider Caribbean region is highly biodiverse 
and an important region of fish endemism, 
with approximately 50  per  cent of its bony 
fishes occurring nowhere else (Linardich and 
others, 2017). Diverse oceanographic and hy-
drographic features yield an array of subtrop-
ical and tropical habitats, including 8 per cent 
of the world’s coral reefs and 6  per  cent of 
seamounts (Oxenford and Monnereau, 2018). 
Fish biodiversity is negatively affected by over-
fishing, habitat destruction (in particular of 
coral reefs) and climate change (Jackson and 
others, 2014; Oxenford and Monnereau, 2018). 
Several large-bodied fish species have become 
commercially extinct or critically endangered 
(Linardich and others, 2017). The reduction in 
fish biodiversity is affecting the functioning of 
Caribbean coral reefs (Lefcheck and others, 
2019), with socioeconomic consequences, 
especially for small island developing States, 
where up to 22  per  cent of the workforce is 
employed in the fishery sector (Edwards and 
Yarde, 2019).

A significant emerging phenomenon is the un-
precedented bloom across the equatorial Atlan-
tic of pelagic Sargassum seaweed, which has 
been advecting into the Caribbean Sea since 
2011 (Wang and others, 2019). This has had a 
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negative impact on critical fish habitats and as-
sociated fish biodiversity nearshore (van Tus-
senbroek and others, 2017; Rodríguez-Martínez 
and others, 2019), but has had positive effects 
on some pelagic reef-associated species, the 
populations of which have increased and are 
now supporting fisheries (e.g., the yellow jack 
Carangoides bartholomaei and the almaco jack 
Seriola rivoliana) (Ramlogan and others, 2017; 
Monnereau and Oxenford, 2017). Landings of 
offshore pelagic species appear to have been 
disrupted by the presence of Sargassum, with 
some being more readily available, but often as 
small juveniles (e.g., the dolphinfish Coryphae-
na hippurus), while others (e.g., the flying fish 
Hirundichthys affinis) are more difficult to catch 
(Oxenford and others, 2019; Caribbean Region-
al Fisheries Mechanism-Japan International 
Cooperation Agency, 2019). 

4.3. North Pacific Ocean
The North Pacific Ocean, extending from 
arctic to tropical waters, has the highest fish 
species diversity in the world, with more than 
6,000 species. This rich diversity is derived 
from and supported by strong water currents 
flowing northwards and southwards along the 
north-western continental shelf. Such currents 
have functioned both to transfer fishes and to 
isolate fish populations, thereby facilitating 
speciation (Motomura, 2019). The northern 
region is a major fishing ground, contributing 
to about 30 per cent of global catches, main-
ly targeting the pollack, tunas, sardines and 
anchovies. The southern region includes the 
northern part of the Coral Triangle, identified 
as a marine biodiversity hotspot, and has a 
higher species richness of shore fishes than 
any other large marine areas on the globe 
(Roberts and others, 2002). Most fishes in the 
southern part are associated with coral reefs 
and have seen population declines as a result 
of intense fishing pressure and habitat degra-
dation (Nañola and others, 2011).

4.4. South Pacific Ocean
The South Pacific Ocean includes several 
highly biodiverse tropical, subtropical and 
temperate marine ecosystems, modulated 
directly by the El Niño Southern Oscillation 
and monsoons. There is high inter-annual 
variability of primary production that leads to 
a rich diversity of marine fishes, including reef 
fishes, pelagic species and highly migratory 
species (e.g., tuna, sharks and manta rays). 
Fish biodiversity in this region is affected by 
fishing (including by-catch) of small pelagics, 
sharks and tuna, as well as by climate change 
and pollution, which threaten nursery habitats 
and drive species from tropical to temperate 
waters. The destruction of strategic habitats, 
such as mangroves, can change the distribu-
tion and abundance of fish species that use 
those areas for reproduction and feeding.

Areas of the South-West Pacific that have 
been explored, including ocean ridges and 
seamount chains, support a rich marine fish 
diversity (Clark and Roberts, 2008; Roberts 
and others, 2015). The fish faunas of the trop-
ical islands of Melanesia and Polynesia in the 
northern South-West Pacific are predominantly 
from the Indo-West Pacific in nature, with high 
diversity but relatively low levels of endemism. 
In contrast, New Caledonia (France) is a centre 
of fish endemism, with 107 of 2,341 recorded 
species endemic to the exclusive economic 
zone (Fricke and others, 2011; 2015). Off the 
coast of New Zealand, the number of known 
marine fish species has grown from around 
1,000 species in 1993 to more than 1,294 in 
2019 (Roberts and Paulin, 1997; Roberts and 
others, 2015, 2019), with 22 per cent endem-
ic to the New Zealand region and half of the 
additional species new to science. Australia is 
positioned south-west of the aforementioned 
tropical archipelagos, spans the junctions of 
two major oceans and is home to some 2,000 
known marine fish species.
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5. Outlook

Positive outlooks for fish biodiversity come 
from the evidence that individual fish popula-
tions respond positively to effective fisheries 
management (Hilborn and others, 2020) and 
that fish diversity and biomass increase within 
effective marine protected areas (Sala and Gi-
akoumi, 2017). However, the global extinction 
of the smooth handfish Sympterichthys unipen-
nis (Last and others, 2020) is a reminder that 
fish biodiversity continues to face significant 
threats as well. Both positive and negative 
outcomes are known because fishes continue 
to be among the most systematically studied 
and monitored components of marine eco-
systems, mostly because of their economic 
value. Nonetheless, considerable fish diversity 
remains to be discovered: expert estimates 
indicate that at least another 700 fish species 
(approximately a 50 per cent increase over the 
number of currently known species) are yet to 
be described from the New Zealand exclusive 
economic zone and extended continental 
shelf alone (Gordon and others, 2010; Roberts 
and others, 2019). Further increase in capacity 
in taxonomy and biosystematics (Taxonomy 
Decadal Plan Working Group, 2018) and the 
integration of data from existing biodiversity 

collections (Nelson and others, 2015) and 
other sources (Edgar and others, 2016) would 
pave the way for more comprehensive, synthet-
ic analyses of fish biodiversity over the near 
to medium term. In addition to improving our 
understanding of fish biodiversity, improved 
estimates of fish biomass are needed for 
some ocean zones, such as the pelagic zone. 
While it is estimated that mesopelagic fishes 
dominate global fish biomass, estimates of 
their biomass span several orders of magni-
tude and, therefore, the exact contribution that 
this group makes to global patterns remains 
poorly understood (Irigoien and others, 2014; 
Hidalgo and Browman, 2019). In addition, while 
there are no current estimates of species rich-
ness or biomass of bathypelagic fishes, which 
reside in the world’s largest environment (in 
terms of volume), it is highly likely that those 
fishes constitute a large portion of global fish 
biomass (Sutton and others, 2017). Since the 
first Assessment, the disposal of deep-sea 
mining water after ore removal has emerged 
as a significant threat to bathypelagic fishes 
(Drazen and others, 2019). Key knowledge and 
capacity gaps in fish biodiversity are summa-
rized in table 5.

Table 5 
Key gaps in the understanding of the biodiversity of marine fishes

Knowledge and capacity gaps Examples of remedial steps taken to address the gaps

Taxonomic and biosystematics 
infrastructure and capacity

National and international plans to support and develop core 
taxonomic activities, workforce and infrastructure  
(e.g., Taxonomy Decadal Plan Working Group, 2018)

Mobilization of existing data into 
open, global repositories

Historical data rescue, digitization of museum specimens and 
historical biodiversity literature (e.g., Faulwetter and others, 2016)

Understanding of mesopelagic 
and deep-sea fish diversity

More and better sampling regimes, employing novel technologies 
(e.g., Linley and others, 2016; Hidalgo and Browman, 2019)

Response of fishes to multiple 
simultaneous stressors

Better linking of relevant data across disciplines (e.g., Hodgson 
and others, 2019)
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Keynote points

 • Marine mammals play a key role in marine 
ecosystems in terms of biomass, con-
sumption and energy transfer and continue 
to provide significant economic and cultur-
al contributions to coastal communities.

 • The number of species for which a conser-
vation status is available has increased, 
with eight species no longer in a status of 
data deficiency as a result of new informa-
tion. Thirty-six  per  cent of baleen whale 
species are increasing in abundance. 
Overall, the status of coastal dolphins, si-
renians and both marine species of otters 
is deteriorating, with the vaquita close to 

extinction. Many species lack population 
abundance information.

 • Fishery by-catch continues to be a domi-
nant conservation threat for many species. 
Indirect threats, such as habitat alteration, 
overfishing of prey, land-based pollution, 
anthropogenic noise, ship strikes and dis-
turbances, are becoming more prevalent, 
in particular in coastal zones.

 • There is apparent increasing consumption 
of hunted and by-caught small marine 
mammals in some coastal developing na-
tions.

1. Introduction

There are 132 extant species of marine mam-
mals (cetaceans, pinnipeds, sirenians, otters 
and the polar bear) with varied habits, ranging 
from cosmopolitan to comprising multiple 
discrete local populations (e.g., some dol-
phin species) or to being endemic to specific 
ecoregions (e.g., freshwater dolphins). The 
first World Ocean Assessment (United Na-
tions, 2017) recognized direct takes (including 
commercial and subsistence harvest), fishery 
interactions, (including entanglement and by-
catch) and habitat alteration (including distur-
bance, coastal and riverine developments and 
climate change) as key pressures linked to 
trends in the abundance of marine mammals. 

In the present chapter, changes in the global 
status of marine mammals since the first 
Assessment are reported on the basis of the 
International Union for Conservation of Nature 
(IUCN) Red List assessments carried out by 
the IUCN Species Survival Commission spe-
cialist groups for marine mammals (IUCN, 
2019). These assessments are complemented, 
where needed, using primary literature. Also 
reported are changes in conservation threats 

(IUCN, 2019) facing species calculated over 
two decades, 1999–2008 and 2009–2018. 

Overall, fewer marine mammal species have a 
data deficient status thanks to the increase in 
information on populations (figure I). Since the 
first Assessment, the status of eight marine 
mammal species has improved, while that 
of four species has declined (figure I). These 
trends give a picture of cautious optimism, 
showing that, on a global scale, the individual 
management measures put in place to reduce 
well-known conservation threats, together 
with increased efforts to gather data and 
information on marine mammal species, are 
showing signs of effectiveness.

Since the first Assessment, advances in the 
understanding of the role of marine mam-
mals in the state and productivity of marine 
systems have been made (Roman and others, 
2014), including in nutrient cycling and carbon 
storage (Doughty and others, 2016), trophic 
cascades (Estes and others, 2016; Burkholder 
and others, 2013; Kiszka and others, 2015) 
and ecosystem engineering. Decreases in sea 
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otter populations have had profound impacts 
on coastal ecosystems in the eastern Pacific 
(Estes and others, 1998; Estes and others, 
2016). It is likely that the continued recovery of 
baleen whales, following their overexploitation 
in the nineteenth and twentieth centuries, will 
influence marine food webs in multiple ways, 
through consumption, but also through the 
vertical (through the water column) and hori-
zontal (between foraging and calving grounds) 
transfer of nutrients (Roman and others, 
2014). As with all predators in marine systems, 
marine mammal populations are affected by 
variability in the timing and location of produc-
tivity in ocean basins. Some species are likely 
to be more resilient than others to changes 
to marine productivity dynamics caused by 
climate change and overexploitation, owing to 
more flexible behaviours (Sydeman and oth-
ers, 2015; Moore and Reeves, 2018).

Intentional takes for subsistence or for com-
mercial harvest and by-catch and entangle-
ment in fishing gear continue to be identified 
as the main conservation threats for all groups 
of marine mammals under assessments 
conducted by IUCN (figure II; IUCN, 2019). 
The diversification of human activities in the 
oceans, including for energy production and 
mining as part of the expanding blue economy 
in many marine regions (Eikeset and others, 
2018), poses new conservation challenges for 
marine mammals. Climate change and associ-
ated changes to marine ecosystem dynamics, 
anthropogenic noise, ship strikes, habitat mod-
ification and behavioural disruptions are now 
emerging as influencing a broader range of 
species (figure II; IUCN, 2019). Crucially, individ-
ual threats can interact and lead to cumulative 
effects, compounding their impacts on species 
(National Academies of Sciences, Engineering 
and Medicine, 2017; see also chap. 25).

Figure I.A 
Changes in the conservation status of 
marine mammals over three assessment 
periods (before 1999, 1999–2008 and 
2009–2018), on the basis of the  
IUCN Red List assessments

Figure I.B 
Composition of the current conservation 
status of marine mammal species, by 
group
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Figure II.A 
Currently identified main conservation 
threats for all marine mammals cate-
gorized by the timing of their impact on 
those species

Figure II.B 
Conservation threats for specific groups
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Note: Threat categories are those defined in the IUCN Threats Classification Scheme, where anthropogenic noise is 
categorized as pollution, and fishing and harvesting aquatic resources as biological resource use (IUCN, 2019). 

2. Cetaceans

2.1. Baleen whales (Mysticetes)
2.1.1. Diversity
Fourteen extant species of baleen whales 
are currently recognized. They are distributed 
among four families (Balaenidae, Balaenop-
teridae, Neobalaenidae and Eschrichtiidae).

2.1.2. Abundance and main threats
Of the Balaenidae species, the bowhead whale 
(Balaena mysticetus) and the southern right 
whale (Eubalaena australis) are assessed as 
of Least Concern, reflecting increasing popu-
lation trends. However, not all geographically 
defined populations of the latter are increasing 
(George and others, 2018). The North Atlantic 
right whale (E. glacialis) has most recently 
been assessed as Endangered. Although the 

population of this species was estimated to 
have increased from 1990 to 2010, it is now 
estimated to have declined by 16 per cent in 
the following years (Pettis and others, 2018). 
No range-wide population size or trend is avail-
able for the North Pacific right whale (E. japon-
ica) (Endangered). 

Of the Balaenopteridae species, new infor-
mation on the Antarctic minke whale (Balae-
noptera bonaerensis) and the Bryde’s whale 
(B. edeni) has resulted in a change in status 
from Data Deficient to Near Threatened and 
of Least Concern, respectively (figure III.A). 
Globally, increasing population trends have 
been estimated for the blue whale (B. muscu-
lus, Endangered), the sei whale (B.  borealis, 
Endangered) and the humpback whale (Meg-
aptera novaeangliae, of Least Concern), with 
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populations recovering from industrial whal-
ing exploitation (IUCN, 2019). A population 
increase has also resulted in the status of the 
fin whale (B. physalus) being downlisted from 
Endangered to Vulnerable. The gray whale 
(Eschrichtius robustus) is listed as of Least 
Concern and considered stable, while the pyg-
my right whale (Caperea marginata) is listed as 
of Least Concern with an unknown population 
abundance or trend.

The main ongoing threats for baleen whales 
identified in IUCN Red List assessments in-
clude entanglement in fishing gear (fin whale, 
gray whale, humpback whale and North Atlan-
tic right whale), harvesting (common minke 
whale (B. acutorostrata), Antarctic minke whale 
and sei whale) and ship strike (blue whale, fin 
whale, gray whale, humpback whale, North At-
lantic right whale, North Pacific right whale and 
southern right whale) (IUCN, 2019). Climate 
change effects on biological productivity and, 
consequently, prey availability (Cabrera and 
others, 2018) are a concern. However, obser-
vations for some species are not consistent 
with projections. For example, the bowhead 
whale, endemic to the Arctic, is increasing de-
spite current rapid ice loss (Moore and Reeves, 
2018) and associated projected declines in 
prey. Importantly, environmental changes can 
interact with other anthropogenic threats to 
cause unforeseen synergistic impacts (Moore 
and others, 2019; Seyboth and others, 2016). 
For example, climate-driven shifts in habitat 
use by the North Atlantic right whale into un-
protected shipping and commercial fishing 
areas have resulted in increases in mortality 
associated with entanglement and ship strike 
(Corkeron and others, 2018; Meyer-Gutbrod 
and Greene, 2018). The direct take of baleen 
whales through commercial and subsistence 
harvest are generally within sustainable limits. 

1 It is noted that, with the cessation of whaling operations in the Southern Ocean, this threat has likely been re-
duced.

2.2. Toothed whales, dolphins and 
porpoises (Odontocetes)

2.2.1. Diversity
Seventy-five species of toothed cetaceans 
distributed across 10 families are recognized 
globally. The family Delphinidae is the most 
diverse and includes some of the most threat-
ened species (figure III.C).1

2.2.2. Abundance and main threats
Pelagic toothed whales, dolphins and porpoises
Owing to the wide-ranging distributions of 
pelagic cetaceans, trends in the abundance of 
populations and threats are often difficult to 
assess. As a result, most oceanic species con-
tinue to be listed as of Least Concern, except 
for the sperm whale (Physeter macrocephalus, 
Vulnerable) and the false killer whale, (Pseu-
dorca crassidens, moved from Data Deficient 
to Near Threatened). A recent global popu-
lation size or trend estimate for the sperm 
whale does not exist. Beaked whales consist 
of 22 pelagic deep-diving species that are still 
poorly known, with a proposed new species 
(Berardius minimus) currently under consider-
ation (Yamada and others, 2019). The status 
of all species within this group remains Data 
Deficient, except for the southern bottlenose 
whale (Hyperoodon planifrons) and the Cuvi-
er’s beaked whale (Ziphius cavirostris), which 
are both listed as of Least Concern. The status 
of the killer whale (Orcinus orca), a cosmopol-
itan species, is Data Deficient globally, but the 
small coastal southern resident population in 
the eastern North Pacific is listed as Endan-
gered in the United States of America and 
Canada as a result of threats associated with 
prey availability, vessel and acoustic distur-
bance and the accumulation of contaminants 
(Southern Resident Orca Taskforce, 2019). 
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Figure III 
Changes in conservation status over three assessment periods (before 1999,  
1999–2008 and 2009–2018), on the basis of the IUCN Red List assessments

Before
1999

1999−2008 2008−2018

Data Deficient Least Concern Near Threatened Vulnerable Endangered Critically Endangered Extinct

Before
1999

1999−2008 2008−2018

A. Baleen whales B. Toothed whales

C. Delphinids D. Freshwater dolphins

Entanglement in fishing gear is identified as a 
threat for several oceanic species (IUCN, 2019). 
Other interactions with fisheries, such as catch 
depredation and bait stealing by false killer 
whales, killer whales and sperm whales can re-
sult in deterrent actions, such as shooting and 
subsequent mortality (Tixier and others, 2019; 
Werner and others, 2015; Hamer and others, 
2012). Anthropogenic noise generated, in par-
ticular, by mid-frequency active sonar is of con-
cern for deep-diving species, such as beaked 
whales, Kogia spp. and the sperm whale (Pirot-
ta and others, 2018; Harris and others, 2018). 
Decreasing sea ice and warmer waters have 
increased interactions between ice-dwelling 
species such as the narwhal (Monodon monoc-
eros) and more boreal mammal species, such 
as the killer whale, and reduced accessibility to 
foraging habitat (Breed and others, 2017).

Coastal and estuarine dolphins and porpoises

This group is represented mostly by inshore 
and regionally restricted species or popula-
tions, including endemic species (Möller, 2012), 
and is consequently the most susceptible to 

interactions with humans. This susceptibility 
is reflected in the fact that 10 of the 35 species 
show decreasing trends, with two Critically 
Endangered, four Endangered, and four Vul-
nerable (figure III.B). Regionally restricted pop-
ulations can result in locally varying states. For 
example, while the bottlenose dolphin (Tursi-
ops truncatus) is assessed as of Least Concern 
globally, the regional population of Fiordland, 
New Zealand, is currently assessed as Critical-
ly Endangered, the Mediterranean population 
as Vulnerable and the Black Sea population as 
Endangered. Populations of coastal and estua-
rine dolphins are predominantly threatened by 
intentional and non-intentional capture from 
fisheries. Despite management plans, failure 
to reduce captures to sustainable levels have 
led to severe declines in abundance, in particu-
lar for the vaquita (Phocoena sinus) (Jaramil-
lo-Legorreta and others, 2019) and the Maui 
dolphin (Cephalorhynchus hectori maui) (Baker 
and others, 2016). In particular, the vaquita is 
at a high risk of extinction over the next 10 
years (Rojas-Bracho and others, 2019). Other 
threats to coastal dolphins and porpoises 
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include climate change and associated chang-
es to marine ecosystem dynamics, pollution, 
ship strike, novel diseases and disturbances 
caused by industrial and recreational human 
activities.

Freshwater dolphins
Freshwater dolphins (figure III.D) includes 
the baiji (Lipotes vexillifer), which is currently 
classified as Critically Endangered (possibly 
extinct) (IUCN, 2019), as well as the Amazon 
River dolphin (Inia geoffrensis), which has de-
clined by 70 per cent in the Mamirauá Reserve 
in Brazil over less than one dolphin generation 

(da Silva and others, 2018), the Ganges dolphin 
(Platanista gangetica) and the Indus dolphin 
(P. g. minor), all of which are currently classi-
fied as Endangered. Species-level abundance 
estimates are lacking for those species. Key 
threats to all species include water devel-
opment projects, which fragment habitats, 
pollution from run-off, by-catch, direct takes 
and other anthropogenic habitat modification, 
all of which lead to continuing population de-
clines (IUCN, 2019). Most freshwater dolphin 
species belong to single species families and 
their loss, therefore, represents the loss of en-
tire evolutionary lineages.

3. Pinnipeds
3.1. Diversity

Thirty-three extant and two recently extinct 
species are recognized from three families of 
pinnipeds (Otariidae, Phocidae and Odobeni-
dae). Most pinnipeds have a limited range, with 
seven species limited to cold temperate and 
Arctic waters in the northern hemisphere, and 
four species limited to Antarctic waters in the 
southern hemisphere. A further four species 
are restricted to the Caspian Sea, Lake Baikal, 
the Hawaiian Islands and the Mediterranean, 
respectively.

3.2. Abundance and main threats
3.2.1. Phocidae

Global trends are available for eight species 
of phocids: four are increasing in abundance, 
including the Mediterranean monk seal 
(Monachus monachus, whose status has 
been downlisted from Critically Endangered 
to Endangered); one, the Hawaiian monk seal 
(Neomonachus schauinslandi, Endangered), is 
decreasing; and three are stable (figure IV.A). 
The most abundant species in the Antarctic 
is the crabeater seal (Lobodon carcinophaga), 
with an estimated four million adults, and the 

most abundant in the Arctic is the harp seal 
(Pagophilus groenlandicus), with an estimated 
4.5 million adults (IUCN, 2019).

Threats to phocids are consistent across spe-
cies and include habitat loss and alteration 
(loss of pupping and resting areas), interactions 
with fisheries (intentional killing, entanglement 
and competition) and disease transfer, poten-
tially from pets and feral terrestrial mammals 
(figure IV.B; IUCN, 2019). The recent change in 
trend in the population of the Mediterranean 
monk seal may be the result of successful local 
adaptations of the species, due in part to avoid-
ance of human interactions (e.g., utilization of 
refuges, changes in environmental steward-
ship and decreasing interactions (Notarbartolo 
di Sciara and Kotomatas, 2016)).

3.2.2. Otariidae

Currently threatened otariids (e.g., the New 
Zealand sea lion (Phocarctos hookeri), the 
Australian sea lion (Neophoca cinereal) and 
the Galapagos sea lion (Zalophus wollebaeki)) 
are continuing to decrease in abundance, while 
those that are of Least Concern are increasing 
(e.g., the New Zealand fur seal, (Arctocephalus 
forsteri) and the California sea lion (Zalophus 
californianus)). The Steller sea lion (Eumetopias 
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jubatus) is an exception, with the species down-
listed from Endangered to Near Threatened in 
2012 (IUCN, 2019). This improvement has been 
largely driven by a doubling of the Loughlin’s 
Steller sea lion subspecies (Eumetopias juba-
tus monteriensis) since the 1980s after protec-
tion from hunting. The Western Steller sea lion 
(E. j. jubatus), although increasing in parts of 
its range, continues to decline in the Aleutian 
Islands. Otariid species currently identified as 
threatened tend to have more limited ranges 
and are therefore sensitive to rapid changes in 
marine productivity caused by climate change 
(Atkinson and others, 2008; McClatchie and 
others, 2016) (figure IV.B). Other threats in-
clude interactions with fisheries (by-catch and 
competition for prey) (Chilvers, 2012; Hamer 
and others, 2013). Although by-catch manage-
ment has reduced fisheries-related mortality 
for some species, other factors may be inter-
acting with this conservation threat, leading 
to reduced survival of particular life stages 
and cohorts and resulting in a lack of recovery 
(Hamilton and Baker, 2019).

3.2.3. Odobenidae
The single species in the family Odobenidae, 
the walrus (Odobenus rosmarus), is currently 
assessed as Vulnerable. There are an estimat-
ed 225,000 individuals, although trends are 
unknown (IUCN, 2019). Although they were 
unsustainably harvested in the past, current 
management approaches are yielding sustain-
able catches. Climate change and associated 
habitat modification are expected to affect 
sustainable harvest levels for the species (Mac-
Cracken, 2012), with consequences for human 
food security. The development of human in-
dustrial activities in the Arctic linked to sea ice 
loss further compounds conservation threats 
for this species (Moore and Reeves, 2018). 

Figure IV.A 
Changes in the conservation status 
of pinnipeds over three assessment 
periods (before 1999, 1999–2008 and 
2009–2018), on the basis of the IUCN  
Red List assessments

Before
1999

1999−2008 2008−2018

Data Deficient Least Concern Near Threatened

Vulnerable Endangered Critically
Endangered

Extinct

Note: The threat categories are those defined in the 
IUCN Threats Classification Scheme, where anthropo-
genic noise is categorized as pollution, and fishing and 
harvesting aquatic resources as biological resource use 
(IUCN, 2019).

Figure IV.B 
Composition of ongoing and future 
threats to the three pinniped families
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4. Sirenians
4.1. Diversity
There are four extant species in the order 
Sirenia (the African manatee (Trichechus sen-
egalensis), the American manatee (Trichechus 
manatus), the dugong (Dugong dugon) and the 
Amazonian manatee (Trichechus inunguis)), 
with some evidence of genetic partitioning be-
tween populations across their ranges (Hunter 
and others, 2010). 

4.2. Abundance and main threats
There continues to be a lack of species abun-
dance estimates for the four species. Indirect 
evidence indicates decreasing population 
trends and all species are classified as Vul-
nerable (IUCN, 2019). Overall, main drivers 
associated with decreasing populations have 
been habitat loss, direct and incidental catch 
and boat collisions (IUCN, 2019). In the north-
east of Brazil, high neonate and calf mortality 
has been connected with decreasing calving 
habitats associated with the development 
of shrimp farms and the silting of estuaries 
(Balensiefer and others, 2017). 

5. Otters and polar bear

5.1. Diversity
The family Mustelidae includes two extant 
marine otter species: the marine otter (Lontra 
felina) and the sea otter (Enhydra lutris). The 
family Ursidae includes one extant marine 
species: the polar bear (Ursus maritimus). 

5.2. Abundance and main threats
5.2.1. Marine and sea otters
Although global abundance estimates are not 
available for both species, they are regarded 
as decreasing overall as a result of failures to 
fully recover from past overexploitation for fur. 
As a result, both species are currently listed as 
Endangered. Nevertheless, several remnant 
populations are now increasing as a result of 
conservation management programmes. New 
threats limiting recovery include disease, off-
shore oil exploitation and transport (including 
spills), poaching, by-catch, intentional killing 
and disturbance from recreational activities 
(Duplaix and Savage, 2018). Variability in abun-
dance has been linked to El Niño events and 

associated effects on Pacific coastal eco-
systems. Although projected changes to the 
El Niño Southern Oscillation are unclear, any 
changes in occurrence and intensity may have 
an impact on the marine otter (Vianna and 
others, 2010).

5.2.2. Polar bear
The polar bear remains listed as Vulnerable, 
with trends in abundance unknown. A global 
estimate of 16,000 to 31,000 individuals was 
recently produced (Hamilton and Derocher, 
2019). The most serious threat to this species 
is the climate change-driven loss of Arctic ice 
habitat for key demographic functions (Regehr 
and others, 2016). Pressures from new path-
ogens, as a result of the reduction of sea ice, 
and intensifying industrial and recreational ac-
tivities, as accessibility to the region increas-
es, are having a growing effect on populations 
(Hamilton and Derocher, 2019).
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6. Consequences of changes on human communities, 
economies and well-being

2 See https://nammco.no.
3 See Convention on the Conservation of Migratory Species of Wild Animals resolution 12.15, on aquatic wild 

meat.

6.1. Consumption and competition
The recovery of several marine mammal popu-
lations is generating the potential for conflicts 
in some regions and opportunities in others. 
Marine mammals can learn to associate fish-
ing activities with food availability, leading to 
the development of behaviours to depredate 
catches from fishing vessels (Tixier and oth-
ers, 2019) and the creation of conflict with 
aquaculture operations (Guerra, 2019). 

After an increase in minke whale catches and a 
resumption of commercial fin whaling prior to 
the first Assessment, North Atlantic commer-
cial catches of minke whales have decreased 
and stabilized,2 and the commercial catch of 
fin whales was suspended in 2019 and 2020 
(small numbers have been taken since the first 
Assessment as part of regulated subsistence 
catches). Over the same period, catches of 
pinnipeds and other cetaceans in the north-
ern hemisphere have remained relatively 
stable overall (North Atlantic Marine Mammal 
Commission (NAMMCO), 2019; International 
Whaling Commission (IWC), 2019). Catches 
of baleen whales in the western North Pacific 
have remained broadly stable since the first 
Assessment (IWC, 2019, catches taken under 
special permits) and catches in Antarctic wa-
ters were suspended in 2019 (IWC, 2019). Regu-
lated subsistence hunting of marine mammals 
remains stable (NAMMCO, 2019; IWC, 2019). 
Two intergovernmental organizations continue 
to provide a forum for discussions on and the 
assessment and management of catches of 
marine mammals: IWC, established in 1946, 
and NAMMCO, established in 1992. 

By-caught marine mammals can complement 
fishery catches for human consumption. This 
practice can be further complemented by 
hunting or the use of stranded animals in some 
countries (Robards and Reeves, 2011). Marine 
mammals used in such a way has been termed 
“aquatic wild meat”3 or “marine bushmeat”, the 
latter as an analogy with terrestrial bushmeat 
used to support food security in deprived re-
gions (Cosentino and Fisher, 2016; Clapham 
and Van Waerebeek, 2007). The catch and 
consumption of coastal species in lower lat-
itudes are likely to have increased (Robards 
and Reeves, 2011), in particular in South-East 
Asia and West Africa (Porter and Lai, 2017; Liu 
and others, 2019; Mintzer and others, 2018; 
Van Waerebeek and others, 2017), where 
the sustainability of such practices is often 
unknown. As habitat change associated with 
climate change redistributes species and has 
a potential impact on population abundances 
(Moore and Reeves, 2018), communities rely-
ing on the harvesting of marine mammals for 
food are also likely to be affected, resulting in 
future food security challenges (Brinkman and 
others, 2016).

Marine mammals remain culturally significant, 
with objects created from body parts and as 
part of the imagery of coastal traditions and 
cultures. This cultural heritage is key to com-
munity cohesion and identity and includes 
unique elements, such as cooperative fish-
ing between people and dolphins in Brazil 
( Daura-Jorge and others, 2012).

https://nammco.no
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6.2. Non-lethal activities
Marine mammals continue to be a key feature 
of marine tourism, which has increased4 and 
diversified (Hoyt, 2018). There is anecdotal 
evidence of the expansion of tourism focused 
on marine mammals in novel locations and 
of increased sighting rates in mature touristic 
activity locations, as a result of distributional 
shifts associated with population recovery and 
climate change (e.g., Accardo and others, 2018; 
Halliday and others, 2018). Tourism is now 
listed as a conservation threat for 11 cetacean 
and 13 pinniped species (figure II; IUCN, 2019). 
Tourism activities offer the opportunity of in-
come generation for coastal communities as 
long as appropriate management schemes are 

4 See Convention on Migratory Species resolution 11.29, on sustainable boat-based marine wildlife watching.

developed to ensure that marine mammal pop-
ulations are not overexploited (Christiansen 
and Lusseau, 2015; Pirotta and Lusseau, 2015), 
investment is responsible and profits remain in 
the community (Higham and others, 2016). In 
an effort to support managers, regulators and 
operators, IWC and the Convention on the Con-
servation of Migratory Species of Wild Animals 
have produced a handbook on whale watching 
that provides guidelines for the management 
of whale watching activities. It is reviewed 
every year, and its contents are regularly updat-
ed. Quantification of the socioecological con-
tribution of marine mammal-related tourism to 
global coastal communities remains unknown.

7. Outlook
Marine mammal conservation successes in-
clude an end to overharvesting of large whales 
and unsustainable by-catch in large-scale 
pelagic drift net fishing (Reeves and others, 
2013). Continuing improvements of stocks can 
be expected as long as management efforts 
are maintained (Bejder and others, 2016) and 
not impaired by climate change (Tulloch and 
others, 2019). 

The number of species listed as Endangered 
or Critically Endangered (22 species) clear-
ly demonstrates urgent management and 
conservation challenges. Almost all critically 
endangered species and subpopulations of 
species, including the vaquita, the baiji, the 
Maui dolphin and the Atlantic humpback dol-
phin (Sousa teuszii), have very limited distribu-
tions. Despite detailed knowledge of the risks 
to them, decades of management interven-
tions have not improved their population status 
(figure III.C). Unless management measures 
for these species can reduce current threats, 
current assessments estimate that, within 10 

years, those Critically Endangered species or 
subpopulations will have further deteriorated 
and may become extinct (Comité Internacion-
al para la Recuperación de la Vaquita, 2019; 
IUCN 2019).

Global initiatives are required to develop com-
prehensive management plans for wide-rang-
ing species. Since the first Assessment, the 
Commission for the Conservation of Antarctic 
Marine Living Resources (CCAMLR) has es-
tablished a marine protected area in the Ross 
Sea (CCAMLR, 2016). The multiple objectives 
of this marine protected area include protec-
tion of core foraging areas of the Weddell seal 
(Leptonychotes weddellii) and the Type C killer 
whale. Fixed spatial management, such as 
marine protected areas, has been identified as 
effective for species conservation (Gormley 
and others, 2012). However, the current shifts 
in threats that has been observed (figure II.A), 
alongside rapid changes in marine ecosys-
tems driven by climate change, make such ar-
eas a less flexible tool, especially for ensuring 
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the conservation and sustainable use of highly 
mobile species (Pinn, 2018; see also chap. 27).

Since the first Assessment, it has become ap-
parent that the cumulative effects of multiple 
sectors (see also chap. 25) are increasingly 
influencing the conservation status trajecto-
ries of marine mammals (National Academies 
of Sciences, Engineering and Medicine, 2017). 
In the coming decades, climate change will 
influence marine mammals in multiple ways 
(figure II), including habitat and food web mod-
ifications. In addition, increased exposure to 
human activities and associated stressors will 
contribute to cumulative effects, potentially 
curtailing recent recoveries (Tulloch and oth-
ers, 2019). Trophic amplification may strength-
en climate change impacts up the food web, 
with proportionally stronger impacts on the 

5 See www.imf.org/external/pubs/ft/fandd/2019/12/natures-solution-to-climate-change-chami.htm.

higher trophic levels occupied by marine mam-
mals (Lotze and others, 2019).

New technological and analytical develop-
ments have helped to design frameworks for 
quantifying the consequences of multiple 
stressors on populations using observational 
data (see chap. 25). It is therefore easier to es-
timate the conservation impact of non-lethal 
and indirect stressors, such as anthropogenic 
noise, tourism and offshore renewable energy 
systems. Ecosystem approaches to risk as-
sessments (Holsman and others, 2017) are 
increasingly being used as critical elements of 
integrated ecosystem assessments (see also 
chap. 27). Those approaches also place risks 
within the wider socioecological context of the 
communities that use marine mammals. 

8. Key remaining knowledge gaps
The world is changing rapidly, challenging our 
ability to forecast marine mammal status and 
exploitation patterns on the basis of retrospec-
tive analyses. These rapid changes require 
new mechanistic approaches to forecast how 
species and populations will respond to cli-
mate change and the sustainability of current 
and future direct and indirect human impacts. 
Specifically, there is a need for: (a) developing 
approaches to assess and forecast how ma-
rine mammals respond and adapt to climate 
change and associated changing marine 
ecosystems; (b) greater understanding of the 
cumulative effects of multiple anthropogenic 

pressures on marine mammals, including 
ongoing and new exploitations; (c) developing 
processes to identify and implement man-
agement actions that successfully secure 
critically endangered marine mammal species 
from extinction; and (d) greater understanding 
of Data Deficient populations that allows for 
quantification of their abundances, thereby 
facilitating their classification and movement 
out of the Data Deficient category. In addition, 
further work is needed to better understand 
the role of marine mammals in ocean process-
es, including in the spatial transfer of nutrients 
and carbon.5

9. Key remaining capacity-building gaps
A broad understanding of the human dimen-
sions that lead to successful and unsuc-
cessful management interventions and the 
capacity and resources to engage in them is 

currently lacking. Where marine mammals are 
abundant, there is often a gap in institutional 
capacity for maximizing opportunities for ac-
cess to those highly valued resources and their 

http://www.imf.org/external/pubs/ft/fandd/2019/12/natures-solution-to-climate-change-chami.htm
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sustainable use. Associated tools are lacking 
for assessing trade-offs between sectors 
utilizing marine mammals through incidental 
by-catch or non-lethal cumulative effects and 
traditional industries exploiting those species 
(e.g., fisheries and tourism). Incentivization 
techniques are being developed for other natu-
ral resources, such as forests, to diversify how 

they are sustainably used, as well as better 
connect local “nature-wealthy” communities 
with potential remote markets (Dao, 2018). 
This could potentially be applied to marine 
mammals. There is a need for assessing how 
those approaches could be used to diversify 
current marine mammal exploitation and offer 
opportunities to develop derivatives. 
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Keynote points
 • Changes in the conservation status of ma-

rine turtles since the first World Ocean As-
sessment (United Nations, 2017a) are highly 
variable, with some populations experienc-
ing positive growth rates, while others have 
experienced catastrophic declines.

 • The conservation status of most sea 
snake and marine iguana populations  has 
not changed since the first Assessment, 
although huge data gaps remain.

 • The main threats to marine reptiles remain 
similar to those recorded in the first As-
sessment. By-catch is the most significant 
threat, although targeted harvesting, ma-
rine pollution, habitat loss, coastal devel-
opment, disease and climate change are 
also key threatening processes.

1. Introduction
Chapter 39 of the first Assessment outlined 
the conservation status of marine reptiles, 
the major threats to those taxa and the most 
pressing conservation needs as of 2012 (Unit-
ed Nations, 2017b). 

The present chapter provides an updated 
assessment at a global scale and identifies 
regional trends in the conservation status of 
marine turtles and sea snakes, with a focus 
on changes that have occurred since the first 
Assessment. It also relates to other chapters 
in the present Assessment, in particular, chap-
ters 4, 7 and 15.

1.1. Assessment frameworks
The primary assessment frameworks used in 
the first Assessment to assess the status of 
marine reptiles were the International Union 
for Conservation of Nature (IUCN) Red List 
assessments and the IUCN Marine Turtle 
Specialist Group conservation priorities port-
folio (Wallace and others, 2010). The present 
chapter takes a similar approach and, where 
updates on conservation status were not avail-
able, incorporates updated information from 
regional reports of the Marine Turtle Specialist 
Group and peer-reviewed publications. 

2. Conservation status of marine reptiles
2.1. Marine turtles
Since the first Assessment, the status of two 
global populations and four subpopulations of 
marine turtles has been updated (table 1). The 
global status of the loggerhead turtle (Caretta 
caretta), based on data from 90 per cent of the 
total global nesting population (comprising 
6 of 10 recognized subpopulations), has im-
proved, moving from Endangered to Vulnerable 
(table 1). However, the status of each subpop-
ulation varies considerably, ranging from of 

Least Concern (North-West and South-West 
Atlantic Ocean, Mediterranean and North Pacif-
ic Ocean) to Near Threatened (South-West and 
South-East Indian Ocean), Endangered (North-
East Atlantic Ocean) and Critically Endangered 
(North-West and North-East Indian Ocean and 
South Pacific Ocean) (Casale and Tucker, 2017).

The Kemp’s ridley turtle (Lepidochelys kem-
pii) has been uplisted from Endangered to 
Critically Endangered, following a reduction in 
total population of more than 80 per cent from 
historical levels. This constitutes a reversal of 
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recoveries observed in the 1990s and 2000s, 
the causes of which are unknown, but may be 
related to fishery by-catch and the Deepwater 
Horizon oil spill (Wibbels and Bevan, 2019). 
Similarly, the North-West Atlantic subpopu-
lation of the leatherback turtle (Dermochelys 
coriacea) has been uplisted from of Least Con-
cern to Endangered (Northwest Atlantic Leath-
erback Working Group, 2019). This change is 
primarily the result of updated regional nesting 
trend analyses. 

Subpopulations of the green turtle (Chelonia 
mydas) in the North Indian Ocean (Vulnerable) 
and South Atlantic Ocean (Least Concern) 
have been assessed for the first time (Manci-
ni and others, 2019; Broderick and Patricio, 
2019), while the Hawaiian subpopulation has 
been reassessed and remains of Least Con-
cern (Chaloupka and Pilcher, 2019). Although 
the green turtle has not been reassessed 
globally by IUCN since the first Assessment, 
a global assessment under the Endangered 
Species Act of the United States of America 
ranked most subpopulations with a very low 
likelihood of quasi-extinction risk within the 
next 100 years (Seminoff and others, 2015). Of 
the subpopulations assessed, that of the Med-
iterranean was ranked as having the highest 
risk of extinction.

2.2. Sea snakes
Since the first Assessment, the status of 26 
of the 71 currently recognized species of sea 
snakes has been updated, including that of 
three of four newly described species. Two 
species (Aipysurus apraefrontalis and A.  foli-
osquama), previously assessed as Critically 
Endangered, were reclassified as Data Defi-
cient owing to changes in their known range 
(D’anastasi and others, 2016, Udyawer and 
others, 2020). 

Declines in the abundance of the dusky sea 
snake (Aipysurus fuscus) at Ashmore Reef 
have reduced the known range to three reef 
systems in the Timor Sea. Currently classified 
as Endangered, high rates of hybridization with 
the more common species A. laevis across the 
reduced range of the former species has raised 
concerns about high levels of introgression of 
this species (Sanders and others, 2014).

More generally, increased documentation on 
sea snakes has provided updated records of 
species assemblages and distribution globally 
(Rasmussen and others, 2014; Rezaie-Atagho-
lipour and others, 2016; Sarker and others, 
2017; Buzás and others, 2018; Ganesh and 
others, 2019). Expanded genetic evaluation of 
species across their global range has result-
ed in the restructuring of the Hydrophiinae 
phylogeny (Sanders and others, 2013), the 
reclassification of cryptic species (Sanders 
and others, 2013; Ukuwela and others, 2013; 
Ukuwela and others, 2014; Lukoschek, 2018) 
and the description of four novel species since 
the first Assessment (Ukuwela and others, 
2012; Sanders and others, 2012; Nankivell and 
others, 2020).

2.3. Marine iguana
The marine iguana (Amblyrhynchus cristatus) 
was reassessed under the IUCN Red List as-
sessment in 2020 and its status remains Vul-
nerable (MacLeod and others, 2020). A recent 
taxonomic review of the species based on 
morphological and genetic information result-
ed in a reclassification of two subspecies into 
one subspecies and the addition of five new 
subspecies, resulting in a total of 11 subspe-
cies (Miralles and others, 2017).
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Table 1 
Species of marine turtles and sea snakes that have had a change in their IUCN Red List 
status since the first Assessment

Taxa Common name Change in IUCN Red List status

M
ar

in
e 

tu
rt

le
s

Loggerhead turtle Downlisted in 2015 from Endangered to Vulnerable (the 
subpopulations range from Critically Endangered to of Least 
Concern)

Green turtle The Hawaiian subpopulation was assessed as remaining of 
Least Concern in 2019. The North Indian and South Atlantic 
subpopulations were listed as Vulnerable and of Least Concern, 
respectively, in 2019. The rest of the global population is 
Endangered (no change, but see Seminoff and others, 2015)

Kemp’s ridley turtle Uplisted from Endangered to Critically Endangered in 2019

Leatherback turtle The North-West Atlantic subpopulation was uplisted from of 
Least Concern to Endangered in 2019. The global population 
has not been assessed since 2013 and remains categorized as 
Vulnerable, although all other subpopulations are either Critically 
Endangered or Data Deficient (no change)

Se
a 

sn
ak

es

Short-nosed sea snake Listing revised from Critically Endangered to Data Deficient in 
2018

Leaf-scaled sea snake Listing revised from Critically Endangered to Data Deficient in 
2018

Mosaic sea snake Assessed as Data Deficient in 2018

Shark Bay sea snake Assessed as Data Deficient in 2018

Rough-scaled sea snake Assessed as Data Deficient in 2018

Note: The other sea turtle species have not been reassessed since the first Assessment.
Twenty-six Australian sea snake species were reassessed under the IUCN Red List assessment in 2018. Apart from 
the updates to the five species listed in the table above, listings for the remaining 21 Australian species were un-
changed. All other species found outside Australia (45) have not been reassessed since the first Assessment.

3. Regional trends

A variety of sources provide information on 
local and regional population trends for turtles 
and sea snakes. Because these sources vary 
widely in how they report population trends, 
a brief summary is provided in table 2, with 
specific references for details on assessment 
and reporting methods used. Where there are 
population trend data for a regional manage-
ment unit as a whole, citations are included 
for reports on smaller regions within the unit. 

In some instances, smaller nesting beaches 
or areas may differ in trend direction from 
the unit; in such instances, they are reported 
separately. As table 2 includes only data on 
trends since the first Assessment, it relies on 
sources published from 2015 to January 2020. 
Additional data unknown to the compilers or 
published after January 2020 may alter the 
trends reported below.
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Table 2 
Regional trends in abundance and distribution for sea turtles and sea snakes

Region Turtles Sea snakes

N
or

th
 A

tla
nt

ic
 O

ce
an

,  
Ca

rib
be

an
 S

ea
  

an
d 

M
ed

ite
rr

an
ea

n

Increasing trends (nesting)
CC: North-West Atlantic Ocean RMU (Ceriani and Meylan, 
2017; Mazaris and others, 2017; Nalovic and others, 2018) and 
Mediterranean RMU (Casale, 2015a; Mazaris and others, 2017; 
Casale and others, 2018)
CM: North-West Atlantic Ocean RMU (Mazaris and others, 
2017; Nalovic and others, 2018; Valdivia and others, 2019; 
National Marine Fisheries Service, 2019), South Atlantic Ocean 
distinct population segment (Valdivia and others, 2019) and 
Mediterranean (Casale and others, 2018)
EI: West Atlantic Ocean RMU (Mazaris and others, 2017; Nalovic 
and others, 2018; Valdivia and others, 2019)
Stable trends (nesting)
CC: peninsular Florida (United States) recovery unit (Valdivia and 
others, 2019)
LK: following an exponential recovery after the first Assessment, 
trends have flattened considerably (Wibbels and Bevan, 2019)
Decreasing trends (nesting)
DC: North-West Atlantic Ocean RMU (Northwest Atlantic 
Leatherback Working Group, 2019)
EI: Mexico (Valdivia and others, 2019)

So
ut

h 
At

la
nt

ic
 O

ce
an

Increasing trends (nesting)
CC: South-West Atlantic Ocean RMU (Casale and Marcovaldi, 2015)
CM: South Atlantic Ocean RMU (Mazaris and others, 2017; 
Broderick and Patricio, 2019)
DC: Brazil, although variable (Colman and others, 2019)
LO: West Atlantic Ocean RMU (Mazaris and others, 2017)
Stable trends (nesting)
LO: French Guiana (France) (Nalovic and others, 2018)
Decreasing trends (nesting)
LO: East Atlantic Ocean RMU (Mazaris and others, 2017)

Potential expansion 
of distribution with 
changing climatic 
conditions (Lillywhite 
and others, 2017)

In
di

an
 O

ce
an

,  
A

ra
bi

an
 S

ea
 a

nd
  

Pe
rs

ia
n 

G
ul

f

Increasing trends (nesting)
CC: South-West Indian Ocean RMU (Mazaris and others, 2017)
CM: South-West Indian Ocean RMU (Mazaris and others, 2017)
LO: North-East Indian Ocean RMU (Mazaris and others, 2017)
Stable trends (nesting)
CM: Egypt and Kuwait (Phillott and Rees, 2018)
DC: India (Phillott and Rees, 2018)
EI: Kuwait and Qatar (Phillott and Rees, 2018)
LO: India, two major and one minor nesting sites, either stable or 
increasing (Phillott and Rees, 2018)
Decreasing trends (nesting)
CC: North-West Indian Ocean RMU (Casale, 2015b)
CM: North Indian Ocean RMU (Mancini and others, 2019)
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Region Turtles Sea snakes

N
or

th
 P

ac
ifi

c 
O

ce
an

Increasing trends (nesting)
CC: North Pacific Ocean RMU (Casale and Matsuzawa, 2015)
CM: North central Pacific Ocean RMU (Mazaris and others, 2017; 
Chaloupka and Pilcher, 2019) and Northern Mariana Islands 
(Summers and others, 2018)
Decreasing trends (nesting)
CM: North-West Pacific Ocean RMU (Mazaris and others, 2017)
DC: West Pacific Ocean RMU (Tiwari and others, 2013; Mazaris 
and others, 2017) and East Pacific Ocean RMU (Wallace and 
others, 2013, Mazaris and others, 2017)
No trend (individuals)
CM: Guam, ocean count of individuals (Valdivia and others, 2019)

Expanding distribution 
in the north of their 
geographical range 
from new data records 
(Park and others, 
2017)
Declining trends in 
unregulated fishery 
catches in the Gulf of 
Thailand (Van Cao and 
others, 2014)

So
ut

h 
Pa

ci
fic

 O
ce

an

Increasing trends (nesting)
CC: Australia (Limpus and others, 2013)
Stable trends (nesting)
ND: northern Australia (Groom and others, 2017)
Decreasing trends
CM: Raine Island (Australia), genetic analysis may indicate a 
dramatic reduction in hatching success (Jensen and others, 2016)
EI: Australia, nesting (Bell and others, 2020)
ND: South-West Pacific Ocean RMU (Mazaris and others, 2017)No 
definable trend (nesting)
ND: eastern Australia (Limpus and others, 2017)

Expansion of range 
upon new data 
(D’anastasi and 
others, 2016; Udyawer 
and others, 2020)

Abbreviations: CC, Caretta caretta (loggerhead turtle); CM, Chelonia mydas (green turtle); DC, Dermochelys  coriacea 
(leatherback turtle); EI, Eretmochelys imbricata (hawksbill turtle); LK, Lepidochelys kempii (Kemp’s ridley turtle);  
LO, Lepidochelys olivacea (Olive ridley turtle); ND, Natator depressus (flatback turtle); RMU, regional management unit.

4. Threats

Although many marine reptiles are protected 
by law and conservation efforts have been 
undertaken in many regions, globally, threats 
to marine reptiles remain much the same 
as those identified in the first Assessment. 
Mortality from by-catch in fisheries (both 
regulated and illegal, unreported and unregu-
lated) remains a significant threat to marine 
turtles and sea snakes (Lewison and others, 
2014; Rees and others, 2016; Riskas and oth-
ers, 2018). Other key threatening factors that 
affect marine reptiles include unregulated har-
vesting, marine pollution, habitat loss, coastal 
development, diseases and climate change. 

While understanding of the impacts of climate 
change and marine pollution on marine rep-
tiles has increased since the first Assessment, 
impacts at the population level are still broadly 
unknown.

4.1. Sea turtles
While by-catch and the retention of animals 
are likely to be the most significant threats to 
turtle populations worldwide, research since 
the first Assessment has brought about an 
emerging understanding of the threats posed 
by climate change and pollution. 
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The most significant climate change impacts 
hypothesized for sea turtles include the fem-
inization of the population and an increased 
embryonic mortality caused by higher nest 
temperatures (Fuentes and Cinner, 2010). 
While baseline sex ratios at a number of nest-
ing beaches indicate that the vast majority pro-
duce predominantly female hatchlings (e.g., 
Laloë and others, 2016; Jensen and others, 
2018), some models suggest that feminization 
could actually lead to increased reproductive 
success in the short term, since males can 
breed more frequently than females (Hays and 
others, 2014). Although embryos may be more 
resilient to high temperatures than previously 
thought (Howard and others, 2014), rising 
temperatures do ultimately lead to hatchling 
mortality (Laloë and others, 2017). There are 
suggestions that climate change could affect 
population trends at regional scales, with 
increased reproductive success in temperate 
areas perhaps balancing decreased hatchling 
production in tropical areas (Montero and oth-
ers, 2018). However, climate change impacts, 
from sea level rise (and associated habitat 
loss) to increased incidence of cyclones lead-
ing to nest inundation and coastal erosion, are 
also of concern for turtle populations (Fuentes 
and Cinner, 2010).

In 2010, the Deepwater Horizon oil spill re-
sulted in hundreds of thousands of green, 
loggerhead and Kemp’s ridley turtles being 
exposed (at varying levels) to the oil (Deep-
water Horizon Natural Resource Damage As-
sessment Trustees, 2016; Putman and others, 
2015). While the long-term impacts of that 
event on population levels are yet to be quan-
tified, the numbers of loggerhead and Kemp’s 
ridley turtle nests appear to have decreased 
as a result of both direct mortality (to adult 
turtles) and deterrence from nesting beaches 
resulting from beach clean-up activities (Gall-
away and others, 2016; Lauritsen and others, 
2017). According to global risk assessments 
of interactions between marine turtles and 
marine debris, it is estimated that more than 

50 per cent of marine turtles are likely to have 
ingested debris (Schuyler and others, 2016), 
with hawksbill turtles observed to ingest up 
to 8.8 g of plastic per kilogram of body weight 
(Lynch, 2018). Marine debris, like other pollut-
ants, has demonstrably detrimental effects 
on individuals, but the ecosystem and popu-
lation-level impacts of pollutants on sea turtle 
populations still require further study (Nelms 
and others, 2016; Wilcox and others, 2018). 

A new potential threat emerging in the Car-
ibbean is the coastal accumulation of an 
unprecedented proliferation of Sargassum. 
While open-ocean Sargassum mats provide 
important critical nursery grounds for sea tur-
tles, recent studies suggest that Sargassum 
accumulation on shore may inhibit nesting and 
impede hatchling dispersal, while decaying 
mounds may alter oxygen levels and thermal 
conditions (Maurer and others, 2015). Since 
this mass seaweed stranding is a new phenom-
enon, in particular in the eastern Caribbean, its 
direct impacts on sea turtle nesting remain 
largely unknown. Nesting beach habitat degra-
dation resulting from coastal development, as 
identified in the first Assessment, continues 
to decrease the quantity and quality of nest-
ing areas available to females (Broderick and 
Patricio, 2019; Casale and Tucker, 2017)

4.2. Sea snakes

In the Gulf of Thailand, high levels of by-catch 
of sea snakes have been documented in the lo-
cal squid fishery. Sea snakes are an important 
commercial by-catch product for Vietnamese 
fishers who operate in the Gulf of Thailand, 
the harvest of which is currently unregulated 
and largely undocumented (Van Cao and oth-
ers, 2014). Baseline surveys have detected a 
decline in sea snake harvests between 2008 
and 2012 (Van Cao and others, 2014). The 
development of by-catch reduction devices, 
for example within the Australian trawl fishery 
industry, may assist in mitigating high inciden-
tal by-catch of sea snakes in tropical fisheries 
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that adopt by-catch reduction measures, but 
may have limited utility in fisheries that rely on 
commercial by-catch as a source of income 
(Lobo and others, 2010). 

High concentrations of trace heavy metals 
recorded in sea snakes in close proximity to 
mineral extraction operations across their 
range have highlighted marine pollution as 
an emerging threat to sea snake popula-
tions (Rezaie-Atagholipour and others, 2012; 
Sereshk and Bakhtiari, 2015; Gillett and others, 
2017; Goiran and others, 2017).

4.3. Marine iguana
In the first Assessment, extreme climatic El 
Niño events, tourism and introduced species 
were identified as key threats to the marine 
iguana, together with pollution (Wikelski and 
others, 2002). However, no information on 
the direct impact of any of those stressors on 
population numbers has been published since 
then. Population size estimates based on mo-
lecular approaches suggest that populations 
of recently proposed subspecies are gener-
ally small and have a reduced evolutionary 
potential, making them vulnerable to threats 
(Frankham and others, 2014; MacLeod and 
Steinfartz, 2016).

Further research on threats to the marine igua-
na has shown that tourism activities cause 

physiological stress and suppress the immune 
system (French and others, 2017). Despite the 
increasing demand on resources to match the 
growth of the resident human population, tour-
ism and the economy (Benitez-Capistros and 
others, 2014; Walsh and Mena, 2016; Pizzitutti 
and others, 2017), which may pose potential 
threats to marine iguanas, no studies have 
been undertaken since the first Assessment 
to assess the impact of pollution through oil 
spills, agricultural pesticides and plastics on 
marine iguana populations.

Although programmes to control and eradi-
cate introduced species have been ongoing 
since the 1980s (Barnett and Rudd, 1983; 
Carrión, 2016), their effectiveness with regard 
to marine iguana populations has not been 
evaluated.

Overall, the improved management and control 
of immigration, tourism and import of goods 
since the first Assessment have the potential 
to reduce the cumulative pressures on marine 
iguana populations of climate change, pollu-
tion, tourism and introduced predators, but 
they require continuous attention to reduce 
ongoing population declines (Dirección del 
Parque Nacional Galápagos, 2014; Asamblea 
Nacional de la República del Ecuador, 2015; 
MacLeod and others, 2020).

5. Economic and social consequences of the changes  
to marine reptile populations

Little has been published on the economic 
and social consequences of changing marine 
reptile populations, and there is limited infor-
mation on the economic and social role of sea 
snakes, in particular, in many regions of their 
global range. Balancing economic growth 
through tourism and the protection of marine 
reptile populations, especially in the case of 
the marine iguana, remains a major challenge.

Increases in several populations of the green 
turtle have resulted in growing interest in 
exploring whether legal harvesting could be 
conducted, or expanded, in a sustainable man-
ner, in particular for groups that have cultural 
or subsistence reasons to harvest (Chaloupka 
and Balazs, 2007; Rees and others, 2016). 

The reliance of fishers from developing coun-
tries on income derived from sea snakes 
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caught as by-catch (e.g., Van Cao and others, 
2014) is poorly understood. However, high by-
catch rates of sea snakes may be a source of 
income in increasingly unprofitable coastal 
fisheries in South and South-East Asia (Lobo 
and others, 2010).

The increased exposure of and research 
into sea snakes since the first Assessment 
have led to growing interest from the public 

in many locations, resulting in the establish-
ment of long-term sea snake data collection 
programmes based on citizen science (e.g., 
Goiran and Shine, 2019). The increased report-
ing by the public of stranded sea snakes has 
enabled the collection of data on sea snake 
health that can provide insight into causes of 
stranding events and changes in distributions 
(Udyawer and others, 2018). 

6. Key knowledge and capacity-building gaps 

6.1. Marine turtles
As highlighted in the first Assessment, varia-
bility in the demographics of various subpop-
ulations of marine turtles and the threatening 
processes having an impact on populations 
highlight the need for ongoing assessments of 
species and regional subpopulations. A recent 
review concluded that key knowledge gaps for 
informing the management of marine turtle 
populations remain (Rees and others, 2016). 
Broadly speaking, knowledge is lacking with 
regard to reproductive biology, including nest 
selection, hatchling fitness and production; for-
aging habitats, including connectivity among 
habitats; demographics; disease pathogene-
sis; and population-level risks associated with 
such threats as pollution, by-catch, climate 
change and the potential unintended conse-
quences of associated mitigation measures.

6.2. Sea snakes
There is a lack of fundamental information 
on and long-term monitoring of sea snakes 
across most of their global range. A recent 
survey of experts identified key knowledge 
gaps for establishing baselines and progress-
ing the management of sea snake populations 
(Udyawer and others, 2018). Broadly speaking, 
knowledge is lacking with regard to geograph-
ical distributions, including the movements, 
dispersal and connectivity of populations; the 

identification of key habitats, in particular in 
coastal regions; and quantifying resilience to 
environmental disturbances (e.g., marine heat-
waves and coral bleaching) and the responses 
to such threats as by-catch and climate change 
(Fry and others, 2001; Gillett and others, 2014; 
Heatwole and others, 2016).

It is also currently unclear how emerging 
threats such as pollutants might be influenc-
ing population health (Rezaie-Atagholipour 
and others, 2012; Sereshk and Bakhtiari, 2015; 
Goiran and others, 2017). 

Increasing reports of deceased turtleheaded 
sea snakes (Emydocephalus annulatus) within 
protected lagoons in New Caledonia, France, 
with no obvious cause of death, have highlight-
ed the need for understanding the prevalence 
of and susceptibility to disease and potential 
interaction with climate change (Udyawer and 
others, 2018). 

Given the variety of actors likely to have contact 
with sea snakes (e.g., various industries and 
recreational beach and ocean users) and poten-
tial hazards (e.g., envenomation), potential op-
portunities for public education and monitoring 
exist. The collection of data by the public, either 
opportunistically or as part of citizen science 
programmes, range from reporting stranded 
marine snakes (Gillett and others, 2017; Gillett, 
2017) to more involved, structured and repeat-
ed surveys (Goiran and Shine, 2019). 
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6.3. Marine iguana

A lack of recent data on the abundance of 
marine iguana subspecies limits any evalua-
tion of population trends in relation to threats 
and management actions. Recent advances 
in population genetics and taxonomy of the 

marine iguana may guide future conservation 
research and management aims. Furthermore, 
building local capacity and allocating resourc-
es for comprehensive long-term monitoring 
could facilitate the assessment of population 
trends and vulnerability of the marine iguana 
in the future.
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Keynote points
 • Since the first World Ocean Assessment 

(United Nations, 2017), the global conser-
vation status of seabirds has worsened, 
continuing a long-term trend. 

 • Thirty-one  per  cent of species are now 
threatened with extinction, up from 
28 per cent in 2010. 

 • Pressures related to fishing (by-catch and 
prey depletion) are now affecting more 
species, while pollution is affecting fewer 
species (although marine debris, especially 

plastics, is an emerging threat with poorly 
understood consequences). 

 • Invasive alien species and climate change 
also remain major causes of seabird de-
cline and affect a number of species simi-
lar to that in 2010.

 • Current capacity and resources limit the 
ability to assess consequences at the pop-
ulation level and the implications for eco-
system services of existing and emerging 
threats.

1. Introduction
Seabirds (defined as bird species of which a 
large proportion of the population relies on the 
marine environment for at least part of the year 
(Croxall and others, 2012)) play an important 
role in the world’s marine ecosystems, being 
top predators that consume about the same 
amount of biomass as all fisheries combined 
(Brooke, 2004). Seabirds occur across all 
oceans, from coastal areas to the high seas, 
and many species are highly migratory, con-
necting different marine systems or ocean 
basins (Croxall and others, 2005; Shaffer and 
others, 2006; Egevang and others, 2010; Dias 
and others, 2011).
A total of 359 species are identified under cur-
rent taxonomy, representing six orders and 12 
families. The worldwide distribution of species 
(by countries) was summarized by Croxall and 
others (2012) in terms of species richness, 
number of endemics and number of threat-
ened species. Seabirds are relatively well stud-
ied, compared with most other marine taxa, 
and several assessments documenting the 
status and recent trends of specific taxonomic 
groups have been conducted since the first 
Assessment (Trathan and others, 2015; Phillips 
and others, 2016; Rodríguez and others, 2019).
The first Assessment reported that 97 species 
of seabirds were classified as threatened, to 

varying degrees (namely, those species that 
were classified as Critically Endangered, En-
dangered or Vulnerable in the 2010 Internation-
al Union for Conservation of Nature (IUCN) Red 
List of Threatened Species), which represented 
28 per cent of the 346 species evaluated at the 
time. The first Assessment also highlighted 
that pelagic seabird species were particularly 
threatened and that albatrosses (family Dio-
medeidae), gadfly petrels (family Procellarii-
dae, genera Pterodroma and Pseudobulweria) 
and penguins (family Spheniscidae) were the 
groups with the highest percentages of spe-
cies in threatened categories in the IUCN Red 
List. The first Assessment concluded that the 
decline in seabird populations was the result 
of 10 primary pressures. At sea, those includ-
ed: incidental by-catch (in longline, gill-net and 
trawl fisheries); pollution (from oil spills and 
marine debris, including plastics); depletion 
of prey species by fishing; and offshore ener-
gy production and mining. On land, the main 
threats were invasive alien species; problemat-
ic native species (e.g., those that have become 
superabundant); human disturbance; industrial 
and residential development; and hunting and 
trapping. Climate change and severe weather 
were identified as affecting seabirds both on 
land and at sea.
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2. Description of environmental changes  
between 2010 and 2020

The number of species in each IUCN Red List 
category in 2018, by seabird order, is shown in 
table 1. Since then, a quantitative review of the 
threats affecting all seabird species globally 
has been conducted using data collated from 
more than 900 publications and a standard-
ized assessment approach based on the IUCN 
Red List Threats Classification Scheme (IUCN, 
2019) (Dias and others, 2019).

In their review, Dias and others (2019) adopted 
an approach similar to that used by Croxall and 
others (2012), so that their results can be used 
to evaluate changes in the status of, and threats 
to, seabirds since the first Assessment. Since 
the first Assessment, 28 species of seabirds 
have been uplisted (that is, their conservation 

status has worsened) and 11 species have 
been downlisted (that is, their conservation 
status has improved) (table 2). Particularly 
noticeable has been the declining status of 
species within the orders Anseriformes (sea 
ducks), with 5 of 18 species uplisted, and 
Procellariiformes (tubenoses), with 11 of 131 
species uplisted and 4 downlisted. Procellar-
iiformes (in particular albatrosses and gadfly 
petrels) and penguins remain the groups with 
the highest proportions of threatened spe-
cies (see table 1). The downlisting of species 
since the first Assessment has resulted from 
improved knowledge (e.g., new colonies dis-
covered and taxonomy revision) rather than a 
genuine improvement in their status. 

Table 1 
Number of seabird species (346), by order, in each IUCN Red List category in 2018 
(considered by Croxall and others (2012) and Dias and others (2019))

Seabird order EX CR EN VU NT LC DD Total

Procellariiformes (tubenoses) 2 13 20 27 19 47 3 131

Sphenisciformes (penguins) 0 0 5 5 3 5 0 18

Charadriiformes (gulls and auks) 1 1 4 10 11 93 0 120

Anseriformes (sea ducks) 0 0 0 4 2 12 0 18

Suliformes (gannets and boobies) 0 2 5 8 3 26 0 44

Gaviiformes (loons) 0 0 0 0 1 4 0 5

Phaethontiformes (tropicbirds) 0 0 0 0 0 3 0 3

Pelecaniformes (pelicans) 0 0 0 0 1 2 0 3

Podicipediformes (grebes) 0 0 0 1 0 3 0 4

Total 3 16 34 55 40 195 3 346

Abbreviations: EX, Extinct; CR, Critically Endangered; EN, Endangered; VU, Vulnerable; NT, Near Threatened; LC, Least 
Concern; DD, Data Deficient.
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A comparison of the reviews by Dias and oth-
ers (2019) and Croxall and others (2012) also 
identified that such factors as invasive alien 
species, climate change and severe weather 
continue to affect a number of globally threat-
ened species similar to that in 2010 (figure I). 
Dias and others (2019) identified fishery by-
catch and prey depletion by fishing as having 
an impact on more species of seabirds in 2018 
than in 2010 (50 globally threatened species, 
an increase of 10 from 2010, and 22 globally 
threatened species, an increase of 12 from 
2010, respectively). These increases are at 
least partly the result of a better understand-
ing of the impacts of by-catch on seabirds, in 
particular in gill-net fisheries (Crawford and 
others, 2015; see also below) and the effects 
of competition for prey species between 
fisheries and seabirds (Crawford and others, 
2015; Grémillet and others, 2018; Trathan and 
others, 2015). Declines in prey species can 
also be caused by factors other than fishing, 
including climate change (Mitchell and others, 
2020). The major threats affecting threatened 
species are the same as those affecting all 
seabird species (Dias and others, 2019).

Climate change has been reported to have 
already caused declines in almost 100 seabird 
species (Dias and others, 2019). For example, 
changes in sea surface temperature during 
late winter were associated with declines in the 
population growth rate of the black-browed al-
batross (Thalassarche melanophris), primarily 
through effects on prey availability and subse-
quent juvenile survival (Jenouvrier and others, 
2018). Similarly, Carroll and others (2015) 
found that the breeding success at 11 colonies 
of the black-legged kittiwake (Rissa tridactyla) 
in Ireland and the United Kingdom of Great 
Britain and Northern Ireland was higher when 
stratification was weaker before breeding and 
when sea surface temperatures were lower 
during the breeding season.

Figure I 
Number of globally threatened seabird 
species assessed as being affected by 
marine, terrestrial and overarching  
threatening processes in 2010 and 2018
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Invasive alien species continue to pose a threat 
to 73 species, the same number as in 2010, 
with rats and cats being a particular threat to 
small petrels, such as gadfly petrels and storm 
petrels (Rodríguez and others, 2019). In their 
global review, Jones and others (2016) identi-
fied 122 species (202 populations) of seabirds 
that had benefited (in terms of an increase in 
population size or colonization of a location) 
from the eradication of invasive mammals 
from islands. Other programmes to restore or 
improve habitat for seabirds have also been 
found to be beneficial, including planting and 
reforestation, weed control, enhancing or pro-
viding nesting opportunities and erosion con-
trol (Beck and others, 2015; Bried and Neves, 
2015; Buxton and others, 2016).
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Table 2 
Summary of changes in the IUCN Red List status of seabird species  
between 2010 and 2018a

Seabird order Uplisted Unchanged Downlisted Data deficient Total

Procellariiformes 11 112 4 4 131

Sphenisciformes 1 15 2 0 18

Charadriiformes 8 108 4 0 120

Anseriformes 5 13 0 0 18

Suliformes 2 41 1 0 44

Gaviiformes 0 5 0 0 5

Phaethontiformes 0 3 0 0 3

Pelecaniformes 0 3 0 0 3

Podicipediformes 1 3 0 0 4

Total 28 303 11 4 346

Source: Croxall and others (2012) for 2010; Dias and others (2019) for 2018.
Note: “Uplisting” means a worse conservation status in 2018 than in 2010, while “downlisting” means a better conser-
vation status. Species are considered data deficient if they were so categorized in the IUCN Red List in either 2010 or 
2018 because no meaningful assessment of change in status could be made.
a The comparison is limited to the 346 species of seabirds considered by both authors.

1 See General Assembly resolution 70/1.

Fishery by-catch remains the biggest at-sea 
threat to Procellariiformes seabirds, affecting 
mostly albatrosses, large petrels and shear-
waters (Phillips and others, 2016; Rodríguez 
2019). Target 14.2 of the Sustainable Develop-
ment Goals1 provides that marine and coastal 
ecosystems should be sustainably managed 
and protected by 2020 to avoid significant ad-
verse impacts; and impacts on biodiversity will 
need to be taken into account in order to make 
progress towards Goal 12. Efforts to reduce 
the by-catch of seabirds in fisheries have been 
increasing, including through the adoption or 
updating of national plans of action by some 
nations using longline, trawl or gill-net fishing 
methods, in which by-catch is most common-
ly an issue. Mandatory mitigation measures 
have also been introduced within some areas 
of national jurisdiction and some parts of the 
high seas, including, for example, line weight-
ing, night setting, bird-scaring lines and area 

closures (Brothers and others, 1999; Abraham 
and others, 2017). There is evidence that the 
number of threatened seabird species affect-
ed by the depletion of their prey by fisheries 
has more than doubled in the past decade 
(Croxall and others, 2012; Dias and others, 
2019), although this increase is at least in part 
due to increased understanding in that area.
In contrast, the most recent assessment 
identified that threats associated with marine 
pollution have decreased, with pollution now 
affecting 23 globally threatened species (7 
fewer than in 2010). This decrease is primar-
ily driven by overall reductions in pollution 
associated with oil spills in recent decades 
(Roser, 2013). Pollution in the form of marine 
plastics has been documented as affecting 
seabird species on a wide scale (e.g., Wilcox 
and others, 2015). Despite Sustainable Devel-
opment Goal target 14.1, which provides for the 
prevention and significant reduction of marine 
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pollution of all kinds by 2025, plastic in the 
marine environment is expected to continue to 
affect many seabird species in the coming dec-
ades (Kühn and others, 2015; Ryan and others, 
2009; Wilcox and others, 2015). Although this 
form of pollution has not yet been identified as 
a direct cause of many declines at the popu-
lation level (but see Auman and others (1997) 
and Lavers and others (2014)), small, highly 
pelagic species such as storm petrels, prions 
and auklets (Roman and others, 2019; Wilcox 
and others, 2015) are most likely to be at risk. 
Light pollution, both at the colonies (Rodríguez 
and others, 2017; Rodríguez and others, 2019)
and from oil platforms, vessels and other arti-
ficial structures at sea, poses a threat to small 
petrels (Montevecchi, 2006; Rodríguez and 
others, 2019), although with poorly understood 
impacts on populations. This threat was not 
considered in the first Assessment.

Other emerging threats identified by Dias and 
others (2019) include energy production, in 
particular offshore wind farms, deep-sea min-
ing (Green and others, 2016) and light pollution, 
including from such marine infrastructure as 
platforms and vessels (Rodríguez and others, 
2017; Rodríguez and others, 2019). Under-
standing the consequences of those threats 
at the population level remains limited, but ju-
venile seabirds and birds near colonies appear 
to be particularly susceptible to light pollution 

(Rodríguez and others, 2015). Such adverse 
effects as collision and mortality have been 
described for at least 21 species of Procellar-
iiformes, including as a result of birds being 
attracted to the artificial light of fishing and off-
shore oil and gas facilities (Montevecchi, 2006). 
Development in those areas is relevant to the 
achievement of Sustainable Development Goal 
target 15.9, which provides that ecosystem and 
biodiversity values should be integrated into 
national and local planning and development 
processes by 2020 (noting also the relevance 
of Goals 7, 9 and 11 in this area).

Although the population sizes of some pen-
guin species are increasing, climate change 
has been identified as a major threat to many 
species in the group, with declines primarily 
associated with changes in habitat conditions, 
increased frequency of floods and storms and 
extreme temperatures (Trathan and others, 
2015; Dias and others, 2019). Sustainable De-
velopment Goal target 13.2 provides that cli-
mate change measures should be integrated 
into national policies, strategies and planning, 
even though it does not include a target date. 
By-catch, competition with fisheries, pollution, 
invasive alien species and disturbance at the 
colonies are also now known to be important 
stressors for penguin species (Trathan and 
others, 2015; Crawford and others, 2017; Dias 
and others, 2019).

3. Consequences of changes in seabird populations on human 
communities, economies and well-being

Changes in seabird populations, in particular 
substantial declines, have an impact on biodi-
versity and the associated functioning of ma-
rine systems and the ecosystem services that 
they provide (Wenny and others, 2011; Burdon 
and others, 2017; Tavares and others, 2019). 
For example, seabirds feeding at sea and nest-
ing ashore can contribute a substantial pro-
portion of nutrients entering the latter system, 
enhancing the productivity of local fauna and 

flora and adjacent coastal systems (Graham 
and others, 2018). Changes in this nutrient 
transfer would profoundly affect those sys-
tems. The potential consequences of changes 
in seabird populations for ecosystem services, 
although poorly understood, are likely to be 
varied and complex. Thus, the consequential 
impacts on ecosystem services of changes 
in seabird populations are directly relevant to 
many of the Sustainable Development Goals, 
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including Goals 7 (affordable and clean ener-
gy), 9 (industry, innovation and infrastructure), 
11 (sustainable cities and communities), 12 

(responsible consumption and production), 13 
(climate action), 14 (life below water) and 15 
(life on land).

4. Outlook
A continuing long-term decline in the status 
of seabird populations, especially for pelagic 
species over the last decade (figure II), and the 
persistence of major threats do not provide a 
positive outlook for seabirds in the near future.

Current efforts to mitigate the impacts of fish-
ery by-catch and invasive species, in particular 
in island habitats, will likely continue, as their 
importance for the conservation of biodiversi-
ty and seabirds is increasingly recognized and 
prioritized (Buxton and others, 2016; Jones 
and others, 2016). However, if fishing pres-
sure on forage fish intensifies, competition 
between fisheries and seabirds may increase 
with associated potential detrimental impacts 
on some seabird populations, even though 
the empirical evidence for a consistent effect 
is not strong (Hilborn and others, 2017). The 
impacts of potentially increasing competition 
may be exacerbated by any decreases in prey 
abundance related to changes in oceano-
graphic conditions driven by climate change 
(Grémillet and Boulinier, 2009). In this context, 
the transition of fisheries to lower trophic lev-
els, especially mesopelagic species (St. John 
and others, 2016), may be particularly prob-
lematic, because mesopelagic fishes are an 
important part of the diet of many pelagic 
seabirds (Watanuki and Thiebot, 2018).

Climate change is projected to have profound 
implications for many seabird populations 
through potential redistribution of prey and 
changes to the composition of marine com-
munities. Direct climate change effects are 
likely to: increase heat stress at breeding 
and roosting colonies; increase disturbance 
to breeding and roosting colonies through 
increasing storm frequency and intensity, in 
particular in low-lying colony regions; and 

increase inundation of low-lying nesting and 
feeding areas through sea level rise (Grémillet 
and Boulinier 2009). Groups such as penguins 
are particularly vulnerable to the negative con-
sequences of climate change (Dias and others, 
2019), especially those species dependent on 
pack ice or particular habitat conditions that 
are likely to decline under climate change (Ain-
ley and others, 2010). Although many more 
species are projected to be affected negative-
ly by climate change (BirdLife International 
and National Audubon Society, 2015), some 
species are also projected to be positively 
affected through increases in range or popu-
lation size. For example, the populations of the 
king penguin (Aptenodytes patagonicus) and 
the black-browed albatross nesting on Heard 
Island (Australia) are expected to increase 
(Chambers and others, 2011) as a result of an 
increase in the extent of breeding grounds, as 
glaciers retreat. 

As the use of renewable energy (wind, water 
and waves) technology continues to expand 
globally, the risk of seabirds interacting with 
related structures is likely to increase. These 
interactions are likely to occur predominantly 
with coastal species, such as divers, scoters, 
terns and shags (Garthe and Hüppop, 2004)
and may be more problematic for highly mo-
bile species, such as shearwaters (Busch and 
Garthe, 2018). The potential for increasing 
impacts could be reduced by locating facilities 
in areas less favoured by seabirds, identified 
through the use of observation and tracking 
data on habitat use (e.g., Busch and others, 
2013; Winship and others, 2018).

Although the number of major oil spills has de-
creased over the past decades, other aspects 
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of pollution, including marine debris, are likely 
to increase, in particular in view of predicted 
large increases in the amount of plastic waste 
in the marine environment (Jambeck and 
others, 2015). Impacts associated with light 
pollution are also expected to grow, largely 
associated with continued growth in maritime 
traffic, which is expanding at a rate of about 
4 per cent per year (United Nations Conference 
on Trade and Development, 2018). Endangered 
species and species with small population 
sizes are more likely to be affected (Rodríguez 
and others, 2019). Growing maritime traffic 
may also increase the risk of introducing alien 
predators or pathogens to additional loca-
tions, potentially affecting seabird populations 
(Renner and others, 2018).

New tracking technology for seabirds (see, 
e.g., Sansom and others, 2018; Zhang and 
others, 2019) and sophisticated mapping and 
analytical software will make it possible to 
estimate the exposure of seabird populations 
to individual threats with increasing precision. 
This should enable the identification of the 
species, life stages, threats, places and times 
where mitigation will bring the most benefit for 
seabird populations, as well as the pinpointing 
of critical knowledge gaps. Quantitative spatial 
overlap approaches have been used mostly to 
assess impacts and risks posed by fishing (see, 

e.g., Tuck and others, 2011; Abraham and oth-
ers, 2017; Clay and others, 2019), but it could be 
used in future assessments of all threats with a 
spatial component (e.g., as reported by Currey 
and others, 2012; Redfern and others, 2013).

Figure II 
Red List Index of species survival for 
seabirds for the period 1988–2017
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5. Key remaining knowledge gaps

Despite the fact that seabirds are relatively 
well-studied, several knowledge gaps remain 
in the demography, status, at-sea distribution 
and population trends of small species, such 
as storm petrels, gadfly petrels, prions and 
auklets. In addition, the at-sea distributions 
of most seabird species at young life-history 
stages are poorly understood compared with 
those of adults. Perhaps the biggest gaps, 

however, concern the likely population-level 
consequences, and resultant changes to 
ecosystem services (and progress towards 
the Sustainable Development Goal targets), 
of the impacts of such emerging threats as 
marine debris (especially plastics), coastal 
and offshore wind and tidal energy facilities, 
deep-sea mining and light pollution. 
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6. Key remaining capacity-building gaps

The key remaining gaps in capacity relate to 
the knowledge gaps identified above. Current 
capacity and resources limit our ability to mon-
itor population trends, understand the at-sea 
distribution of birds at different life stages and 
estimate the demographics and productivity 

of all but the most intensively studied species. 
Those gaps greatly limit our ability to assess 
population-level consequences and implica-
tions for ecosystem services of existing and 
emerging threats.
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Keynote points
 • Some 90  per  cent of mangrove, seagrass 

and marsh plant species have been as-
sessed as being at risk of extinction; 
19  per  cent of mangroves, 21  per  cent of 
seagrass species and one marsh plant 
species are on the International Union for 
Conservation of Nature (IUCN) Red List of 
Threatened Species.

 • Among macroalgae, 1 species of red 
seaweed from Australia (Vanvoorstia ben-
nettiana) is listed as Extinct, 10 species 
(six red algae and four brown algae) are 
listed as Critically Endangered, 1 species 
of brown alga is listed as Endangered, and 
4 species (three red algae and one brown 
alga) are listed as Vulnerable. The num-
ber of macroalgal species assessed and 
reported in the IUCN Red List is less than 
1  per cent of the total number of species 
listed in the Ocean Biodiversity Information 

System (OBIS). All 15 threatened species 
are endemic to the Galapagos Islands, and 
47 species have been assessed as at a risk 
of extinction in the Mediterranean. This 
highlights the knowledge gap with regard 
to macroalgae.

 • In terms of macroalgal endemism, Antarcti-
ca ranks highest, with 27 per cent endemics, 
followed by South America (22  per  cent) 
and the Red Sea Large Marine Ecosystem 
(9 per cent).

 • New techniques such as genomics have 
been developed for species identification 
and for elucidating phylogenetic relation-
ships. As a result, the number of species is 
expected to rise, especially for macroalgae; 
however, owing to uneven human and infra-
structure capacities among regions, some 
regions will be less studied than others. 

1. Introduction
The present chapter considers the taxonomy, 
conservation status and population trends 
of marine plants and focuses specifically on 
mangroves, salt marsh plants, seagrasses and 
macroalgae (or seaweeds), which comprise 
red, green and brown macroalgae. Although 
mangroves, salt marshes and seagrass mead-
ows were considered individually in chapters 
48, 49 and 47, respectively, of the first World 

Ocean Assessment (United Nations, 2017), and 
are covered in chapters 7H, 7I and 7G, respec-
tively, of the present Assessment, they were 
considered at the ecosystem scale, not at the 
species level. Macroalgae were also covered in 
the first Assessment, but as a source of food 
(in chap. 14) and as ecosystems (in chap. 47, 
on kelp forests, and chap. 50, on the Sargasso 
Sea). 

2. Mangroves

Mangroves consist of shrubs and trees that 
grow in the coastal belt in tropical and sub-
tropical areas worldwide. They have developed 
characteristic features that allow them to sur-
vive in brackish and shallow marine habitats, 
such as: (a) short lateral root extensions, called 
pneumatophores, that grow upwards from 

muddy and anoxic (oxygen-free) substrates 
and enable the absorption of oxygen from the 
air; (b) a branched stem system, known as 
aerial roots or stilt roots, and buttress roots 
for better anchorage in soft substrates and to 
withstand strong winds or waves; (c) succu-
lent leaves with internal water storage tissues; 
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(d)  salt-secreting or exclusion mechanisms, 
such as salt glands in the leaves of some spe-
cies, for osmotic balance; and (e) viviparous 
reproduction, that is, the seed germinates 
into a seedling, called a propagule, while still 
attached to the parent plant, producing an 
elongated crude root eventually dropping di-
rectly into the substrate, thus, “planting” itself. 
Undisturbed forests are marked by distinct 
zonation, with each zone dominated by char-
acteristic species.

2.1. Taxonomic treatment
The World Mangroves Database (Dah-
douh-Guebas, 2020) lists 65 “valid” or correct 
names of mangrove taxa in 14 families, inclu-
sive of five hybrids and exclusive of three spe-
cies of the fern mangrove Acrostichum and two 
species of the leguminous mangrove Cynome-
tra. No new species of mangroves has been 
described over the past decade, although new 
hybrids have been identified using molecular 
methods, bringing the current number to eight 
(Ragavan and others, 2017; Ono and others, 
2016). Relative to other plant groups such as 
ferns or grasses, the number of species may 
not be considered high, but mangrove taxa are 
present in a broad cross section of 16 flower-
ing plant families, except for three species that 
belong to the fern family. Of the 16 families, 
only two (Pellicieraceae and Rhizophoraceae) 
contain exclusively marine species 

2.2. Current state and trends 
It was reported in chapter 48 of the first As-
sessment that, depending on the criteria used 
in defining strict or “true” mangrove species, 
the number of species ran between 70 and 73, 
inclusive of hybrids. It was also emphasized 
that the groupings of species changed as a 
result of taxonomic studies. For example, the 

1 In 2016, using molecular markers, Ono and others identified this species as a hybrid of Bruguiera cylindrica and 
B. gymnorhiza.

genus Sonneratia, which used to belong to the 
family Sonneratiaceae, is now classified in the 
family Lythraceae (Little and others, 2004), 
while Sonneratiaceae has been relegated to 
the subfamily level.

IUCN assessed 64 species for risk of extinction 
between 1998 and 2018. As at 19 November 
2019, 3 had been categorized as Critically En-
dangered (Sonneratia griffithii (Duke and oth-
ers, 2010a), Bruguiera hainesii1 (Duke and 
others, 2010b) and Sonneratia hainanensis 
(World Conservation Monitoring Centre, 
1998)); 3 as Endangered, all belonging to the 
family Malvaceae (Camptostemon philippinen-
sis (Duke and others, 2010c), Heritiera fomes 
(Kathiresan and others, 2010) and H. globosa 
(Sukardjo, 2010)); 5 as Near Threatened (Aegi-
alitis rotundifolia (Ellison and others, 2010a), 
Aegiceras floridum (Ellison and others, 2010b), 
Ceriops decandra (Duke and others, 2010d), 
Sonneratia ovata (Salmo and others, 2010) 
and Rhizophora samoensis (Ellison and Duke, 
2010)), 5 as Vulnerable (Avicennia lanata (Chua, 
1998), A. integra (Duke, 2010a), A. rumphiana 
(Duke and others, 2010e), A. bicolor (Duke, 
2010b) and Pelliciera rhizophorae (Ellison and 
others, 2010c)); 47 as of Least Concern; and 
only 1 (Excoecaria indica (Ellison and others, 
2010d)) as Data Deficient.

The distribution of those species across ma-
rine regions as defined by IUCN is shown in 
figure I. No mangroves are found in the North 
Atlantic Ocean. All globally Critically Endan-
gered species are found in the eastern Indian 
Ocean and the north-eastern and eastern 
central Pacific Ocean, while all the globally 
Endangered species are found in the eastern 
Indian Ocean and the western central Pacific 
Ocean. Those that are in the Near Threatened 
category are found in the eastern Indian Ocean 
and the western central Pacific Ocean. Major 
threats are residential and commercial devel-
opment, aquaculture and agriculture, biological 
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resource use, such as logging for construction 
materials and fuel, climate change causing 
habitat shifting and alteration, pollution, sand 
mining and replacement by invasive species.

At the regional level, however, some species of 
Least Concern may be threatened by various 
factors. Avicennia marina in the Red Sea Large 
Marine Ecosystem (Sherman and Hempel, 
2008), for example, is particularly threatened, 
as it is highly grazed and harvested for forage, 
being palatable to such livestock as camels, 
goats and cattle (Nawata, 2013) owing to its 
lower content of soluble tannins. Goods and 
services and changes in mangrove ecosys-
tems were treated in detail in chapter 48 of the 
first Assessment.

The global distribution, diversity and abun-
dance of mangroves are affected by climate 
change, such as alterations in temperatures 
and rainfall regimes (Donato and others, 2011; 
Ward and others, 2016; Friess and Webb, 2013). 
Warmer winters and sea level rise are expect-
ed to allow for expansion polewards at the 
expense of salt marshes. However, dispersal 
and habitat availability constraints may hinder 

expansion near certain range limits. Along arid 
and semi-arid coasts, decreases or increases 
in rainfall are expected to lead to mangrove 
contraction or expansion, respectively.

Figure I 
Distribution of mangrove species by IUCN 
categories and marine regions
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3. Salt marsh plants
Salt marsh plants constitute the major vege-
tation in the intertidal zones and inland saline 
areas of the temperate zones. They constitute 
the lush and highly productive “intertidal grass-
lands” or salt marshes, with distinct zonation 
in response to steep physical gradients, such 
as salt concentrations exceeding 500 millimo-
lars (Yuan and others, 2019). They have a high 
ability to filter nutrients, which increases water 
quality in nearby coastal systems affected by 
urban, aquaculture and agricultural run-off, 
and to store carbon. They protect coastal com-
munities from storm and erosion and enhance 
human well-being by acting as critical nursery 
habitats for fish and other marine organisms 
harvested for food. The essential ecosystem 
goods and services provided by salt marshes 

benefit millions of people and are valued at 
$10,000 per hectare per year (Barbier and oth-
ers, 2011; Hopkinson and others, 2012; Möller 
and others, 2014).

Unlike mangroves, which are dominated by 
trees, salt marsh plants are usually grasses 
or shrubs. Just like mangroves, they have 
developed and adapted to high saline environ-
ments, flooding and desiccation, and anoxic 
conditions. 

3.1. Taxonomic treatment
Globally, plant species richness in marshes is 
surprisingly high, with more than 500 marsh 
plant species known. However, the majority of 
those are found in freshwater lakes and rivers, 
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extending into brackish aquatic environments 
and occupying an estimated 45,000 km2 
worldwide (Greenberg and others, 2006). The 
salt-tolerant species inhabiting salt marshes 
belong to three major families: Chenopodiace-
ae, with two species of chenopods (Salicornia 
veneta and S. rubra); Poaceae, with three 
species of Spartina grasses (S. alterniflora, S. 
gracilis and S. maritima) and many species of 
Phragmites; and Juncaceae (many species). 
However, only two species are reported to 
inhabit exclusively the coastal zone: the che-
nopod Salicornia veneta and the grass Sparti-
na alterniflora. The others inhabit freshwater 
lakes, rivers and swamplands and extend into 
“artificial” brackish and marine habitats, such 
as aquaculture ponds and canals. Salicornia 
and Spartina are found throughout temperate 
North America, with Salicornia extending to 
Mexico. Salicornia is also found in some parts 
of Europe and northern parts of Asia. 

3.2. Current state and trends 
At the global level, up to half of coastal wet-
lands have been lost due to agriculture, aqua-
culture and other anthropogenic changes in 
land use (Pendleton and others, 2012). Climate 
change, declining water quality and changes 
in sediment delivery rates associated with 
human activity continue to affect the world’s 
remaining wetlands, such as salt marshes 
(Kirwan and Megonigal, 2013).

Salicornia veneta is the only threatened spe-
cies listed in the IUCN Red List (Foggi and 
others, 2011) and is categorized as Vulnerable. 
It is found along the coast of Italy in the Adriat-
ic Sea, and occupies an area of less than 500 
km2. Although common in its distribution area, 
its population is reported to be decreasing as 
a result of coastal development, settlements 
and tourism. It is protected under national 
legislation, and one site is a protected area. 
Spartina alterniflora is categorized as of Least 
Concern (Maiz-Tome, 2016).

4. Seagrasses
Seagrasses are marine flowering plants that 
inhabit tidal and subtidal marine environ-
ments. They require high levels of light and are 
normally abundant in shallow waters, where 
they are productive components of nearshore 
environments, providing food and shelter for 
many economically important species (Heck 
and Orth, 1980). 

Seagrasses are among some of the oldest 
plants on Earth, with fossil deposits believed 
to date back to the Pliocene (Tuya and others, 
2017). They have developed adaptations to 
survive in their particular niche (Papenbrock, 
2012), such as mostly thin, flattened, elongat-
ed or strap-like leaves that allow for flexibility 
in waters with strong waves and currents and 
the diffusion of gases (since they do not have 
stomata); an extensive system of roots and 
rhizomes that enable them to anchor in muddy 

and sandy substrates (e.g., the temperate spe-
cies in the genus Phyllospadix have hooks that 
allow them to attach to rocks); an adaptability 
to survive in high and often varying salinities; 
pollen in gelatinous tubes or floating packets 
for submarine or pollination occurring on the 
water surface; and, in some species, vivipa-
rous or cryptic viviparous reproduction that 
enables them to compete with other species 
(Green and Short, 2003).

The distribution of seagrasses depends in part 
on the dispersal of fruits, seeds, seedlings and 
vegetative propagules by ocean currents. Using 
a combination of population genetic assign-
ment procedures and dispersal predictions 
from a hydrodynamic model, it was predicted 
that 60  per  cent of Posidonia australis fruits 
dispersed within a 20 km range (Sinclair and 
others, 2018). That study provided insight into 
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the role of physical transport for long- distance 
dispersal of fruits and the consequences for 
the spatial genetic structuring of seagrass 
meadows. 

4.1. Taxonomic treatment
Seagrasses are flowering plants belonging to 
the class Liliopsida. As of 2011, 72 species in 
6 families and 15 genera had been recognized 
(Short and others, 2011). They are distributed 
throughout the world, except in Antarctica. So 
far, at least two species have been described 
using molecular characters: the new species 
Thalassodendron johnsonii (Duarte and oth-
ers, 2012), and one species (Halophila major) 
separated from the Halophila ovalis complex 
(Nguyen and others, 2014). Subpopulations 
have also been identified using barcoding 
techniques (Nguyen and others, 2015).

4.2. Current state and trends 
It was reported in chapter 47 of the first Assess-
ment that, as of 2011, 31 per cent (22 of 72 spe-
cies) of the world’s total number of species had 
declining populations, 5 per cent had increasing 
population trends and 22 per cent had an un-
known status. The same report stated that sea-
grasses had been disappearing at a rate of 110 
km2 a year since 1980 and that 29 per cent of 
the known areal extent had disappeared since 
seagrass areas had been initially recorded in 
1879, with rates of decline accelerating from 
a median of 0.9 per cent a year before 1940 to 
7 per cent a year since 1990.

On a global scale, no further species extinction 
risk assessments have been conducted since 
2011. Of the 72 species, three, all in the family 
Zosteraceae, remain in the IUCN Endangered 
category, all with decreasing populations (Short 
and Waycott, 2010a, b, c), namely, Phyllospadix 
japonicus, Zostera chilensis and Z. geojeensis. 
P. japonicus and Z. geojeensis are both found 
in the Pacific North-West, while Z. chilensis oc-
curs in the Pacific South-East (figure II).

Figure II 
Distribution of seagrass species by IUCN 
categories and marine regions

Five species are listed as Near Threatened, all 
with decreasing populations (Short and Way-
cott, 2010d, e, f). Posidonia australis (Short 
and others, 2010a) occurs in both the eastern 
Indian Ocean and the south-western Pacific 
Ocean, while Zostera asiatica (Short and Way-
cott, 2010d) occurs in the north-western and 
eastern central Pacific Ocean. All others occur 
only in one marine region each: Halophila 
engelmanni (Short and others, 2010b) in the 
western central Atlantic Ocean and H. nip-
ponica (Short and others, 2010c) and Zostera 
caulescens (Short and Waycott, 2010e) in the 
north-western Pacific Ocean (figure II).

Seven species are listed as Vulnerable, with 
decreasing populations. These belong to three 
families: Posidoniaceae (Posidonia sinuosa 
(Short and others, 2010d)), Hydrocharitaceae 
(Halophila baillonii (Short and others, 2010e), H. 
beccarii (Short and others, 2010f) and H. hawai-
iana (Short and others, 2010g)) and Zosterace-
ae (Phyllospadix iwatensis, Zostera caespitosa 
(Short and Waycott, 2010f, g) and Z. capensis 
(Short and others, 2010h)). Except for H. becca-
rii and Z. capensis, which are found in two ma-
rine regions, the Indian Ocean and the Pacific 
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Ocean for the former and the Indian Ocean and 
the Atlantic Ocean for the latter, all are restrict-
ed in their distribution: Posidonia sinuosa in the 
eastern Indian Ocean, Zostera caespitosa in the 
north-eastern Pacific Ocean, Halophila hawai-
iana in the central Pacific Ocean, Phyllospadix 
iwatensis in the north-eastern Pacific Ocean 
and Halophila baillonii in the south-western and 
western central Atlantic Ocean. 

As stated in the Red List, major threats to the 
seagrasses are residential and commercial 
development, natural system modification 
leading to habitat loss, agriculture and aqua-
culture, pollution, energy production, transpor-
tation and service corridors, invasive species 
and diseases, and climate change and severe 
weather leading to alteration and shifting of 
habitats. Posidonia oceanica, which is endem-
ic to the Mediterranean, is an example of a 
species that has been negatively affected by 
those threats. The poleward expansion of trop-
ical species has been observed in the South 
Atlantic, with Halophila decipiens (Gorman and 
others, 2016) and Halodule wrightii (Ferreira 
and others, 2015). 

Nine species listed in the IUCN Red list as Data 
Deficient (Short and Waycott, 2010n, o, p, q, r, s, 
t, u, v) have remained unstudied to this day: two 
species in the family Zannichelliaceae (Lepil-
aena australis and L. marina (Short, 2010a, b), 
the former found in the eastern Indian Ocean 
and the south-western and western central Pa-
cific Ocean and the latter in the eastern Indian 
Ocean only; four in the family Cymodoceace-
ae, with Halodule beaudettei (Short and others, 
2010i) and H. emarginata (Short and others, 
2010j) occurring in the eastern Indian Ocean, 
H. bermudensis (Coates and others, 2010) in 

the south-western and western central Atlan-
tic Ocean and the eastern Indian Ocean, and 
H. ciliata (Short, 2010c) in the eastern central 
Pacific Ocean; two in the family Hydrocharita-
ceae (Halophila euphlebia (Short and others, 
2010k) and H. sulawesii (Short, 2010d)) found 
in the north-western and western central 
Pacific Ocean, respectively; and one in the 
family Ruppiaceae (Ruppia filifolia) occurring 
in the south-eastern Pacific Ocean and the 
south-western Atlantic Ocean (figure II).

At the regional level, some species may be 
threatened by various factors. For example, 
Enhalus acoroides has a very limited distribu-
tion in the Red Sea Large Marine Ecosystem 
(El Shaffai, 2016) and may be vulnerable to 
grazing, especially since the area is home to a 
significant dugong population (Shawky, 2019; 
Nasr and others, 2019). Dugongs graze selec-
tively, changing not only the community and 
population structure but also the species com-
position of seagrass beds. In the Atlantic coast 
of Canada, the European green crab (Carcinus 
maenas), which is invasive and non-indigenous 
to the region, is having a negative impact on 
eelgrass (Matheson and others, 2016).

General decreases or increases in seagrass 
beds in some parts of their distribution have 
been reported, such as decreases in Zostera 
marina in Nova Scotia and in the Gulf of Saint 
Lawrence and increases in Newfoundland 
(Canada) (Bernier and others, 2018). The 
non-indigenous Halophila stipulacea is report-
edly expanding westwards from the eastern 
Mediterranean (Sghaier and others, 2011), while 
H. decipiens was newly recorded in a locality of 
the Aegean Sea (Gerakaris and others, 2020). 

5. Macroalgae
The term “macroalgae” or “seaweeds” refers to 
non-flowering plant-like organisms that grow 
anchored in nearshore areas, except for some 
species of Sargassum that grow floating, mostly 

in the Sargasso Sea (see chap. 7Q). They have 
developed many adaptations that have enabled 
them to colonize various habitats, from polar 
to equatorial regions, and from shallow to very 
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deep areas up to the limit of the euphotic zone. 
These adaptations include various pigments to 
trap light, diverse life-history patterns and mor-
phologies to increase survival, and production 
of anti-herbivory compounds to evade grazing. 
These adaptations are used to characterize 
and identify groups and species.

Seaweeds form the most extensive and pro-
ductive vegetated coastal habitats, as kelps 
and other algal beds, in global coastal envi-
ronments such as rock shores and biogenic 
reefs, estimated to cover about 3.4 million 
km2 and support a global net primary produc-
tion of about 173 teragrams of carbon per 
year (Krause-Jensen and Duarte, 2016), and 
are harvested and farmed for food and other 
uses (see chap. 17 for more details). They are 
often used as indicators of water quality and 
reef health. For example, species of the green 
seaweed Ulva are used as indicators of heavy 
metal pollution and eutrophication (Alp and 
others, 2012).

A group of red algae that contain calcium 
carbonate in their cell walls (called coralline 
algae, from their resemblance to hard corals) 
can cover more sublittoral rocky substrata 
than any other group of macroorganisms in 
the photic zone, from intertidal habitats to 
270 m deep, and are the deepest recorded 
macroalgae. Most of those heavily calcified 
red algae encrust rock or other substrata, but 
some species grow unattached to form impor-
tant complex habitats that build up over thou-
sands of years and are known as “maerl beds” 
or “rhodolith beds” (Riosmena-Rodríguez, 
2017). These free-living coralline algae cover 
extensive areas of coastal seabed and are 
common in fossil marine carbonate deposits. 
The largest continuous latitudinal distribution 
of rhodolith beds occurs off Brazil, contribut-
ing to the formation of mesophotic reefs on 
extensive areas of the continental shelf and 
seamounts tops and around oceanic islands 
and atolls (Amado-Filho and others, 2017). 
Free-living coralline algal thalli grow slowly (a 

few millimetres per year) and can be long-lived 
(> 100 years). They provide a three-dimension-
al calcareous habitat attracting recruits to the 
benthos and providing refuge for the juveniles 
of commercially important shellfish. 

5.1. Taxonomic treatment

Macroalgae are currently classified as protists 
(kingdom Protista). However, recent phyloge-
netic studies using plastids suggested that red 
and green algae share a common ancestor of 
the kingdom Plantae, while brown algae share 
a common ancestor of the kingdom Chromis-
ta (Delwiche, 2007). They are a diverse group, 
consisting of three major divisions based 
on their dominant pigmentation: red algae 
(Rhodophyta); brown algae, which used to 
be classified in the division Phaeophyta but 
were recently placed in their own class in the 
division Ochrophyta; and green algae (Chloro-
phyta). They contain chlorophyll and conduct 
photosynthesis. Many of them are “plant-like” 
in appearance but have simple bodies called 
thalli and lack the water-conducting system 
observed in terrestrial plants. Unlike seagrass-
es, they do not bear flowers. 

As of 2012, Guiry (2012) had listed 12,471 spe-
cies of algae belonging to the three divisions, 
of which 6,131 were red, 1,792 were brown and 
4,548 were green, but estimated that there 
were about 27,000 species yet undescribed, 
including macroalgae and microalgae living 
in non-marine habitats. The Ocean Biodiver-
sity Information System (OBIS, 2020; see also 
the table below), which records only marine 
species, lists 3,065 species of red algae (Rho-
dophyta); 879 species of brown algae (Phae-
ophyceae) and 844 species of green algae 
(Chlorophyta). For lower taxa (i.e., subspecies 
or taxa of unknown rank), the numbers are 
higher: 3,406, 1,070 and 1,164, respectively 
(see table below). The number and records of 
green algal species are lower than those of red 
and brown algae because the majority of green 
algae are found in freshwater environments. 
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Records of red (Rhodophyta), brown (Phaeophyceae) and green algae (Chlorophyta) in 
the Ocean Biodiversity Information System

Data Rhodophyta Phaeophyceae Chlorophyta

Occurrence records 614 096 568 806 392 594

Species level records 449 392 477 331 209 396

Species 3 065 879 844

Lower taxa 3 406 1 070 1 164

Datasets 266 234 371

Time range 1865–2019 1869–2019 1778–2019

Source: OBIS, 2020.

5.2. Current state and trends
5.2.1. Red algae (Rhodophyta)
Red algae comprise a higher number of species 
than brown and green algae (see table above). 
They are distributed mainly from tropical to 
temperate marine waters (figure  III.A), with 
very few species in freshwater ecosystems. 
They are found in areas with sea surface tem-
peratures ranging from 5 to 30°C, a salinity of 
5–35 practical salinity units (PSU) and mostly 
at depths of 0–20 m (figure  III.B), although 
some rhodoliths have been recorded at much 
greater depths. 

5.2.2. Brown algae (Phaeophyceae)
Brown algae, which comprise the least species 
(see table above), are purely marine and have 
a wide distribution, mainly in the cold and tem-
perate waters of the Pacific Ocean, the Atlantic 
Ocean and the Indian Ocean and in the South-
ern Ocean (figure IV.A). They typically grow in 
areas with sea surface temperatures ranging 
from 5 to 30°C, although they can tolerate low 
temperatures (from -5 to 5°C) and a salinity of 
5–35 PSU, and are mostly found at depths of 
0–20 m (figure IV.B).

5.2.3. Green algae (Chlorophyta)
The number of green algae is between those 
of red and brown algae (see table above). 
They are distributed widely, but mainly in the 
northern hemisphere (figure V.A). They grow in 
diverse environments, from land to ocean and 
in seas with sea surface temperatures ranging 
from 5 to 30°C, although they can tolerate low 
temperatures (from -5 to 5°C), and a salinity of 
0-35 PSU, and are mostly found at depths of 
0–20 m (figure V.B).
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Figure III.A 
Global distribution of red algae (Rhodophyta) 

Figure III.B 
Environmental conditions (temperature, sea surface salinity and depths) of red algae 
(Rhodophyta) occurrence around the world
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Figure IV.A 
Global distribution of brown algae (Phaeophyceae) 

Figure IV.B 
Environmental conditions (temperature, sea surface salinity and depths) of brown 
algae (Phaeophyceae) occurrence around the world
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Figure V.A 
Global distribution of green algae (Chlorophyta) 

Figure V.B 
Environmental conditions (temperature, sea surface salinity and depths) of green algae 
(Chlorophyta) occurrence around the world
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An extinction risk assessment of algae was 
conducted in 2007 (Guiry and Guiry, 2020) and 
on a small number of species only (125). This 
does not even cover 1 per cent of the total spe-
cies inventoried to date. 

One red algal species is listed as Extinct and 15 
red and brown algae are in the threatened list, 
all occurring in the south-eastern Pacific Ocean 
and all endemic to the Galapagos Islands (IUCN, 
2019). 

Vanvoorstia bennettiana,2 in the family De-
lesseriaceae (Rhodophyta), is listed as Extinct 
(Millar, 2003). It was first discovered by William 
Harvey in 1855 growing in Port Jackson, Syd-
ney Harbour, Australia. It was re-collected in 
1886 at about eight kilometres east of the type 
locality (Millar, 2001). Despite intense search-
ing, no specimens have been seen or collected 
in more than a century, and it is thought that 
habitat loss through human activities caused 
the extinction of that species (Guiry and Guiry, 
2020).

Ten species are listed as Critically Endangered 
(Miller and others, 2007a–o): six species in 
the phylum Rhodophyta (Galaxaura barbata, 
Gracilaria skottsbergii, Laurencia opposito-
cladia, Myriogramme kylinii, Phycodrina ele-
gans and Schizymenia ecuadoreana); and four 
species in the class Phaeophyceae (Bifurcaria 
galapagensis, Desmarestia tropica, Dictyota 
galapagensis and Spatoglossum schmittii). 
The Critically Endangered species of red 
algae belong to the families Galaxauraceae, 
Gracilariaceae, Delesseriaceae and Schizyme-
niaceae, while those of brown algae belong to 
the families Sargassaceae, Desmarestiaceae 
and Dictyotaceae. The period since 1970 has 
been marked by significant changes in the 
populations of macroalgae in the Galapagos 
during the El Niño events of 1982–1983 and 
1997–1998, affecting Bifurcaria galapagensis, 

2  Images of and taxonomical information on Vanvoorstia bennettiana are available at www.algaebase.org/
search/species/detail/?species_id=23738.

3 United Nations, Treaty Series, vol. 1102, No. 16908.

an endemic brown macroalga of the Galapa-
gos, which inhabits the shallow intertidal and 
subtidal habitats (Garske 2002).

One species of brown algae, Sargassum seti-
folium, in the family Sargassaceae, is listed as 
Endangered (IUCN, 2019).

Four species are listed as Vulnerable: three 
species of red algae (Austrofolium equatoria-
num, Acrosorium papenfussii and Pseudolain-
gia hancockii); and one species of brown alga 
(Eisenia galapagensis) (IUCN, 2019).

Four species, all of red algae, are listed as of 
Least Concern and 54 species as Data Deficient 
(IUCN, 2019). None of the green algae assessed 
are listed as threatened, and only Rhizoclonium 
robustum is listed as Data Deficient. 

The major threats mentioned in the IUCN re-
ports are “climate change and severe weather”, 
followed by “invasive and other problematic 
species”. “Residential and commercial devel-
opment”, “transportation and service corri-
dors”, “biological resource use” and “pollution” 
were least mentioned.

On a regional scale, different types and levels 
of seaweed biodiversity assessments have 
been conducted. 

In the Mediterranean, an extinction risk as-
sessment was conducted under the Mediter-
ranean Action Plan of the Convention for the 
Protection of the Marine Environment and the 
Coastal Region of the Mediterranean3 (wherein 
47 species were listed as threatened). Among 
the threatened species, typical examples are 
the “habitat-forming” Cystoseira species, ex-
cept for C. compressa, which are declining and 
have even become locally extinct (Mancuso 
and others, 2018; Thibaut and others, 2015). 
However, Verlaque and others (2019) recom-
mend that this list be reviewed on case-by-
case basis, as it includes species that are far 

http://www.algaebase.org/search/species/detail/?species_id=23738
http://www.algaebase.org/search/species/detail/?species_id=23738
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from threatened and even considered invasive 
(e.g., Caulerpa prolifera), and a reassessment is 
suggested. The seaweeds of the Mediterrane-
an, especially the perennial slow growers, are 
mostly threatened by commercial and industri-
al development (United Nations Environment 
Programme, 2015; Mansour and others, 2007; 
Husain and Khalil, 2013), coastal discharges 
(Mohorjy and Khan, 2006; Peña-García and 
others, 2014; Fabbrizzi and others, 2020), 
climate change (Piñeiro-Corbeira and others, 
2018), and the introduction of exotic and inva-
sive species through the Suez Canal (Galil and 
others, 2019). Israel and others (2020) reported 
that 16 per cent of the marine flora of Israel are 
regarded as invasive or exotic.

Miloslavich and others (2011) analysed the ma-
rine biodiversity of South America and found 
that species richness was higher in the tropical 
East Pacific than the tropical West Atlantic, and 
that the Humboldt Current System was richer 
than the Patagonian Shelf. Endemism analyses 
showed that 22  per  cent of South American 
species are endemic and that 75  per  cent of 
species are reported within only one of the 
South American subregions. In the South 
Atlantic, local stressors and coastal urbaniza-
tion are causing substantial loss of seaweed 
biodiversity. Seaweed richness is 26  per  cent 
less in urban areas than in areas with higher 
vegetation cover (Scherner and others, 2013). 
Among global stressors, heatwaves deserve 
major attention, as it is an important threat to 
temperature-sensitive species, such as the 
ecologically and biotechnologically important 
red alga Laurencia catarinensis. This species 
lost around 50 per cent of its total biomass dur-
ing a heatwave that lasted from 8 October to 13 
November 2014, when temperatures reached 
2.66 degrees above the threshold calculated for 
those calendar days (Gouvêa and others, 2017). 
In the Red Sea, macroalgal endemism level is 
about 9 per cent (Persga, 2003) and this is like-
ly to increase with future research, as the Red 
Sea macroalgae are currently one of the least 
studied, despite the long history of scientific 

exploration dating back to the seventeenth 
century (Sheppard and others, 1992). Previous 
records (Walker, 1987) show that the Red Sea 
contained about 485 macroalgal species that 
were circumtropical and subtropical in distri-
bution, occurring over extensive parts of the 
Indo-Pacific, Mediterranean and Caribbean 
regions. The composition, distribution and 
diversity of the Red Sea macroalgae seem to 
follow the natural latitudinal gradient in salin-
ity, temperature and nutrient richness (Kürten 
and others, 2014), where diversity was greater 
in the northern and southern parts than in the 
central part (Walker, 1987; Sheppard, 1992).

Antarctic macroalgae are characterized by 
low species richness when compared with 
other regions of the world, with a high ende-
mism originally estimated at approximately 
33 per cent (Wiencke and Clayton, 2002; Wie-
ncke and others, 2014), but since then reduced 
to 27  per  cent (Oliveira and others, 2020). 
The highest endemism is found in brown 
algae (35.3  per  cent), followed by red algae 
(29.4 per cent) and green algae (12.5 per cent) 
(Oliveira and others, 2020).

An inverse relationship between species di-
versity and latitude is observed in Antarctic 
macroalgae (Wiencke and Clayton, 2002). A 
total of 104 taxa were identified in the South 
Shetland Islands (Pellizzari and others, 2017), 
which is higher than in Adelaide Island, with 
41 taxa (Cormaci and others, 1992), and Terra 
Nova Bay (Ross Sea, above 70° south), with 17 
taxa (Mystikou and others, 2014). 

The impact of oceanic warming on the distri-
bution of Antarctic seaweeds was evaluated 
by Müller and others (2009), who concluded 
that the temperature increase may not direct-
ly affect the latitudinal distribution of some 
Antarctic seaweeds. However, Pellizzari and 
others (2020) suggested that macroalgal diver-
sity in Antarctica, mainly in the surroundings 
of the Antarctic Peninsula, needed to be mon-
itored, since the area is susceptible to species 
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introduction and meteorological and oceano-
graphic changes (Hughes and Ashton, 2017). 

6. Consequences of changes on human communities, 
economies and well-being

The loss of species comprising the major 
coastal and ocean ecosystems, such as man-
groves, salt marsh plants, seagrasses and 
seaweeds or those harvested for use and oth-
er applications, could have major health and 
economic repercussions on society. 

A direct impact of the loss of species on 
economies and well-being is demonstrated by 
the loss of the kelp species, which are brown 
algae forming huge forests in the temperate 
oceans. These species are harvested for food 
and industrial, cosmetic, medical and other 
applications. Kelps are deeply affected by ris-
ing ocean temperatures, as they require cold 

waters to reproduce and grow. The effect is 
most apparent at the northernmost and south-
ernmost limits of their distribution (Reed and 
others, 2016). As ocean temperatures increase, 
the distribution of some kelp populations have 
moved south in the southern latitudes, and 
north in the northern latitudes, and the associ-
ated grazer populations, such as urchins, have 
also shifted geographically in recent decades 
(Wahl and others, 2015). Wernberg and others 
(2019) and others have shown trajectories of 
change in kelp abundance based on long-term 
biomass records (figure VI).

Figure VI 
Trajectory of change in records of kelp abundance
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Source: Wernberg and others, 2019, reprinted with permission.

The loss to fisheries as a result of climate 
change impacts on reef-forming coralline 

algae and maerl-bed forming rhodoliths is also 
significant. Some publications (Barberá and 
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others, 2003; Riosmena-Rodríguez and others, 
2010) on the conservation status of maerl and 
rhodolith habitats in the Atlantic, Mediterrane-
an and Gulf of California waters show that the 
health of those habitats is decreasing in many 
parts of the world. Activities such as dredging 
(e.g., for soil conditioner or shipping channels), 
destructive fishing (e.g., with dredges or trawls) 
and fish farming can reduce the complexity 
and biodiversity of those habitats, as can the 
spread of invasive species, such as the gas-
tropod Crepidula fornicata (Peña and others, 
2014). In addition to those direct impacts, mae-
rl beds have been reported to face pressures 
from ocean warming and acidification, since 
slow growing coralline algae are highly vulner-
able to anthropogenic CO2 emissions (Martin 

4  See General Assembly resolution 70/1.
5  See www.fisheries.noaa.gov/national/climate/climate-vulnerability-assessments.

and Hall-Spencer, 2017; Cornwall and others, 
2019). European maerl beds are protected be-
cause they provide a wide range of ecological 
niches for associated flora and fauna.

Pioneering species such as Halophila ovalis, 
Halodule uninervis and Cymodocea rotundata 
are now being used as indicators of seagrass 
meadow resiliency in vulnerability assess-
ments. Several seagrass species are used as 
bioindicators for heavy metal pollution, for ex-
ample, Halophila ovalis and H. minor (Ahmad 
and others, 2015), while Thalassia hemprichii, 
Enhalus acoroides and Cymodocea rotundata 
are potential bioindicators for cadmium con-
tent in sediments and zinc content in seawater 
(Li and Xiaoping, 2012).

7. Key remaining knowledge and capacity-building gaps

Although new techniques such as genomics 
have been developed for species identification 
and for elucidating phylogenetic relationships, 
human and infrastructure capacities are still 
lacking in many regions. Few people study 
to become systematists, and even fewer to 
become phycologists (algal taxonomists). Tax-
onomic and systematic studies are important 
tools to monitor marine biodiversity, which is 
the foundation for development, in particular in 
small island States and archipelagic countries. 

As such, they respond to Sustainable Devel-
opment Goal 14, specifically target 14.a.4 
With the development of new techniques for 
identifying species, the number of species is 
expected to rise, especially for macroalgae. 
However, some regions will still be less stud-
ied than others, depending on the capacities 
available. In addition, the vulnerability of a ma-
jority of plant species, including macroalgae, 
to changing climate and ocean conditions has 
not been assessed.5

8. Outlook

Climate change is now recognized as a major 
pressure on populations. It could be an oppor-
tunity for some species to expand their distribu-
tion, as in the case of some mangrove or marsh 
plant species, or cause others to become more 
restricted or even go extinct, as in the case of 

some kelp species. For example, Pergent and 
others (2014) projected that, in the Mediterrane-
an, the endemic seagrass Posidonia oceanica, 
which has low tolerance to changes in salin-
ity and temperature, would probably decline, 
mainly in the Levantine Sea, where sea surface 

http://www.fisheries.noaa.gov/national/climate/climate-vulnerability-assessments
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temperature and salinity are expected to in-
crease. Zostera marina, which grows in colder 
temperatures, could first be more confined and 
isolated in the northernmost parts of the Medi-
terranean, and then become extinct. Those two 
species could also be outcompeted by species 
such as Cymodocea nodosa and Halophila 
stipulacea, which grow well in warmer climates, 
which could lead to a decrease in the structural 
complexity of habitats.

According to some projections of seaweed spe-
cies loss by 2100 made with habitat modelling 
based on the Representative Concentration 
Pathways (RCP) of greenhouse gas emissions, 
the current distribution of 15 prominent spe-
cies of kelp and canopy-forming temperate 

species of seaweeds in Australia is expected 
to decrease by an average of 62 per cent (with 
decreases in range comprised between 27 
and 100 per cent) under the most conservative 
emission scenario of RCP2.6, while eight kelp 
species in the North Atlantic are expected to 
lose 50  per  cent of their range. On the other 
hand, it is projected that some species will ex-
pand their limits of distribution, such as three 
of the eight species in the North Atlantic into 
the Arctic, replace another species or form 
new forests. The change in populations of her-
bivores as a result of climate change is also 
expected to have an impact on macroalgal 
populations (see Wernberg and others, 2019).
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Introduction 

The present chapter is composed of 17 
subchapters that detail the state of coastal and 
marine habitats, from the coast to the deepest 
abyssal plains. The change in state since the 
first World Ocean Assessment is provided on 
mangrove forests, salt marshes, estuaries 
and deltas, seagrass meadows, cold water 
corals, tropical and subtropical coral reefs, the 
Sargasso Sea, high-latitude ice, hydrothermal 
vents and cold seeps, and submarine habitats, 
such as seamounts, submarine canyons and 
trenches. 

The subchapter on submarine canyons has 
been expanded to include continental slopes, 
the subchapter on seamounts includes pinna-
cles and the subchapter on trenches includes 

ridges and plateaux. Kelp forests, which were 
included with seagrasses in the first Assess-
ment, are now integrated into the subchapter 
on marine plants and macroalgae. New as-
sessments are provided on sandy and muddy 
substrates, intertidal zones, atolls and island 
lagoons, abyssal plains and the open ocean.

Where a baseline of the state of the habitat 
was available in the first Assessment, it was 
used as a basis for looking at change over 
the last decade. Key threats to habitats have 
been identified and their influence on changes 
observed has been discussed. When available, 
specific regional changes have been highlight-
ed, and an outlook for habitats over the near to 
medium term has been provided.
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Chapter 7A:  Intertidal zone

Keynote points

 • The intertidal zone encompasses many 
different habitats on the world’s coasts.

 • A large proportion of humans live in prox-
imity to the intertidal zone.

 • Human activities affect the intertidal zone 
directly, through coastal modification, and 
indirectly, through climate change.

 • Despite our close relationship with inter-
tidal habitats, key knowledge gaps remain 
and taxonomic infrastructure is needed in 
developing countries to resolve baseline 
data.

1. Introduction

The intertidal zone stands at the vanguard 
of human influence on the oceans – where 
the seas meet the land. The intertidal region 
worldwide encompasses the diverse habitats 
that occur at the shore, and those environ-
ments are unified by special properties in that 
they are not continuously covered by water, 
but are regularly exposed by the waning tide. 
The interface between terrestrial and marine 
factors creates a spectrum of increasing salt-
water influence, with species and habitats 
occupying different points along a gradient. 
That is clearly seen in the stacked bands or 
zones on rocky intertidal shores (figure I) or 
in the succession from dunes to salt marsh to 
tidal flats (figure II). The intertidal zone further 
encompasses sandy beaches, mangroves, 
coral rubble and shallow reefs (figures III and 
IV), and intertidal areas provide the primary 
habitats for macrofauna considered to have 
special significance, such as marine reptiles 
(see chap. 6D). Species that inhabit intertidal 
zones are characterized by special adapta-
tions that enable them to tolerate the peri-
odic transitions between air and water. The 
intertidal zone is the most accessible part 
of the oceans and, therefore, is of particular 
importance for subsistence and small-scale 
fisheries and harvesting. Because of that 
accessibility, the intertidal zone is the marine 
realm most closely connected to human ac-
tivities and interactions.

Figure I  
Exposed intertidal area on a rocky out-
crop showing horizontal bands formed 
by mussels (black band, closest to sand), 
barnacles and lichen

Photo: J. Sigwart.
Note: Ucluelet, British Columbia, Canada. 

Figure II 
Exposed intertidal area of mudflats fringed 
by rural development and rock armour

Photo: J. Sigwart.
Note: Newtownards, Northern Ireland, United Kingdom. 
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Figure III  
Vegetative intertidal in the form of  
mangroves, adjacent to rocky substrata

Photo: J. Sigwart.
Note: Phuket, Thailand. 

Figure IV  
Intertidal live coral, shown below the 
water surface, in an area of shallow 
coral reef and coral rubble infrequently 
exposed on extreme natural tides

Photo: J. Sigwart.
Note: Port Dickson, Malaysia. 

In the period since the first World Ocean As-
sessment (United Nations, 2017), the most 
important changes to intertidal habitats have 
been those resulting from climate change and 
human alteration to coastlines. In the context 
of the second World Ocean Assessment, the 
“intertidal” or “coastal” zone is not a single 
habitat, but includes aspects of many other 
habitats covered in chapters 6 and 7 (see 
table below), including sandy beaches, rock, 
high-latitude ice, mangroves, coral rubble and 
shallow reefs. Similarly, it is important to clar-
ify that coastal habitats and communities are 
primarily benthic, but the benthos is a broader 
category of sea bottom, from the intertidal to 
the deep sea. 

The action of tides differs considerably across 
the regions of the world, and those dynamics 
influence the flora and fauna, as well as human 
activities in the oceans. In many enclosed wa-
ter bodies, such as the Mediterranean, the flux 
of the tides is almost negligible. Areas of very 
high tidal flux are target sites for tidal energy 
extraction, such as in the Strangford Lough in 
Northern Ireland, United Kingdom, and Sihwa 
Lake in the Republic of Korea (Leary and Este-
ban, 2009). Areas with lower tidal currents, in-
cluding protected estuaries, are often sites of 
port development linked to the world’s major 
cities and global shipping centres. The intro-
duction of artificial substrates and built marine 
structures is increasing with the development 
of coastal regions worldwide. Artificial sub-
strates occur on all coasts and broadly incor-
porate reclaimed land and built islands, as well 
as maritime infrastructure and human-created 
habitats, such as artificial reefs.



    259

Chapter 7A:  Intertidal zone

Source table for information on habitats with an intertidal aspect

Habitat type Intertidal aspects Major changes and threats Source

Sand and mud 
substrates  

(soft bottom)

Sand beaches  
and mudflats

Sand extraction for building artificial 
islands; erosion and redistribution of 
sediment from increased wave action

Chapter 7B

Rocky substrates 
and reefs

Rocky shores Increased thermal range and wave 
impacts from storms, and invasive 
species, all decrease local biodiversity

Chapter 7B

Atoll and island 
lagoons

Shallow fringing 
reefs, coral rubble

Rising sea levels, ocean warming, 
increased wave heights and coastal 
erosion

Chapter 7C

Tropical and 
subtropical coral 

reefs

Coral rubble and 
intertidal hard and 

soft corals

Coral bleaching and physiological 
responses to ocean warming; coastal 
erosion and nutrient run-off

Chapter 7D

Estuaries and 
deltas

Tidal estuaries Rising sea levels, terrestrial pollutants 
and run-off

Chapter 7F

Kelp forests and 
algal beds

Intertidal algae Increased thermal range and wave 
impacts from storms, and invasive 
species, all decrease local biodiversity

Chapter 6G

Seagrass 
meadows

Intertidal seagrass Physical disturbance from anchoring or 
development; warming sea temperatures

Chapter 7G

Mangroves Coastal mangroves Logging and clearance Chapter 7H

Salt marshes Tidal marshes Rising sea levels, terrestrial pollutants 
and run-off

Chapter 7I

High-latitude ice Polar coastal 
environments

Climate-related loss of winter ice cover 
increases disturbance from temperature 
fluctuations and physical impact of 
broken sea ice and iceberg scouring; loss 
of ice also opens pathways for species to 
invade new areas

Chapter 7K

Artificial 
substrates and 

built environment

Invasive species, pollutants Chapter 7A
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2. Description of the environmental changes  
between 2010 and 2020

Coastal and near-coastal marine environments 
are the marine habitats most affected by 
climate change (Hoegh-Guldberg and Bruno, 
2010). Many intertidal species are harvested 
or cultivated worldwide, depending on access 
to coastal habitats and the condition of those 
habitats in the context of species distributions, 
physical disturbance, development, traffic and 
pollution. The impacts of degradation of in-
tertidal environments are worst for island and 
coastal countries, where the intertidal zone 
represents a larger proportion of their territo-
rial area, but all nations are affected, directly 
or indirectly (Curran and others, 2002). Vege-
tated intertidal areas, including salt marshes 
and mangroves, have been removed or se-
verely degraded by coastal development, with 
over 50 per cent of wetlands and mangroves 
removed during the last century (Burke and 
others, 2000). Coastal environments are also 
affected by pollution run-off from terrestrial 
sources. The combined impacts can alter 
fresh water as well as marine resources. Hu-
man activities continue to modify the physical 
shape of coasts both directly and indirectly 
through construction that alters or creates 
shorelines and consequent modifications to 
hydrodynamics and sediment transportation, 
which all change habitat conditions. 

The overall effect of changes to coastal en-
vironments is to reduce available intertidal 
habitats and the quality of the remaining 
habitat. Intertidal organisms and ecosystems 
are typically at the edge of tolerance for one 
stressor and may have unexpected reactions 
to additional stresses from environmental 
change, meaning that local responses are 
often unpredictable (Hewitt and others, 2016). 
That limits the distribution and sustainabil-
ity of fished species. The impacts of climate 
change include temperature change, but also 
sea level rise and changes in wave heights 

and increasing storm events. Sea level rise 
reduces the availability of intertidal habitats 
as the natural environment is confronted by 
mitigation efforts, such as the construction of 
sea walls and coastal defences. That results 
in a type of “coastal squeeze” whereby, when 
sea level rises, marine influences move inland 
to space already occupied by human activities 
(Pontee, 2013). 

Human alteration of coastlines also includes 
urbanization and development, the construc-
tion of urban and maritime infrastructure and 
the development of recreational activities. 
Physical infrastructure includes bridges, 
roads, sea walls, dams and flood gates, as 
well as energy infrastructure, such as wind 
and tidal energy converters. Such structures 
create substrata, a potential reef-like hard 
bottom that can be occupied by rocky inter-
tidal species. However, while that may create 
a local-scale increase in species diversity, the 
overall effect is habitat loss. In recent years, 
the scale of human alteration to the coasts 
has accelerated dramatically, with major pro-
jects to build artificial islands and peninsular 
structures to increase coastal housing. Those 
projects affect intertidal communities in as yet 
unknown ways, as the physical material, rock 
and sand, imported from outside the local 
region will bring additional alien biological ma-
terial. Construction of new islands smothers 
the habitat that previously occupied the same 
space and changes local hydrodynamic con-
ditions and sedimentation that will smother 
further adjacent habitats. New structures are 
also inhabited by high-density human popula-
tions that introduce additional environmental 
impacts. 
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3. Economic and social consequences

1 See General Assembly resolution 70/1.

The ocean and, in particular, coastal areas 
have an impact on all Sustainable Develop-
ment Goals.1 Intertidal habitats provide the 
most common examples of marine ecosys-
tem goods and services, and coastal habitats 
have value for biodiversity as well as being of 
service to humanity. There is also a strong 
gender element to the exploitation of marine 
resources, with some fisherwomen’s organiza-
tions being developed in Europe, starting in the 
1990s (Frangoudes and others, 2014). 

Species appropriate to a local context may not 
be the most efficient example of a particular 
service but, more importantly, they contribute 
to regional biodiversity. For example, mussels 
and oysters provide water filtration and food, 
but there are over 300 species in those tax-
onomic families of bivalves (World Register 
of Marine Species (WoRMS) Editorial Board, 
2017), many of which fill discrete niches or 
ecosystem functions. Many of those species 
are widely cultivated and consumed. It is not 
sustainable in the long term to select a single 
species for large-scale aquaculture on all 
global coasts. Additional species in their local 
native habitats support biodiversity and the 
diversification of human resources. 

The current consequences of human altera-
tions to coastlines have both positive and neg-
ative impacts on intertidal biodiversity. The 

relative impacts of the various anthropogenic 
pressures mentioned in section 2 differ be-
tween developed and developing economies. 
Rock armour, or riprap, are hard structures 
built to control the erosion of coastlines. The 
materials include structures designed to sup-
port habitat space for intertidal organisms 
that can provide important local-scale miti-
gation to habitat loss and improve delivery of 
additional benefits to humans (Chapman and 
Underwood, 2011). Structures engineered to 
increase habitat space are sometimes called 
“living sea walls” and can reduce some impacts 
of coastal hardening. Artificial substrates also 
apparently favour non-native and invasive 
marine species that outcompete native fauna 
in rocky substrata (Tyrrell and Byers, 2007). 
Such eco-engineering approaches can limit, 
if not mitigate, habitat loss through coastal 
sprawl. Another form of coastal modification 
is land construction (“reclaimed” land), which, 
although beneficial to humans in the short 
term, reduces the ability of natural systems to 
deliver other benefits, including natural wave 
and storm defences. Coastal communities are 
at risk from changes to physical safety and ac-
cess to food, with implications for profoundly 
important issues related to the Sustainable 
Development Goals, such as poverty, educa-
tion and the availability of food. 

4. Key region-specific changes and consequences

Specific habitat types have greater prevalence 
in some regions, depending on local coastal 
morphology. For example, rocky intertidal hab-
itats have very high biodiversity in temperate 
latitudes in the North Atlantic and the North 
Pacific, while the coast of Brazil in the South 

Atlantic is considered a hotspot for macroal-
gae (Miloslavich and others, 2016). Mangroves 
and corals (extending to subtidal depths) are 
characteristic habitats in tropical and subtrop-
ical coastlines where the threat from sea level 
rise is the greatest.
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We know more about intertidal than subtidal 
habitats almost everywhere in the world, ex-
cept where coasts are inhospitable or pose 
significant dangers (e.g., areas dominated 
by saltwater crocodiles) and in high latitudes 
where human population density is sparse to 
non-existent. The Antarctic and Arctic regions 
contain areas that remain completely unsam-
pled for coastal flora and fauna. Tropical re-
gions, in particular in South-East Asia, contain 
disproportionate numbers of new species that 
have not been described, but are increasing-
ly being recognized, in particular through 
molecular genetic analysis. Species under 
pressure in areas that have been less studied 
are at higher risk from potential extinction, as 
appropriate conservation measures cannot be 
assessed. 

Artificial habitats also vary in their distribution 
according to local conditions. Built islands 
are features that are found mainly in the 
shallow, sheltered seas of the Arabian Gulf 

and South-East Asia. Rock armour is found 
worldwide, but in terms of its contribution 
to habitat space has been most studied in 
Australia, North America and Europe. Energy 
converters, such as offshore wind turbines 
are found especially in Europe and increas-
ingly in North America (see chap. 21). There 
is a growing demand for coastal development, 
both for housing and urban development, but 
also for coastal resources such as aquacul-
ture and energy converters, with increasing 
detrimental effects on vegetated habitats. In 
regions with intensive coastal urbanization, 
such as Australia, the Middle East, Asia, Eu-
rope and the United States, more than half of 
the available shoreline in some regions has 
been modified through engineering and built 
coastal structures (Dafforn and others, 2015). 
Climate change is increasing coastal erosion, 
which prompts construction of additional hard 
engineering defences, such as sea walls, and 
accelerates coastal modification (Asif and 
Muneer, 2007). 

5. Outlook

The outlook for the knowledge base on inter-
tidal habitats is good in many respects, and 
marine research has a natural emphasis on 
intertidal and coastal regions because of their 
accessibility in most regions and their impor-
tance to human activities. Intertidal areas have 
been included in some marine protected areas.

The socioeconomic consequences of contin-
ued change in intertidal habitats are potential-
ly severe. In countries where extensive tidal 
flats are well developed and local populations 
are highly dependent on marine ecosystem 
services, such as in many Asian coastal ar-
eas, a reduction in intertidal space through 
coastal squeeze will have severe impacts, 
reducing both the area and the supply of re-
sources. Physical degradation of coastlines 
through climate change will decimate local 

economies. Biotic degradation through al-
tered hydrodynamics, invasive species and 
overexploitation has dramatic and complex 
impacts. The removal of mangroves and biotic 
reefs eliminates natural coastal defences that 
protect human settlements. Invasive species 
reduce local biodiversity. Overfishing or over-
dependency on monoculture aquaculture 
species, mainly cultivated in intertidal regions, 
lowers nutritional quality and puts human 
prosperity at risk. Coastal areas house key 
public infrastructure, such as power, waste-
water treatment and transportation facilities 
(e.g., airports), which are also at risk from sea 
level rise. Protection of natural local coastal 
areas and intertidal biodiversity are crucial for 
human sustainability. 
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6. Key remaining knowledge gaps

Several topics require critical attention to en-
sure the sustainability of intertidal habitats. 
Slow, cumulative systemic shifts are often 
not recognized until the change becomes 
catastrophic. Assessments of damaged en-
vironments set the targets for conservation, 
meaning that the environment will never recov-
er to a truly robust and sustainable condition 
(Plumeridge and Roberts, 2017). Even in Euro-
pean seas, where there is perhaps the longest 
continuous history of recorded observations, 
pre-industrial “baseline” data are already in-
fluenced by human impacts, and the problem 
is far worse in understudied systems and in 
many developing nations. 

The physical parameters and coastline altera-
tions associated with anthropogenic impacts 
and sea level rise require additional studies to 
enable predictive models for hydrodynamic 
impacts and small, local-scale models using 

analogous systems, where the behaviour of 
one well-studied physical system can be ap-
plied to predict impacts in another place. The 
first World Ocean Assessment highlighted a 
need for more information on the succession 
of habitat types and species ranges with al-
terations in coastlines, but that area remains 
a key knowledge gap. Finally, underpinning all 
of those issues is an urgent need for more de-
tailed studies of biodiversity in understudied 
areas, especially in regions where significant 
knowledge gaps exist and scientific infrastruc-
ture is less developed, but where there is great 
species diversity (Lira-Noriega and Soberón, 
2015). Many species, even in the well-studied 
intertidal zones, remain unnamed and unde-
scribed by science. Without species identifica-
tion, the biodiversity of the habitats cannot be 
accurately quantified or monitored. 

7. Key remaining capacity-building gaps
“Coastal squeeze” reduces intertidal environ-
ments, with sea level rise on one side and 
human urbanization on the other side. Human 
development should include future planning to 
provide coastal and intertidal habitats space 
for retreat from increasingly frequent storm 
events and climate disruption to maintain 
those important protective buffers.

The countries that are the most extremely 
diverse in terms of important areas of biodi-
versity and species richness are, for the most 
part, developing economies (Lira-Noriega and 
Soberón, 2015). There is an urgent need to 
support baseline studies and monitoring to 
develop and sustain the same kind of long-
term data sets in developing countries that 
are available in developed nations, especially 
in Europe and North America. In developed 
countries, citizen science approaches can be 

effective tools to expand monitoring; with fur-
ther capacity development for taxonomy, that 
approach could be applied more widely.

There is an urgent need also to build taxonomic 
infrastructures, which support such emerging 
technologies as environmental DNA (eDNA), 
through specimen collections and barcode 
catalogues, and to develop human capacity 
through training and technology transfer and 
access to the latest scientific resources and 
to data and scientific literature in the country 
of origin. It is not possible to use emerging 
technologies, such as eDNA barcoding, where 
there is no taxonomic infrastructure in place. 
Barcodes can recognize only what is already 
in a database. Taxonomic infrastructure 
must also include specialist skills, literature 
and the resources to support fundamental 
science. They are essential to enable robust 
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environmental impact assessment processes, 
especially in developing countries. Further, 
those types of fundamental science underpin 
the ability to further develop capacity to con-
duct climate vulnerability assessments with 
respect to key marine species and habitats. 

Although the intertidal zone includes the most 
accessible (and most vulnerable) habitats, a 
high proportion of undescribed invertebrate 
and algal species occur in tropical shallow 
marine ecosystems. The lack of taxonomic 

ability to identify local species obscures po-
tential loss, encroachment of species with 
shifting ranges and indicators of disturbance 
and makes it difficult to correctly recognize in-
vasive species and take appropriate measures 
to protect local resources (Sigwart, 2018). Sci-
entific infrastructure underpins downstream 
economic growth and the protection of envi-
ronmental resources.
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Keynote points

1 See General Assembly resolution 70/1.

 • Biogenic reefs and sandy, muddy and 
rocky shores support high biodiversity and 
a wide range of ecosystem services that 
benefit human populations.

 • They are under pressure from multiple 
stressors as a result of climate change, 
urbanization and the use of resources; 
storms, land reclamation, contaminants 
and pollutants have emerged as the main 
drivers.

 • There is a gap in interdisciplinary research 
and participative governance to promote 
resilience and provide for the sustainable 
development of these habitats.

 • Owing to their cultural significance and im-
portance for tourism worldwide, they are 
in a unique position to serve as flagship 
habitats to promote the role of the ocean 
in the implementation of the 2030 Agenda 
for Sustainable Development, including 
Sustainable Development Goal 14.1

1. Introduction
Coastal environments are home to a variety 
of valuable natural resources, including sandy, 
muddy and rocky shores and reefs. All of 
those habitats present a high biodiversity (see 
chap. 6 of the present Assessment), and an in-
creasing number of studies examine patterns, 
processes and impacts associated with them. 
Biodiversity and the human impact on rocky 
shores were recently reviewed at regional 
scales (Hawkins and others, 2019). However, 
a gap remains in the understanding of rocky 
and muddy shores at a global scale. For sandy 
shores, recent trends show that species 
richness worldwide is related to ecoregions, 
where temperature and latitude predict an 
increase in species richness from temperate 
to tropical shores (Barboza and Defeo, 2015; 
figure I). Reefs form biogenic habitats that are 
ubiquitous in coastal systems worldwide but 
vary in extent and species composition across 
biogeographic regions (Firth and others, 2016). 
While in tropical regions they are typically 
formed by the calcium carbonate secreted by 
reef-building corals and calcareous red algae 
in shallow-water settings (Huang and Roy, 
2015), in temperate regions they are formed 
by invertebrates, including oysters, mussels 

and annelid worms (Barbier and others, 2008; 
Dubois and others, 2009; Firth and others, 
2016; figure II). 

The present chapter provides an integrated 
overview of biogenic reefs and sandy, muddy 
and rocky shores, in both intertidal and subtidal 
zones, which are connected by their locations 
in the marine and terrestrial interface. The hab-
itats cover all coastlines worldwide (Firth and 
others, 2016; Luijendijk and others, 2018; chap. 
7A of the present Assessment) and are linked 
to different ecosystems, including atoll and is-
land lagoons (chap. 7C), coral reefs (chaps. 7D 
and 7E), estuaries and deltas (chap. 7F), kelp 
forests and algal beds (chap.  6G), seagrass 
meadows (chap. 7G), mangroves (chap. 7H) 
and salt marshes (chap.  7I). They are influ-
enced by many drivers and oceanographic dy-
namics that emerge from local to global scales 
(chaps. 4, 5 and 22). To minimize overlap and 
highlight their interactions, there will be a fo-
cus on biogenic reefs and sandy, muddy and 
rocky shores. The link with other chapters in 
which close habitats are detailed (e.g., chaps. 
7A and 7G), in particular coral reefs in chapter 
7D (the tropical and subtropical zone) and cold 
water corals in chapter 7E, should be noted.
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Figure I  
Sandy beach species richness in temperate and tropical ecoregions
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Source: Reprinted from Barboza and Defeo, 2015; Spalding, M.D. and others, “Marine ecoregions of the world: a 
bioregionalization of coastal and shelf areas”, Bioscience, vol. 57 (2007), pp. 573–583. 
Note: The map containing ecoregions was downloaded from http://maps.tnc.org/gis_data.html. The final map was 
generated using gvSIG 1.12 (www.gvsig.org).
Abbreviations: Te, temperate; Tr, tropical; Te1, Oregon, Washington, Vancouver coast and Shelf; Te2, Araucanian; 
Te3, Chiloense; Te4, South-eastern Brazil; Te5, Rio Grande; Te6, Rio de la Plata; Te7, Uruguay-Buenos Aires Shelf; 
Te8, North Sea; Te9, South European Atlantic Shelf; Te10, Namaqua; Te11, Natal; Te12, Houtman; Te13, Tweed-Moreton; 
Te14, Manning-Hawkesbury; Te15, Western Bassian; Te16, North-eastern New Zealand; Te17, Central New Zealand; 
Te18, Agulhas Bank; Tr1, Panama Bight; Tr2, Guayaquil; Tr3, Eastern Brazil; Tr4, Gulf of Oman; Tr5, Western Arabian 
Sea; Tr6, Delagoa; Tr7, Western and northern Madagascar; Tr8, South-eastern Madagascar; Tr9, Central and southern 
Great Barrier Reef. 

Biogenic reefs and sandy, muddy and rocky 
shores are characterized by high biodiversity 
(chap. 6) and the provision of ecosystem servic-
es (chaps. 8 and 21), including water filtration 
and nutrient cycling (chaps. 10 and 11). There is 
a strong connection between their ecosystem 
services and urbanization (chap. 8), as about 
60 per cent of the world’s populations live and 
derive livelihoods in coastal areas (Nicholls 
and others, 2007). Such coastal environments, 
where key activities include boating, fishing, 
surfing, swimming and bird watching (Everard 
and others, 2010; Rodríguez-Revelo and others, 
2018), are economically relevant for tourism, 

for recreational, artisanal and commercial 
fishing and also for aesthetic and recreational 
value (chaps. 8 and 15). Such environments 
are also interconnected with many aspects of 
development, including urbanization, aquacul-
ture and infrastructures (chaps. 8, 14 and 16). 
As a consequence of the wide range of eco-
system services provided by such habitats 
and their association with coastal urbanization 
and coastal protection, they are vulnerable to 
impacts from multiple stressors (chap. 25). 
They continue to be adversely affected by 
pollutants and contaminants, such as exces-
sive nutrients from fertilizers, toxic chemicals 

http://maps.tnc.org/gis_data.html
http://www.gvsig.org
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and heavy metals, sewage, waste and plastic 
(chaps. 10, 11 and 12) and also by mining, oil 
and gas exploration and exploitation activities 
(chaps. 11, 18 and 19) and the more recently 
documented threats of invasive species 
(chap.  22). At the same time, sedimentation 
and changes in coastal erosion (chap. 13) are 
long-term processes that are increasing under 
the pressure of climate change impacts (chap. 
9) that contribute to changes in the formation 
of coastlines and may also pose a threat to 
life and property (Rangel-Buitrago and Anfuso, 
2009; Le Duff and others, 2017). 

The coastal zone is the most urbanized region 
in the world, hosting 15 of the 20 megacities 
(with populations of over 10 million people), 
in which there is a diversity of ecosystem ser-
vices provided by the habitats and a conflict 

with increasing urbanization, as stated in the 
first World Ocean Assessment (United Na-
tions, 2017). The present chapter will cover 
the changes recognized since the first Assess-
ment, including advances in knowledge or pol-
icy. It will also highlight the global analysis of 
sandy shores and the lack of information at the 
global level on biogenic reefs and muddy and 
rocky shores needed to support coastal man-
agement and marine spatial planning (chaps. 
26 and 27). Despite the utility and economic 
benefits that coasts provide and the advanc-
es in global-scale studies on sandy shores, 
there is no reliable global-scale assessment 
of historical trends in shoreline changes for 
rocky and muddy substrates and there are still 
regions with very little information and data 
available on their ecosystems.

Figure II  
Global distribution of coastal biogenic reefs (coral, mussels, oysters, worms) 

Oysters Mussels Coral reefsWorm reefs (e.g., Sabellaria)

Source: Reprinted from Firth and others, 2016. Data extracted from the Global Biodiversity Information Facility, availa-
ble at www.gbif.org/, and the United Nations Environment Programme World Conservation Monitoring Centre Ocean 
Data viewer, available at https://data.unep-wcmc.org. 

Note: Maps created by Shaun Lewin, Plymouth University.

http://www.gbif.org/
https://data.unep-wcmc.org
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2. Documented change in state of biogenic reefs and sandy, 
muddy and rocky shore substrates

Threats to biogenic reefs and sandy, muddy 
and rocky shores can be from multiple environ-
mental (some extreme, such as storm surges, 
hurricanes, earthquakes, tsunamis, heatwaves 
and floods) and anthropogenic drivers, as stat-
ed in the introduction. Such drivers emerge 
from local to regional and global scales, while 
the anthropogenic factors dominate change at 
multiple scales (Mentaschi and others, 2018). 

Changes in biogenic reefs and sandy, muddy 
and rocky shores are all influenced by different 
components of the seascape, as mangroves, 
rhodoliths and algae beds, deep zones, coral 
reefs and seagrass meadows all respond to 
stressors differently. There is also atmospher-
ic deposition on coastal zones (Medinets and 
Medinets, 2010, 2012; Medinets, 2014) and dis-
charge of sediments and nutrients on coastal 
marine systems by estuaries and freshwater 
(Teixeira and others, 2018; Oelsner and Stets, 
2019). Those natural connections (chaps. 7A 
to 7I) clearly highlight the interconnectedness 
and complexity of coastal systems (Elliott and 
others, 2019; Kermagoret and others, 2019) 
since changes in one habitat will influence 
the dynamic of other habitats, including their 
associated ecosystem services (Narayan and 
others, 2016; Osorio-Cano and others, 2019). 
The biogenic reefs and sandy, muddy and 
rocky shores have been increasingly affected 
by climate change in the past decade, which 
has influenced environment patterns, biodiver-
sity and ecosystem functioning. It is predicted 
that the magnitude and frequency of extreme 
events (wave energy, heatwaves, temperature 
and rainfall) will continue to intensify (Herring 
and others, 2018; Intergovernmental Panel on 
Climate Change (IPCC), 2018). Changes in the 
number of days that exceed the temperature 
thresholds specific to each species, or chang-
es in rain and drought regimes, can lead to 
sublethal stress, owing to physiological and 

behavioural changes in organisms, in particu-
lar those in intertidal and shallow zones (Pin-
sky and others, 2019; Rilov and others, 2019). 
The changes in frequency and intensity of the 
events can lead to physiological lethal levels, 
increasing mortality and altering the biodiver-
sity, the range of distribution of organisms and 
the ecosystem services that such habitats 
provide (Poloczanska and others, 2013). 
In the environmental context, high-latitude, 
intertidal rocky substrates are affected by ice 
scour (Scrosati and Ellrich, 2018; chaps. 7A and 
7K). Sandy, muddy and rocky shores worldwide 
are also under increasing wave and extreme 
rainfall disturbances (Mentaschi and others, 
2018), which influence sediment dynamics, ero-
sion, boulder movements and landslides that 
can change biological communities in sandy 
and rocky shores in wave-exposed areas (Pet-
rovic and Guichard, 2008; Castelle and others, 
2018). Changes in wave dynamics and the in-
creasing frequency of extreme weather events 
also change sediment composition (Masselink 
and others, 2016) and larval transport to the 
shore (Mazzuco and others, 2015). In addition, 
increasing extreme rainfall events in the tropi-
cal and subtropical areas influence near-coast 
salinity and sediment transport as well as the 
input of nutrients, pollutants and contaminants 
from terrestrial and freshwater environments 
(Lana and others, 2018). The cumulative im-
pacts and influence of such stressors can be 
seen from organisms to communities, leading 
to the loss of biodiversity and changes in eco-
system functioning in coastal areas (O’Gorman 
and others, 2012; Ellis and others, 2017), with 
impacts on ecosystem services, as well as 
commercial, recreational and aesthetic values.

In addition to the changes in coastal oceano-
graphic dynamics and the increase in the fre-
quency of extreme events owing to the effects 
of climate change (chap. 9), other drivers, such 
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as seabed exploration (chap. 18), urbanization 
(chaps. 8 and 14) and artificial coastal infra-
structures (chaps. 7A and 14), are influencing 
reefs and sandy, muddy and rocky shores 
owing to contamination (chaps. 10, 11 and 12) 
and changes in the processes of erosion and 
sedimentation (chap. 13). Sandy beaches are 
present in the coastline worldwide, varying from 
22 per cent in Europe to 66 per cent in Africa, 
with their relative occurrence increasing in the 
subtropics and lower middle latitudes (20°–40°) 
but decreasing (<20 per cent) in the humid trop-
ics, where mud and mangroves are most abun-
dant as a result of high temperatures and rainfall 
(figure III; Luijendijk and others, 2018). The 
erosion of sandy beaches has been increasing 
over time and with the intensity of greenhouse 
gas emissions (Vousdoukas  and others, 2020). 
Erosive and accretive tendencies have been 
interchanging across regions and along nearby 
coastal segments (Vousdoukas and others, 
2020), with more than 50 per cent of the world’s 
sandy shores suffering chronic and severe rates 
of change over the period 1984–2016, and with 
24 per cent of shores eroding at a rate exceed-
ing 0.5 m per year, while 27 per cent are accret-
ing (Luijendijk and others, 2018; figure IV). From 
a continental perspective, Oceania and Africa 
present net erosion, while all other continents 
show net accretion, with the highest accre-
tion rate (1.27 m/year) in Asia (Luijendijk and 
others, 2018), likely owing to land reclamation 
and artificial structures (Luijendijk and others, 
2018; chap. 14). On a global scale, a relatively 
high percentage of sandy shorelines recorded 
in the World Database on Protected Areas are 
experiencing erosion, bearing in mind that 
32 per cent of all marine protected shorelines 
are sandy, and 37 per cent of those protected 
sandy shorelines are eroding at a rate of above 
0.5 m per year, while 32 per cent are accreting 
(Luijendijk and others, 2018). 

Changes in erosion and sedimentation and the 
presence of artificial structures can directly 
influence biodiversity and ecosystem services 
at different scales. The increase in coastal 

infrastructure to avoid erosion requires the 
strengthening of blue engineering approaches 
for sustainable development (Firth and others 
2016; Strain and others, 2018). Although coral 
concrete has been suggested for the develop-
ment of marine infrastructure and land recla-
mation (Wang and others, 2018; Liu and others, 
2018), to achieve sustainable development, it is 
critical to understand the source, the amount 
of the coral material needed and the impact of 
its extraction from the environment, as coral 
reefs have biological, chemical and physical 
importance in the dynamics of coastal areas 
and in the climate change scenario (chaps. 7D 
and 7E). 

The impacts of urbanization on coastal zones 
warrant consideration of several key stress-
ors, including anthropogenic drivers, that exist 
in the coastal zone. Invasive species (chap. 
22) have increased worldwide (Seebens and 
others, 2017), thus affecting all types of sub-
strates. Biological invasions are expected to 
increase as a result of maritime transport and 
also the increase in coastal infrastructure in 
coastal areas as a new substrate to rocky and 
reef species (Ivkić and others, 2019; Sardain 
and others, 2019). Furthermore, recent data 
sets worldwide show land-based pollution 
(nutrient pollution, agrochemicals, sewage dis-
charge, chemical contamination by persistent 
organic pollutants in the form of pharmaceuti-
cals, pesticides and heavy metals), coastal ur-
banization, land reclamation and oil spills that 
change habitats, increase contamination and 
cause sublethal to lethal processes that affect 
muddy, sandy and rocky shore biodiversity and 
ecosystem health (Kovalova and others, 2010; 
Snigirov and others, 2012; Environmental Mon-
itoring of the Black Sea (EMBLAS), 2019; Mar-
tinez and others, 2019; Zhai and others, 2020). 
Many impacts on the shores have their origin 
offshore, such as oil spills (Escobar, 2019; 
Soares and others, 2020), or inland, such as 
mine tailings, with accidental discharge in the 
coastal zone, through riverine inputs, reaching 
and affecting the biodiversity and ecosystem 
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services of sandy, muddy and rocky shores on 
large spatial and temporal scales on the coast 
(Queiroz and others, 2018) and affecting local 
and indigenous communities that depend on 
those ecosystem services for their survival 
(Dadalto and others, 2019). 
Finally, another consequence of coastal urbani-
zation relates to the negative impacts of tourism 
and human exploitation on biogenic reefs and 
sandy, muddy and rocky shores at local scales 
(Mendez and others, 2017). Artificial light at 
night has been shown to change macroinver-
tebrate community structure on sandy shores 
(Garratt and others, 2019) and influence troph-
ic interactions on rocky shores (Underwood 
and others, 2017; Maggi and Benedetti-Cecchi, 

2018). Similarly, shading by artificial infrastruc-
ture can influence biodiversity and ecosystem 
functioning on rocky shores (Pardal-Souza and 
others, 2017). Trampling has been shown to 
negatively affect biodiversity on sandy, mud-
dy and rocky shores (Leite and others, 2012; 
Schlacher and Thompson, 2012; Kim and oth-
ers, 2018), in addition to other factors, such as 
littering, noise and extraction (EMBLAS, 2019). 
Plastic and chemical pollution has become a 
global threat to the marine environment, espe-
cially to sandy shores, where plastic input has 
increased as a result of transport during ocean-
ographic and meteorological events (Krelling 
and Turra, 2019) and direct contamination by 
locals and tourists (EMBLAS, 2019).

Figure III  
Global distribution of sandy shorelines
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Source: Reprinted from Luijendijk and others, 2018.
Notes: The dots along the world’s shoreline represent the local percentage of sandy shorelines (yellow is sand, dark 
brown is non-sand). The subplot to the right presents the relative occurrence of sandy shorelines per degree latitude, 
where the dashed line shows the latitudinal distribution of sandy shorelines (see Hayes, M.O., “Relationship between 
coastal climate and bottom sediment type on the inner continental shelf”, Marine Geology, vol. 5, No. 2 (1967), pp. 
111–132). The lower subplot presents the relative occurrence of sandy shorelines per degree longitude. The curved, 
dashed grey lines in the main plot represent the boundaries of the ice-free shorelines considered in the analysis. The 
underlined percentages indicate the percentages of sandy shorelines averaged per continent. The map was creat-
ed with Python 2.7.12, available at www.python.org, using Cartopy, v.0.15.1. Met Office UK, available at https://pypi.
python.org/pypi/Cartopy/0.15.1, and Matplotlib (Hunter, J.D., “Matplotlib: a 2D graphics environment”. Computing in 
Science & Engineering vol. 9, No. 3 (2007)). 

http://www.python.org
https://pypi.python.org/pypi/Cartopy/0.15.1
https://pypi.python.org/pypi/Cartopy/0.15.1
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Figure IV  
Global hotspots of beach erosion and accretion
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Source: Reprinted from Luijendijk and others, 2018.
Notes: The red (green) circles indicate erosion (accretion) for the four relevant shoreline dynamic classifications (see 
legend). The bar plots to the right and at the bottom present the relative occurrence of eroding (accreting) sandy shore-
lines per degree latitude and longitude, respectively. The numbers presented in the main plot represent the average 
change rate for all sandy shorelines per continent. The map was created with Python 2.7.12, available at www.python.
org, using Cartopy, v.0.15.1. Met Office UK, available at https://pypi.python.org/pypi/Cartopy/0.15.1, and Matplotlib 
(Hunter, J.D., “Matplotlib: a 2D graphics environment”, Computing in Science & Engineering, vol. 9, No. 3 (2007)). 

3. Consequences of the changes on human communities, 
economies and well-being

Coastal habitats are the first point of contact 
between human society and the ocean. They 
provide many direct and indirect services, 
including space for leisure and sports, environ-
mental chemical-physical processes, biolog-
ical and fish stocks resources and coastline 
protection. From intertidal to subtidal areas, 
reefs and sandy, muddy and rocky shores are 
explored in many ways by human populations, 
thus creating a relationship that has been af-
fected by changes over centuries, but at an ac-
celerating pace in recent decades (Biedenweg 
and others, 2016; Zhai and others, 2020).

Sandy and rocky shores provide space and nat-
ural resources for leisure, sports, educational 

and scientific studies, and traditional, religious 
and cultural practices for indigenous peoples 
and traditional communities, and a place to 
visit for residents from urban areas and tour-
ists (Everard and others, 2010). There are many 
physical, mental and spiritual health benefits 
related to time spent in coastal environments 
and to the health of that environment (Gascon 
and others, 2017; Marselle and others, 2019). 
The human-environment link develops psycho-
logically through a sense of place and identity, 
a connection with nature and belonging, with 
feelings of pride in one’s environment and the 
revitalizing properties of aesthetic landscapes, 
while the environment also physically influenc-
es people by providing tangible services, such 

http://www.python.org
http://www.python.org
https://pypi.python.org/pypi/Cartopy/0.15.1
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as food (Biedenweg and others, 2016). Finally, 
muddy, sandy and rocky shores also benefit 
society as a result of economic aspects relat-
ed to business and industrial links in urbanized 
coastlines, by providing jobs and by promoting 
involvement with governance, and thus access 
to communications, community participation 
and trust in management (Biedenweg and 
others, 2016). 

The importance of reefs and sandy, muddy and 
rocky shores for human communities is similar 
worldwide. They are indirectly relevant to the 
well-being of human communities through 
many ecosystem services, such as water 
filtration, biodiversity, biotechnology, nutrient 
cycling, carbon sinking, coastal protection 
and impacts on pelagic primary production 
(Hoerterer and others, 2020). Many species of 
biotechnological interest have been studied re-
cently, thus indicating a potential for scientific 
and economic development (Park and others, 
2019; Girão and others, 2019). Biogenic reefs 
and sandy, muddy and rocky shores present 
species of economic interest, mainly molluscs, 
crustaceans and fishes, that are particularly im-
portant for traditional communities as sources 
of proteins and income, based on traditional 
fishing (e.g., Gelcich and others, 2019). 

The importance of services from sandy, mud-
dy and rocky shores to human well-being and 
the economy explains the high urbanization 
and tourism at coastal regions, which have 
an important economic contribution (Niti-
vattananon and Srinonil, 2019). However, the 
higher the population at the coast, the bigger 
the coastal impacts are. The contrast between 
more pristine and more polluted areas changes 
tourism and recreational and artisanal fishing 
values (Qiang and others, 2019). Low-impact, 
natural sandy and rocky shores are an im-
portant tourist attraction, both for leisure and 
snorkelling (Drius and others, 2019). Clean and 
healthy shores attract many tourists, thus trig-
gering the development of a region’s tourist 
sector. Meanwhile, sandy and rocky shores 
become very vulnerable under the pressure of 

recreational and touristic activities, as a result 
of contamination and the alteration of the nat-
ural habitats of many organisms owing to the 
introduction of artificial infrastructures (Strain 
and others, 2018; Drius and others, 2019). The 
contrasts between more pristine and more 
polluted shores lead to variable seascapes 
and tourist destinations along the coastline. 
Increasing changes in the coastline owing to 
climate change, other anthropogenic impacts 
and erosion can alter tourism dynamics by 
decreasing tourism in affected areas and in-
creasing it in low-impact areas. Such changes 
will influence coastal communities, and local 
people working in the tourist and support sec-
tors, socially, culturally and psychologically, as 
well as economically (Jarratt and Davies, 2019; 
You and others, 2018). 

Investment in the sustainable development 
plans of coastal areas brings multiple econom-
ic, social and environmental benefits. Urban-
ization pressure is increasing as people look 
to improve their well-being and take advantage 
of the benefits of coastal environments. Rocky 
shores tend not to be heavily exploited directly 
but, as one of the most conspicuous and fa-
voured landscapes, local communities grow up 
around them, with houses often within 100 m 
of the shore. Muddy shores are challenging 
but lucrative areas for real estate developers, 
investors and private builders. For that reason, 
there is often excessive construction in such 
areas, and many existing building codes and 
standards are ignored. The natural shores are 
then damaged, including as a result of huge 
landslides that negatively affect the marine 
ecosystem. Sandy shores are adversely af-
fected by urbanization owing to the removal 
of coastal vegetation, land cleaning and in-
creased instability during extreme events and 
erosion, leading to weaker coastline protection 
(Defeo and others, 2009). The construction of 
artificial islands has been driven by demand for 
coastal housing. Yet the development of such 
sites in many regions has accelerated without 
any detailed consideration of the ecological 
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impacts, both on the source areas, where sand 
is extracted on a large scale as construction 
material, and on the local ecosystems that are 
disturbed or displaced by construction activi-
ties (Rahman, 2017a, 2017b).

Changes in coastlines, sea level rise, extreme 
events and tourism activities lead to a change 
in environmental perception by human pop-
ulations and increase social conflicts in the 
coastal zone (Robinson and others, 2019; 
Whitney and Ban, 2019). Wave height is ar-
guably beneficial for wave-power electricity, 
as it provides increasing power, but ongoing 
increases in average wave height present a 
threat to the physical generator infrastructure 
that is already pushing the limits of engineer-
ing endurance (Penalba and others, 2018). 

The complexity of ecosystem services from 
sandy, muddy and rocky shores, the drivers in-
fluencing those environments and the conflict 
between use and conservation, with the ben-
efits for and impacts from human population, 
highlight the importance of sustainable devel-
opment. The complex system that integrates 
the habitats and the potential and challenges 
for its governance show the importance of 
marine spatial planning to support and regu-
late the use of those environments, and of the 
2030 Agenda for Sustainable Development 
and its Sustainable Development Goals, in-
cluding Goal 14, as well as the inclusion of 
goals to decrease impacts on sandy, muddy 
and rocky shores (Kidd and others, 2020; Borja 
and others, 2020).

4. Key region-specific changes and consequences
There is limited information from the Arctic 
and Southern regions of the Ocean, but other 
regions have recorded changes. Along the 
shores of the North-West Atlantic, North-East 
Pacific, North Sea and Black Sea, oceano-
graphic drivers are an important issue owing 
to wave disturbance (Voorhies and others, 
2018), ice scour (Scrosati and Ellrich, 2018) 
and the increasing frequency of extreme 
weather events (Smale and Wernberg, 2013) 
that impact intertidal rocky shores, thus 
changing sediment transportation, which 
affects muddy and sandy shores (Masselink 
and others, 2016), and increasing erosion and 
boulder movements, which can change bio-
logical communities in wave-exposed areas 
(Petrovic and Guichard, 2008; Castelle and 
others, 2018). Changes in wave dynamics in 
those regions also influence benthic-pelagic 
coupling and ecosystem functioning (Griffiths 
and others, 2017) by influencing larval supply 
(Mazzuco and others, 2018), organic matter 
(Massé Jodoin and Guichard, 2019), temper-
ature and hypoxic events (Vaquer-Sunyer and 
Duarte, 2011). 

In the north-west part of the Black Sea, sandy 
shores have become narrower in recent years 
in most parts of the coastline (Allenbach and 
others, 2015), where vegetation has expanded 
(Allenbach and others, 2015). Meanwhile, the 
depth of shelf waters near the mouths of the 
Danube and Dniester rivers has decreased 
because of riverine sediment input (Anton and 
others, 2017), which has also led to the forma-
tion of shore dunes in some areas. However, 
in the eastern part of the Black Sea, coastline 
erosion is associated with sediment starvation 
in riverine water discharge as a result of dams 
and engineering works (Kosyan and Velikova, 
2016). There has been significant erosion of 
muddy and rocky shores as a result of land-
slides caused by both climatic and anthropo-
genic factors over the past decades (Freiberg 
and others, 2010, 2011; Goryachkin, 2013; Tă-
tui and others, 2019). Increased erosion rates 
have been registered in coastlines adjacent to 
rural areas, where there are no wave breakers, 
and also around Serpent’s Island (Cherkez 
and others, 2006, 2020; Goryachkin, 2013). 
The impacts of all those factors, together with 
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socioeconomic drivers related to the over-
exploitation of shores for construction, and 
recreational and touristic activities for higher 
revenues, have affected the coastline in many 
ways (Goryachkin, 2013; Stanchev and others, 
2013, 2018; Kucuksezgin and others, 2019). 

Oceanographic drivers also cause coastal 
erosion and a reduction in the surface area of 
sandy shores on the coasts of Argentina and 
Brazil in the South-West Atlantic, thus also in-
fluencing wave energy and larval supply as a 
result of the increasing frequency of extreme 
events and cold fronts (Mazzuco and others, 
2015, 2018). Changes in erosion and coastline 
impacts affect the economy of local communi-
ties and change the way they perceive natural 
coastal ecosystems on the Atlantic coast of 
South America as a whole (Bunicontro and 
others, 2015). In addition to a constant driver, 
such as changes in the oceanographic dynam-
ics and their influence on coastal habitats, en-
vironmental disasters have been a key issue in 
the South-West Atlantic (Gil and others, 2019; 
Marcovecchio and others, 2019). In the past 
five years, there have been two inland mine 
tailing disasters as a result of which discharge 
reached the coastal zone, thus impacting differ-
ent habitats, including reefs, sandy, muddy and 
rocky shores and communities in Brazil, and 
one oil spill that affected more than 3,000 km 
of coastline (Escobar, 2019; Soares and others, 
2020). Such disasters have a high temporal 
and spatial impact on the environment, eco-
system services and human communities, in 
particular in view of the cumulative effects of 
oceanic-climatic drivers that might resuspend 
the chemicals in the sediments from sandy 
and muddy shores (Queiroz and others, 2018; 
Dadalto and others, 2019).

In the Indian Ocean region, the construction of 
artificial islands has created new local naviga-
tional hazards from unsecured installations in-
tended to prevent erosion, as well as the illegal 
dumping of waste material (Rahman, 2017a), 
with new structures that have changed the 
routes to fishing grounds (Rahman, 2017b). 

The results of the initial detailed environmen-
tal impact assessment of a project in Malaysia 
led to a revision of the planned layout of new 
islands to prevent destruction by smothering 
of a diverse seagrass meadow (Williams, 2016; 
chap. 7G). However, further and long-term en-
vironmental impacts require ongoing review.

A global survey shows that the coasts of the 
western Pacific and the eastern Atlantic are 
hotspots of concentrations of several pollut-
ants and that they are affected by the warm-
ing climate (Lu and others, 2018). Although 
many of the drivers from other regions also 
influence the Pacific coast, climate change 
and oceanic-climatic events emerge as a key 
issue in the eastern Pacific (Xiu and others, 
2018). The eastern Pacific coast is one of the 
most productive marine ecosystems owing to 
the presence of upwelling systems, which are 
considered to be the most important driving 
factor for changes in sandy, muddy and rocky 
shores (Randall and others, 2020). In the North 
Pacific, it is expected that increased upwelling 
intensity associated with stronger alongshore 
winds in the coastal region (Xiu and others, 
2018) will change the ecosystem functioning 
on sandy, muddy and rocky shores owing to 
changes in nutrient input and oceanographic 
conditions. In the South Pacific, changes in 
the Humboldt Current System are influencing 
different countries in different manners (e.g., 
an increase in winds that are favourable to 
upwelling off Chile and a decrease off Peru) 
(Bertrand and others, 2019). The Pacific coast 
is strongly affected by El Niño and extreme 
weather events that may become more fre-
quent and influence the coastline and coastal 
ecosystem services from sandy, muddy and 
rocky shores (Bertrand and others, 2019). Cli-
mate change and associated impacts affect 
the natural coastal dynamics of sandy and 
rocky shores and their services, including fish-
ing, aquaculture, erosion and tourism, owing 
to the increased frequency of extreme events 
that lie outside the realm of present-day expe-
rience (Aguilera and others, 2019). 
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5. Outlook

When considering a business-as-usual scenar-
io, reefs and sandy, muddy and rocky shores 
worldwide will be affected, with a serious loss 
of ecosystem services. It is expected that in 
the medium term (approximately 20 years) all 
issues will be aggravated significantly, and 
substantial parts of natural shores may be 
lost, with negative socioeconomic and cultural 
consequences. There is an increase in human 
population on the coasts and, as a conse-
quence, an increase in the pollutants, waste 
and other factors influencing the sandy, mud-
dy and rocky shores. The increase in coastal 
infrastructures and land reclamation will 
accelerate that process and, to date, little is 
known of the long-term impacts on coastlines 
from changes in hydrodynamics, biodiversity 
and the source of materials to build those 
infrastructures. On the other hand, if coastal 
urbanization develops based on blue engineer-
ing, it will present an opportunity to increase 
sustainable initiatives (chap. 7A; Strain and 
others, 2018) and increase public awareness 
of the value of coastal ecosystems and soci-
oecological coastal systems based on ocean 
literacy (Santoro and others, 2017; Fleming 
and others, 2019). 

There is a direct connection between coastal 
populations and ecosystem services from 
biogenic reefs and sandy, muddy and rocky 
shores, where the increase in the population 
and use of environmental resources might be 
higher than the shore resilience. At the same 
time, climate change will increase the frequen-
cy and intensity of storms reaching the coast 
(IPCC, 2018). From an ocean perspective, 
there are expected changes in oceanic-climat-
ic drivers affecting the coastline by increasing 
wave energy, erosion, sediment transport 
and sea level rise, including a reduction in 
the intertidal range of some shores (Herring 
and others, 2018). From an inland perspec-
tive, increasing rainfall will disturb sediment 

transport and increase the input of nutrients, 
contaminants and pollutants from terrestrial 
and freshwater environments to coastal hab-
itats (Lana and others, 2018). It is expected 
that 13.6–15.2  per  cent (36,097–40,511 km) 
of the world’s sandy beaches could face se-
vere erosion by 2050, and 35.7–49.5 per cent 
(95,061–131,745 km) by the end of the century. 
Therefore, a number of countries could face 
extensive sandy beach erosion issues by the 
end of the century (Vousdoukas and others, 
2020).

The cumulative effects of climate change and 
other anthropogenic influences will continue 
to affect biodiversity, ecosystem services and 
environmental health. Those continuous mul-
tiple stressors, according to the One Health 
concept of the World Health Organization, 
will influence human well-being and health 
(Fleming and others, 2019). Increasing coastal 
populations and infrastructures can also be 
expected to lead to an increase in cultural 
conflict between traditional and indigenous 
communities with the advent of larger cities 
and industrial activities. In different areas, the 
increase in the contamination of resources, the 
loss of biodiversity, changes to the coastline 
and an increase in conflicts, with the loss of in-
digenous and local knowledge and traditions, 
will have a negative economic impact as a re-
sult of a decrease in tourism and an increase 
in investments needed in the health, economic 
and infrastructure sectors for the citizens of 
the region. On the other hand, studies in some 
regions have shown the potential of including 
traditional ecological knowledge in the govern-
ance processes for decreasing conflicts and 
strengthening a positive sustainable develop-
ment (Stori and others, 2019; Van Assche and 
others, 2019). Also, there is potential for the 
use of integrated catchment management as 
a key tool in helping to manage coastal marine 
systems (Henderson and others, 2020).
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6. Key remaining knowledge and capacity-building gaps

There have been advances in recent decades 
in knowledge relating to biogenic reefs and 
sandy, muddy and rocky shores, which allow us 
to better understand their importance and crit-
ical impacts. New satellite imaging and mod-
elling also provide important data to visualize 
change and identify areas at high risk, involv-
ing multiple scientific areas (Sagar and others, 
2017; Mentaschi and others, 2018). However, 
there remain some gaps in knowledge. De-
spite recent scientific advances, we have too 
little information available to anticipate mid- 
or long-term scenarios with accuracy. Also, 
regional knowledge and the volume of data 
available are unbalanced across many regions 
of the world, such as the South Atlantic, the 
wider Caribbean and the western Pacific. Most 
of the data available worldwide are from local 
and regional analyses and very few global re-
sults allow for a critical review of the situation 
of coastal habitats. In that context, however, 
there is a clearer global assessment of sandy 
shores, so plans of action can be established 
to mitigate impacts (Luijendijk and others, 
2018; Vousdoukas and others, 2020). A global 
analysis of biodiversity and impacts relating to 
biogenic reefs and muddy and rocky shores 
remains outstanding. Considering the increas-
ing impacts on such shores and the lack of 
data sets, it is important to improve scientific 
protocols, capacity-building and databases for 
the standardized monitoring of indicators for 
biodiversity, ecosystem functioning and en-
vironmental drivers to be applied with regard 
to biogenic reefs and sandy, muddy and rocky 
shores worldwide. At the moment, many sci-
entific data are collected at local levels using 
different protocols, which precludes any inte-
grative regional or global analysis.

Interdisciplinary science needs to be promoted 
in order to strengthen the joint development of 
natural and social sciences in order to gener-
ate scientific data on the human dimension of 

the environment (McKinley and others, 2020), 
in particular with regard to biogenic reefs and 
sandy, muddy and rocky shores. Considering 
the range and interlinkages of disciplines re-
lated to biogenic reefs and sandy, muddy and 
rocky shores, owing to their high biodiversity 
and ecosystem services, including the human 
presence on intertidal shores, as well as all 
the related economic and health services, it 
is necessary to integrate natural and social 
science to promote nature-based solutions, 
blue engineering, ecosystem resilience and 
human well-being (McKinley and others, 2020; 
Stepanova and others, 2020). It is necessary to 
increase the knowledge on multiple stressors 
in such habitats in order to support a better 
understanding of the impact of such threats 
on those habitats, both as individual drivers 
and in relation to the synergy among multiple 
stressors. The increasing knowledge on the 
effect of multiple stressors will support better 
science-based decision-making. 

It is important to build capacity in the develop-
ment of science through multisectoral coop-
eration, where scientific questions are looked 
at not only on the basis of where there are 
scientific gaps but also where there are social, 
management and economic gaps (Lubchenco 
and others, 2019; Urban and others, 2020). De-
cision makers and policymakers need sound 
research to solve practical problems when 
managing resources and biodiversity. Marine 
spatial planning is a key issue and a great ex-
ample of how conflicts in the coastal zone and 
impacts on biogenic reefs and sandy, muddy 
and rocky shores can be managed on the ba-
sis of a multi-stakeholder and interdisciplinary 
approach for the benefit of sustainable devel-
opment (Kidd and others, 2020). Also, we need 
to try to understand and include the human 
dimension in research on biogenic reefs and 
sandy, muddy and rocky shores, and increase 
communication and awareness through ocean 
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literacy (Santoro and others, 2017). The habi-
tats can be used as a flagship to promote the 
role of science in the implementation of the 
2030 Agenda for Sustainable Development, 
including Goal 14. By increasing scientific 
knowledge of how to integrate human and nat-
ural dimensions into studies on the impacts 

and conservation of biogenic reefs and sandy, 
muddy and rocky shores, science that can sup-
port the best coastal management practices 
based on a multi-stakeholder partnership and 
understanding of the importance of the ocean, 
the coastal habitats and the multiple stressors 
they are enduring will be enhanced. 
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Keynote points

 • The health of atolls and island lagoons and 
the sustainability of the communities that 
depend on them for their livelihoods are 
challenged by many environmental limita-
tions and stressors, often exacerbated by 
human actions. 

 • Islands on atolls and on other coral reefs 
are low- lying and very vulnerable to the 
impacts of climate change, in particular 
sea level rise; individual islands are likely 
to respond in different ways.

 • Climate change threatens coral reef 
ecosystems, with implications for the 

habitability of islands. Coral bleaching, 
the erosion and inundation of islands, 
carbonate dissolution and the effects of 
extreme events, such as tropical storms, 
are of particular significance.

 • Developed urban atoll islands are increas-
ingly dependent on engineering solutions, 
which need to integrate “hard” and “green/
blue” options to avoid unintended impacts, 
whereas less populated rural island com-
munities rely on the health, productivity 
and function of surrounding marine and 
coastal ecosystems.

1. Introduction

Low-lying tropical coral reef and atoll islands, 
with their associated lagoon systems, are 
geologically young features formed over the 
past few millenniums. Their formation and 
maintenance is constrained by sea level, the 
biological production of calcium carbonate 
sediments, and oceanic and atmospheric con-
ditions that rework, transport and redeposit 
those sediments. Islands are scattered, and 
often very isolated, across reef-forming seas. 
Common attributes are that they are low-lying, 
small in extent and exposed to surrounding 
marine conditions. They offer marginal agro-
nomic potential and limited fresh groundwater 
resources to the subsistence communities 
that live on them and that have an inextricable 
dependence on the surrounding reefs for daily 
food security. Associated marine and coastal 
ecosystems, including seagrasses, mangroves 
and terrestrial vegetation, are also important 
to the agroecological stability and services on 
which local communities depend.

Atoll islands and lagoons were not evaluated 
specifically in the first World Ocean Assess-
ment (United Nations, 2017b), although its 
chapter 7 (United Nations, 2017a) described 

carbonate production and contribution to 
coastal sediments, and atolls were mentioned 
in other chapters. In the present Assessment, 
chapter 7D, on tropical and subtropical coral 
reefs, is particularly relevant, and there is 
complementary material in chapter 7G, on 
seagrass meadows.

A recent review concluded that 439 features 
could be classified as atolls worldwide (Gold-
berg, 2016). There are 268 atolls with asso-
ciated reef islands, but the present chapter 
includes consideration of sand cays and shin-
gle motu on other coral reefs, which behave 
similarly to islands that form on atoll rims. 
Atolls are most numerous in the Pacific Ocean 
(84 per cent of atolls occur in the Pacific, in-
cluding the South China Sea, the Philippines 
and Indonesian archipelagos); approximately 
13 per cent occur in the Indian Ocean and less 
than 3 per cent occur in the Caribbean (Gold-
berg, 2016). French Polynesia contains 83 
atolls (nearly 20 per cent of the global total). 
Tabiteuea, a single atoll system, has some 50 
named islands along its eastern rim. Rocas At-
oll is the only atoll in the South Atlantic and it 
is a fully protected Brazilian conservation unit 
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(Pereira and others, 2010; Soares and others, 
2011). The Maldives and Lakshadweep archi-
pelagos contain most of the atoll formations 
in the Indian Ocean, with only isolated atolls 
elsewhere (e.g., Aldabra and Glorieuses).

Atoll and associated island formation was first 
explained by Charles Darwin (Darwin, 1874). 
An emergent volcanic island that subsequent-
ly subsides, eventually below sea level, grows 
a carbonate reef rim constructed by corals and 
associated organisms, eventually leaving be-
hind just an atoll reef rim and a central lagoon. 
Reef islands can form where atoll rims are 
emergent above highest tides and conditions 
are conducive. They are entirely composed 
of the calcareous skeletal remains of reef 
organisms, including coral broken down into 
boulders, cobbles, shingle and sand, and other 
organisms, such as foraminifers, molluscs 
and coralline algae. Island expansion and per-
sistence depends on ongoing reef sediment 

production to counterbalance continual ero-
sion by waves, currents and wind.

Reef islands appear to have formed on many 
atolls, as a consequence of a slight fall in sea 
level from a mid-Holocene highstand, enabling 
accumulation of reef sediments. Inhabited 
reef islands tend to be those that are larger, 
have interior areas where more complex soils 
and vegetation have developed and have more 
reliable fresh groundwater resources. Coloni-
zation by people may have occurred soon after 
islands formed (Nunn, 2016; Allen and others, 
2016); intensive human use of such complex 
ecosystems leads to degradation. Atolls with 
no islands or uninhabitable islands have con-
siderable ecological value and represent the 
healthiest, least disturbed and most resilient 
coral reef habitats (Riegl and others, 2012; Don-
ner and Carilli, 2019). A decline in reef health or 
productivity threatens the persistence of such 
ecosystems and the communities that depend 
on them.

2. Documented changes in state of atolls and island lagoons

2.1. Description of environmental 
changes between 2010 and 2020

Erosion of islands. Erosion of island shorelines 
has often been attributed to rising sea level, al-
though proving a link between erosion and sea 
level rise is challenging. Studies demonstrate 
variability of response around individual is-
lands and across entire atolls (Ford and Kench, 
2015), and short-term fluctuations often mask 
any genuine long-term signals (Mann and 
others, 2016; Ryan and others, 2016; Nunn and 
others, 2017, 2019). In Solomon Islands, sever-
al islands have disappeared, but displacement 
of others in response to wave activity indicates 
that the islands are not simply drowning by sea 
level rise (Albert and others, 2016, 2017). Varia-
tions in shoreline position have been recorded 
on many islands in the Indian Ocean (Hamylton 

and East, 2012; Purkis and others, 2016; Testut 
and others, 2016) and many have grown, and 
seem likely to continue to grow in the future 
(Beetham and others, 2017). In the Pacific 
Ocean, relatively insignificant changes have 
been observed on Tuamotu atolls where the 
role of sea level seems to have been relatively 
minor, compared with that of climate regime, 
sediment supply and anthropogenic impacts 
on shoreline stability (Le Cozannet and others, 
2013; Duvat and Pillet, 2017). In Tuvalu, reef is-
lands on Funafuti Atoll have increased in area, 
in part as a consequence of tropical cyclones 
(Kench and others, 2015; McLean and Kench, 
2015), and shoreline change for all 101 islands 
in Tuvalu have indicated a land area increase 
in eight of the nine atolls over the past four 
decades (Kench and others, 2018). However, 
recent shoreline impacts following Tropical 
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Cyclone Pam in March 2015 have caused sig-
nificant shoreline recession in some islands in 
Tuvalu, highlighting the significant variability 
in the effects of tropical disturbances on the 
islands. An analysis of available data, covering 
30 Pacific and Indian Ocean atolls, including 
709 islands, revealed that no atoll lost overall 
land area and that 88.6 per cent of islands with-
in them were either stable or had increased in 
area, while only 11.4 per cent had contracted 
(Duvat, 2018).

Inundation of reef islands. There has been dis-
proportionately less focus on the inundation 
of reef islands and the increased recurrence 
of nuisance flooding (Ford and others, 2018). 
A detailed digital elevation model of atoll to-
pography developed for Majuro Atoll, using 
drone-derived photography, enabled compre-
hensive consideration of potential errors when 
mapping atoll vulnerability to future flooding 
(Gesch and others, 2020). 

Altered wave climate. Wave conditions may 
change as sea level rises (Esteban and oth-
ers, 2018; Costa and others, 2019). Increased 
overwash is foreshadowed for many reef is-
lands (Storlazzi and others, 2015), and recent 
analysis has inferred that most atolls may be 
uninhabitable by the 2050s (Storlazzi and oth-
ers, 2018). Reef islands are likely to become 
thinner and longer, with increased run-up and 
inland flooding (Shope and others, 2016, 2017). 
Impacts can be affected by dimensions of 
adjacent reefs and patterns of longshore sed-
iment transport (Quataert and others, 2015; 
Shope and Storlazzi, 2019), with salinization of 
groundwater (Oberle and others, 2017).

Reef degradation. It is estimated that coral 
reefs cover 0.5 per cent of the oceans, equiva-
lent to approximately 1,500,000 km2 (Leão and 
others, 2008). It is also estimated that more 
than 30 per cent of reefs are already severely 
damaged and that approximately 60 per cent 
of reef areas will be totally degraded in coming 
decades, as a result of human actions, espe-
cially overfishing, marine pollution and global 

climate change (Gherardi and Bosence, 2005; 
Pereira and others, 2010). Warming of tropical 
surface waters is causing widespread and 
more frequent coral bleaching globally (Eakin 
and others, 2019) and is discussed in chapter 
7D. The period 2014–2017 was marked by an 
unprecedented succession of record-breaking 
hot years, coinciding with the most severe, 
widespread and longest-lasting global-scale 
coral bleaching event ever recorded (Eakin 
and others, 2019). Bleaching of atoll reefs has 
been recorded across the tropics (Marshall 
and others, 2017; Head and others, 2019).

Lagoon pollution. Intensive use of lagoon 
ecosystems leads to water pollution and eco-
system degradation. Studies in Tuvalu have 
identified domestic wastewater as the primary 
pollution source and recorded heavy metal 
contamination of sediments (Fujita and oth-
ers, 2013, 2014).

Ecological implications. Remote uninhabited 
or sparsely inhabited atolls can be locations of 
unique ecological value. Climate change and 
sea level rise pressures threaten the persis-
tence and unique ecology of such islands as 
well as potentially threatened and endangered 
species. (Gillespie and others, 2008). For ex-
ample, in the remote and mostly uninhabited 
Phoenix Islands, cycles of coral mortality and 
recovery from increasingly strong heatwaves 
may eventually fail, in spite of active manage-
ment (Rotjan and others, 2014). Cyclones may 
have devastating effects on critical habitats 
on small islands, posing a critical challenge to 
vulnerable species over the long term (Huang 
and others, 2017). Climate threats may also 
intensify local pressures on islands that are 
more exposed to human pressures, such as 
invasive species, which may result in those 
areas facing reduced resistance under climate 
impacts (Russell and others, 2017), and the 
spread of diseases, such as the stony coral 
tissue loss disease in the Caribbean (Aeby and 
others, 2019). 
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2.2. Factors associated with the 
changes: drivers, pressures, 
impacts and response

Interactions between islands and the dominant 
currents and wave regimes affecting them, to-
gether with geomorphological characteristics 
of subsidence and/or uplift, impose overarch-
ing controls on island morphology and change. 
Modelling studies of Rocas Atoll imply that in-
creased wave action owing to refraction follow-
ing slight sea level rise may explain planimetric 
and volumetric changes to reef islands (Costa 
and others, 2017, 2019).

Coral reefs in warm shallow seas accrete ver-
tically and, under some circumstances, accre-
tion rates can exceed current rates of sea level 
rise (Perry and others, 2015a, 2015b). However, 
a gradual fall of sea level over the past 2,000 
years has caused coral growth to cease on In-
do-Pacific reef flats (Harris and others, 2015). 
Individual islands will be subject to the pattern 
of relative sea level change at that location, with 
subtle variations owing to oceanographic and 
geophysical drivers (Pfeffer and others, 2017). 
Insights into marine climatic and environmen-
tal reconstructions over different timescales, 
interpreted from massive, long-lived corals that 
contain retrospective geochemical archives, 
are becoming possible (Dassié and Linsley, 
2015; Evangelista and others, 2018).

Quantification of rates of carbonate production, 
together with estimates of erosion and sedi-
ment removal, provide insights into the budget 
of reef sediments (Perry and others, 2016, 
2017a; Hamylton and others, 2016; Morgan and 
Kench, 2017). Sediment production contrib-
utes to gradual lagoon infilling. For example, 
the grazing of reefs by parrotfish produces 
fine sediment (Perry and others, 2015b; Yarlett 
and others, 2018), which is augmented close 
to continental shores by terrigenous sediment 
(Perry and others, 2017b). Sediment budgets 
have rarely been calculated for reef islands; 
they are dependent on biogenic production 

by a range of reef organisms (Morgan and 
Kench, 2016). Different reef islands can be in 
one of several stages of development, name-
ly nucleation, growth, stable, decay, relict or 
endangered (Garcin and others, 2016). Small 
sand islands composed of freshly deposited 
coral fragments lack soil and are less able to 
support human livelihoods than older, more 
established islands (Connell, 2015).

Reef islands are fragile systems prone to 
devastation by extreme climatic events, in 
particular tropical storms. In 2017, Hurricanes 
Maria and Irma caused major damage and 
casualties across numerous Caribbean islands 
and, in 2018, Tropical Cyclone Gita struck the 
Pacific islands of Eua and Tongatapu, affecting 
80  per  cent of the population of Tonga and 
causing destruction of buildings, crops and 
infrastructure (Magnan and others, 2019). Cy-
clone Idai in the western Indian Ocean was one 
of the strongest cyclones ever recorded in the 
region, resulting in the second highest death 
toll. Such high-energy events leave lasting mor-
phological impacts for several years on reef 
islands (Jeanson and others, 2014; Kayanne 
and others, 2016). The proportion of very 
intense cyclones has increased since 1975, 
which is attributed to warming (Holland and 
Bruyere, 2014) and is expected to continue into 
the future (Walsh and others, 2016). Add to that 
the growing populations and increased infra-
structure on islands, thus higher exposure, and 
severe impacts to islands from cyclones are 
bound to increase. Islands are also vulnerable 
to unusually high tides and water levels attribut-
ed to distant-source wind waves, as occurred in 
1987 in Maldives (Wadey and others, 2017) and 
in several Pacific islands in December 2008 
(Hoeke and others, 2013; Smithers and Hoeke, 
2014). 

Geochemical changes in the ocean, in particu-
lar ocean acidification, may lead to the disso-
lution of lagoonal sediments, the decreased 
availability of sand to replenish reef islands 
and reduced potential for reefs to keep up with 
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future sea level rise (Perry and others, 2018). 
Recent studies have shown that the dissolution 
of reef sediments is negatively correlated with 
the aragonite saturation state of seawater and 

is 10 times more sensitive to ocean acidifica-
tion than coral calcification (Cyronak and Eyre, 
2016; Eyre and others, 2018).

3. Consequences of the changes on human communities, 
economies and well-being

Communities that live on reef islands contend 
with many pressures, and the outcomes of 
those multiple stressors remain highly uncer-
tain. Despite the widespread perception of 
susceptibility to various impacts of climate 
change, there is little evidence that can be 
directly attributed to it. Many problems facing 
small reef islands result from other pre-exist-
ing pressures (Birk, 2014; Duvat and others, 
2017), in particular anthropogenic causes that 
have exacerbated their vulnerability (Connell, 
2015; McCubbin and others, 2015).

In its recent Special Report on the Ocean and 
Cryosphere in a Changing Climate, the Inter-
governmental Panel on Climate Change con-
siders the consequences of climate change 
for low-lying islands (Oppenheimer and oth-
ers, 2019). It distinguishes urban atoll islands 
from the many outlying smaller islands, which 
include capital islands (or groups of islands), 
such as Fongafale (Tuvalu), South Tarawa 
(Kiribati) and Malé (Maldives). The future of 
urban atoll islands is important because they 
concentrate human populations (about 3,200 
people per km2 in South Tarawa; about 65,700 
people per km2 in Malé), economic activities 
and critical infrastructure (airports, harbour-
fronts) in low-lying areas that are exposed 
to marine flooding and coastal erosion. The 
populous islands are more dependent on im-
ported food than local cultivation (McCubbin 
and others, 2017). There is also heavy depend-
ence on hard engineering protection. In some 
cases, relocation of people and critical infra-
structure to another island is being considered 
(Oppenheimer and others, 2019). However, 

there are many barriers to migration (Birk and 
Rasmussen, 2014), including a lack of will to 
move (Jamero and others, 2017, 2019).

A range of hard and soft engineering options 
can be used to protect vulnerable island shore-
lines (Wong, 2018), many of which can be con-
sidered adaptive responses. Hard defences 
protecting Malé have proven successful in 
preventing further damage. However, the im-
pacts of hard engineering coastal defences on 
natural shoreline and ecosystem processes 
can be severe and maladaptive, with long-term 
negative impacts that may overshadow earlier 
benefits (Donner and Webber, 2014; David and 
others, 2019). The expense of hard engineer-
ing options has led to greater interest in “soft” 
ecosystem-based resilience measures (Nay-
lor, 2015). With greater experience of coastal 
erosion and extreme events since 2004 and 
the Indian Ocean tsunami, the values of nat-
ural reef and coastal vegetation ecosystems 
are becoming clearer and leading to design 
principles that harness natural as well as artifi-
cial structures to reduce coastal vulnerability.

Inhabitants of atolls do not identify climate 
change as their prime concern. For example, 
more than 50  per  cent of Maldivians ques-
tioned perceive future sea level rise to be a 
serious national challenge, but many other 
cultural, religious, economic and social factors 
also play an important role in making decisions 
about whether or not to migrate (Stojanov and 
others, 2017). Similarly, most Tuvalu residents 
are not anticipating outmigration (Mortreux 
and Barnett, 2009). In Kiribati, a “sinking nation 
paradigm” has politicized decision-making, 
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with “adaptation” becoming a metaphor for 
economic development (Mallin, 2018), and 
social science counter-narratives are challeng-
ing notions of islander outmigration (Barnett, 
2017; Kelman, 2018; Yamamoto and Esteban, 
2017). Coarse-scale assessments downplay 
variations in community experiences and local 
knowledge of environmental change (Leon 
and others, 2015; Owen and others, 2016). 
There may be reluctance to move from low-ly-
ing islands, based on strong cultural traditions 
and, in some low-lying islands, inhabitants 
have opted for in situ adaptation strategies, 
such as raised houses on stilts, in response to 
flooding rather than migration to the mainland 
(Jamero and others, 2017). Such options are 
seen as preferable even if it seems likely that 

livelihoods in such circumstance might not be 
sustainable in the long term (Duce and others, 
2010; McNamara and others, 2017). 

Sea level rise is often inferred as the primary 
explanation for harmful, unusual or unprec-
edented environmental changes on small 
islands, when other factors are actually driving 
that change. Contemporary environmental 
changes on most Pacific islands are more 
likely to be responses to local stresses, includ-
ing cyclones, sea wall construction, pollution, 
overfishing, habitat degradation and sand min-
ing. It has been suggested that small islands 
offer sites where global climate change nar-
ratives can be made tangible and visible, and 
attributed to distant sources (Connell, 2015).

4. Key region-specific changes and consequences 
Although most atolls are in the Pacific Ocean, 
with several archipelagos in the Indian Ocean 
and very few in the Atlantic Ocean (Intergovern-
mental Science-Policy Platform on Biodiversi-
ty and Ecosystem Services (IPBES), 2018), no 
gross differences were apparent on the basis 
of ocean basin in a recent study of atoll island 
changes in size (Duvat, 2018). The study indi-
cated that Maldives, in the Indian Ocean, ap-
peared more affected by erosion than Pacific 
islands, with 23.3  per  cent decreasing in the 
former, compared with 7.5 per cent in the latter. 

Most notably, the study found high variability 
within and across atolls and archipelagos. 
Differences have been noted between urban 
and outlying rural atoll islands, both in demo-
graphic trends and in their response to climate 
change, sea level rise and other threats. Var-
iability between islands suggests that atten-
tion should be paid to the specific context of 
individual archipelagos, atolls and islands in 
understanding change and its consequences, 
which appear to mask regional patterns. 

5. Outlook
Atolls and island lagoons remain vulnerable to 
varied environmental hazards, but it is the syn-
ergies and interactions between the hazards, 
the specificity of how they play out in a local 
geographic and geomorphological setting, 
and interactions with social and economic 
factors that may determine the outlook for 
islands (Duvat and Magnan, 2019b). Because 
of their small size and vulnerability, climate 
change may affect islands through increased 

magnitude of oscillations in major climatic 
systems, such as the El Niño Southern Oscil-
lation, as seen in stronger and longer thermal 
stress and coral bleaching events throughout 
coral reef island systems globally (Eakin and 
others, 2019; Hughes and others, 2018).

Key local and climate change pressures include: 

a) Warming of ocean temperatures that in-
creases coral bleaching; 
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b) Sea level rise, which threatens to drown 
islands and perhaps increase erosion, 
and may increase wave processes across 
reefs; 

c) Ocean acidification, which may lead to 
weaker calcareous skeletons and appears 
likely to reduce lagoon and reef island sed-
iments owing to alkalinity changes; 

d) Storms and rare wave events, which play 
an important role in transporting sediment, 
as any increase in storm frequency or in-
tensity may have consequences for reefs 
and reef islands; 

e) Overfishing and mismanagement of natu-
ral resources, in particular those that play 
a key role in island and habitat structure, 
such as coral reefs and mangroves;

f) Demographics and human population 
density, and their influence on pollution 
and impacts on local island systems, and 
on the exposure and vulnerability of people 

and infrastructure to environmental and 
climate threats.

Duvat and Magnan (2019a) identify five key ad-
aptation pathways for addressing those inter-
acting challenges on atoll islands, which are: 
to focus on ecosystem resilience; to minimize 
the risk of maladaptation; to facilitate internal 
relocation; to ensure appropriate shoreline 
protection with respect to ground elevation; 
and to consider and support permanent inter-
national migration.

The outlook for islands depends heavily on 
policy dimensions, both at the national level 
between individual island States and other 
countries, and at global levels through the 
United Nations and other forums. The former 
is key in identifying island-specific future 
options, whether they involve investment in 
adaptive infrastructure (e.g., to build resilience 
to sea level rise) or relocation.

6. Key remaining knowledge gaps
The response of reefs, lagoon habitats and 
reef islands to the combination of local and 
global threats they now face is inadequately 
understood. There is little information on how 
reef processes will respond to changes in 
individual, and compounded, climate drivers 
as they change. Geographical variability in 
shoreline erosion and inundation is observed, 
but the causes of those spatial patterns are 
poorly understood, which largely precludes 
any forecasting of how particular locations 
will behave. Observational analyses of shore-
line changes over past decades are being 
augmented by attempts to model how reef is-
lands may respond. Recent attempts at mod-
elling include large wave tank experiments 
(Tuck and others, 2018, 2019; Masselink and 
others, 2019, 2020), as well as hydrodynamic 
and shoreline response models (Costa and 
others, 2019; Ortiz and Ashton, 2019; Shope 

and Storlazzi, 2019). The vulnerability of small 
islands composed of calcareous bioclastic 
sand and shingle that occur on atoll rims or 
in other reef and lagoon environments can be 
examined in greater detail using more recent 
sophisticated remote-sensing technologies 
to monitor reef island shorelines, including 
high-resolution satellite imagery, airborne light 
detection and ranging, and drone-acquired 
imagery (Casella and others, 2016; Lowe and 
others, 2019; Gesch and others, 2020).

Whereas most atolls are not experiencing net 
overall erosion, their physical viability is under 
increased pressure. Atolls and the reef islands 
around them and lagoons within them are the 
product of calcifying organisms that contribute 
to sediment budgets that determine the trajec-
tory of individual islands. There is insufficient 
knowledge about the productivity of major 
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organisms contributing bioclastic sediments, 
the breakdown and transport of derived sand 
and gravel, and the dissolution and removal of 
that material. 

A further aspect that requires more detailed in-
vestigation is the fate of the groundwater lens 
beneath small islands upon which populations 
depend, as it seems likely that it will contract 
if shorelines erode or waves overtop islands 
(Terry and Chui, 2012; Gulley and others, 2016; 
Bailey and others, 2016; Deng and Bailey, 2017; 
Ford and others, 2018). Resilience of the fresh 
groundwater lens to changing natural and de-
mographic factors, in particular during drought 
conditions, has only recently emerged as an 
area of active research (Werner and others, 
2017; Oberle and others, 2017), and it requires 
further examination, in particular as it appears 

1 See General Assembly resolution 70/1.
2 General Assembly resolution 69/15, annex.
3 See General Assembly resolution 72/73.

dependent on the morphological adjustments 
of islands, which are incompletely understood.

From a social-ecological perspective, how 
island communities and nations will adapt to, 
and influence, the responses of island sys-
tems to the aforementioned threats is impor-
tant (Duvat and Magnan, 2019b). Government, 
citizens and community institutions, foreign 
aid and investment partners, and non-govern-
mental actors all play a role in determining 
how islands will respond to future challenges, 
and in anticipating and diminishing crises. The 
Sustainable Development Goals1 provide a 
framework, both for national and international 
policy, but also for the integrated planning and 
action that will be needed at multiple levels 
(Obura, 2020).

7. Key remaining capacity-building gaps

There is clearly a lack of adequately trained 
and resourced personnel within small island 
communities to monitor changes at the local 
level, to undertake site-specific research and 
assessment and to implement adaptation 
and other programmes, despite the efforts of 
international agencies to build capacity within 
small island nations. Skills addressing the mul-
tiple threats and emerging issues mentioned 
above will be needed. The adaptive capacity 
of small island communities appears limited, 

and many are overly dependent on interna-
tional aid for sponsorship of major projects. 
Global frameworks, such as the Sustainable 
Development Goals, the SIDS Accelerated 
Modalities of Action (SAMOA) Pathway2 and 
the United Nations Decade of Ocean Science 
for Sustainable Development (2021–2030),3 
provide multiple opportunities for identifying 
critical needs and channelling resources for 
capacity-building to meet those needs.



    299

Chapter 7C: Atoll and island lagoons 

References

Aeby, Greta, and others (2019). Pathogenesis of a tissue loss disease affecting multiple species of corals 
along the Florida Reef Tract. Frontiers in Marine Science, vol. 6, art. 678.

Albert, Simon and others (2016). Interactions between sea level rise and wave exposure on reef island 
dynamics in the Solomon Islands. Environmental Research Letters, vol. 11, No.5, 054011. https://
doi.org/10.1088/1748-9326/11/5/054011.

Albert, Simon and others (2017). Winners and losers as mangrove, coral and seagrass ecosystems re-
spond to sea level rise in Solomon Islands. Environmental Research Letters, vol. 12, No. 9, 094009. 
https://doi.org/10.1088/1748-9326/aa7e68.

Allen, Melinda S., and others (2016). Timing, magnitude and effects of late Holocene sea level drawdown 
on island habitability, Aitutaki, Cook Islands. Archaeology in Oceania, vol. 51, No. 2, pp. 108–121.

Bailey, Ryan T., and others (2016). Predicting Future Groundwater Resources of Coral Atoll Islands. Hydro-
logical Processes, vol. 30, No. 13, pp. 2092–2105.

Barnett, Jonathon (2017). The dilemmas of normalising losses from climate change: Towards hope for 
Pacific atoll countries. Asia Pacific Viewpoint, vol. 58, No. 1, pp. 3–13.

Beetham, Edward, and others (2017). Future reef growth can mitigate physical impacts of sea level rise on 
atoll islands. Earth’s Future, vol. 5, No. 10, pp. 1002–1014.

Birk, Thomas (2014). Assessing vulnerability to climate change and socioeconomic stressors in the Reef 
Islands group, Solomon Islands. Geografisk Tidsskrift-Danish Journal of Geography, vol. 114, No. 1, 
pp. 59–75.

Birk, Thomas, and Kjeld Rasmussen (2014). Migration from atolls as climate change adaptation: Current 
practices, barriers and options in Solomon Islands. In Natural Resources Forum, vol. 38, pp. 1–13. 
Wiley Online Library.

Casella, Elisa, and others (2016). Mapping coral reefs using consumer-grade drones and structure from 
motion photogrammetry techniques. Coral Reefs, vol. 36, No. 1, pp. 269–275.

Connell, John (2015). Vulnerable islands: climate change, tectonic change, and changing livelihoods in the 
Western Pacific. The Contemporary Pacific, pp. 1–36.

Costa, Mirella B., and others (2017). Planimetric and volumetric changes of reef islands in response to 
wave conditions. Earth Surface Processes and Landforms, vol. 42, No. 15, pp. 2663–2678.

Costa, Mirella B., and others (2019). Wave refraction and reef island stability under rising sea level. Global 
and Planetary Change, vol. 172, pp. 256–267.

Cyronak, Tyler, and Bradley D. Eyre (2016). The synergistic effects of ocean acidification and organic me-
tabolism on calcium carbonate (CaCO3) dissolution in coral reef sediments. Marine Chemistry, 
vol. 183, pp. 1–12.

Darwin, Charles (1874). The Structure and Distribution of Coral Reefs (2nd ed.), London: Smith Elder and Co.
Dassié, Emilie P., and Braddock K. Linsley (2015). Refining the sampling approach for the massive coral 

Diploastrea heliopora for δ18O-based paleoclimate applications. Palaeogeography, Palaeoclima-
tology, Palaeoecology, vol. 440, pp. 274–282.

David, Gabriel, and others (2019). Coastal Infrastructure on Reef Islands–the Port of Fuvahmulah, the 
Maldives as Example of Maladaptation to Sea level Rise? Coastal Structures 2019, pp. 874–885.

Deng, Chenda, and Ryan T. Bailey (2017). Assessing groundwater availability of the Maldives under future 
climate conditions. Hydrological Processes, vol. 31, No. 19, pp. 3334–3349.

Donner, Simon D., and Jessica Carilli (2019). Resilience of Central Pacific reefs subject to frequent heat 
stress and human disturbance. Scientific Reports, vol. 9, No. 1, pp. 1–13.

https://doi.org/10.1088/1748-9326/11/5/054011
https://doi.org/10.1088/1748-9326/11/5/054011
https://doi.org/10.1088/1748-9326/aa7e68


300   

World Ocean Assessment II: Volume I

Donner, Simon D., and Sophie Webber (2014). Obstacles to climate change adaptation decisions: a case 
study of sea level rise and coastal protection measures in Kiribati. Sustainability Science, vol. 9, 
No. 3, pp. 331–345.

Duce, Stephanie J., and others (2010). A Synthesis of Climate Change and Coastal Science to Support 
Adaptation in the Communities of Torres Strait. Townsville: Reef and Rainforest Research Centre.

Duvat, Virginie K.E. (2018). A global assessment of atoll island planform changes over the past decades. 
Wiley Interdisciplinary Reviews: Climate Change, vol. 10, No. 1, e557.

Duvat, Virginie K.E., and A.K. Magnan (2019a). Contrasting potential for nature-based solutions to en-
hance coastal protection services in atoll islands. In Dealing with climate change on small islands: 
Towards effective and sustainable adaptation? Klöck, C. and Fink, M., eds., pp. 45–75. Göttingen: 
Göttingen University Press. 

__________ (2019b). Rapid human-driven undermining of atoll island capacity to adjust to ocean climate-re-
lated pressures. Scientific Reports, vol. 9, art. 15129.

Duvat, Virginie K.E., and Valentin Pillet (2017). Shoreline changes in reef islands of the Central Pacific: 
Takapoto Atoll, Northern Tuamotu, French Polynesia. Geomorphology, vol. 282, pp. 96–118.

Eakin, C. Mark, and others (2019). The 2014–2017 global-scale coral bleaching event: insights and im-
pacts. Coral Reefs, vol. 38, No. 4, pp. 539–545.

Esteban, Miguel, and others (2018), Adaptation to sea level rise on low coral islands: lessons from recent 
events. Ocean & Coastal Management, vol. 168, pp. 35–40.

Evangelista, H., and others (2018). Climatic constraints on growth rate and geochemistry (Sr/Ca and  
U/Ca) of the coral Siderastrea stellata in the Southwest Equatorial Atlantic (Rocas Atoll, Brazil). 
Geochemistry, Geophysics, Geosystems, vol. 19, No. 3, pp. 772–786.

Eyre, Bradley D., and others (2018). Coral reefs will transition to net dissolving before end of century. 
Science, vol. 359, No. 6378, pp. 908–911.

Ford, Murray R., and others (2018). Inundation of a low-lying urban atoll island: Majuro, Marshall Islands. 
Natural Hazards, vol. 91, No. 3, pp. 1273–1297.

Ford, Murray R., and Paul S. Kench (2015). Multi-decadal shoreline changes in response to sea level rise in 
the Marshall Islands. Anthropocene, vol. 11, pp. 14–24.

Fujita, Masafumi, and others (2013). Anthropogenic impacts on water quality of the lagoonal coast of 
Fongafale Islet, Funafuti Atoll, Tuvalu. Sustainability Science, vol. 8, No. 3, pp. 381–390.

Fujita, Masafumi, and others (2014). Heavy metal contamination of coastal lagoon sediments: Fongafale 
Islet, Funafuti Atoll, Tuvalu. Chemosphere, vol. 95, pp. 628–634.

Garcin, Manuel, and others (2016). Lagoon islets as indicators of recent environmental changes in the 
South Pacific–The New Caledonian example. Continental Shelf Research, vol. 122, pp. 120–140.

Gesch, Dean, and others (2020). Inundation Exposure Assessment for Majuro Atoll, Republic of the Marshall 
Islands Using A High-Accuracy Digital Elevation Model. Remote Sensing, vol. 12, No. 1, art. 154.

Gherardi, D.F.M., and D.W.J. Bosence (2005). Late Holocene reef growth and relative sea level changes in 
Atol das Rocas, equatorial South Atlantic. Coral Reefs, vol. 24, No. 2, pp. 264–272.

Gillespie, Rosemary G., and others (2008). Biodiversity dynamics in isolated island communities: interac-
tion between natural and human-mediated processes. Molecular Ecology, vol. 17, No. 1, pp. 45–57.

Goldberg, Walter M. (2016). Atolls of the world: Revisiting the original checklist. Atoll Research Bulletin, 
vol. 610, pp. 1–47.

Gulley, J.D., and others (2016). Sea level rise and inundation of island interiors: Assessing impacts of lake 
formation and evaporation on water resources in arid climates. Geophysical Research Letters, 
vol. 43, No. 18, pp. 9712–9719.



    301

Chapter 7C: Atoll and island lagoons 

Hamylton, Sarah, and Holly East (2012). A Geospatial Appraisal of Ecological and Geomorphic Change on 
Diego Garcia Atoll, Chagos Islands (British Indian Ocean Territory). Remote Sensing, vol. 4, No. 11, 
pp. 3444–3461.

Hamylton, Sarah M., and others (2016). Linking pattern to process in reef sediment dynamics at Lady 
Musgrave Island, southern Great Barrier Reef. Sedimentology, vol. 63, No. 6, pp. 1634–1650.

Harris, Daniel L., and others (2015). Late Holocene sea level fall and turn-off of reef flat carbonate pro-
duction: Rethinking bucket fill and coral reef growth models. Geology, vol. 43, No. 2, pp. 175–178.

Head, Catherine E.I., and others (2019). Coral bleaching impacts from back-to-back 2015–2016 thermal 
anomalies in the remote central Indian Ocean. Coral Reefs, vol. 38, No. 4, pp. 605–618.

Hoeke, Ron K., and others (2013). Widespread inundation of Pacific islands triggered by distant-source 
wind-waves. Global and Planetary Change, vol. 108, pp. 128–138.

Holland, Greg, and Cindy Bruyere (2014). Recent intense hurricane response to global climate change. 
Climate Dynamics, vol. 42, Nos. 3–4, pp. 617–627. 

Huang, Ryan M., and others (2017). Sooty tern (Onychoprion fuscatus) survival, oil spills, shrimp fisheries, 
and hurricanes. PeerJ, vol. 5, e3287.

Hughes, Terry P., and others (2018). Spatial and temporal patterns of mass bleaching of corals in the 
Anthropocene. Science, vol. 359, No. 6371, pp. 80–83.

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) (2018). The 
IPBES regional assessment report on biodiversity and ecosystem services for Asia and the Pacific. 
Karki, M., and others (eds). Secretariat of the Intergovernmental Science-Policy Platform on Biodi-
versity and Ecosystem Services, Bonn, Germany. 612 pages.

Jamero, Laurice, and others (2017). Small island communities in the Philippines prefer local measures to 
relocation in response to sea level rise. Nature Climate Change, vol. 7, pp. 581–586

Jamero, Laurice, and others (2019). In-situ adaptation against climate change can enable relocation of 
impoverished small islands. Marine Policy, vol. 108, art. 103614,

Jeanson, Matthieu, and others (2014). Morphodynamic characterization of beaches on a Pacific atoll island: 
Tetiaroa, French Polynesia. Journal of Coastal Research, vol. 70, special issue No. 1, pp. 176–181.

Kayanne, Hajime, and others (2016). Eco-geomorphic processes that maintain a small coral reef island: 
Ballast Island in the Ryukyu Islands, Japan. Geomorphology, vol. 271, pp. 84–93.

Kelman, Ilan (2018). Islandness within climate change narratives of small island developing states (SIDS). 
Island Studies Journal, vol. 13, No. 1, pp. 149–166.

Kench, Paul S., and others (2015). Coral islands defy sea level rise over the past century: Records from a 
central Pacific atoll. Geology, vol. 43, No. 6, pp. 515–518.

Kench, Paul S., and others (2018). Patterns of island change and persistence offer alternate adaptation 
pathways for atoll nations. Nature Communications, vol. 9, No. 1, pp. 1–7.

Le Cozannet, Gonéri, and others (2013). Exploring the relation between sea level rise and shoreline erosion 
using sea level reconstructions: an example in French Polynesia. Journal of Coastal Research, 
vol. 65, special issue No. 2, pp. 2137–2142.

Leão, Z.M.A.N., and others (2008). Coral bleaching in Bahia reefs and its relation with sea surface temper-
ature anomalies. Biota Neotropica, vol. 8, No. 3, pp. 1–14.

Leon, Javier X., and others (2015). Supporting local and traditional knowledge with science for adaptation 
to climate change: lessons learned from participatory three-dimensional modeling in BoeBoe, 
Solomon Islands. Coastal Management, vol. 43, No. 4, pp. 424–438.

Lowe, Meagan K., and others (2019). Assessing Reef-Island Shoreline Change Using UAV-Derived Ortho-
mosaics and Digital Surface Models. Drones, vol. 3, No. 2, p. 44.



302   

World Ocean Assessment II: Volume I

Magnan, A.K., and others (2019). Cross-Chapter Box 9: Integrative cross-chapter box on low-lying islands 
and coasts. In Special Report on the Ocean and Cryosphere in a Changing Climate, ed. IPCC, 
pp. 657–74.

Mallin, Marc-Andrej Felix (2018). From sea level rise to seabed grabbing: The political economy of climate 
change in Kiribati. Marine Policy, vol. 97, pp. 244–252.

Mann, Thomas, and others (2016). A geomorphic interpretation of shoreline change rates on reef islands. 
Journal of Coastal Research, vol. 32, No. 3, pp. 500–507.

Marshall, Paul, and others (2017). Maldives Coral Bleaching Response Plan. Marine Research Centre.

Masselink, Gerd, and others (2019). Physical and Numerical Modeling of Infragravity Wave Generation and 
Transformation on Coral Reef Platforms. Journal of Geophysical Research: Oceans, vol. 124, No. 3, 
pp. 1410–1433.

Masselink, Gerd, and others (2020). Coral reef islands can accrete vertically in response to sea level rise. 
Science Advances, vol. 6, No. 24, eaay3656.

McCubbin, Sandra G., and others (2017). Social-ecological change and implications for food security in 
Funafuti, Tuvalu. Ecology and Society, vol. 22, No. 1.

McCubbin, Sandra, and others (2015). Where does climate fit? Vulnerability to climate change in the con-
text of multiple stressors in Funafuti, Tuvalu. Global Environmental Change, vol. 30, pp. 43–55.

McLean, Roger, and Paul Kench (2015). Destruction or persistence of coral atoll islands in the face of 
20th and 21st century sea level rise? Wiley Interdisciplinary Reviews: Climate Change, vol. 6, No. 5, 
pp. 445–463.

McNamara, Karen E., and others (2017). Identification of limits and barriers to climate change adapta-
tion: case study of two islands in Torres Strait, Australia. Geographical Research, vol. 55, No. 4, 
pp. 438–455.

Morgan, Kyle M., and Paul S. Kench (2016). Reef to island sediment connections on a Maldivian carbonate 
platform: using benthic ecology and biosedimentary depositional facies to examine island-build-
ing potential. Earth Surface Processes and Landforms, vol. 41, No. 13, pp. 1815–1825.

__________ (2017). New rates of Indian Ocean carbonate production by encrusting coral reef calcifiers: 
Periodic expansions following disturbance influence reef-building and recovery. Marine Geology, 
vol. 390, pp. 72–79.

Mortreux, Colette, and Jon Barnett (2009). Climate change, migration and adaptation in Funafuti, Tuvalu. 
Global Environmental Change, vol. 19, No. 1, pp. 105–112.

Naylor, Alexander K. (2015). Island morphology, reef resources, and development paths in the Maldives. 
Progress in Physical Geography, vol. 39, No. 6, pp. 728–749.

Nunn, Patrick D. (2016). Sea levels, shorelines and settlements on Pacific reef islands. Archaeology in 
Oceania, vol. 51, No. 2, pp. 91–98.

Nunn, Patrick D., and others (2017). Identifying and assessing evidence for recent shoreline change attrib-
utable to uncommonly rapid sea level rise in Pohnpei, Federated States of Micronesia, Northwest 
Pacific Ocean. Journal of Coastal Conservation, vol. 21, No. 6, pp. 719–730.

Nunn, Patrick D., and others (2019). Origin, development and prospects of sand islands off the north 
coast of Viti Levu Island, Fiji, Southwest Pacific. Journal of Coastal Conservation, vol. 23, No. 6, 
pp. 1005–1018.

Oberle, Ferdinand K.J., and others (2017). Atoll groundwater movement and its response to climatic and 
sea level fluctuations. Water, vol. 9, No. 9, art. 650.

Obura, David O. (2020). The Sustainable Development Goals as an ocean narrative. Marine Policy Journal, 
submitted.



    303

Chapter 7C: Atoll and island lagoons 

Oppenheimer, Michael, and others (2019). Sea level rise and implications for low lying islands, coasts and 
communities.

Ortiz, Alejandra C., and Andrew D. Ashton (2019). Exploring carbonate reef flat hydrodynamics and poten-
tial formation and growth mechanisms for motu. Marine Geology, vol. 412, pp. 173–186.

Owen, S.D., and others (2016). Improving understanding of the spatial dimensions of biophysical change 
in atoll island countries and implications for island communities: A Marshall Islands’ case study. 
Applied Geography, vol. 72, pp. 55–64.

Pereira, N.S., and others (2010). Mapeamento geomorfológico e morfodinâmica do Atol das Rocas, At-
lântico Sul. Revista de Gestão Costeira Integrada-Journal of Integrated Coastal Zone Management, 
vol. 10, No. 3, pp. 331–345.

Perry, Chris T., and others (2015a). Linking reef ecology to island building: Parrotfish identified as major 
producers of island-building sediment in the Maldives. Geology, vol. 43, No. 6, pp. 503–506.

Perry, Chris T., and others (2015b). Remote coral reefs can sustain high growth potential and may match 
future sea level trends. Scientific Reports, vol. 5, art. 18289.

Perry, Chris T., and others (2016). Sediment generation by Halimeda on atoll interior coral reefs of the 
southern Maldives: A census-based approach for estimating carbonate production by calcareous 
green algae. Sedimentary Geology, vol. 346, pp. 17–24.

Perry, Chris T., and others (2017a). Terrigenous sediment-dominated reef platform infilling: an unexpected 
precursor to reef island formation and a test of the reef platform size–island age model in the 
Pacific. Coral Reefs, vol. 36, No. 3, pp. 1013–1021.

Perry, Chris T., and others (2017b). Reef habitat type and spatial extent as interacting controls on plat-
form-scale carbonate budgets. Frontiers in Marine Science, vol. 4, art. 185.

Perry, Chris T., and others (2018). Loss of coral reef growth capacity to track future increases in sea level. 
Nature, vol. 558, No. 7710, pp. 396–400.

Pfeffer, Julia, and others (2017). Decoding the origins of vertical land motions observed today at coasts. 
Geophysical Journal International, vol. 210, No. 1, pp. 148–165.

Purkis, Sam J., and others (2016). A half-century of coastline change in Diego Garcia–The largest atoll 
island in the Chagos. Geomorphology, vol. 261, pp. 282–298.

Quataert, Ellen, and others (2015). The influence of coral reefs and climate change on wave-driven flood-
ing of tropical coastlines. Geophysical Research Letters, vol. 42, No. 15, pp. 6407–6415.

Riegl, Bernhard M., and others (2012). Human impact on atolls leads to coral loss and community homog-
enisation: a modeling study. PloS One, vol. 7, No. 6.

Rotjan, Randi, and others (2014). Establishment, management, and maintenance of the phoenix islands 
protected area. Advances in Marine Biology, vol. 69, pp. 289–324. Elsevier.

Russell, James C., and others (2017). Invasive alien species on islands: impacts, distribution, interactions 
and management. Environmental Conservation, vol. 44, No. 4, pp. 359–370.

Ryan, Emma J., and others (2016). Multi-scale records of reef development and condition provide context 
for contemporary changes on inshore reefs. Global and Planetary Change, vol. 146, pp. 162–178.

Shope, James Brandon, and Curt Storlazzi (2019). Assessing morphologic controls on atoll island along-
shore sediment transport gradients due to future sea level rise. Frontiers in Marine Science, vol. 6, 
art. 245.

Shope, James B., and others (2016). Changes to extreme wave climates of islands within the Western 
Tropical Pacific throughout the 21st century under RCP 4.5 and RCP 8.5, with implications for 
island vulnerability and sustainability. Global and Planetary Change, vol. 141, pp. 25–38.

Shope, James B., and others (2017). Projected atoll shoreline and run-up changes in response to sea 
level rise and varying large wave conditions at Wake and Midway Atolls, Northwestern Hawaiian 
Islands. Geomorphology, vol. 295, pp. 537–550.



304   

World Ocean Assessment II: Volume I

Smithers, S.G., and R.K. Hoeke (2014). Geomorphological impacts of high-latitude storm waves on low-lat-
itude reef islands—Observations of the December 2008 event on Nukutoa, Takuu, Papua New 
Guinea. Geomorphology, vol. 222, pp. 106–121.

Soares, Marcelo de Oliveira, and others (2011). Aspectos biogeomorfológicos do Atol das Rocas, Atlântico 
Sul Equatorial. Brazilian Journal of Geology, vol. 41, No. 1, pp. 85–94.

Stojanov, Robert, and others (2017). Local perceptions of climate change impacts and migration patterns 
in Malé, Maldives. The Geographical Journal, vol. 183, No. 4, pp. 370–385.

Storlazzi, Curt D., and others (2018). Most atolls will be uninhabitable by the mid-21st century because of 
sea level rise exacerbating wave-driven flooding. Science Advances, vol. 4, No. 4, eaap9741.

Storlazzi, Curt D., and others (2015). Many atolls may be uninhabitable within decades due to climate 
change. Scientific Reports, vol. 5, art. 14546.

Terry, James P., and Ting Fong May Chui (2012). Evaluating the fate of freshwater lenses on atoll islands 
after eustatic sea level rise and cyclone-driven inundation: A modelling approach. Global and Plan-
etary Change, vol. 88, pp. 76–84.

Testut, Laurent, and others (2016). Shoreline changes in a rising sea level context: The example of Grande 
Glorieuse, Scattered Islands, Western Indian Ocean. Acta Oecologica, vol. 72, pp. 110–119.

Tuck, Megan E., and others (2018). Physical modelling of reef platform hydrodynamics. Journal of Coastal 
Research, vol. 85, special issue No. 1, pp. 491–495.

Tuck, Megan E., and others (2019). Physical modelling of the response of reef islands to sea level rise. 
Geology, vol. 47, No. 9, pp. 803–806.

United Nations (2017a). Chapter 7: Calcium carbonate production and contribution to coastal sediments. 
In The First Global Integrated Marine Assessment: World Ocean Assessment I. Cambridge: Cam-
bridge University Press.

__________ (2017b). The First Global Integrated Marine Assessment: World Ocean Assessment I. Cambridge: 
Cambridge University Press.

Wadey, Matthew, and others (2017). Coastal flooding in the Maldives: an assessment of historic events 
and their implications. Natural Hazards, vol. 89, No.1, pp. 131–159.

Walsh, Kevin J.E., and others (2016). Tropical cyclones and climate change. Wiley Interdisciplinary Re-
views-climate Change, vol. 7, pp. 65–89.

Werner, Adrian D., and others (2017). Hydrogeology and management of freshwater lenses on atoll islands: 
Review of current knowledge and research needs. Journal of Hydrology, vol. 551, pp. 819–844.

Wong, Poh Poh (2018). Coastal Protection Measures–Case of Small Island Developing States to Address 
Sea level Rise. Asian Journal of Environment & Ecology, vol. 6, pp. 1–14.

Yamamoto, Lilian, and Miguel Esteban (2017). Migration as an adaptation strategy for atoll island states. 
International Migration, vol. 55, No. 2, pp. 144–158.

Yarlett, Robert T., and others (2018). Constraining species-size class variability in rates of parrotfish bi-
oerosion on Maldivian coral reefs: Implications for regional-scale bioerosion estimates. Marine 
Ecology Progress Series, vol. 590, pp. 155–169.



305

Chapter 7D  
Tropical and 
subtropical 
coral reefs

Contributors: Ian Butler (convener), Karen Evans (subchapter lead member), Hazel Oxenford and 
Hiroya Yamano. 





    307

Chapter 7D: Tropical and subtropical coral reefs 

Keynote points

1 See A/66/298 and A/66/298/Corr.1.

 • Global declines in coral cover continue, 
primarily owing to increasing ocean tem-
peratures associated with climate change, 
as well as extractive activities, pollution 
and sedimentation, novel coral diseases 
and the physical destruction of coral reefs.

 • The frequency of disturbances caused by 
heatwaves, storms, flooding and crown-of-
thorns starfish outbreaks has increased, 
resulting in a decrease in recovery time 
between disturbances.

 • The understanding of the value of eco-
system services provided by coral reefs 

is improving, not only in terms of direct 
economic benefits (market use value), but 
also through less tangible use, such as 
aesthetic value.

 • Substantial knowledge gaps remain, in 
particular with regard to responses of 
coral reef communities to climate change 
and how those responses might influence 
human use of coral reefs.

 • Projections of future states suggest con-
tinued decreases in coral abundance, 
reef-associated fishes and the architectur-
al complexity of reef frameworks.

1. Introduction

The present chapter provides an update to the 
findings contained in chapter 43 of the first 
World Ocean Assessment (United Nations, 
2017b) on tropical and subtropical coral reefs. 
The update may contain overlaps or interac-
tions with the content of other chapters in the 
present Assessment (e.g., chaps. 4–10, 13–15, 
and 25–27). Therefore, they will need to be 
read in conjunction with the present chapter. 

Chapter 43 in the first Assessment contained 
comprehensive coverage of many aspects 
of the state of global coral reefs up to 2010, 
when coral reefs were estimated to cover 
249,713–284,300 km2 but were determined 
to have continually declined over the past 
100 years (United Nations, 2017a). Tropical 
and subtropical coral reefs were identified as 
one of the most vulnerable ecosystems and, 

under a business-as-usual carbon emission 
scenario, it was projected that they could 
potentially be functionally extinct by 2050 
(Intergovernmental Panel on Climate Change 
(IPCC), 2014). Anthropogenic-driven impacts 
exacerbated by population pressures were 
identified as the primary threat to reefs. They 
included climate change (e.g., ocean warming, 
ocean acidification and sea level rise); ex-
tractive activities (e.g., overfishing); pollution 
and sedimentation; and physical destruction. 
Other stressors identified and linked to the 
above stressors (in particular climate change) 
included coral diseases and crown-of-thorns 
starfish predation. The degree to which each 
stressor was affecting coral reefs was identi-
fied as varying considerably among different 
species and geographical regions.1 
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2. Description of environmental changes  
between 2010 and 2020

The status of global coral reefs has not improved 
since they were described in the first Assess-
ment. Recent global marine heatwave events 
(e.g., 2014–2017) (Eakin and others, 2019) have 
caused widespread mortality of corals through 
heat stress and associated bleaching, with re-
covery from such events uncertain (Leggat and 
others, 2019; Hughes and others, 2017a). Con-
tinued global declines in coral reef biodiversity 
(e.g., fishes) (Johnson and others, 2017), as well 
as regional changes in reef composition of coral 
species (e.g., to Porites dominance) (Moritz and 
others, 2018) have been reported since the first 
Assessment (see also sect. 5 below). There has 
been a 50–75 per cent decrease in coral cover 
globally over the past 30–40 years (Bruno and 
others, 2019). Few coral reef areas have not 
been affected (i.e., areas largely unaffected by 
direct human activities), with most occurring in 
areas afforded high protection status (Jones 
and others, 2018).

The steady degradation of coral reefs around 
the world continues to be closely linked to pop-
ulation growth and increased anthropogenic 
pressures, with an overlaid impact of climate 
change affecting even remote areas (e.g., 
Jarvis Island; Vargas-Ángel and others, 2019). 
The major threats include extractive activities, 
pollution (including run-off, chemicals), sed-
imentation, physical destruction and anthro-
pogenic climate change. Although regional or 
local efforts will assist in mitigating decreases 
in coral cover, they are unlikely to offset the 
loss of coral caused by climate change (Bruno 
and others, 2019).

Globally, greenhouse gas levels have steadily 
increased (IPCC, 2018; see also chap. 5 of the 
present Assessment). Ocean warming hot-
spots (e.g., Australia, Brazil, India, Madagascar 
and South Africa) are appearing (Fordyce and 
others, 2019; Kerr and others, 2018; Popova and 

others, 2016), resulting in substantially altered 
ecosystems, for example, in Australia where 
coral has replaced kelp (Wernberg and others, 
2016). Coral community changes, including 
delayed or reduced spawning (Birkeland, 2019) 
and coral reef areas now dominated by mac-
roalgae (Johns and others, 2018) or cyanobac-
teria (de Bakker and others, 2017), are being 
seen globally (Hughes and others, 2018b). In 
association with the increased incidence of 
marine heatwaves (Smale and others, 2019), 
rates of thermal stress to corals have been 
steadily increasing (Lough and others, 2018). A 
36-month global heatwave from 2014 to 2017 
resulted in 75  per  cent of the world’s coral 
reefs experiencing bleaching and 30 per cent 
of coral reefs experiencing mortality as a result 
of bleaching (Babcock and others, 2019; Eakin 
and others, 2019). For some reefs, that was the 
first recorded bleaching event (e.g., southern 
offshore Great Barrier Reef; Hughes and oth-
ers, 2017). Globally, the frequency of bleaching 
events has increased such that recovery is 
uncertain (Hughes and others, 2018a). 

There are many other factors that cumulatively 
affect the quality and quantity of coral reefs 
globally. Ocean pH has decreased steadily, 
with net carbonate loss occurring in coral reef 
frameworks (Albright and others, 2016; Kuffner 
and others, 2019; Steiner and others, 2018). The 
physical destruction of coral reefs is increasing 
as a result of major category 4 and category 
5 storms (e.g., Atlantic Ocean; Murakami and 
others, 2014). Flooding impacts associated 
with storm events have been severe and repet-
itive (Butler and others, 2015) and recovery is 
regionally variable (Adjeroud and others, 2018; 
Holbrook and others, 2018). There has been an 
increase in coral diseases globally (Ruiz-More-
no and others, 2012), which has been linked 
to thermal stress (Anyamba and others, 2019; 
Randall and van Woesik, 2015).
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There are some areas where coral reefs are 
thriving (e.g., “bright spots”; Cinner and others, 
2016a; Flower Garden Reefs; National Ocean-
ic and Atmospheric Administration (NOAA), 
2020) and replacing other habitats (e.g., kelp 
forests). With increased warming and strength-
ened currents, coral reefs have expanded into 

higher latitudes, for example, in Japan over 
approximately the past 80 years (Yamano and 
others, 2011; Kumagai and others, 2018) and 
eastern Australia over approximately the past 
20 years (Baird and others, 2012; Booth and 
Sear, 2018). 

3. Description of economic and social consequences  
and/or other economic or social changes 

About 79 States Members of the United Nations 
have coral reefs in their maritime areas. Coral 
reefs are important as a source of income and 
protein to millions of people through fishing 
activities; a major source of income through 
tourism; and a basis for sociocultural identity 
(Cinner and others, 2016b; Kittinger and others, 
2012). The value of goods and services derived 
from coral reefs was estimated at $9.9 trillion 
in 2012 (Costanza and others, 2014). It is now 
estimated that up to 500 million people global-
ly benefit from coral reef services (Bruno and 
others, 2019), including 6 million fishers who 
depend directly on coral reefs (Teh and oth-
ers, 2013). The economic value from tourism, 
fishing and coastal development, for example, 
across countries in Mesoamerica and the 
Coral Triangle, are valued at $20.1 billion per 
year (United Nations Environment Programme 
(UNEP) and others, 2018). Globally, the value 
from tourism per ha of coral reef is estimated 
to be above $400,000, with some reefs valued 
up to $7 million per ha (Spalding and others, 
2017).

Coral reefs are important for coastal protec-
tion (valued at $170,205 per ha per year) and 
can be exploited for rock and sand (valued at 
$22,000 per ha per year) (Costanza and others, 
2014). The annual value of flood risk reduction 
provided by coral reefs in the United States is 
estimated at above 18,000 lives and $1.805 
billion (Storlazzi and others, 2019). Globally, 
the extra costs associated with coral reef loss 

associated with increased flooding from a ma-
jor storm is estimated at $272 billion (Beck and 
others, 2018). In the United States, coral reefs 
prevent indirect damage worth over $699 mil-
lion annually in the economic activity of individ-
uals and over $272 million in avoided business 
interruption (Storlazzi and others, 2019). 

The value of coral reefs for health and well-be-
ing far exceeds traditional economic valua-
tions (UNEP and others, 2018). However, coral 
reefs have a complicated interaction with so-
ciety (Cinner and others, 2016b), which makes 
it difficult to assign a dollar value to health 
and well-being benefits. Progress has been 
made in understanding effective governance 
arrangements for coral reef conservation and 
the importance of sustainable use (Aswani 
and others, 2015; Turner and others, 2018), in 
particular where exploitation expands faster 
than governance arrangements (Eriksson and 
others, 2015). Conflicts occur between com-
munity-based management of coral reefs and 
that of national or international management 
frameworks. Increased local knowledge has 
supported community-level ownership and 
control of coral reefs and their management 
(e.g., Hawaii; Schemmel and others, 2016; Sol-
omon Islands; Shaver and others, 2018). 

Coral reefs contribute to the lives of millions of 
humans globally, and coral reef health affects 
the ability to achieve the Sustainable Develop-
ment Goals of the 2030 Agenda for Sustainable 
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Development.2 The attainment of any, or all, 
Goals may be compromised through loss of 
healthy coral reefs. In particular, they contrib-
ute to the attainment of Goals 1, 2, 3 and 12 
through income and nutrition, as well as Goals 
3, 6, 11, 12, 13 and 14 through their aesthetic 
and natural values, healthy environmental 

2 See General Assembly resolution 70/1.

conditions and the development of medical 
products. Healthy reefs maintain the integrity 
of island and coastal land and water resourc-
es and infrastructure, thereby contributing to 
Goals 6, 9, 11 and 13, and they are linked to 
the ability of countries to attract and maintain 
skilled communities (Goals 3, 4 and 10). 

4. Key region-specific changes and consequences

4.1. Mediterranean Sea
Coral reef areas of the Mediterranean are sub-
tropical and temperate in nature and limited in 
scale, with temperate reefs considered in chap-
ter 7 of the present Assessment. Some corals, 
for example, Oculina patagonica, are expand-
ing in range and abundance with increased 
temperature and light availability (Serrano and 
others, 2018). Other corals are decreasing in 
coverage (e.g., Cladocora caespitose) (Che-
faoui and others, 2017) through changes from 
coralligenous to algae-dominated reefs (e.g., 
Womersleyella setacea and Caulerpa cylindra-
cea)(Gatti and others, 2015).

4.2. Atlantic Ocean, in particular the 
wider Caribbean

Overall, 43 per cent of reefs in the Caribbean 
are under high or very high threat from human 
activities (International Coral Reef Initiative 
(ICRI), 2018a). Primary threats to Caribbean 
reefs are the same as those affecting global 
reefs (Mumby and others, 2014), including 
the rapid expansion of coral diseases (van 
Woesik and Randall, 2017), such as the novel 
“stony coral tissue loss disease” (Alvarez-Filip 
and others, 2019). Invasive lionfish (Pterois 
volitans) are now considered a threat to native 
reef fish populations and overall reef biodiver-
sity (Chagaris and others, 2017).

Marine heatwaves occurring across the 
Caribbean region since the 1970s and, in par-
ticular, in 2015 and 2016 (Banon and others, 
2018), have reduced live coral cover from over 
70 per cent to approximately 14 per cent (ICRI, 
2018a), although there is substantial regional 
variation (Jackson and others, 2014; Cortés 
and others, 2018; Muniz-Castillo and others, 
2019). Van Hooidonk and others (2014) predict 
that most coral reefs in the Caribbean will 
suffer annual bleaching by the period 2045–
2050, and ocean acidification could result in 
carbonate saturation levels dropping below 
those required to sustain coral reef accretion 
by 2050. Perry and others (2013) report that 
37  per  cent of reefs in the wider Caribbean 
are eroding and only 26  per  cent are accret-
ing. Significant reductions in calcification 
rates and the density of structure have been 
reported for such species as Orbicella faveo-
lata in the Seaflower Biosphere Reserve (Liz-
cano-Sandoval and others, 2019), with strong 
indications that reefs in Florida are, in general, 
eroding (Kuffner and others, 2019). Major trop-
ical storms in the western central Atlantic (five 
category 5 and three category 4 hurricanes 
in 2017, 2018 and 2019) are believed to have 
caused massive damage to coral reefs across 
the region, although official data have not yet 
been published. 

There has been progress with regard to stand-
ardized monitoring and reporting of coral reef 
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health across the Caribbean (e.g., Global Coral 
Reef Monitoring Network (GCRMN)-Caribbean, 
2016). Reef report cards indicate improvement 
in reef health across the Mesoamerican Barrier 
Reef system over the past 10 years (McField 
and others, 2018). There have been enhanced 
efforts to improve the conservation and sus-
tainable use of coral reefs and coastal environ-
ments across the region (Caribbean Challenge 
Initiative (CCI), 2019) and efforts to restore her-
bivores (ICRI, 2013; Vallès and Oxenford, 2018). 
Reef restoration and rehabilitation efforts have 
expanded in the wider Caribbean and are bene-
fiting from new research and improved nursery 
and outplanting technologies (Lirman and 
Schopmeyer, 2016, Baums and others, 2019).

4.3. Indian Ocean

Coral reef abundance has been stable across 
the Indian Ocean since 2010, with the excep-
tion of reefs near Mozambique, which have 
decreased substantially (Obura and others, 
2017). Global marine heatwaves have caused 
widespread bleaching (e.g., Maldives; Cow-
burn and others, 2019; north-western Australia; 
Keesing and others, 2019) across the region. 
Over 65 per cent of reefs in the Indian Ocean 
have been identified as being at risk as a result 
of local threats, with 33  per  cent considered 
to be at high or very high risk (ICRI, 2018b). 
Some 19 per cent of coral reefs are contained 
within marine protected areas. However, only 
25 per cent of the total number of marine pro-
tected areas are considered effective (ICRI, 
2018c), and many lack management plans 
(Obura and others, 2017). 

Coral reefs in the Red Sea and the Persian 
Gulf show resilience to high temperatures and 
mortality from bleaching (Howells and others, 
2016), although calcification rates appear to be 
declining (Steiner and others, 2018). Harmful 
fishing practices, including the use of poison 
and dynamite, are decreasing in occurrence 
in the Indian Ocean (Obura and others, 2017), 
with notable exceptions, such as in the United 

Republic of Tanzania (Chevallier, 2017). Other 
direct impacts to coral reefs are increasing, 
such as the damage caused by anchoring 
by fishers and tour boats (Obura and others, 
2017), as well as outbreaks of crown-of-thorns 
starfish (Saponari and others, 2018; Keesing 
and others, 2019).

4.4. Pacific Ocean

Threats to coral reefs in the Pacific Ocean, 
including the biodiverse Coral Triangle region, 
are similar to those experienced globally 
(ICRI, 2018c). A 3  per  cent decrease in coral 
cover was reported from 1999 to 2016 (ICRI, 
2018c) and widespread bleaching events have 
occurred throughout the region since 2015 
(Moritz and others, 2018; Hughes and others, 
2019), the impacts of which are only now being 
reported (Gorospe and others, 2018). 

Outbreaks of crown-of-thorns starfish contin-
ue to occur across the Pacific Ocean, causing 
coral decline, including, for example, in French 
Polynesia (Kayal and others, 2012), Mexico 
(Rodríguez-Vilalobos and Ayala-Bocos, 2018), 
Japan (Yasuda, 2018), Australia (MacNeil and 
others, 2017) and other Pacific islands (Moritz 
and others, 2018).

Biodiversity of coral species across the Pacif-
ic is changing as a result of disturbance, with 
certain coral species, such as Porites spp., 
becoming increasingly dominant, while Pocil-
lopora spp. showed significant decline (Moritz 
and others, 2018). Japan has reported a 
poleward range expansion of corals to former 
seaweed habitats (Yamano and others, 2011; 
Kumagai and others, 2018). Coral reef cover 
around the north-western side of the island of 
Hawaii decreased from about 44  per  cent to 
31  per  cent between 2002 and 2014, mainly 
owing to human use-related activities (e.g., an-
imal production; land development, deforesta-
tion and urban sprawl; fishing and recreation) 
and climate-related heatwaves (Gove and 
others, 2016).
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About 88  per  cent of reefs are under threat 
from human activities, especially localized 
threats (ICRI, 2018c). About 13 per cent (8,960 
km2) of coral reef areas across the Pacific 
Ocean are contained in protected areas, of 
which 20  per  cent have formal management 

plans implemented (Moritz and others, 2018). 
Of those reefs contained in marine protected 
areas in the South-East Asian region, only 
30 per cent are identified as having effective 
management and compliance measures in 
place (ICRI, 2018c). 

5. Outlook
Coral abundance and cover have decreased 
from 2010 to 2019 and are expected to contin-
ue decreasing in the coming decades (Graham 
and others, 2017). Bleaching events since 
2015 have led to reduced production of larvae 
and reduced recruitment, which will lead to re-
duced or delayed recovery (Hughes and others, 
2018b). Climate projections (see also chaps. 5 
and 9) suggest that many of the world’s coral 
reefs will experience annual bleaching associ-
ated with warming temperatures by mid-cen-
tury (Hughes and others, 2018b). Greater 
erosion, sedimentation and nutrient flow 
associated with increasing storm intensity 
(Walsh and others, 2016; Vitousek and others, 
2017); increased mortality associated with a 
reduction in oxygen (Nelson and Altieri, 2019; 
Altieri and others, 2017); and drowning of coral 
reefs as sea levels increase (Perry and others, 
2018; Storlazzi and others, 2019) have all been 
projected to occur. Deepwater areas appear a 
less likely option for thermal refuge for corals 
because the thermal relief provided by the 
deeper waters only occurs at certain times of 
the year and only certain species are tolerant 
of deepwater environments (Frade and others, 
2018). Future coral communities are likely to 
be dominated by fewer species, which are 
resistant to high temperatures and bleaching 
(Moritz and others, 2018; Birkeland, 2019). The 
effects of ocean acidification should become 
more apparent in the coming decades, with 
the continued dissolution of reefs (Eyre and 
others, 2018; Birkeland, 2019). 

Coral reefs are expected to expand into higher 
latitudes as a result of warming oceans and 

warm currents (Wilson and others, 2016, 2018). 
Coral habitats or species ranges are, however, 
expected to be bound between higher lati-
tudes, where the saturation state of aragonite 
decreases, and lower latitudes, where warmer 
water temperatures result in thermal stress 
(Matz and others, 2018; Yara and others, 2012). 

Greenhouse gases and climate change are 
considered by many reef scientists to be the 
key risk to future coral reefs (e.g., Beyer and 
others, 2018; Rinkevich, 2019). To combat 
losses of coral reefs, coral reef restoration 
techniques are being improved (van Oppen 
and others, 2017) and widely used and are 
demonstrating some success (Bayraktarov 
and others, 2019; Rinkevich, 2019). Further 
investigations are taking place to understand 
the response of corals to climate change and 
to develop methods that help corals to adapt 
to future conditions (e.g., alterations to sym-
biotic microalgae diversity; Rinkevich, 2019). 
Modelling approaches that identify risk enve-
lopes for coral reefs may assist in prioritizing 
efforts so that they are focused on the reefs 
that have the greatest resilience and likelihood 
of survival (Beyer and others, 2018). Innovative 
sustainable funding mechanisms for support-
ing marine resource conservation and sustain-
able use, especially of coral reefs, are finding 
traction under the blue economy (e.g., Deutz 
and others, 2018).

Overall, the continued loss of coral reefs that is 
expected to occur in the coming decades will 
also result in the erosion of the many socio-
economic benefits of healthy coral reefs. 
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6. Key remaining knowledge gaps

The key knowledge gaps reported in the first 
Assessment included understanding of the 
responses of corals and coral-dependent spe-
cies (such as fishes) to climate change and the 
spatial extent of mesophotic coral reefs (reefs 
found in lower light conditions at depths of 30–
150 m). Progress has been made in addressing 
them, however, and the specific knowledge 
gaps today are somewhat different, although 
they remain in the same broad areas. The gaps 
are: (a) the responses of reef communities to 
climate change; (b) the socioeconomic value 
of coral reefs; and (c) the distribution and ecol-
ogy of mesophotic coral reefs. 

A greater understanding of the responses of 
reef communities to climate change is still 
required, although progress is occurring with 
regard to coral adaptation to change (e.g., 
Dziedzic and others, 2019). There is still lim-
ited understanding of coral reef responses to 
ocean acidification (Morais and others, 2018), 
and the current understanding is confounded 
by inaccuracy in measurements of net reef 
growth and erosion. In particular, there is a 
lack of understanding of the impacts of in-
creasing ocean temperatures on the life cycles 
of reef taxa, changes to neurosensory function 
and metabolism in a variety of key reef-as-
sociated taxa and the cumulative effects of 
climate change and other stressors, such as 
nutrient enrichment, increased sediment load 
and overfishing, on coral reef systems. There 
is currently limited understanding of the role 
played by coralline algae and microbial com-
munities in reef ecology and health (Cornwall 

and others, 2019; Ricci and others, 2019), al-
though there are clear seasonal links between 
the microbiome and macroalgae abundance 
(Glasl and others, 2020). There are also signif-
icant geographic gaps in our understanding 
of coral reefs and their responses to climate 
change and other stressors, such as reduced 
oceanic oxygen and emerging pollutants. 
Western South Atlantic coral reef communi-
ties and deeper water coral reef communities 
are poorly described (Loya and others, 2016; 
Morais and others, 2018). Further information 
is needed to identify the mechanisms of coral 
diseases and how they are transmitted, in par-
ticular their relationship with coral bleaching 
events and poor water quality. 

For the socioeconomic value of coral reefs, 
robust evaluations of the economic value of 
the ecosystem services that reefs provide 
at the local and national levels are lacking, 
so their value is not properly accounted for 
in the cost-benefit analyses of development 
projects. There are further knowledge gaps 
regarding the effectiveness of management 
tools and efforts to improve reef resilience, in-
cluding coral restoration (Boström-Einarsson 
and others, 2020).

Finally, there is emerging evidence that mes-
ophotic coral reefs occur widely (e.g., Baker 
and others, 2016) beyond the Atlantic (Loya 
and others, 2016), and further information is 
required regarding their biodiversity and eco-
logical function.

7. Key remaining capacity-building gaps

The first Assessment identified capacity-build-
ing gaps at the local, national and regional 
levels. Those gaps remain in most developing 
countries and, in particular, a lack of qualified 

technicians and researchers limits the mon-
itoring and management of coral reefs and, 
therefore, the capacity to identify change over 
time and to respond to changes. There have 
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been substantial improvements in the devel-
opment of new technologies to monitor coral 
reef systems (Bayley and Mogg, 2019; Hedley 
and others, 2016), but there is limited local 
capability for the utilization and application of 
such technology (e.g., Díaz and others, 2015; 
Timpte and others, 2018). Greater capability 
for implementing adaptation strategies in 
response to climate change (Cinner and oth-
ers, 2018) and building adaptive management 

capabilities (Hoegh-Guldberg, 2018), both lo-
cally and globally, is needed. Public awareness 
and capacity-building for the management 
and sustainable use of expanding corals is an 
emerging issue at higher latitudes. The capa-
bilities for coral reef rehabilitation are current-
ly limited, and capabilities for transplanting 
and farming corals (Kittinger and others, 2016; 
Van Oppen and others, 2017) and maintaining 
them need to be developed.

References
Adjeroud, Mehdi, and others (2018). Recovery of coral assemblages despite acute and recurrent distur-

bances on a South Central Pacific reef. Scientific Reports, vol. 8, No. 1, art. 9680.

Albright, Rebecca, and others (2016). Reversal of ocean acidification enhances net coral reef calcification. 
Nature, vol. 531, No. 7594, p. 362.

Altieri, Andrew H., and others (2017). Tropical dead zones and mass mortalities on coral reefs. Proceed-
ings of the National Academy of Sciences, vol. 114, No. 14, pp. 3660–3665.

Alvarez-Filip, Lorenzo, and others (2019). A rapid spread of the Stony Coral Tissue Loss Disease outbreak 
in the Mexican Caribbean. PeerJ Preprints, vol. 7, e27893v1.

Anyamba, Assaf, and others (2019). Global Disease outbreaks Associated with the 2015–2016 El Niño 
event. Scientific Reports, vol. 9, No. 1, art. 1930.

Aswani, Shankar, and others (2015). Scientific frontiers in the management of coral reefs. Frontiers in 
Marine Science, vol. 2, art. 50.

Babcock, Russell C., and others (2019). Severe continental-scale impacts of climate change are happening 
now: Extreme climate events impact marine habitat forming communities along 45% of Austral-
ia’s coast. Frontiers in Marine Science, vol. 6, art. 411.

Baird, A.H., and others (2012). Pole-ward range expansion of Acropora spp. along the east coast of Aus-
tralia. Coral Reefs, vol. 31, No. 4, pp. 1063–1063.

Baker, E., and others (2016) Mesophotic coral ecosystems–a lifeboat for coral reefs? United Nations Envi-
ronment Programme and GRID-Arendal.

Banon, Ysabel, and others (2018). Thermal Stress and Bleaching in Coral Reef Communities during the 
2014–2016 Caribbean Bleaching Event. In AGU Fall Meeting Abstracts.

Baums, Iliana B., and others (2019). Considerations for maximizing the adaptive potential of restored cor-
al populations in the western Atlantic. Ecological Applications, vol. 29, No. 8, e01978. 10.1002/
eap.1978

Bayley, Daniel T.I., and Andrew O.M. Mogg (2019). New advances in benthic monitoring technology and 
methodology. In World Seas: An Environmental Evaluation, pp. 121–132. Elsevier.

Bayraktarov, Elisa, and others (2019). Motivations, success and cost of coral reef restoration. Restoration 
Ecology.

Beck, Michael W., and others (2018). The global flood protection savings provided by coral reefs. Nature 
Communications, vol. 9, No. 1, art. 2186. 



    315

Chapter 7D: Tropical and subtropical coral reefs 

Beyer, Hawthorne L., and others (2018). Risk-sensitive planning for conserving coral reefs under rapid 
climate change. Conservation Letters, vol. 11, e12587.

Birkeland, Charles (2019). Global status of coral reefs: in combination, disturbances and stressors become 
ratchets. In World Seas: An Environmental Evaluation, pp. 35–56. Elsevier.

Booth, David J., and John Sear (2018). Coral expansion in Sydney and associated coral-reef fishes. Coral 
Reefs, vol. 37, No. 4, pp. 995–995.

Boström-Einarsson, Lisa, and others (2020). Coral restoration – A systematic review of current methods, 
successes, failures and future directions. PloS ONE, vol. 15, e0226631.

Bruno, John F., and others (2019). Climate change, coral loss, and the curious case of the parrotfish para-
digm: Why don’t marine protected areas improve reef resilience? Annual Review of Marine Science, 
vol. 11, pp. 307–334.

Butler, I.R., and others (2015). The cumulative impacts of repeated heavy rainfall, flooding and altered wa-
ter quality on the high-latitude coral reefs of Hervey Bay, Queensland, Australia. Marine Pollution 
Bulletin, vol. 96, Nos. 1–2, pp. 356–367.

Caribbean Challenge Initiative (CCI) (2019). Factsheet and Overview: Caribbean Challenge Initiative. www.
caribbeanbiodiversityfund.org/pdf/CCI_Overview_factSheet_HighRes.pdf.

Chagaris, David, and others (2017) An ecosystem-based approach to evaluating impacts and manage-
ment of invasive lionfish. Fisheries, vol. 42, No.8, pp. 421–431, https://doi.org/10.1080/03632415. 
2017.1340273. 

Chefaoui, Rosa M., and others (2017). Environmental drivers of distribution and reef development of the 
Mediterranean coral Cladocora caespitosa. Coral Reefs, vol. 36, No. 4, pp. 1195–1209.

Chevallier, Romy (2017). Safeguarding Tanzania’s Coral Reefs: The Case of Illegal Blast Fishing.

Cinner, Joshua E., and others (2016a). Bright Spots among the World’s Coral Reefs. Nature, vol. 535, p. 416.

Cinner, Joshua E., and others (2016b). A Framework for Understanding Climate Change Impacts on Coral 
Reef Social–Ecological Systems. Regional Environmental Change, vol. 16, No. 4, pp. 1133–1146.

Cinner, Joshua E., and others (2018). Building Adaptive Capacity to Climate Change in Tropical Coastal 
Communities. Nature Climate Change, vol. 8, No. 2, p. 117.

Cornwall, Christopher Edward, and others (2019). Impacts of ocean warming on coralline algae: knowledge 
gaps and key recommendations for future research. Frontiers in Marine Science, vol. 6, art. 186.

Cortés, Jorge, and others (2018). The CARICOMP Network of Caribbean Marine Laboratories (1985–2007): 
History, Key Findings and Lessons Learned. Frontiers in Marine Science, vol. 5, art. 519.

Costanza, Robert, and others (2014). Changes in the global value of ecosystem services. Global Environ-
mental Change, vol. 26, pp. 152–158.

Cowburn, Benjamin, and others (2019). Evidence of coral bleaching avoidance, resistance and recovery 
in the Maldives during the 2016 mass-bleaching event. Marine Ecology Progress Series, vol. 626, 
pp. 53–67.

De Bakker, Didier M., and others (2017). 40 Years of benthic community change on the Caribbean reefs of 
Curaçao and Bonaire: the rise of slimy cyanobacterial mats. Coral Reefs, vol. 36, No. 2, pp. 355–367.

Deutz, Andrew, and others (2018). Innovative Finance for Resilient Coasts and Communities. A Briefing 
Paper Prepared by The Nature Conservancy and the United Nations Development Programme for 
Environment and Climate Change Canada. www.nature.org/content/dam/tnc/nature/en/documen 
ts/Innovative_Finance_Resilient_Coasts_and_Communities.pdf.

Díaz, Sandra, and others (2015). The IPBES Conceptual Framework—connecting nature and people. Cur-
rent Opinion in Environmental Sustainability, vol. 14, pp. 1–16.

http://www.caribbeanbiodiversityfund.org/pdf/CCI_Overview_factSheet_HighRes.pdf
http://www.caribbeanbiodiversityfund.org/pdf/CCI_Overview_factSheet_HighRes.pdf
https://doi.org/10.1080/03632415
http://www.nature.org/content/dam/tnc/nature/en/documents/Innovative_Finance_Resilient_Coasts_and_Communities.pdf
http://www.nature.org/content/dam/tnc/nature/en/documents/Innovative_Finance_Resilient_Coasts_and_Communities.pdf


316   

World Ocean Assessment II: Volume I

Dziedzic, Katherine E., and others (2019) Heritable variation in bleaching responses and its functional 
genomic basis in reef-building corals (Orbicella faveolata). Molecular Ecology, vol. 28, No. 9, 
pp. 2238–2253.

Eakin, C. Mark, and others (2019). The 2014–2017 global-scale coral bleaching event: insights and im-
pacts. Coral Reefs, vol. 38, pp. 539–545.

Eriksson, Hampus and others (2015). Contagious exploitation of marine resources. Frontiers in Ecology 
and the Environment, vol. 13, No. 8, pp. 435–440.

Eyre, Bradley D., and others (2018). Coral reefs will transition to net dissolving before end of century. 
Science, vol. 359, No. 6378, pp. 908–911.

Fordyce, Alexander John, and others (2019). Marine heatwave hotspots in coral reef environments: physi-
cal drivers, ecophysiological outcomes and impact upon structural complexity. Frontiers in Marine 
Science, vol. 6, p. 498.

Frade, Pedro R., and others (2018). Deep reefs of the Great Barrier Reef offer limited thermal refuge during 
mass coral bleaching. Nature Communications, vol. 9, No. 1, pp. 3447.

Gatti, Giulia, and others (2015). Ecological change, sliding baselines and the importance of historical data: 
lessons from combing observational and quantitative data on a temperate reef over 70 years. PloS 
One, vol. 10, No. 2, e0118581.

Global Coral Reef Monitoring Network (GCRMN)-Caribbean (2016). GCRMN-Caribbean Guidelines for Coral 
Reef Biophysical Monitoring. UNEP(DEPI)/CAR WG.38/INF.17.

Glasl, B., and others (2020). Comparative genome-centric analysis reveals seasonal variation in the func-
tion of coral reef microbiomes. ISME Journal, vol. 14, pp. 1435–1450.

Gorospe, Kelvin D., and others (2018). Local biomass baselines and the recovery potential for Hawaiian 
coral reef fish communities. Frontiers in Marine Science, vol. 5, art. 162.

Gove, Jamison M., and others (2016). West Hawai’i integrated ecosystem assessment: ecosystem trends 
and status report. Pacific Islands Fisheries Science Centre.

Graham, Nicholas A.J., and others (2017). Human disruption of coral reef trophic structure. Current Biolo-
gy, vol. 27, No. 2, pp. 231–236.

Hedley, John D., and others (2016). Remote sensing of coral reefs for monitoring and management: a 
review. Remote Sensing, vol. 8, No. 2, art. 118.

Hoegh-Guldberg, Ove, and others (2018). Securing a long-term future for coral reefs. Trends in Ecology & 
Evolution.

Holbrook, Sally J., and others (2018). Recruitment drives spatial variation in recovery rates of resilient coral 
reefs. Scientific Reports, vol. 8, No. 1, art. 7338.

Howells, Emily J., and others (2016). Host adaptation and unexpected symbiont partners enable reef‐
building corals to tolerate extreme temperatures. Global Change Biology, vol. 22, pp. 2702–2714.
https://doi.org/10.1111/gcb.13250.

Hughes, Terry P., and others (2017a). Coral reefs in the Anthropocene. Nature, vol. 546, No. 7656, p. 82.
Hughes, Terry P., and others (2017b). Global warming and recurrent mass bleaching of corals. Nature, vol. 

543, No. 7645, p. 373.
Hughes, Terry P., and others (2018a). Global warming transforms coral reef assemblages. Nature, vol. 556, 

No. 7702, p. 492.
Hughes, Terry P., and others (2018b). Spatial and temporal patterns of mass bleaching of corals in the 

Anthropocene.  Science, vol. 359, No. 6371, pp. 80–83.
Hughes, Terry P., and others (2019). Ecological memory modifies the cumulative impact of recurrent 

climate extremes.  Nature Climate Change, vol. 9, pp. 40–43. https://doi.org/10.1038/s41558-018-
0351-2.

https://doi.org/10.1111/gcb.13250
https://doi.org/10.1038/s41558-018-0351-2
https://doi.org/10.1038/s41558-018-0351-2


    317

Chapter 7D: Tropical and subtropical coral reefs 

International Coral Reef Initiative (ICRI) (2013). Recommendation on Addressing the Decline in Coral Reef 
Health throughout the Wider Caribbean: The Taking of Parrotfish and Similar Herbivores. Adopted 
on 17 October 2013, at the 28th ICRI General Meeting (Belize City).

__________ (2018a). Caribbean Fact Sheet - Communicating the Economic and Social Importance of Coral 
Reefs for Caribbean Countries. International Coral Reef Initiative.

International Coral Reef Initiative (ICRI) (2018b). Communicating the Economic and Social Importance of 
Coral Reefs for Indian Ocean Countries. International Coral Reef Initiative.

__________ (2018c). South Asia Factsheet - Communicating the Economic and Social Importance of Coral 
Reefs for South East Asian Countries. International Coral Reef Initiative.

Intergovernmental Panel on Climate Change (IPCC) (2014). Climate Change 2014 – Impacts, Adaptation 
and Vulnerability: Part A: Global and Sectoral Aspects: Working Group II Contribution to the IPCC 
Fifth Assessment Report vol. 1. C.B Field, and others, eds. Cambridge: Cambridge University Press. 
https://doi.org/10.1017/CBO9781107415379.

__________ (2018). Summary for policymakers. In 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 Cli-
mate Change, Sustainable Development, and Efforts to Eradicate Poverty. V. Masson-Delmotte, and 
others, eds., p. 24.

Jackson, Jeremy, and others (2014). Status and Trends of Caribbean Coral Reefs: 1970–2012. Gland, Swit-
zerland: Global Coral Reef Monitoring Network, ICUN.

Johns, Kerryn A., and others (2018). Macroalgal feedbacks and substrate properties maintain a coral reef 
regime shift. Ecosphere, vol. 9, No. 7, art. e02349.

Johnson, Christopher N., and others (2017). Biodiversity losses and conservation responses in the Anthro-
pocene. Science, vol. 356, No. 6335, pp. 270–275.

Jones, Kendall R., and others (2018). The location and protection status of Earth’s diminishing marine 
wilderness. Current Biology, vol. 28, No. 15, pp. 2506–2512.

Kayal, Mohsen, and others (2012). Predator Crown-of-Thorns Starfish (Acanthaster planci) Outbreak, Mass 
Mortality of Corals, and Cascading Effects on Reef Fish and Benthic Communities. PLOS ONE, 
vol. 7, No. 10, pp. 1–9. https://doi.org/10.1371/journal.pone.0047363.

Keesing, John K. and others (2019). Two time losers: selective feeding by crown-of-thorns starfish on 
corals most affected by successive coral-bleaching episodes on western Australian coral reefs. 
Marine Biology, vol. 166, No. 72. https://doi.org/10.1007/s00227-019-3515-3. 

Kerr, Rodrigo, and others (2018). Northern Antarctic Peninsula: a marine climate hotspot of rapid changes 
on ecosystems and ocean dynamics. Deep-Sea Research Part II Topical Studies in Oceanography, 
vol. 149, pp. 4–9.

Kittinger, John, and others (2012). Human dimensions of coral reef social-ecological systems. Ecology 
and Society, vol. 17, No. 4. https://doi.org/10.5751/ES-05115-170417.

Kittinger, John, and others (2016). Restoring ecosystems, restoring community: socioeconomic and cul-
tural dimensions of a community-based coral reef restoration project. Regional Environmental 
Change, vol. 16, No. 2, pp. 301–313.

Kuffner, Ilsa B., and others (2019). Improving estimates of coral reef construction and erosion with in situ 
measurements. Limnology and Oceanography. https://doi.org/10.1002/lno.11184.

Kumagai, Naoki H., and others (2018). Ocean currents and herbivory drive macroalgae-to-coral communi-
ty shift under climate warming. Proceedings of the National Academy of Sciences, vol. 115, No. 36, 
pp. 8990–8995.

https://doi.org/10.1017/CBO9781107415379
https://doi.org/10.1371/journal.pone.0047363
https://doi.org/10.1007/s00227-019-3515-3
https://doi.org/10.5751/ES-05115-170417
https://doi.org/10.1002/lno.11184


318   

World Ocean Assessment II: Volume I

Leggat, William P., and others (2019). Rapid coral decay is associated with marine heatwave mortality 
events on reefs. Current Biology, vol. 29, No. 16, pp.  2723–2730. https://doi.org/10.1016/j.
cub.2019.06.077.

Lirman, D. and S. Schopmeyer (2016). Ecological solutions to reef degradation: optimizing coral reef resto-
ration in the Caribbean and Western Atlantic. PeerJ 4: e2597; https://doi.org/10.7717/peerj.2597.

Lizcano-Sandoval, Luis David, and others (2019). Climate change and Atlantic Multidecadal Oscillation as 
drivers of recent declines in coral growth rates in the Southwestern Caribbean. Frontiers in Marine 
Science, vol. 6, art. 38.

Lough, J.M., and others (2018). Increasing thermal stress for tropical coral reefs: 1871–2017. Scientific 
Reports, vol. 8, No. 1, art. 6079.

Loya, Yossi, and others (2016). Theme Section on Mesophotic Coral Ecosystems: Advances in Knowledge 
and Future Perspectives. Coral Reefs, vol. 35, pp. 1–9.

MacNeil, M., and others (2017). Age and growth of an outbreaking Acanthaster cf. solaris population within 
the Great Barrier Reef. Diversity, vol. 9, No. 1, art. 18.

Matz, Mikhail V., and others (2018) Potential and limits for rapid genetic adaptation to warming in a Great 
Barrier Reef coral. PLOS Genetics, 14(4), e1007220. https://doi.org/10.1371/journal.pgen.1007220.

Mcfield, Melanie, and others (2018). 2018 Mesoamerican Reef Report Card. Healthy Reefs Initiative. https://
doi.org/10.13140/RG.2.2.19679.36005.

Morais, Juliano, and others (2018). Research gaps of coral ecology in a changing world. Marine Environ-
mental Research, vol. 140, pp. 243–250.

Moritz, Charlotte, and others, eds. (2018). Status and Trends of Coral Reefs of the Pacific, Global Coral 
Reef Monitoring Network.

Mumby, Peter J., and others (2014). Towards Reef Resilience and Sustainable Livelihoods: A handbook for 
Caribbean coral reef managers.

Muniz-Castillo, Aaron Israel, and others (2019). Three decades of heat stress exposure in Caribbean coral 
reefs: a new regional delineation to enhance conservation. Scientific Reports, vol. 9, art. 11013. 
https://doi.org/10.1038/s41598-019-47307-0.

Murakami, Hiroyuki, and others (2014). Contributing factors to the recent high level of accumulated cy-
clone energy (ACE) and power dissipation index (PDI) in the North Atlantic. Journal of Climate, vol. 
27, No. 8, pp. 3023–3034.

Nelson, Hannah R., and Andrew H. Altieri (2019). Oxygen: the universal currency on coral reefs. Coral 
Reefs, vol. 38, No. 2, pp. 177–198.

National Oceanic and Atmospheric Administration (NOAA) (2020). Coral reef condition: A status report for 
the Flower Garden Banks. NOAA Coral Reef Conservation Program. Silver Spring, Maryland, United 
States. 

Obura, David, and others (2017). Coral Reef Status Report for the Western Indian Ocean. Global Coral Reef 
Monitoring Network (GCRMN)/International Coral Reef Initiative (ICRI), p. 144.

Perry, Chris T., and others (2013). Caribbean-wide decline in carbonate production threatens coral reef 
growth. Nature Communications, vol. 4, No. 1, art. 1402.

Perry, Chris T., and others (2018). Loss of coral reef growth capacity to track future increases in sea level. 
Nature, vol. 558, No. 7710, pp. 396–400.

Popova, Ekaterina, and others (2016). From global to regional and back again: common climate stressors 
of marine ecosystems relevant for adaptation across five ocean warming hotspots. Global Change 
Biology, vol. 22, No. 6, pp. 2038–2053.

https://doi.org/10.1016/j.cub.2019.06.077
https://doi.org/10.1016/j.cub.2019.06.077
https://doi.org/10.7717/peerj.2597
https://doi.org/10.1371/journal.pgen.1007220
https://doi.org/10.13140/RG.2.2.19679.36005
https://doi.org/10.13140/RG.2.2.19679.36005
https://doi.org/10.1038/s41598-019-47307-0


    319

Chapter 7D: Tropical and subtropical coral reefs 

Randall, Carly J., and Robert van Woesik (2015). Contemporary white-band disease in Caribbean corals 
driven by climate change. Nature Climate Change, vol. 5, No. 4, p. 375.

Ricci, Francesco, and others (2019). Beneath the surface: community assembly and functions of the coral 
skeleton microbiome. EcoEvoRxiv. https://doi.org/10.32942/osf.io/9yjw8.

Rinkevich, Baruch (2019). The active reef restoration toolbox is a vehicle for coral resilience and adaptation 
in a changing world. Journal of Marine Science and Engineering, vol. 7, No. 7, art. 201.

Rodríguez-Vilalobos, J.C., and A. Ayala-Bocos (2018). Coral colonies in the eastern tropical Pacific: preda-
tion by Acanthaster cf. solaris. Pacific Conservation Biology, vol. 24, No. 4, pp. 419–420.

Ruiz-Moreno, Diego, and others (2012). Global coral disease prevalence associated with sea temperature 
anomalies and local factors. Diseases of Aquatic Organisms, vol. 100, No. 3, pp. 249–261.

Saponari, Luca, and others (2018). Monitoring and assessing a 2-year outbreak of the corallivorous seastar 
Acanthaster planci in Ari Atoll, Republic of Maldives. Environmental Monitoring and Assessment, 
vol. 190, No. 6, art. 344.

Schemmel, Eva, and others (2016). The codevelopment of coastal fisheries monitoring methods to sup-
port local management. Ecology and Society, vol. 21, No. 4.

Serrano, Eduard, and others (2018). Demographics of the zooxanthellate coral Oculina patagonica along 
the Mediterranean Iberian coast in relation to environmental parameters. Science of The Total 
Environment, vol. 634, pp. 1580–1592.

Shaver, Elizabeth C., and others (2018). Local management actions can increase coral resilience to ther-
mally-induced bleaching. Nature Ecology & Evolution, vol. 2, No. 7, p. 1075.

Smale, Dan A., and others (2019). Marine heatwaves threaten global biodiversity and the provision of eco-
system services. Nature Climate Change, vol. 9, No. 4, p. 306.

Spalding, Mark, and others (2017). Mapping the global value and distribution of coral reef tourism. Marine 
Policy, vol. 82, pp. 104–113.

Steiner, Zvi, and others (2018). Water chemistry reveals a significant decline in coral calcification rates in 
the southern Red Sea. Nature Communications, vol. 9, No. 1, art. 3615.

Storlazzi, Curt D., and others (2019). Rigorously valuing the role of US coral reefs in coastal hazard risk 
reduction. US Geological Survey.

Teh, Louise S.L., and others (2013). A global estimate of the number of coral reef fishers. PLoS One, vol. 8, 
No. 6, e65397.

Timpte, Malte, and others (2018). Engaging diverse experts in a global environmental assessment: partic-
ipation in the first work programme of IPBES and opportunities for improvement. Innovation: The 
European Journal of Social Science Research, vol. 31, No. sup1, pp. S15–S37.

Turner, Rachel A., and others (2018). Social fit of coral reef governance varies among individuals. Conser-
vation Letters, vol. 11, No .3, e12422.

United Nations (2017a). Chapter 43: Tropical and sub-tropical coral reefs. In The First Global Integrated 
Marine Assessment: World Ocean Assessment I. Cambridge: Cambridge University Press.

__________ (2017b). The First Global Integrated Marine Assessment: World Ocean Assessment I. Cambridge: 
Cambridge University Press.

United Nations Environment Programme (UNEP) and others (2018). Plastics and Shallow Water Coral 
Reefs. Synthesis of the Science for Policy-Makers. Nairobi: UNEP.

Vallès, Henri, and Hazel A. Oxenford (2018). Simple family-level parrotfish indicators are robust to survey 
method. Ecological Indicators, vol. 85, pp. 244–252.

Van Hooidonk, Ruben, and others (2014). Opposite latitudinal gradients in projected ocean acidification 
and bleaching impacts on coral reefs. Global Change Biology, vol. 20, No.1, pp. 103–112.

https://doi.org/10.32942/osf.io/9yjw8


320   

World Ocean Assessment II: Volume I

Van Oppen, Madeleine J.H., and others (2017). Shifting paradigms in restoration of the world’s coral reefs. 
Global Change Biology, vol. 23, No. 9, pp. 3437–3448.

Van Woesik, Robert, and Carly J. Randall (2017). Coral disease hotspots in the Caribbean. Ecosphere, 
vol. 8, No. 5, art. e01814.

Vargas-Ángel, Bernardo, and others (2019). El Niño-associated catastrophic coral mortality at Jarvis Is-
land, central Equatorial Pacific. Coral Reefs vol. 38, pp. 731–741.

Vitousek, Sean, and others (2017). Doubling of coastal flooding frequency within decades due to sea-level 
rise. Scientific Reports, vol. 7, No. 1, art. 1399.

Walsh, Kevin J.E., and others (2016). Tropical cyclones and climate change. Wiley Interdisciplinary Reviews: 
Climate Change, vol. 7, No. 1, pp. 65–89.

Wernberg, Thomas, and others (2016). Climate-driven regime shift of a temperate marine ecosystem. 
Science, vol. 353, No. 6295, pp. 169–172.

Wilson, Laura J., and others (2016). Climate-driven changes to ocean circulation and their inferred impacts 
on marine dispersal patterns. Global Ecology and Biogeography, vol. 25, No. 8, pp. 923–939.

Wilson, Shaun K., and others (2018). Climatic forcing and larval dispersal capabilities shape the replenish-
ment of fishes and their habitat-forming biota on a tropical coral reef. Ecology and Evolution, vol. 8, 
No. 3, pp. 1918–1928.

Yamano, Hiroya, and others (2011). Rapid poleward range expansion of tropical reef corals in response to 
rising sea surface temperatures. Geophysical Research Letters, vol. 38, No. 4.

Yara, Yumiko, and others (2012). Ocean acidification limits temperature-induced poleward expansion of 
coral habitats around Japan. Biogeosciences, vol. 9, No. 12, pp. 4955–4968.

Yasuda, Nina (2018). Distribution Expansion and Historical Population Outbreak Patterns of Crown-of-
Thorns Starfish, Acanthaster planci sensu lato, in Japan from 1912 to 2015. In Coral Reef Studies 
of Japan, pp. 125–148. Springer, Singapore.



321

Chapter 7E  
Cold water corals

Contributors: Erik Cordes (convener), Malcolm R. Clark, Karen Evans (subchapter lead member), 
Sebastian Hennige and Georgios Kazanidis.





    323

Chapter 7E: Cold water corals 

Keynote points

1 See General Assembly resolution 70/1.

 • Cold water coral and sponge ecosystems 
are common features along continental 
margins and mid-ocean ridges and on 
seamounts worldwide, providing habitats 
for numerous species and contributing to 
carbon sequestration.

 • Basic knowledge of cold water coral biolo-
gy and distribution is still limited to the few 
areas of the deep ocean that have been 
explored. 

 • Threats from fishing, offshore oil drilling, 
deep-sea mining, waste deposition and 
climate change continue. Some efforts to 
curb demersal trawling and establish ma-
rine protected areas have been effective. 
However, because of their slow-growing 

and long-lived nature, recovery from an-
thropogenic impacts can take decades to 
centuries. 

 • Cold water corals are highly sensitive to 
elevated temperatures and deoxygenation, 
but recent work suggests they are relatively 
resilient to ocean acidification, in particular 
when nutritional resources are plentiful. 

 • Future projected declines in cold water 
coral abundance will reduce the habitat 
available to commercially significant 
species, reduce carbon sequestration in 
deep waters, eliminate potential genetic 
resources and have an effect on numerous 
Sustainable Development Goals, in particu-
lar Goal 14, but also Goals 2, 10, and 12.1

1. Introduction and summary of  
the first World Ocean Assessment 

Cold water corals (CWC) occur globally (figure I), 
forming important habitats that support a high 
diversity and biomass of associated organisms. 
Following the framework established in the 
first World Ocean Assessment (United Nations, 
2017), the present chapter focuses on corals 
found below 200 m. CWC are found where hard 
substrata are available on continental margins, 
mid-ocean ridges (chap.  7O) and seamounts 
(chap. 7L) worldwide. Those habitats are com-
ponents of the slopes of volcanic islands (in-
cluded in chap. 7C), submarine canyons (chap. 
7J) and fjords, as well as seamounts and pinna-
cles (chap. 7L), and ridges and plateaux (chap. 
7O). Coral habitats may be found on the pe-
riphery of cold seeps and extinct hydrothermal 
vents (chap. 7P). CWC, sponges and associated 
species also interact directly with the overlying 
open ocean (chap. 7N) through benthic-pelagic 

coupling. Surface-derived productivity forms 
the energetic basis of the vast majority of the 
deep-sea food web, and CWC systems recycle 
nutrients that can fuel surface productivity via 
upwelling and the transport of nutrients by diel 
vertical migrators. 

Modelling of global habitats predicts that ma-
jor cold water framework-building scleractini-
an corals (figure II) are likely most abundant in: 

(a) hard substrate areas necessary for settle-
ment of coral larvae; 

(b) waters supersaturated with aragonite; 
(c) depths shallower than 1,500 m; 
(d) water masses containing dissolved oxygen 

concentrations of more than 4 ml/l; 
(e) waters that have a salinity range between 

34 and 37 practical salinity units; and 



324   

World Ocean Assessment II: Volume I

(f) temperatures between 5°C and 10°C 
(Davies and Guinotte, 2011). 

However, CWC of a variety of taxa occupy wider 
niches in the deep ocean (Quattrini and others, 
2013, 2017). Food is supplied to CWC through 
rapid downwelling (Davies and others, 2009), 
geostrophic currents, internal waves, tides, 
Taylor columns (eddies causing upwelling and 
enhancing food concentration; White and oth-
ers, 2005), intermediate and bottom nepheloid 
layers (Mienis and others, 2007), and diel verti-
cal migrators (Maier and others, 2019). 

CWC ecosystems provide essential services 
for human communities and well-being (see 
also sect. 3). Demonstrated services include 
the discovery of novel marine genetic re-
sources (chap. 23), carbon sequestration and 
significant aesthetic value (see Thurber and 
others, 2014, for a review). Most directly, CWC 
provide a habitat that acts as shelter and/or 
nursery grounds for commercially exploited 
or exploitable fish stocks (Baillon and others, 
2012; Quattrini and others, 2012; Roberts and 
others, 2009). The Food and Agriculture Or-
ganization of the United Nations (FAO, 2009) 
recognizes taxa of CWC as indicators of vul-
nerable marine ecosystems and the General 
Assembly, in its resolutions 59/25 and 61/105, 
called for conservation measures to protect 
vulnerable marine ecosystems from anthropo-
genic impacts. The wealth of niches combined 
with high food availability make some CWC 

reefs “hotspots” of biodiversity and biomass, 
including hundreds of other sessile and mobile 
species (Cordes and others, 2008; Henry and 
Roberts, 2007), as well as carbon and nutrient 
cycling (Cathalot and others, 2015; van Oevel-
en and others, 2009).

Figure I  
Map of global distribution of deep-sea 
corals, including subclass Octocorallia 
(gorgonian sea fans, soft corals) and 
order Scleractinia (stony corals)

Octocorallia Scleratinia

Sources: Coral occurrence records from Freiwald and oth-
ers, 2017, available at https://data.unep-wcmc.org/data-
sets/3; Ocean Biodiversity Information System, available 
at https://obis.org; and National Oceanic and Atmospher-
ic Administration Deep-Sea Coral and Sponge database, 
available at www.ncei.noaa.gov/maps/deep-sea-corals/
mapSites.htm. Map courtesy of Dr. Jay Lunden. 
Note: The underlying base map was created in ArcGIS 
Pro v.2.3, using data compiled from multiple sources 
and data providers, including the General Bathymetric 
Chart of the Oceans GEBCO_08 Grid, the National Oce-
anic and Atmospheric Administration, National Geo-
graphic, Garmin, Here, Geonames.org and Esri, as well 
as several additional contributors. 

2. Description of environmental changes  
between 2010 and 2020

As sessile organisms with very slow growth 
rates, CWC and the frameworks they create 
(both living and dead) are extremely vulnera-
ble to direct and indirect impacts from bottom 
trawling, oil and gas exploration, and deep-sea 
mining. While the current stressors on CWC are 
not significantly different from those identified 

in the first Assessment, the distribution of 
pressures and their magnitude has changed. 
As fishing activities (chap. 15) continue to op-
erate in deeper waters and the search for oil 
and gas reserves (chap. 19) moves further off-
shore, those activities affect CWC gardens and 
reefs more frequently. Further, the accidental 

https://data.unep-wcmc.org/datasets/3
https://data.unep-wcmc.org/datasets/3
https://obis.org
http://www.ncei.noaa.gov/maps/deep-sea-corals/mapSites.htm
http://www.ncei.noaa.gov/maps/deep-sea-corals/mapSites.htm
http://Geonames.org
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release of hydrocarbons (chap. 11) associated 
with oil and gas extraction can have drastic 
effects on those habitats, as highlighted by 
the 2010 Deepwater Horizon oil spill in the Gulf 
of Mexico (Fisher and others, 2014; White and 
others, 2012a). In the vicinity of the oil spill, 
where over 50 per cent of individual octocoral 

colonies were affected by the spill, their health 
and colony size has continued to decline 
(Hsing and others, 2013). Some recovery has 
been observed in coral colonies with less than 
50 per cent coverage by oil and dispersant, al-
though some branch loss has been observed 
(Hsing and others, 2013). 

Figure II  
Common cold-water scleractinian corals

Sources: A and B, courtesy of the Deep Search programme, United States Bureau of Ocean Energy Management, 
United States Geological Survey and National Oceanic and Atmospheric Administration; copyright WHOI; C, courtesy 
of Malcolm Clark, New Zealand National Institute of Water and Atmospheric Research; D, courtesy of Erik Cordes and 
the Schmidt Ocean Institute.

Notes: A, Lophelia pertusa and B, Madrepora oculata and a neptheid octocoral from the Atlantic coast, United States; 
C, Solenosmilia variabilis from the Pacific coast, New Zealand; D, Enallopsamia profunda from the Phoenix Islands in 
the central Pacific. 
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Figure III  
Representative cold water octocoral gardens

Sources: A, courtesy of Erik Cordes and the Schmidt Ocean Institute; B, courtesy of Erik Cordes and the Research on 
Cold Seeps and How They Influence the Sea (ROC HITS) programme, United States National Science Foundation, and 
the Schmidt Ocean Institute; C, courtesy of Malcolm Clark, New Zealand National Institute of Water and Atmospheric 
Research; D, courtesy of J. Murray Roberts and the Changing Ocean Expedition, 2012.
Notes: A, high diversity of octocorals (primarily primnoids and plexaurids) and antipatharian corals from the Phoenix 
Islands in the central Pacific; B, yellow and purple Paramuricea spp. octocoral sea fan colonies with orange chiro-
stylid crab associates and Euplectella spp. hexactinellid (glass) sponges to the left of the image; C, Paragorgia spp. 
octocorals, stylasterid hydrocorals and hexactinellid sponges from the Macquarie Ridge, New Zealand; D, a large 
Leiopathes glaberrima colony in the North-East Atlantic. 

The impacts of fishing activities on CWC 
are well recognized, with bottom trawling, in 
particular, having strong direct physical (e.g., 
breaking or dislodging colonies) as well as sec-
ondary sedimentation (e.g., smothering individ-
uals or colonies) effects (see review by Clark 
and others, 2016). Surveys of coral populations 

on seamount features off Australia and New 
Zealand show little sign of recovery 15 years 
after trawling was stopped, but where other 
unfished seamounts have been protected, they 
have dense coral populations (Clark and others, 
2019; Williams and others, 2010). Recent work 
on the Hawaiian-Emperor seamount chain 
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suggests there may be some regrowth of CWC 
between 300 m and 600 m deep 30–40 years 
after fishing was stopped (Baco and others, 
2019). In general, the estimated extent of deep-
sea trawling has decreased in recent decades 
(e.g., Victorero and others, 2018). 
Predicting the response of CWC populations 
to anthropogenic disturbance requires knowl-
edge of their current distribution and resilience. 
Recent predictive habitat models have led to 
new CWC discoveries in a productive, iterative 
process (i.e., Georgian and others, 2020) and to 
the development of new modelling techniques 
(Robert and others, 2016; Diesing and Thorsnes, 
2018). Recent discoveries include populations 
of habitat-forming octocorals (figure III) on the 
Antarctic continental shelf (Ambroso and oth-
ers, 2017), scleractinian coral reefs in low pH 
waters in the North Pacific (Baco and others, 
2017; Gómez and others, 2018) and thousands 
of CWC mounds surviving under low dissolved 
oxygen along the Moroccan Atlantic continen-
tal margin (Wienberg and others, 2018). 
An understanding of the reproductive factors 
influencing CWC distribution is also required 
to determine their recolonization potential. Re-
cent studies indicate that Lophelia pertusa lar-
vae are planktotrophic and reside in the upper 
water column for up to five weeks before set-
tlement (Larsson and others, 2014; Strömberg 
and Larsson, 2017). Similarities in the genetic 
structure of the cup coral Desmophyllum dian-
thus (Miller and Gunasekera, 2017) over large 
areas suggest wide connectivity (Holland and 
others, 2019). Conversely, variable genetic 
structure in the reef-building stony coral So-
lenosmilia variabilis suggests that asexual 
reproduction and localized recruitment may 
be prevalent (Miller and Gunasekera, 2017). 
Zeng and others (2017) report genetic differ-
entiation among three CWC species off New 
Zealand, primarily determined by regional and 
local currents (Dueñas and others, 2016; Hol-
land and others, 2019). The limited number of 

2 Available at http://love.statoil.com.

population genetic studies of deepwater octo-
corals indicate that gene flow among popula-
tions is restricted to those residing at similar 
depths, with water masses creating barriers to 
larval dispersal and genetic exchange (Baco 
and Shank, 2005, Quattrini and others, 2015).
The increased use of long-term observatories, 
identified as a major capacity-building gap in 
the first Assessment, has highlighted the influ-
ence of seabed heterogeneity (Pierdomenico 
and others, 2017), hydrodynamics (Mienis and 
others, 2019) and in situ growth dynamics 
(Lartaud and others, 2017) on the spatial 
extent and morphology of CWC habitats at 
local scales (De Clippele and others, 2018), 
and CWC and sponge fauna composition at 
regional scales (van Soest and de Voogd, 
2015; Radice and others, 2016). Modelling of 
interactions between tidal currents and CWC 
mounds suggests an enhanced downwelling 
of surface food particles that promotes the 
proliferation of benthic communities (Cyr and 
others, 2016; Soetaert and others, 2016). Data 
from the Lofoten-Vesterålen Cabled Ocean 
Observatory2 have led to the identification of 
turbulent mixing in winter and spring along 
with vertically migrating zooplankton in the 
stratified waters of warmer months as the food 
supply mechanisms to CWC on the Norwegian 
continental shelf. They have also emphasized 
the benefits of sustained ocean observatories 
(Van Engeland and others, 2019). 
Climate change remains a persistent and 
pervasive threat to CWC through global ocean 
warming, ocean acidification, deoxygenation, 
reduced food supply (figure IV) and the cumu-
lative effects of those stressors (Hebbeln and 
others, 2019; Sweetman and others, 2017; Wie-
nberg and Titschack, 2017). Currently, many 
CWC that occur at shallower depths appear 
to be near the limits of their temperature toler-
ance (Georgian and others, 2016b; Morato and 
others, 2020). That may be particularly signifi-
cant in regions where the ocean temperature is 

http://love.statoil.com
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changing the most rapidly (Levin and Le Bris, 
2015; see also chap. 5 of the present Assess-
ment). Expanding oxygen minimum zones are 
perhaps more immediate threats to living cor-
als (Fink and others, 2012; Lunden and others, 
2014; Tamborrino and others, 2019). 
At the deeper ends of their distribution, corals 
appear to be limited by aragonite and calcite 
saturation states. However, there are now sev-
eral reports of scleractinian corals surviving 
and growing below the aragonite saturation 
horizon (Baco and others, 2017; Gómez and 
others, 2018) and octocorals persisting at 
depths near or below the calcite saturation 
horizon (Quattrini and others, 2017). In under-
saturated waters, coral colonies can continue 
to calcify in laboratory experiments, although 

variable responses have been noted from dif-
ferent species and populations (i.e., Gammon 
and others, 2018; Georgian and others, 2016a). 
The differences in the response to ocean acid-
ification by CWC suggest distinct interspecific 
sensitivity to environmental changes and the 
importance of food supply and energy alloca-
tion in the nature of the response (Kurmann 
and others, 2017; Glazier and others, 2020). 
Reduced tissue coverage of coral skeletons 
may make corals more vulnerable to acidifica-
tion, since reduced pH can elevate the chemi-
cal dissolution (Hennige and others, 2015) and 
even bioerosion rate (Schönberg and others, 
2017) of dead coral skeleton, which makes up 
much of the standing coral reef structure. 

Figure IV  
Modelled environmental changes at the deep (>200 m) sea floor  
(in the year 2100 relative to the present day) 
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Laboratory experiments have demonstrated 
that CWC tolerance to high temperature, low pH 
and low dissolved oxygen improves when there 
is an abundance of nutritional resources. For 
example, regular food pulses to the hermatypic 
(reef-building) scleractinian Lophelia pertusa 
were highlighted as important for maintaining 
its metabolic rate (Georgian and others, 2016a; 
Maier and others, 2019). Recent studies have 
revealed that L. pertusa hosts a versatile mi-
crobiome, likely shaped by nutritional status 
or environmental conditions, while Madrepora 
oculata, another reef-forming CWC, has a more 
stable and consistent microbiome regardless 
of the underlying conditions (Meistertzheim 
and others, 2016). However, the degree to 
which that variability in the microbial commu-
nity confers metabolic plasticity in coral spe-
cies in their natural environment has not been 

determined. Experimental work has unravelled 
how sponges, key contributors to CWC ecosys-
tems, can proliferate under food-limited condi-
tions (Kazanidis and Witte, 2016; Kazanidis and 
others, 2018). 

Emerging threats include marine debris, with 
microplastics (see also chap. 12) observed in 
corals at all depths in the ocean (Taylor and 
others, 2016), and physical disturbance associ-
ated with deep-sea mining (see also chap. 18), 
in particular on seamounts and in the vicinity 
of active and extinct hydrothermal deposits. 
There is the potential for direct restoration 
efforts in deep-sea coral communities to ac-
celerate recovery from disturbance, although 
there have only been a limited number of pilot 
studies to examine such techniques (e.g., Boch 
and others, 2019).

3. Economic and social consequences
CWC overlap with human economic and social 
interests increasingly as the range of human 
activities in the deep sea expands. Changes in 
CWC distribution through removal or differen-
tial survivorship, along with changes in health 
and metabolism, will affect numerous Sustain-
able Development Goals. Beyond the obvious 
and direct changes of relevance to Goal 14, 
CWC and sponges are of increasing interest 
as genetic resources for the development of 
pharmaceutical products (Molinski and others, 
2009; Rocha and others, 2011), which would 
be affected by the loss of species and habitat. 
CWC and sponge habitats actively sequester 
carbon through both feeding and carbonate 
precipitation in the deep ocean (Kahn and 
others, 2015; Soetaert and others, 2016). While 
there are few empirical rate estimates of those 
processes, carbon sequestration by CWC 
could contribute to mitigating global climate 
change (Goal 13), including ocean acidification 
(target 14.3).

CWC also provide habitat for numerous fishes, 
including many significant fisheries species, 
such as broadbill swordfish (Xiphias gladius), 
orange roughy (Hoplostethus atlanticus) and 
fishes of the snapper-grouper complex (Ross 
and Quattrini, 2009; Morato and others, 2020). 
CWC ecosystems also recycle nutrients at 
depth that are brought back to the surface 
through upwelling to fuel shallow-water pro-
ductivity (White and others, 2012b; Soetaert 
and others, 2016). Therefore, changes in their 
distribution and ecosystem function will affect 
Goal 2 and associated sustained food secu-
rity, as well as the use of marine resources 
(Goal 14). Changes in the availability of nutri-
tional or genetic resources derived from CWC 
would disproportionately affect the economic 
benefits to small island developing States and 
least developed countries, thereby affecting 
the achievement of Goal 10. 

Recent conservation efforts have resulted in 
the protection of CWC and sponge ecosys-
tems, including bans on fishing activities by the 
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European Union and around many seamounts 
in the North and South Pacific, as well as the 
establishment of protected areas such as the 
Northeast Canyons and Seamounts Marine 

National Monument, the Phoenix Islands Pro-
tected Area, and the Pacific Remote Islands 
National Marine Monument. 

4. Key region-specific changes and consequences
While human activities are affecting CWC 
globally, there is regional heterogeneity to the 
degree of those impacts. For example, deep-
sea oil and gas activities are more widespread 
in the Gulf of Mexico (Cordes and others, 2016), 
leading to greater potential issues in that re-
gion. Deepwater oil and gas exploration is ex-
panding in the Caribbean, in the South Atlantic 
(off the coasts of Brazil, Namibia and South Af-
rica) and in the Indian Ocean (off Mozambique 
and South Africa). Those expansions and their 
potential associated impacts are occurring in 
regions in which the capacity to conduct and 
review deep-sea environmental assessments 
is lower, and future efforts should be focused 
on augmenting that capacity (see also sect. 7). 
Deep-sea bottom trawling tends to be focused 
in only some regions of the world (e.g., South-
West Pacific, Indian Ocean). Although the 
amount of the sea floor that is affected and 
the overall effort have declined in recent dec-
ades, the limited distribution of such fisheries 
concentrates associated impacts to individual 
CWC reefs and gardens on the pinnacles and 
seamounts that are targeted. 

Regional variability in the impacts of climate 
change will result in region-specific effects 
on CWC. For example, areas of upwelling (e.g., 
North Pacific) have an aragonite and calcite 
saturation depth that is relatively shallow. In 
those regions, where scleractinian corals are 
living close to saturation horizons, species 
are thus at greater potential risk to ocean 

acidification over relatively short timescales 
(i.e., Gómez and others, 2018). Projected 
changes in ocean circulation under climate 
change scenarios include a slowing down of 
the Atlantic meridional overturning circulation 
(Bryden and others, 2005; Thornalley and 
others, 2018), which is expected to have an im-
pact on temperature, salinity and food supply 
to corals in the North Atlantic Ocean. 

Emerging impacts associated with microplas-
tics and deep-sea mining also vary regionally. 
The impacts associated with microplastics 
are expected to be higher in regions with ma-
rine canyons, as the structures facilitate the 
trapping and “channelling” of submerged mat-
ter (Fabri and others, 2019; Pham and others, 
2014). Cobalt-rich ferromanganese crusts, the 
mining of which is driven by developing battery 
technologies, occur on seamounts and guyots. 
In recent years, exploration licences have been 
issued by the International Seabed Authority 
for areas in the Northwest Pacific Ocean and 
South Atlantic Ocean that host seamounts 
with stony corals and octocorals. Leases for 
the mining of polymetallic nodules in the Clari-
on-Clipperton Fracture Zone have been issued 
and mining of sea floor massive sulphides 
may soon begin off Papua New Guinea. Both 
regions contain CWC, including long-lived spe-
cies of antipatharian black corals (Boschen 
and others, 2013; Molodtsova and Opresko, 
2017), making recovery times from those 
types of removal activities extensive.

5. Outlook
Current trends suggest that human activities 
and the effects of global ocean change will 

continue to increase in deep waters. The re-
sponses of CWC could be through range shifts, 
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alterations of metabolism and physiology or 
local and potentially widespread reductions 
in genetic diversity and even extinctions of 
species. Any and all of those responses would 
have an effect on the distribution and magni-
tude of the ecosystem services provided by 

CWC. Achievement of the Sustainable Devel-

opment Goal target 14.5, the conservation of 

10 per cent of coastal and marine areas, would 

significantly improve the outlook for CWC. 

6. Key remaining knowledge gaps
At the most basic level, much of the ocean floor 
remains unmapped, although the Seabed 2030 
project has made great advances and modern 
multibeam bathymetric surveys now cover ap-
proximately 20 per cent of the sea floor (General 
Bathymetric Chart of the Oceans (GEBCO) Com-
pilation Group, 2020). Owing to the remoteness 
of the deep sea, current knowledge regarding 
CWC and the structures they form, as well as 
the variability in key environmental drivers, is 
still very limited. There is a clear need to mon-
itor environmental variables (e.g., temperature, 
dissolved oxygen and pH), in particular in areas 
near the edge of coral species niches, such as 
the periphery of large oxygen minimum zones, 
near the aragonite saturation horizon or in ba-
sins where temperature is already high (i.e., the 
deep Mediterranean), as well as where CWC 
ecosystems are threatened by the cumulative 
stressors of human activities.
The resilience of CWC to changes in oceano-
graphic conditions remains a major informa-
tion gap. In particular, research on the impacts 
of deoxygenation is lacking compared with 
studies of ocean acidification (Levin and Le 
Bris, 2015). The long-term energetic costs as-
sociated with coral acclimation, or the poten-
tial for adaptation to any and all ocean change 
stressors, and combinations thereof, remain to 
be determined for most species. The dead cor-
al framework has been largely understudied 
and understanding of bioerosion processes 
and impacts of ocean acidification is limited. 
Basic biological information is still lacking 
for many coral species and, similarly, the ap-
plicability of using other species as “proxies” 

is uncertain. The majority of experimental 
studies conducted to date are on the “model 
organism” Lophelia pertusa. Application of 
experimental studies to other CWC species of 
a variety of taxonomic groups (i.e., octocor-
als, antipatharians) and to other deepwater 
groups, such as sponges, is necessary to test 
for the universality of the conclusions based 
on the model organism. Reproductive and 
age-and-growth studies are receiving more 
attention among researchers (e.g., Larcom 
and others, 2014) and the increasing use of 
“seascape genetics” (e.g., Miller and Gunase-
kera, 2017) can help managers to adopt more 
integrated broadscale management options. 
Nevertheless, improved marker development 
is required for genetics to support future coral 
connectivity research and/or molecular-based 
taxonomy (Quattrini and others, 2017).

Advances in modelling approaches, such as 
species distribution and habitat suitability 
modelling (Robert and others, 2016); the use of 
emerging technologies, such as machine learn-
ing (Osterloff and others, 2016); cross-sectoral 
collaboration (Murray and others, 2018); and ap-
propriate data archiving in online databases will 
improve data availability and reduce processing 
time, which can improve assessments of the 
status of CWC and associated structures. Over-
coming challenges associated with the limited 
standardization of studies through the devel-
opment and use of standardized protocols for 
video acquisition and analysis will improve the 
comparability of data and thus upscaling from 
local to regional spatial scales (Davies and oth-
ers, 2017; Girard and Fisher, 2018).
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Although baseline surveys are often required 
prior to human industrial activity (Cordes and 
others, 2016), the Deepwater Horizon oil spill 
highlighted a lack of local information on CWC 
and the deep sea, in general. Baseline assess-
ments of the status of those ecosystems have 
only recently been established, with the earliest 
baselines from the 1980s, and many CWC habi-
tats continue to be discovered even in relatively 
well-explored regions. Furthermore, when sur-
veys are conducted, the information generated 
is often proprietary and not made available pub-
licly, which then limits the transfer of baseline 
information and its incorporation into further 
investigations and broader modelling efforts. 

3 The Area is the seabed and ocean floor and subsoil thereof, beyond the limits of national jurisdiction (United 
Nations Convention on the Law of the Sea, article 1).

In addition, surveys may be designed simply 
to look for hazards and not to characterize 
the environment or document the fauna and, 
therefore, may lack the potential to improve 
understanding of CWC habitats. However, the 
requirement for documentation of habitats as-
sociated with industrial activities is increasing. 
For example, detailed baseline data collection 
is a requirement for contractors undertaking 
exploration for deep-sea minerals in the Area3 
under the auspices of the International Seabed 
Authority, which may provide the means to 
address some of the current knowledge gaps 
associated with that deepwater habitat.

7. Key remaining capacity-building gaps
Gathering the data necessary to evaluate the 
status and trends of deep-sea ecosystems is 
difficult, time-consuming and expensive. There 
is an urgent need to develop the capacity to 
carry out such surveys, in particular in devel-
oping countries. Fundamental to such studies 
is the proper taxonomy of the species inves-
tigated, which is required to correctly assess 
population sizes and distributions, and to prop-
erly attribute impacts. For example, the iconic 
deep-sea coral species, Lophelia pertusa, is 
currently listed as Desmophyllum pertusum in 
the World Register of Marine Species database, 
based on evidence presented in Addamo and 
others (2016). However, the renaming remains 
controversial, as there are a large number of 
populations around the world for which there 
are few genetic or genomic data, and the ge-
nus Desmophyllum otherwise consists of only 
solitary species. Proper identification of CWC 
is itself a capacity gap, with a decline in the 
numbers of properly trained taxonomists in 
recent years, in particular for octocorals. 

Access to and the proper expertise to use the 
tools required for studying CWC habitats (e.g., 
multibeam echo sounders, manned and un-
manned deepwater vehicles) represent a ma-
jor gap for many of the areas where CWC are 
abundant and their distribution overlaps with 
proposed industrial activities. The necessary 
tools and training to collect the appropriate 
baseline data allowing for an evaluation of the 
impacts of industrial activity on CWC need to 
be made available to, and ideally be located 
in, those countries in which the activities are 
taking place. Furthermore, where impacts 
have already occurred, there is little capacity 
anywhere in the world for deep-sea coral res-
toration. The development of effective tech-
niques is a critical capacity gap that should be 
a major focus of future work and will become 
increasingly important in the future. Although 
the capacity-building gap is most obvious in 
developing States, the deep sea is so remote 
and unexplored that numerous capacity and 
information gaps remain in developed States. 
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Keynote points

 • Human populations, fishing, shipping, 
engineering activities, including upstream 
river dams, and recreation and tourism ex-
ert pressures on the resources and health 
of estuaries and deltas.

 • Interactions between multiple stressors 
on estuary and delta habitats are not fully 
understood.

 • A key gap remains in identifying measur-
able indices of ecosystem health and hu-
man well-being across diverse estuarine 
and deltaic systems.

1. Introduction
Estuaries and deltas, where major rivers meet 
the sea, are highly productive systems support-
ing diverse biota that are structured by tempo-
rally variable gradients in salinity, nutrients and 
other factors. The variability reflects both natu-
ral (e.g., precipitation, tides) and anthropogenic 
(e.g., development, contaminant loading) driv-
ers. While they are often heavily populated and 
perturbed systems in their natural state, estu-
aries and deltas typically maintain biodiversity 
within a variety of ecosystems, many of which 
are the subject of other chapters in the present 
Assessment, such as mangroves (chap. 7H), 
salt marshes (chap. 7I), seagrass meadows 
(chap. 7G), sand and mud substrates (chap. 7B) 
and an often extensive intertidal zone (chap. 
7A). The mouths of rivers are locations where 
fresh water mixes with the ocean, thus they are 
the receiving bodies for land-derived nutrients, 
sediments and pollutants (chaps. 10–13) and 
they often host invasive species, in particular 
from ballast water (chap.  22). Estuaries and 
deltas are valuable for their intrinsic biota and 
the commercial and subsistence fisheries they 
support (chap. 15), as well as the tourism and 
recreation activities they attract. Their total 
economic value was estimated at over $6.1 tril-
lion in 2014, as outlined in the first World Ocean 
Assessment (United Nations, 2017).
Economically important, urbanized and indus-
trialized, most estuaries and deltas have been 
transformed by human interventions. They are 
increasingly affected by the impacts of global 
change, including sea level rise, changes in 

precipitation and related natural hazards, such 
as cyclones and storm surges (Renaud and oth-
ers, 2013). Most megacities are coastal, with 
the attendant heavy industry, urbanization and 
recreation activities that can harm such areas 
(Todd and others, 2019). The first Assessment 
contained a preliminary global, integrated 
assessment of the condition of estuaries and 
deltas. Based on limited data, few waterbodies 
were qualitatively assessed to be in very good 
condition, whereas the condition of 62 per cent 
of them was considered poor or very poor, and 
the quality of most was in decline. 
The present chapter contains an update to the 
first Assessment, with an emphasis on the 
fact that estuaries and deltas provide unique 
habitats for many organisms, both of marine 
and coastal origins, as well as recreation, food 
provisioning and water sources for humans. 
Such environments are affected by short-term, 
event-driven disturbances, such as storms, and 
longer-term trends, such as climate change 
(Doney and others, 2012; Harris and others, 
2018), which are often interconnected (e.g., 
storms that result in nuisance flooding, which 
is exacerbated by sea level rise). Advances 
have been made in observing systems, such 
as satellites, global observing networks and 
buoys, which are designed to capture rapid 
changes in environmental conditions. Howev-
er, the capacity to monitor, model or interpret 
those observations is still inadequately devel-
oped for the optimal management of estuary 
and delta environments.
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2. Documented changes in the state of estuaries and deltas

2.1. Environmental changes between 
2010 and 2020

2.1.1. Water and sediments

There has generally been a continuing decline 
in the delivery of both water and sediments 
by rivers as a result of anthropogenic activ-
ities in catchments across the world, such 
as changing land management practices 
and the construction of dams (Li and others, 
2018; Day and others, 2019; Dunn and others, 
2019); however, the melting of terrestrial ice 
and permafrost may also increase freshwater 
inputs to high-latitude estuaries (chap. 3). 
Reduced sediment input accelerates the loss 
of coastal wetlands caused by erosion and 
affects soft-sediment deposit and suspension 
feeders, which is augmented by sand extrac-
tion (Anthony and others, 2015), whereas high 
levels of sedimentation can shade primary 
producers, such as seagrasses, and smother 
benthic organisms. Urbanization increases 
peak flow and decreases base flow into estu-
aries, resulting in potentially harmful variations 
in salinity and threatening intertidal ecosys-
tems (Freeman and others, 2019).

2.1.2. Eutrophication

Nutrient loading (largely of nitrogen and phos-
phorous) remains a serious problem in estuar-
ies, owing to their proximity to large cities and 
ever-increasing agriculture, silviculture and aq-
uaculture (Pesce and others, 2018; Todd and 
others, 2019), along with domestic wastewater, 
fertilizers and animal wastes, which result in 
bottom-water hypoxia (Yasuhara and others, 
2017; Breitburg and others, 2018a, 2018b). 
Eutrophication can also lead to blooms of 
cyanobacteria, dinoflagellates and sometimes 
macroalgae (Teichberg and others, 2010), 
including harmful algal blooms. The situation 
is stabilized or partly recovering in developed 
countries (e.g., Chesapeake Bay, United States; 

Osaka Bay, Japan) owing to improvements in 
sanitation and reduced nutrient loading (Lef-
check and others, 2018) but is rapidly getting 
worse along the coasts of populous Asian 
countries, owing to poor sanitation, elevated 
nutrient flux and further population growth 
(Boesch, 2019). Bottom-water hypoxia can 
lead to fish kills that affect local economies 
(Breitburg and others, 2018a, 2018b; Yasuhara 
and others, 2019). 

2.1.3. Global change

Global change is already affecting estuaries 
and deltas. Poleward extension of fish and 
crustacean ranges has been observed (Hal-
lett and others, 2017; Pecl and others, 2017). 
More frequent storms and weather extremes 
affect salinity and sedimentation (Prandle and 
Lane, 2015; Day and Rybczyk, 2019). Future in-
creased temperatures could lead to localized 
extinctions and intensify microbial pathogen 
concentrations and public health risks (Robins 
and others, 2016). Higher sea levels will be 
compounded by riverine flooding, resulting in 
more extensive inundation of coastal areas 
(Moftakhari and others, 2015, 2017; Kumbier 
and others, 2018; Ikeuchi and others, 2017; 
Nichols and others, 2019). The annual cost of 
the flooding of coastal cities could be in the 
order of $60 billion–$63 billion by 2050 (Hal-
legatte and others, 2013), and it is projected 
that 1.46 per cent of the world population will 
be displaced by permanent flooding by 2200 
(Desmet and others, 2018). Flooding may lead 
to significant habitat losses owing to coastal 
squeeze, where fixed infrastructure impedes 
landward migration of intertidal ecosystems 
(Doody, 2013; Phan and others, 2015). 

2.1.4. Delta subsidence

Anthropogenic stresses are having a par-
ticular impact on deltas owing to high rates 
of relative sea level rise and socioeconomic 
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vulnerability (Tessler and others, 2015; Hiatt 
and others, 2019). The impact of rising sea 
levels is exacerbated by subsidence in large 
deltas (megadeltas) owing to human activities, 
primarily groundwater extraction (Syvitski 
and others, 2009; Erban and others, 2014; Au-
erbach and others, 2015; Brown and Nicholls, 
2015; Schmidt, 2015; Minderhoud and others, 
2017, 2019; Wright and Wu, 2019). Protective 
infrastructure may be able to limit present-day 
threats; however, engineering solutions may 
not be feasible in densely populated or low-
er-income countries (Tessler and others, 2016).

2.1.5. Invasive species
Many estuaries and deltas host large ports and 
have serious invasive species issues related to 
ballast water discharge from ships (Astudillo 
and others, 2014; Shalovenkov, 2019). Invasive 
species can directly influence the decline of 
resources and the health of estuaries and del-
tas, affecting their ecology and balance, posing 
significant dangers to the biodiversity of both 
systems. The rate of invasive species introduc-
tion has been accelerating, reflecting increased 
shipping (Seebens and others, 2017). Overall, 
numbers of invasive species are approximately 
30 times greater in high-income countries than 
in low-income countries, owing to trade and 
population, and the capacity to detect such 
invasions (Seebens and others, 2018). The ob-
served rate of introductions has been getting 
slower in European seas, including the Mediter-
ranean (Korpinen and others, 2019).

2.1.6. Degradation and restoration  
of ecosystem services

Estuaries and deltas provide essential provi-
sioning, regulating, supporting and cultural 
ecosystem services (chap. 44 of the first As-
sessment). The systems provide recreation 
through such activities as boating, swimming, 
wildlife watching and fishing (Whitfield, 2017). 
Some organisms perform important roles as 
foundational members and create, modify 
and maintain habitats. Oysters, for example, 

form reefs that construct habitat, reduce 
erosion and improve water quality. However, 
in degraded estuaries, oysters are affected 
by overfishing, sediment loads and disease, 
as well as increased ocean acidity (Janis and 
others, 2016; Day and Rybczyk, 2019). The loss 
of seagrasses, salt marshes and mangroves, 
as well as water quality degradation (Reynolds 
and others, 2016; Schmidt and others, 2017), 
lead to a decline in juvenile fish diversity and 
abundance (Whitfield, 2017). Restoration ef-
forts have been successful in relatively few es-
tuaries but can also be integrated into natural 
shoreline protection strategies (Bilkovic and 
others, 2016; Ducrotoy and others, 2019). 

2.2. Factors associated with the 
changes: drivers, pressures, 
impacts and response

Many human activities have degraded the 
health and productivity of estuaries and deltas, 
ranging from direct impacts, such as develop-
ment that destroys habitat, to longer-term indi-
rect impacts caused by global climate change 
(Cavallaro and others, 2018). There are increas-
ing pressures from human habitation, intrusive 
coastal infrastructure, recreation, fisheries 
(finfish and shellfish), land reclamation and the 
filling of wetlands (Sengupta and others, 2018), 
resulting in environmental degradation and the 
loss of sensitive marine organisms (Buttigieg 
and others, 2018), which have led to increasing 
efforts to protect ecosystems for their intrinsic 
worth, for human health and for sustainable 
resource use. Additional human pressures, 
such as the development of large container 
ports with deep-draft shipping, also modify 
estuarine environments through dredging and 
the use of dredge spoils to nourish beaches or 
modify shorelines (Intergovernmental Panel 
on Climate Change (IPCC), 2019).

It is still difficult to predict the intensity and 
scale of drivers and pressures or the response 
of biological communities and ecosystem 
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functions. Temperature, rainfall anomalies 
and sea level rise cause substantial impacts 
on estuarine ecosystems over both the short 
and the long term (Elliott and Whitfield, 2011; 
McLeod and others, 2011; Condie and others, 
2012; Turra and others, 2013; Bernardino and 
others, 2015, 2016). Both long-term averages 
and shorter-term exceedances of physio-
logical ranges will affect the metabolism, 
growth and reproduction of estuarine biota, 
which, combined with local eutrophication, 
may lead to acute oxygen depletion and the 
mass mortality of organisms (Gillanders and 
others, 2011). On longer timescales, ecological 
pressures from fishing activities are affecting 
fish populations and ecosystems (Muniz and 
others, 2019). For example, in Río de la Pla-
ta, fishing effort for artisanal and industrial 
fleets has remained constant or even declined 
slightly, but catches for the two most impor-
tant species have reached their lowest values 

in the past 35 years (Gianelli and Defeo, 2017; 
García-Alonso and others, 2019).

Although many human activities have nega-
tive consequences for the health of individual 
estuaries and deltas, recent efforts have been 
made to restore the productivity of coastal 
waters, notably by developing nutrient and 
pollutant management plans, restoring eco-
systems and keystone species, and protect-
ing estuaries and deltas in parks and marine 
protected areas (Lefcheck and others, 2018; 
Boesch, 2019). In some places, such as the 
United States and Hong Kong, China, oyster 
reefs have been restored, so they now protect 
shorelines and filter the water column (Morris 
and others, 2019). In other locations, seagrass-
es, salt marshes or mangroves may serve sim-
ilar purposes in protecting the coastline from 
storms and sea level rise, as well as providing 
critical habitat for juvenile fish and other biota. 

3. Consequences of the changes for human communities, 
economies and well-being

Estuaries and deltas have socioeconomic and 
cultural importance, as they provide goods and 
services, including fishing resources and eco-
system processes. There are local traditional 
communities that rely on those resources for 
their livelihood, including subsistence fishing 
and income from tourist activities. Therefore, 
to understand changes and manage their im-
pacts on estuaries and deltas, an integrated 
consideration of environmental, biological, 
cultural, economic and anthropologic issues 
is essential. 

The World Health Organization has advocat-
ed the One Health concept to integrate the 
human-animal-ecosystem interface because 
it has been recognized that changes in any of 
those elements will affect the others. Declines 
in estuarine health owing to increased pol-
lutants or invasive species can pose a direct 

threat to human health. The level of impact 
on humans depends on socioecological fac-
tors. Whereas urban populations may suffer 
from reduced storm protection and from the 
consumption of contaminated fish, local indig-
enous communities may also suffer from the 
loss of cultural values, sanitation issues and 
social inequality. Indigenous populations and 
local coastal communities have developed 
traditional knowledge and skills relevant to 
the conservation, sustainable use and man-
agement of estuaries (Breitburg and others, 
2018b). Changes in estuaries owing to urbani-
zation can lead to the loss of identity and cul-
tural practices in communities that depend on 
such resources for their livelihoods.

There is now greater awareness regarding 
ecosystem services in estuaries and con-
flicts that have arisen owing to changes in 
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the ecosystems (Nicholls and others, 2018). 
Science can be a powerful tool at the interface 
with policy to inform decision-making at local, 
regional and national levels and to integrate 
it into global goals, such as the 2030 Agenda 
for Sustainable Development1 (Dietz, 2013; 
Howarth and Painter, 2016). The integration of 
public participation, including of indigenous 
peoples and local communities, with scientific 
analyses can lead to effective scientific com-
munication, socialization and decision-mak-
ing. Improved communication among 
stakeholders can enable an effective transfer 
of knowledge and adaptive management, for 
example, with social scientists helping to build 
trust among actors (Fischhoff, 2013). Citizen 
science, an innovative area with benefits for 
environmental and social sciences, could 
link traditional and scientific knowledge and 
help to develop integrated management in 
estuaries by including indigenous populations 
and local communities in scientific studies. 
Ecosystem complexity and connections with 
other habitats make joint management and 
collaboration between governments and local 
communities essential for maintaining coastal 
biodiversity and ecosystem functions (Teixeira 
and others, 2013; Brondizio and others, 2016). 

1 See General Assembly resolution 70/1.

Changes in estuarine and deltaic environ-
ments, ecosystem services and socioeconom-
ic dynamics have implications for achieving the 
Sustainable Development Goals of the 2030 
Agenda. For example, socioecological con-
flicts in estuaries, mainly related to indigenous 
peoples and local communities, are linked to 
aims related to poverty (Goal 1), gender equal-
ity (Goal 5), sanitation (Goal 6), resilient cities 
(Goal 11) and safe seafood resources (Goal 
14). If it is possible to reverse impacts through 
positive actions consistent with the 2030 
Agenda, a series of benefits for society could 
be achieved in a short time. The conservation 
of estuaries and their biodiversity and cultural 
diversity is particularly relevant to Sustainable 
Development Goal targets 14.2 and 14.5, which 
are related to promoting the protection and 
conservation of coastal resources (Neumann 
and others, 2017), and could also provide other 
services, such as increased ecotourism. The 
promotion of human engagement with nature 
strengthens efforts towards nature conserva-
tion in associated ecosystems. To achieve that 
goal, it is valuable to adopt an innovative ap-
proach, together with decision makers and so-
ciety, to supporting the adaptive management, 
conservation and sustainable use of estuaries 
that will benefit human well-being for future 
generations (Szabo and others, 2015).

4. Key region-specific changes and consequences

Estuaries and deltas are widespread around 
the world, but there is no global inventory, 
and the category encompasses a range of 
geomorphological types. It was suggested in 
the first Assessment that there may be about 
4,500 estuaries in total. However, a gridded 
global digital elevation model gives a more 
recent estimate of more than 53,000 estuaries 
(McSweeney and others, 2017). There are an 
estimated 1,200 intermittently closed partially 

saline lakes and lagoons, in particular along the 
swell-dominated coasts of southern Africa and 
eastern Australia. They will experience a differ-
ent set of responses to climate change than 
estuaries that are continually open to the sea, 
including altered opening regimes, increased 
flooding and saltwater intrusion into surface 
water and groundwater (Carrasco and others, 
2016). Adopting a similar approach, a recent 
study has suggested that there are about 
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11,000 deltas worldwide; of those, 25 per cent 
have undergone a net land gain over recent 
decades as a consequence of deforestation-in-
duced increases in fluvial sediment supply, 
whereas damming has resulted in reduced 
sediment and land loss in approximately 1,000 
delta systems (Nienhuis and others, 2020).

The first Assessment contained a preliminary 
assessment of the condition of selected estu-
aries, with a classification by continent. There 
remain inadequate data to improve on that 
evaluation or to consider estuaries and deltas 
following the region-specific framework of 
the present Assessment. Several recent com-
pilations do provide data for several regions 
that were previously poorly documented. For 
example, little information was available on 
Arctic estuaries, which are likely to become 
increasingly important as global warming 

opens up access to shipping in those regions 
(Kosyan, 2017). Regional compilations have 
provided more information for the southern 
hemisphere, including a focus on estuaries on 
the east coast of Africa and the western Indian 
Ocean (Diop and others, 2016), and a review 
of Brazilian estuaries (Lana and Bernardino, 
2018). Relatively little information was previ-
ously available on the numerous estuaries and 
deltas along the 18,000-km coastline of China, 
which contains many large megacities, such 
as Shanghai and Guangzhou, that are very 
susceptible to coastal hazards from sea level 
rise and storm surges (Yin and others, 2012; 
Kuang and others, 2014; Chen and others, 
2018). Those urbanized megadeltas are home 
to millions of people and often contain rich bi-
odiversity, which faces threats, including from 
eutrophication, pollution, coastal modification 
and invasive species (Lai and others, 2016). 

5. Outlook

Based on trends over recent decades, coastal 
zone populations will increase, with ongo-
ing urbanization focused on estuaries and 
deltas. Those human stresses will be the 
principal pressures that continue to affect the 
biodiversity and habitat health of such coastal 
ecosystems. Climate change will exacerbate 
the stresses – increased frequency of storms 
appears likely and sea level rise is anticipated 
to accelerate, in particular in the case of large 
deltas that are experiencing subsidence. Good 
governance has the potential to maintain or 
improve the status of ecosystems, although 
protection of low-lying metropolises will re-
quire upgraded engineering infrastructure.

Estuarine and deltaic sustainability can be con-
sidered in terms of functional processes using 
geomorphic, ecological or economic perspec-
tives (Mahoney and Bishop, 2018). Changes 
can lead to either enhanced or diminished 
sustainability, but most changes have been 

detrimental (Day and others, 2016). Ecosystem 
consequences that can be anticipated include 
the alteration of food webs owing to the loss 
of keystone, top predator or ecosystem engi-
neer species; habitat losses owing to sea level 
rise and land reclamation; and the poleward 
migration of marine species to adapt to cli-
mate change. A reduction in wetlands through 
coastal squeeze and aquaculture activities is 
already apparent in many estuaries and deltas. 
Further increases in invasive species can be 
expected, although considerable progress has 
been made in identifying, setting priorities for 
and eradicating invasive organisms. 

It is more difficult to predict the socioeconomic 
consequences of continued change in the sys-
tem. However, greater population pressures 
and expanding urbanization around estuaries 
and on deltas are likely to mean more dredging 
to maintain navigability, the silting of channels 
and the erosion of shorelines, as well as losses 
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of wetlands, with reduced access to recreation, 
fishing grounds and clean water. The desire to 
protect extensive residential, industrial and 
agricultural areas against storm surges and 
sea level rise will require huge investments in 
engineering solutions, and the risks of failure 
of such infrastructure appear catastroph-
ic. In many areas, it will eventually become 
necessary to move inland. Even where the 
pressures of expanding human populations 
can be contained, significant investments will 
be required to restore critical habitats. As-
sessments of changing ecosystem services 

and implications for human well-being would 
benefit from improved monitoring and invest-
ment in scientific research. Integrated coastal 
planning is necessary for sustainable use 
and to extend conservation beyond protected 
areas, which may require broader strategies 
for funding, for example from public sources, 
and multisectoral cooperation. Coastal man-
agement may need to include new standards 
for building and construction, eco-labelling, 
innovative economic instruments for financ-
ing conservation and payments for ecosystem 
services, such as blue carbon sequestration.

6. Key remaining knowledge and capacity-building gaps

There are major challenges in managing land 
use in estuaries and deltas so that future 
generations can also enjoy the aesthetic, 
cultural and sustaining services that they 
provide (Elliott and others, 2019). Existing 
models lack sufficient spatial and temporal 
resolution to simulate future extreme events 
(Haigh and others, 2016; Robins and others, 
2018), including compound flooding from both 
fluvial and oceanic sources. Such floods result 
in environmental degradation, including wet-
land erosion and eutrophication, and expose 
people to harmful waterborne pathogens (Yin 
and others, 2018). Relatively little is known 
about the long-term effects of rapid human 
interventions in deltas. The characterization 
of socioeconomic tipping points will have to 
be improved to avoid unacceptable changes. 
More evidence is needed to target coastal 
wetland conservation in those areas where it 
can be most beneficial or might alleviate the 

need for engineered protection works (Van 
Coppenolle and others, 2018; Van Coppenolle 
and Temmerman, 2019). The future resilience 
of megadeltas, and megacities within them, 
will depend on advances in resource and 
emergency strategies and investments in 
flood protection through engineered and living 
shorelines. Modelling, engineering and natural 
sciences need to be integrated with social 
science and public outreach (Bonebrake and 
others, 2018). Innovative technologies and 
nature-based solutions are already helping 
to reduce vulnerability to coastal hazards but 
collaborative science is needed so that people 
living in estuarine and deltaic locations have 
environmental information, reliable short-term 
and long-term predictions and appropriate ob-
servations to validate models, thus improving 
data-driven approaches to coastal resilience 
(Nichols and others, 2019).
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Keynote points

 • Seagrass meadows continue to decline at 
alarming rates, in particular where they are 
in conflict with human activities.

 • Marine ecosystems are reconfigured as a 
result of climate-driven changes in species 
distributions, with some species projected 
to be functionally extinct by 2100.

 • Blue carbon sequestration will play a role 
in mitigating climate change impacts.

 • Successful long-term solutions around 
conservation and restoration will require 
a balance between social, economic and 
environmental drivers.

1. Introduction

Seagrasses are marine flowering plants that 
inhabit coastal waters. The most recent global 
assessment found that seagrasses had been 
disappearing at a rate of 110 km2 per year since 
1980 and that 29 per cent of the known areal 
extent had disappeared since seagrass areas 
were initially recorded in 1879 (Waycott and 
others, 2009). Those rates of decline acceler-
ated from a median of 0.9  per  cent per year 
before 1940 to 7 per cent per year since 1990. 
Seagrass loss rates are comparable to those 
reported for mangroves, coral reefs and trop-
ical rainforests, placing seagrass meadows 
among the most threatened ecosystems on 
Earth. Declining seagrass health is the result of 
shifting environmental conditions attributable 
largely to coastal development, land reclama-
tion, deforestation, seaweed and fish farming, 
overfishing and garbage dumping. Four main 
factors are responsible for seagrass degrada-
tion: poor water quality; physical disturbance; 
the degradation of food webs; and grazing. 

Globally, seagrass meadows have continued 
to decline since the first World Ocean Assess-
ment (United Nations, 2017; see also Unsworth 
and others, 2019). Effective management 
strategies need to be implemented to reverse 
the loss and enhance the fundamental role of 
seagrass meadows in coastal ocean habitats. 
A multifaceted and interdisciplinary perspec-
tive is needed to achieve global conserva-
tion of seagrass meadows (see box below). 

Long-term solutions will require a balance of 
social, economic and environmental drivers. 
Good examples are emerging, in particular 
where traditional owners and custodians are 
being consulted and enabled to resume broad-
er custodial roles. Indigenous people have a 
culture that relates to the land and sea in a 
holistic way that also includes connections 
to powerful and significant places (National 
Oceans Office, 2002). 

Global environmental changes have an effect 
on communities living near the sea or that are 
dependent on maritime resources. The loss 
and decline of meadows means that fishing 
grounds and nursery areas will continue to 
be lost and coastal areas will become less 
desirable for tourism, erosion control, marine 
education, fisheries nursery areas, clean wa-
ter and clarity. The impacts of storm surges, 
erosion and inundation are being experienced 
in coastal communities around the globe. The 
science is clear that the protection and restora-
tion of natural habitats can be a cost-effective 
complement to built infrastructure approaches 
for protecting communities (Ruckelshaus and 
others, 2016). Climate-driven range shifts in 
seagrasses (and many benthic marine spe-
cies) are difficult to quantify owing to a lack of 
long-term data sets across complete species 
distributions. Range shifting with changing 
climates may lead to often unforeseen and dra-
matic consequences that may ultimately lead 
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to biodiversity loss and the homogenization 
of communities (Brustolin and others, 2019). 
The combination of poleward migration of hab-
itat‐modifying species as a result of climate 
change (H. Kirkman, personal communication) 
and fishing pressure can result in reduced eco-
system resilience (e.g., Ling and Keane, 2018).

Specific means of recovery after seagrass 
loss are particularly difficult to quantify. 
O’Brien and others (2018) demonstrated four 
different scenarios of degradation and recov-
ery for seagrass ecosystems. Recovery can be 
rapid, once conditions improve, but seagrass 
absence at landscape scales may persist for 
many decades. O’Brien and others (2018) pro-
posed a framework modelling resilience.

Challenges and possible solutions to reduce seagrass meadow loss 

Challenge 1: Societal recognition of seagrass importance. Explain what seagrasses are and their 
importance in coastal systems. 

Challenge 2: Up-to-date information on status and condition. Explain and record the status and 
condition of many seagrass meadows. 

Challenge 3: Identify threatening activities at local scales to target management actions 
accordingly. Suggest which threatening local activities can be managed 

Challenge 4: Balancing the needs of people and planet. Expand the understanding of interactions 
between the socioeconomic and ecological elements of seagrass systems.

Challenge 5: Generating scientific research to support conservation actions. Use current high-profile 
seagrass research (food security and blue carbon) to engage wider research fields.

Challenge 6: Conservation action in an era of climate change. Use indicators that provide an early 
warning of seagrass climate change impacts. Innovate restoration techniques.

Source: Adapted from Unsworth and others, 2019.

2. Socioeconomic consequences

Coastal development is contributing to ongo-
ing declines of marine and estuarine ecosys-
tems globally.  The increase in tourism and 
industrial and urban development in coastal 
areas will require more careful and sustainable 
management. Many socioecological systems 
rely on healthy seagrass meadows to support 
a multitude of important ecosystem services 
(Cullen-Unsworth and others, 2014). The loss 
of seagrass in one small area or estuary may 
seem negligible but, for an entire coastline, 
the cumulative effect of many disturbances is 
important to consider.

Seagrass grows in many estuarine areas, 
where development and ports often require 
extensive maintenance dredging. The physical 
removal of seagrass during dredging is minor, 
because the removal is only in the dredged 
channel, compared with the damage caused 
by shading from the dredge plume and the 
smothering of plants by sediment disturbed 
during the dredging. Risk mitigation opportuni-
ties have been assessed to reduce the impact 
on seagrass (Wu and others, 2018). Proposed 
development and other anthropogenic chang-
es should be treated using the precautionary 
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approach. Offsets or new plantings should be 
considered when seagrass meadows are to be 
lost or decline in area. However, offsets should 
not be encouraged, as they are rarely equal to 
lost habitat. Furthermore, in many areas, there 
may not be suitable areas to replant seagrass, 
leading to a net loss of seagrass meadow, and 
restoration success is not guaranteed. 

Economic valuations of seagrass systems 
have not been widespread (Constanza and 
others, 2014), with most estimates under-
valuing them. More derivative-based models 
linking ecological structure and function to 
all associated economic services will be es-
sential for accurate estimations of their dollar 
value (Dewsbury and others, 2016). 

Coral reefs (chap. 7D) and mangroves (chap. 
7H) act synergistically in the production of eco-
nomically useful food through the connectivity 

of nutrients and biota. Marine health is also 
enhanced by seagrass associated with the nat-
ural filtering of pathogens. Lamb and others 
(2017) found that, when seagrass meadows 
were present, there was a 50 per cent reduction 
in the relative abundance of potential bacterial 
pathogens of humans and marine organisms. 
Field surveys of more than 8,000 reef-building 
corals located adjacent to seagrass meadows 
showed twofold reductions in disease levels 
compared with corals at paired sites without 
adjacent seagrass meadows.

Seagrass meadows have an important cultur-
al service; they play an unusual central role in 
preserving valuable submerged archaeologi-
cal and historical heritage (Krause-Jensen and 
others, 2016). The age and growth rates of rhi-
zomes can be determined by establishing the 
age of amphora, a realm of seagrass service 
that has been greatly overlooked.

3. Region-specific changes

There is a lack of data for many areas, or data 
are not being collected globally. 

The lack of data is best illustrated with exam-
ples from islands throughout East Asian seas. 
South-East Asia and Australia have the highest 
diversity of seagrass species and habitat types 
but basic information on seagrass habitats is 
still lacking. Fortes and others (2018) pointed 
out that the known distribution, extent, spe-
cies diversity, research and knowledge gaps 
of seagrasses in South-East Asia are not well 
presented. They estimated that biogeographic 
region of the marine ecoregions of the world 
as approximately 36,700 km2, but that is likely 
an underestimate, as some ecoregions were 
not well represented and updated information 
was lacking. 

The shallow East Asian island biotopes have 
extensive coral reefs, bordered with seagrass 
and mangroves. The major seagrass meadows 

in India grow along the south-eastern coast 
in the Gulf of Mannar between India and Sri 
Lanka and Palk Bay and in the lagoons of is-
lands of Lakshadweep in the Arabian Sea to 
Andaman and Nicobar Islands in the Bay of 
Bengal. The Gulf is a national marine park, 
it covers an approximate area of 10,500 km2 
and it comprises 21 islands located parallel 
to the coastline. Management, mapping and 
monitoring are required to sustain the valua-
ble nursery area for the local people who are 
using the meadows as their fishing grounds. 
Awareness of the uses of seagrass and about 
the important ecosystem should be created 
among the local people. Seagrasses play a 
key part in supporting Indonesia as the world’s 
second largest producer of seafood. The per-
ilous state of its seagrasses will compromise 
their resilience to climate change and result in 
the loss of their high ecosystem service value 
(Unsworth and others, 2018). 
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Some 800 islands off Myeik, Myanmar, have 
coral reefs and mangroves, with seagrass on 
their lee side. The valuable seagrass habitats 
have not been mapped but are probably over-
exploited for fishes and crustaceans (H. Kirk-
man, personal communication). 

Arias-Ortiz and others (2018) reported damage 
to 36 per cent of seagrass meadows in Shark 
Bay, Western Australia, following a marine 
heatwave in the period 2010–2011. Shark Bay 
has the largest carbon stock reported for a sea-
grass ecosystem, containing up to 1.3 per cent 
of the total carbon stored within the top metre 
of seagrass sediments worldwide. 

Large areas of seagrass along the Queens-
land coast of eastern Australia have been lost 
as a result of cyclones and the associated 

increased turbidity and pollutant run-off. 
Such cyclones are predicted to become more 
intense as a result of climate change. Posido-
nia oceanica meadows in the Mediterranean 
are also declining at alarming rates owing to 
climate change and human activities (Telesca 
and others, 2015). 

There is also a lack of coordination concerning 
which types of data are collected and how the 
data are collected, which results in data sets 
that cannot be analysed between regions.

Globally, not only in Australia and Asia, there 
are losses of seagrass. In the Caribbean, 
there are major changes with the invasion of 
Halophila stipulacea. Also, the Mediterranean 
is experiencing tropicalization (Hyndes and 
others, 2016).

4. Outlook 

General awareness of seagrass and the im-
portant ecosystem services offered by it is 
improving globally. Conceptual and mathe-
matical models are helping managers to reach 
a science-based management process for 
seagrass. Seagrass services can be organized 
into a drivers, pressures, state, impact and re-
sponse framework, which has been adopted in 
some seagrass ecosystems around the world, 
including the European Union, for State of En-
vironment reporting (Kelble and others, 2013). 
The goal of such a framework is to reach a 
science-based consensus in defining charac-
teristics and fundamental regulating process-
es of seagrass ecosystems that is sustainable 
and capable of providing diverse ecosystem 
services. It is necessary to consider regional, 
social, political, cultural, economic and public 

health factors, in a research and management 
context, with ecological variables, to achieve 
that goal.

Monitoring, evaluation and reporting to man-
agers are essential in determining whether 
management action, recovery or deterioration 
is taking place. A tiered monitoring approach 
that is designed by both scientists and man-
agers should be introduced wherever man-
agement of seagrass is required. Neckles and 
others (2012) provided a conceptual model 
for such an approach. Zimmerman and others 
(2015) used a mathematical model to predict 
the effects of ocean warming, acidification 
and water quality on eelgrass in the Chesa-
peake Bay.

5. Key remaining knowledge gaps

An assessment of gaps in seagrass knowl-
edge for Australian seagrasses identified 

deficiencies covering many research fields, in-
cluding taxonomy and systematics, physiology, 
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population biology, sediment biogeochemistry 
and microbiology, ecosystem function, faunal 
habitats, threats, rehabilitation and restoration, 
mapping and monitoring, and management 
tools (York and others, 2017). Those knowledge 
gaps apply globally and need to be addressed 
if the systems are to be effectively managed 
and capable of providing diverse ecosystem 
services. It is necessary to consider regional, 
social, political, cultural, economic and public 
health factors, in a research and management 
context, with ecological variables, to achieve 
those goals. Research programmes that ad-
dress the interactions of multiple stressors 
simultaneously should be considered. The sys-
tems are extremely complex and it is difficult to 
accurately predict all the downstream impacts 
of multiple-stressor experiments. Progress in 
filling the knowledge gaps will rely on techno-
logical advances in remote sensing, genomics, 
microsensors, computer modelling and sta-
tistical analyses. Interdisciplinary approaches 

1 Available at www.maldivesresilientreefs.com/campaigns/seagrass.

will continue to broaden the understanding of 
the complex interactions among seagrasses 
and their environment. Ecosystem services 
for seagrass meadows, with a focus on fish-
ing grounds, and the damaging activities that 
threaten their existence should encourage ex-
pert opinion to elicit potential solutions to pre-
vent further loss. It is expected that restoration 
will be increasingly necessary to mitigate sea-
grass disturbance (Statton and others, 2018).

There are also knowledge gaps in sociocultur-
al-economic-themed research, despite growing 
awareness of the importance of seagrass-hu-
man relationships. Suggested solutions in-
clude more education in communities that do 
not understand the usefulness of seagrass, for 
example, on the active removal of seagrass in 
Maldives and other tourist destinations1 and 
excessive build-up of beach wrack as a result 
of building inappropriate beach infrastructure, 
such as groynes or marinas. 

6. Key remaining capacity-building gaps
6.1. Mapping
The detail and definition of seagrass distri-
bution maps need to be improved. The most 
current global map of seagrass distribution 
was made nearly 10 years ago. It should be 
updated with further mapping of seagrass 
meadows and associated habitats. Mapping 
of seagrass meadows is being carried out in 
many different parts of the world, yet there are 
no centres for incorporating products into a 
global map and collecting metadata. The map 
would serve to indicate updated loss or gain 
in seagrass areas, seagrass diversity and the 
need for further information. Satellite technol-
ogies are also improving and are being used 
more frequently in seagrass mapping efforts.

Seagrass meadows are dynamic systems 
that add to the challenges of mapping and 
monitoring, especially as some species are 
ephemeral (colonizing or opportunistic) and/
or prone to storm damage. Duffy and others 
(2019) envisioned an ecosystem map with a 
marine biodiversity observation network link-
ing biodiversity to environmental geophysical 
variables.

There is currently no repository where infor-
mation can be shared and changes can be 
tracked at ecologically relevant scales. That 
would require seagrass ecologists and man-
agers to define a suite of metrics and sam-
pling methodologies that result in data that 
can be shared and compared across regions. 
Detailed mapping can be done with drones or 
multi-sideband sonar. Hamana and Komatsu 

http://www.maldivesresilientreefs.com/campaigns/seagrass
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(2016) used a narrow multibeam sonar system 
to detect seagrass meadows and estimate 
their relative abundance. Gumusay and others 
(2019) reviewed the literature on seagrass 
mapping, monitoring and detection applica-
tions using acoustic systems. High-quality 
aerial imagery databases can monitor local 
to regional change in seagrass cover (e.g., 
Evans and others, 2018). However, none of 
those options are species-specific, so ground 
truthing is required. Water clarity is also an 
issue after storms, during dredging and as a 
result of land-based pollution and eutrophica-
tion. Eutrophication occurs when high levels 
of nutrients enter the sea and are taken up by 
macroalgae, which grow on seagrass leaves 
and can smother the seagrass and prevent 
photosynthesis.

6.2. Carbon sequestration

Seagrass ecosystems have greater capacity to 
sequester carbon than terrestrial ecosystems 
(Macreadie and others, 2019). Together with 
tidal marshes and mangroves, seagrasses 
contribute approximately 50  per  cent of the 
total carbon sequestered in marine sedi-
ments (blue carbon), despite occupying only 
0.2 per cent of the ocean area, and their organ-
ic carbon sequestration rates exceed those of 
terrestrial forests per unit area by one to two 
orders of magnitude. Seagrass meadows se-
quester carbon dioxide through photosynthe-
sis and store large quantities in the plants but 
also, more importantly, in the sediment below 
(Mcleod and others, 2011; Fourqurean and oth-
ers, 2012). Sediment sequestration is highly 
variable across species. Large seagrasses, 
such as Posidonia spp., form mattes several 
metres deep that can remain stored for millen-
niums (Mateo and others, 1997). Mazarrasa 
and others (2015) estimated the mean partic-
ulate inorganic carbon accumulation rate in 
seagrass sediments as 126.3 ± 31.05 g per m2 
per year. Based on the global extent of sea-
grass meadows (177,000 to 600,000 km2), the 

ecosystems globally store between 11 and 
39 picograms of particulate inorganic carbon 
in the top metre of sediment and accumulate 
between 22  and 75 teragrams of particulate 
inorganic carbon per year. Unfortunately, the 
dense meadows are under continuing threat 
(see earlier estimates of global loss rate), and 
with the loss comes the emission of the CO2 
stored within the meadows. For example, the 
ongoing loss of seagrass in Australia has been 
estimated to emit up to 3 million tons of CO2 
to the atmosphere every year, and increasing 
annual CO2 emissions from land use change 
by 12–21 per cent (Serrano and others, 2019). 
Furthermore, damage and decline in seagrass 
meadows will lower the level of ongoing se-
questration of carbon dioxide.

The potential exists to avoid the emissions of 
greenhouse gases, and enhance their seques-
tration, through the conservation and restora-
tion of vegetated coastal ecosystems, which 
have been recognized by many nations as a 
means of achieving their policy objectives in 
relation to greenhouse gas abatement (Martin 
and others, 2016). However, for that potential 
to be realized, a number of key information 
gaps and policy issues need to be addressed. 
A recent overview by Macreadie and others 
(2019) provides a comprehensive road map for 
the coming decades on future research in blue 
carbon science.

6.3. Climate change

Changing climate and ocean conditions are 
affecting valuable marine resources and the 
communities that depend on them. Climate 
change has an effect on seagrass meadows 
over a number of themes. Extreme climatic 
events were predicted to become more fre-
quent and severe (Intergovernmental Panel 
on Climate Change (IPCC), 2013), causing 
rapid ecosystem change, the scale of which is 
likely to be greater than that caused by a grad-
ually changing climate (Wernberg and others, 
2016). Climate vulnerability assessments with 
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respect to key marine species and habitats 
should be conducted to better understand 
which species are most vulnerable and may 
require innovative management strategies.2 
Ecosystem reconfigurations arising from cli-
mate-driven changes in species distributions 
are expected to have profound ecological, so-
cial and economic implications, as temperate 
ecosystems are replaced by tropical species 
(Vergés and others, 2014). Range shifts can 
also be caused by invasive species, which alter 
the ecosystem services delivered. For exam-
ple, the Caribbean has become infested with 
Halophila stipulacea over the past 20 years, and 
research shows dramatic shifts in fish assem-
blages as well as impact to turtles. Non-native 
Zostera japonica has also altered the estuarine 
communities that it colonizes (Vergés and oth-
ers, 2014). It is predicted that climate change 
may lead to fewer but more intensive storms 
in many places (Gera and others, 2014) and, 
hence, local disturbance and loss of water 
quality for weeks to months at a time. That will 
disturb seagrass meadows and cause man-
agement and policy changes. Although loss of 
seagrass calcareous epiphytes may be benefi-
cial through acidity (refer to chap. 5 for details 
on ocean acidification), under high carbon 
dioxide, nutrients and temperature, Alsterberg 
and others (2013) predict that non-calcareous 
epiphytes, such as filamentous algae and di-
atoms, will increase. That may lead to shifts 
in the epiphyte community structure from less 
palatable calcareous to more palatable algae. 
In addition, decreased production of grazing 
deterrent phenolics by seagrasses under high 
carbon dioxide (Arnold and others, 2012) may 
increase the palatability of seagrass leaves 
for a number of invertebrate and fish grazers. 
Positive effects of increased carbon dioxide 
on seagrass physiology may help to amelio-
rate negative effects of other environmental 
stressors known to affect seagrass growth 
and survival, although the combination of 

2 See www.fisheries.noaa.gov/national/climate/climate-vulnerability-assessments.

increasing temperatures and reduced light 
will likely negate increases in available carbon 
(Collier and others, 2018).

There may also be range shifting in some 
species, namely the replacement of temperate 
seagrass species with tropical species and 
changes in community structure. There is lim-
ited evidence of range shifting in seagrasses, 
at present, although current projections for 
warming range edges, such as the Mediter-
ranean Sea and Shark Bay, Australia, suggest 
functional extinction of their large temperate 
seagrass species by 2100 with accelerating 
warming (Hyndes and others, 2016). 

6.4. Restoration and recovery
Recovery and mitigation of disturbance re-
gimes have typically been the first line of de-
fence (and cheaper), but ecological restoration 
or intervention is becoming increasingly neces-
sary in a rapidly changing environment and is 
potentially a more effective management strat-
egy where seagrass habitat has already been 
lost or is heavily degraded (Statton and others, 
2018). Restoration success has improved but 
is still extremely limited. Restoration and re-
covery of seagrass meadows is an important 
activity, with some significant advances in res-
toration successes being documented (e.g., 
Orth and others, 2017; Wendländer and others, 
2019). Although restoration will be increasing-
ly necessary to mitigate seagrass disturbance, 
it is critical to emphasize that restoration is 
never 100 per cent successful and is often far 
less than 50 per cent successful. Furthermore, 
restored and degraded beds rarely provide the 
same level of ecosystem services. Thus, rely-
ing on restoration will lead to continued global 
loss of seagrasses. The protection of existing 
meadows from further wholesale destruction 
will be a far better use of resources.

http://www.fisheries.noaa.gov/national/climate/climate-vulnerability-assessments
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Keynote points
 • Despite their ecological and socioeconom-

ic importance, especially as carbon sinks, 
mangrove forest areas have been decreas-
ing annually. 

 • Although deforestation continues in most 
areas, afforestation and the replanting of 
mangroves on all continents have partially 
decreased the speed of mangrove area 
loss from about 2 per cent per year to less 
than 0.4 per cent per year. 

 • Increasing human population density and 
unplanned development in the coastal zone 
are the main threats to mangrove forests. 

 • Global climatic change, such as rising sea 
levels and temperature, is causing expan-
sion of mangroves towards the poles and 
landward into salt marsh in some areas. 

 • Local actions and international agreements 
have helped mangrove conservation, but 
bureaucracy and the lack of commitment 
on the part of local, state, and national 
governments, and local communities have 
limited their success. 

1. Introduction
Mangroves occur in 118 countries, occupy es-
tuaries and shores in tropical and subtropical 
regions (Tomlinson, 2016), and are home to 
a recorded 73 species and hybrids, with the 
highest diversity and the largest extent in Asia 
(Spalding, 2010). Mangroves are key ecosys-
tems at the interface between sea and land, 
and they influence, and are affected by, most 
human activities (United Nations, 2017b; Feller 
and others, 2017). 

Mangrove forests, although they account for 
only 0.7 per cent of the total tropical forests in 
the world, provide seafood, firewood and tim-
ber, as well as such services as shoreline pro-
tection, carbon export and sequestration, and 
bioremediation of wastes, as noted in chapter 
48 of the first World Ocean Assessment (Unit-
ed Nations, 2017a). In addition to goods and 
services, mangroves also provide cultural 
ecosystem services that are an important part 
of the lives, livelihoods and cultural identity of 
local communities and primary stakeholders 
(Mitra, 2020a).

Despite their ecological, socioeconomic and 
cultural value, mangroves are among the 
most threatened ecosystems on the planet. 

Mangroves are being destroyed at rates three 
to five times greater than average rates of 
forest loss, and over a quarter of original man-
grove cover has already disappeared (United 
Nations Environment Programme (UNEP), 
2014; Richards and Friess, 2016). Although 
mangroves continue to be degraded and have 
been lost from specific regions, conservation 
initiatives, rehabilitation efforts, natural regen-
eration and climate change-related expansion 
have resulted in gains in other places (Feller 
and others, 2017). 

Considerable changes in the extent of man-
grove area have been observed in response to 
natural environmental drivers in areas far from 
direct human impacts (Rioja-Nieto and others, 
2017; Lucas and others, 2018). Worldwide man-
grove cover had been estimated at 181,000 
km2 by Spalding and others (1997), but that 
value was revised downward to 137,760 km2 
by Giri and others (2011), which was similar 
to estimates provided by the Global Mangrove 
Watch (Bunting and others, 2018).

Increasing human population density in 
the coastal zone is the main threat to man-
grove forests, specifically unplanned urban 
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development, aquaculture, conversion to ag-
ricultural use, such as rice farming, and over-
exploitation of timber (United Nations, 2017b; 
Ferreira and Lacerda, 2016; Thomas and oth-
ers, 2018; Romañach and others, 2018). How-
ever, globally, mangrove loss rates dropped 
from about 2  per  cent per year to less than 
0.4 per cent per year between the late twenti-
eth and early twenty-first centuries (Friess and 
others, 2019b, 2020).

In the past decade, the quality and availability 
of global-scale mangrove distribution data 
have been improving (Hamilton and Casey, 
2016; Ferreira and Lacerda, 2016; Thomas 
and others, 2018; Romañach and others, 2018; 
Saintilan and others, 2019; Lucas and others, 
2020) and many national initiatives (public 
and/or public-private partnerships) have been 
launched to try to better understand mangrove 
changes (Schaeffer-Novelli and others, 2016). 
One of the main approaches to mangrove as-
sessment has been the use of satellite data 

(Giri and others, 2011; Li and others, 2013; 
Duncan and others, 2017; Jayakumar, 2019; 
Lymburner and others, 2019). 

Recently, the advent of cloud computing plat-
forms, such as Google Earth Engine (Gorelick 
and others, 2017) and Amazon Web Services 
(Chen and others, 2017; Lucas and others, 
2020), which combine several PB of orbital 
and geospatial data with statistical analysis re-
sources, have enabled more reliable estimates 
of local, regional and global mangrove cover 
and changes over successive years (Diniz and 
others, 2019).

The present chapter builds on the observa-
tions in chapter 48 of the first Assessment. 
Mangroves are marine plants, which are cov-
ered in chapter 6G of the present Assessment, 
are often found in estuaries and deltas, which 
are discussed in chapter 7F, and share many 
characteristics with salt marshes (chap. 7I) 
and seagrass meadows (chap. 7G).

2. Documented change in state of mangroves  
between 2010 and 2020

The area occupied by mangroves has been 
declining annually worldwide. The status of 
mangrove forests varies by country and region 
(Romañach and others, 2018). Although de-
forestation continues in most areas, afforesta-
tion and the replanting of mangroves in some 
areas have decreased the speed of forest loss-
es (Li and others, 2013; Cavanaugh and others, 
2014; Ferreira and Lacerda, 2016; Friess and 
others, 2019b, 2020). A 12 per cent increase in 
mangrove area was recorded by Almahasheer 
and others (2016) in the Red Sea. In New Zea-
land, mangroves have expanded rapidly during 
the past 50–80 years, as a result of accelerat-
ed estuarine infilling and vertical accretion of 
tidal flats (Horstman and others, 2018). 

Mangrove loss owing to human activities 
has been recorded across all regions where 

mangroves occur. The main driver of man-
grove destruction is increased human density 
in the coastal zone (Branoff, 2017; Saifullah, 
2017; Romañach and others, 2018). The most 
frequent anthropogenic activity in mangroves 
has been the conversion of mangrove areas 
to aquaculture or agricultural use (Thomas 
and others, 2018; see chap. 16 of the present 
Assessment). Other factors associated with 
mangrove losses are logging, erosion and 
sedimentation (see chap. 13), salt production 
(Feller and others, 2017) and cattle grazing 
(Ferreira and Lacerda, 2016; Thomas and oth-
ers, 2018). 

Mangroves are unpopular in some commu-
nities because they are often perceived as 
“taking over” or being of “low value” (e.g., 
mangroves “spoil” a beautiful sandy beach by 
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making it muddy). Destruction of mangroves 
in New Zealand is mostly by local communities 
(with or without consent) owing to a lack of 
community or agency awareness of mangrove 
values, or fear of loss of support by elected 
members of the government or community.

Global climate change has also been associat-
ed with changes in mangrove distribution (see 
chaps. 4 and 9), such as poleward and land-
ward expansion (Cavanaugh and others, 2014; 
Saintilan and others, 2019), except where hard 
infrastructure prevents retreat, resulting in 
wetland contraction, called coastal squeeze 
(Leo and others, 2019). Extreme climate events 
can increase mangrove mortality caused by 
extreme droughts (Sippo and others, 2018), 
and an increase in carbon dioxide and nitrogen 
enrichment can augment the growth of other 
vegetation, thus suppressing the growth of 
mangrove seedlings (McKee and Rooth, 2008; 
Zhang and others, 2012). 

Extensive dieback of mangroves was record-
ed along 1,000 km of the southern Gulf of 
Carpentaria in Australia in 2015 and 2016. 
The area is sparsely inhabited, and the event 
appears to have been associated with an 
unusually lengthy period of severe drought 
conditions, unprecedented high temperatures 
and a temporary drop in sea level (Duke and 
others, 2017). Similar dieback also occurred at 
that time in other parts of northern Australia 
(Asbridge and others, 2019).

2.1. Impacts of the change on, 
and interactions with, other 
components of the marine system

2.1.1. Carbon sequestration in mangroves 

Mangroves are well known for their ability to 
accumulate high amounts of carbon (Tomlin-
son, 2016; Donato and others, 2011, 2012; Es-
trada and Soares, 2017; Kauffman and others, 
2018; Lagomasino and others, 2019) and, in 
fact, they sequester four times more carbon 

than rainforests (Rovai and others, 2018; Twil-
ley and others, 2018). Recent assessments 
have suggested that global mangrove bio-
mass ranges from 1.91 to 2.83 petagrams (Pg) 
(Hutchison and others, 2014a; Tang and others, 
2018), whereas global mangrove carbon stock 
has been estimated at 5.03 Pg by Simard and 
others (2018). At the global scale, the aver-
age above-ground biomass density has been 
estimated at 1.46 megagrams per km2 (Tang 
and others, 2018). Rovai and others (2018) 
predicted a total global budget of 2.26  Pg 
carbon in mangrove soils. Globally, mangroves 
stored 4.19 Pg of carbon in 2012, with Brazil, 
Indonesia, Malaysia and Papua New Guinea 
accounting for more than 50  per  cent of the 
global stock (Hamilton and Friess, 2018).

2.1.2. Loss of biodiversity

Mangroves are among the most productive 
ecosystems in the world (Alongi, 2008) and 
produce large amounts of litter (fallen leaves, 
branches and other debris) that are used 
by diverse fauna. Mangrove trees also offer 
hard substrate (aerial roots, trunks, branches, 
pneumatophores and leaves) for a myriad of 
invertebrates and plants (Hogarth, 2015; Rosa 
Filho and others, 2018). In addition to the 
substantial contribution they make to marine 
ecosystems, mangroves are used by more 
than 400 terrestrial mammal, amphibian and 
reptile species around the world (Rog and 
others, 2016), as the mangroves provide them 
with a refuge from anthropogenic disturbance. 
The global decline in mangrove habitats has 
had a negative impact on biodiversity, with 
cascading effects on the natural ecosystem 
functioning of other associated estuarine and 
coastal ecosystems, thus affecting at least 
three critical ecosystem services: the number 
of viable fishing activities (33 per cent decline); 
the provision of nursery habitats (69 per cent 
decline); and detoxification services provided 
by wetlands (63 per cent decline) (Worm and 
others, 2006; Barbier and others, 2011).
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2.1.3. Impacts on populations of inverte-
brates and fishes in adjacent habitats

High primary productivity and habitat com-
plexity in mangrove forests make them 
important areas for larvae and juveniles of 
invertebrates and fishes (Saenger and others, 
2012; Lee and others, 2014). Some species of 
crustaceans and fishes that live in rivers and 
offshore ocean water or coral reefs need man-
groves for breeding and/or juvenile growth 
(Sheaves and others, 2012; Bertini and others, 
2014; Hogarth, 2015). In addition to ecological 
importance, some mangrove crustaceans and 
molluscs have high economic and cultural val-
ue in several countries (Abdullah and others, 
2016; Beitl, 2018; Figueira and others, 2020). In 
recent years, considerable progress has been 
made in the bioprospecting of mangrove-de-
rived microbes (Mitra, 2020b) and the micro-
phytobenthic primary production in mangrove 
forests (Kwon and others, 2020). 

2.1.4. Reduction in coastal protection
Mangroves can directly attenuate waves, thus 
enhancing drag against wave energy, because 
of the density of their trunks and root systems, 
such as pneumatophores or prop roots. Their 
complex root systems, which are important for 
sediment stabilization, also reduce both storm 

surges and tsunami wave impacts further 
inland (Marois and Mitsch, 2015; Sheng and 
Zou, 2017). The protective mangrove fringe 
in Viet Nam has been lost in recent decades, 
initially through defoliation by herbicides and, 
subsequently, by conversion to aquaculture 
and coastal development (Phan and others, 
2015; Thinh and Hens, 2017; Truong and oth-
ers, 2017; Fagherazzi and others, 2017; Veettil 
and others, 2019).

2.1.5. Displacement of salt marshes
The poleward and landward expansion of man-
groves as a result of increasing temperatures 
and sea level rise has been at the expense of 
salt marshes and has already been recorded 
in several regions (Record and others, 2013; 
Saintilan and others, 2014, 2019; Kelleway and 
others, 2016; Hickey and others, 2017; Feller 
and others, 2017; Osland and others, 2017). 
Mangroves continue to expand into adjacent 
salt marsh areas where the two wetland types 
occur together (Yando and others, 2016; Pérez 
and others, 2017), which can result in greater 
carbon storage, as well as changes in associ-
ated fauna (Smee and others, 2017), although 
in some cases it remains unclear whether that 
is a consequence of climate change or other 
anthropogenic causes (Boon, 2017).

3. Consequences of the changes for human communities, 
economies and well-being

Mangroves play an important cultural and so-
cioeconomic role for communities around the 
tropics (Walters and others, 2008; UNEP, 2014). 
Ecosystem services provided globally by man-
groves and tidal marshes have been valued at 
$19.4 per km2 per year (Costanza and others, 
2014). The consequences of mangrove forest 
destruction are related mainly but not exclu-
sively to the loss of biodiversity and related 
effects on the capture of fish, molluscs and in-
vertebrates, and to reduced coastal protection, 

which affects coastal constructions and adja-
cent marine habitats (Bertini and others, 2014; 
Hogarth, 2015; Sheng and Zou, 2017). 

A reduction in mangrove area will lead to a 
decrease in the primary production of man-
groves and the biodiversity and abundance 
of associated fauna and, consequently, will 
affect coastal and offshore fishing activities. 
A global meta-analysis designed to formally 
and statistically test the relationship between 
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mangroves and catches of marine fishing re-
sources showed that mangroves had a strong 
effect on catches in a variety of mangrove 
settings around the world (Carrasquilla-Henau 
and Juanes, 2017). It has been estimated 
that each mangrove hectare produces $0.2–
$12,305 worth of fishes and $17.5–$3,412 
worth of mixed species (Hutchison and others, 
2014b). 

Studies have shown that mangroves are able 
to protect coastal areas and habitats (coral 
reefs and/or seagrass meadows) against 
waves, cyclones, tsunamis and flooding (Ma-
rois and Mitsch, 2015; Sheng and Zou, 2017; 
Veettil and others, 2019). The fragmentation of 
mangroves will significantly reduce their role 
in coastal protection (Lee and others, 2019). A 
fully established mangrove fringe can reduce 
wave energy by 20 per cent per 100 m of man-
groves (Mazda and others, 2006). Mangroves 
also have a significant effect on the extent 
of inundation and damage caused by coastal 
flooding. It has been estimated that, if all man-
groves were lost, 18 million more people would 
be flooded every year, on average, an increase 
of almost 40 per cent, and the annual damage 
to property would increase by 16 per cent and 
$82 billion (Reguero and others, 2018). 

The effects of the predicted expansion of 
mangroves are still poorly understood. Mod-
elling studies have demonstrated that climate 
change will cause range shifts in species, ex-
panding the geographical distribution of some 
species and enhancing the number of species 
present in some areas (Record and others, 
2013; Saintilan and others, 2014, 2019; Simard 
and others, 2018). The changes may cause an 
increase in primary production and the habitat 
complexity of coastal areas that are presently 
mangrove-free, which, in turn, may favour local 
biodiversity, fishing activities and coastal pro-
tection (Lee and others, 2014).

1 See General Assembly resolution 70/1.

Local studies of mangrove carbon seques-
tration often contrast with regional models 
of likely response (Hayes and others, 2017; 
Sasmito and others, 2020). Over short times-
cales, the greater contribution that expanding 
mangroves make to blue carbon storage 
may be difficult to detect (Rogers and others, 
2019a) but, over longer timescales, sea level 
rise appears to augment below-ground carbon 
sequestration in coastal wetlands (Krauss and 
others, 2017; Rogers and others, 2019b). The 
management of mangrove areas is not always 
based on research outcomes; site managers 
often identify anthropogenic disturbances 
as key threats while, in contrast, the bulk of 
research focuses on natural disturbances, 
including climate change and sea level rise 
(Canty and others, 2018). Although sea level 
rise has been regarded as a major threat to 
mangrove shorelines (Lovelock and others, 
2015), it is becoming apparent that rapid sed-
imentation beneath mangroves can, at least 
partially, offset the impacts (Woodroffe and 
others, 2016; Schuerch and others, 2018).

Mangroves, with their strong link to coastal 
fishing activities, are particularly relevant to 
Sustainable Development Goal 14, life below 
water.1 Mangroves may also contribute to the 
achievement of other Goals, including Goal 
2, zero hunger, and Goal 13, climate action, 
through the provisioning of ecosystem ser-
vices, such as fishing grounds, and carbon 
sequestration and storage (Friess and others, 
2019b). Several other Goals should benefit lo-
cal communities that derive direct and indirect 
livelihoods from mangroves, including Goal 
1, no poverty, Goal 11, sustainable cities and 
communities, and Goal 15, life on land.
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4. Key region-specific changes and consequences

As pointed out in previous sections, the area 
occupied by mangroves has been decreas-
ing globally, which has serious economic, 
ecological and social implications (Lee and 
others, 2014; Branoff, 2017; Saifullah, 2017; 
Romañach and others, 2018; Mitra, 2020a). 
Mangroves have been threatened worldwide, 
in large part owing to anthropogenic impacts, 
including logging, conversion to aquaculture 
and agricultural use, urbanization, pollution 
and climate change (UNEP, 2014; Ward and 
others, 2016; Thomas and others, 2018).

In the seminal work that warned of “a world 
without mangroves”, Duke and others (2007) 
predicted that, if nothing was done, the world 
could be deprived of mangroves and their 
ecosystem services by the end of the twen-
ty-first century. However, since then, huge ef-
forts, including local action and international 
agreements, have been put into mangrove 
rehabilitation and creation (Feller and others, 
2017). Globally, between the late twentieth and 
early twenty-first century, mangrove loss rates 
dropped greatly (Friess and others, 2019b). 
Those results have prompted speculation that 
mangrove conservation just may have shifted 
from a pessimistic to a more optimistic trajec-
tory (Friess and others, 2020).

Despite recent mangrove conservation suc-
cesses, it is still too soon to assume that there 
is a general decrease in mangrove loss, as such 
progress in not evenly distributed worldwide. In 
some countries in South-East Asia, mangroves 
have been destroyed at rates of between 0.70 
and 0.41 per cent per year (Friess and others, 
2019b). New deforestation frontiers are also 
beginning to emerge in regions that have not 
previously experienced significant mangrove 
loss, in particular in South-East Asia and West 
Africa (Friess and others, 2020).

Various national and international conserva-
tion policy instruments have helped to reduce 

the loss of or increase mangrove area in some 
countries (Ferreira and Lacerda, 2016; Friess 
and others, 2019a, 2020). In Brazil, for example, 
75 per cent of mangroves have remained un-
changed for two decades or more; 10 per cent 
have remained stable for between one and 
two decades; and 15 per cent have remained 
stable for 10 or fewer years (Diniz and others, 
2019). An analysis of multi-temporal Landsat 
data (1972, 2000 and 2013) showed that the 
area covered by mangroves in the Red Sea 
had increased by about 0.29 per cent per year, 
with a total expansion of 12 per cent over the 
41 years from 1972 to 2013 (Almahasheer and 
others, 2016).

In some regions, in addition to human-assisted 
rehabilitation, natural increases of mangroves 
have been recorded. More than 15  per  cent 
of mangroves deforested in South-East Asia 
between 2000 and 2012 reverted to mangrove 
area (Friess and others, 2019b), in part through 
natural colonization. Episodic mangrove colo-
nization has also increased mangrove area on 
the north coast of South America (Gardel and 
others, 2011) and on the Firth of Thames coast 
in New Zealand (Swales and others, 2015). 

Climate change, mainly increases in tempera-
ture, decreases in low temperature and freeze 
events, and changes in water availability (Sain-
tilan and others, 2014; Cavanaugh and others, 
2014) have favoured the poleward expansion 
of mangroves, as already recorded in Austral-
ia, China, Mexico (Pacific coast), Peru, South 
Africa and the United States (Atlantic coast) 
(Saintilan and others, 2014, 2019; Cavanaugh 
and others, 2014; Osland and others, 2017; 
Smee and others, 2017). Although increases 
in mangrove area at their range limit are un-
likely to drastically increase global mangrove 
area, they can make substantial contributions 
to mangrove extent in those locations (Friess 
and others, 2019a).
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5. Outlook
Based on the information presently available, it 
is possible to predict the continued reduction 
of mangrove area, in view of the continuity 
of human actions that have led to the loss of 
mangrove forests in most areas around the 
world (Friess and others, 2020). In areas where 
reforestation initiatives and management and 
conservation measures are being implement-
ed, a reduction in the speed of mangrove de-
struction may occur.
As a result of further mangrove destruction, a 
reduction in productivity in estuarine areas is 
expected, which will have a cascading effect. 
Accordingly, loss of biodiversity is likely to con-
tinue in coastal areas, including in mangroves, 
seagrass meadows and coral reefs. In view of 
the role mangroves play as nursery grounds 
for invertebrates and fishes, a reduction in fish 
stocks in coastal and even offshore catches 

of fish, crustaceans and molluscs can be ex-
pected (El-Regal and Ibrahim, 2014). That may 
lead to further increases in economic losses 
resulting from the absence of mangroves. 
The total or partial (loss of structure) de-
struction of mangroves, whether it be natural, 
for example following subsidence related 
to earthquakes (Albert and others, 2017), or 
anthropogenic, will diminish their coastal 
protection function. The loss of mangroves is 
likely to increase the damage resulting from cy-
clones (Cavanaugh and others, 2014; Asbridge 
and others, 2018; Montgomery and others, 
2019; Zhang and others, 2020), tsunamis and 
floods (Asbridge and others, 2016; Menéndez 
and others, 2020), thus raising costs for the 
reconstruction and maintenance of coastal 
facilities, as well as increasing the threat to the 
lives of populations living near the coast.

6. Key remaining knowledge and capacity-building gaps
A range of new methodologies has been de-
veloped to study mangrove forests, including 
the use of terrestrial, airborne and satellite 
sensors (Kamal and Phinn, 2011; Koedsin and 
Vaiphasa, 2013; Zhu and others, 2015; Mac-
kenzie and others, 2016; Olagoke and others, 
2016; Duncan and others, 2017; Owers and 
others, 2018; Warfield and Leon, 2019; Wang 
and others, 2020). However, there remains a 
lack of reliable surveys on the status of man-
groves at the global and regional scales, and 
of standardization of methods for assessing 
mangroves. Although there has been a re-
cent drive to address those knowledge gaps, 
especially in South America and South-East 
Asia, further research is required to enable 
researchers to determine the processes that 
influence both vulnerability and resilience to 
climate change (Ward and others, 2016). The 
gap is even more prominent in the poorest 
developing countries.

There are few detailed studies (distinct tax-
onomic groups, large temporal and spatial 
scales) demonstrating the interconnectivity, 
and mechanisms involved, between man-
grove forests and the biodiversity of adjacent 
coastal environments (Saunders and others, 
2014). Further research needs to be done on 
the sustainability and interrelationships of the 
habitats (marshes, seagrass and coral reefs) 
and between mangroves and catches of ma-
rine fishing resources (coastal and oceanic) 
in order to increase the capabilities of coastal 
managers and to empower local communities 
to more effectively conserve such resources.

A gap remains with respect to capacity-build-
ing in the restoration of degraded mangroves 
and abandoned aquaculture ponds within 
former mangrove areas (Paul and others, 
2017; Worthington and Spalding, 2018; Van 
Bijsterveldt and others, 2020). Restoration 
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of mangrove areas needs to be more widely 
adopted; in some cases, restoration efforts 
have owed more to economic incentives than 

to conservation objectives (Aheto and others, 
2016). Wider rehabilitation could lead to much 
healthier mangroves throughout the tropics.

Global distribution of mangroves (blue shading), showing diversity  
as numbers of specific taxa (species and nominal hybrids)

* Introduced occurence
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Source: UNEP, 2014.
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Keynote points

 • Salt marshes, as defined in the first World 
Ocean Assessment (United Nations, 2017) 
are intertidal, coastal systems that are 
regularly flooded with salt or brackish wa-
ter and dominated by salt-tolerant plants 
adapted to regular or occasional immer-
sion by tides.

 • Salt marshes serve as nesting, nursery and 
feeding grounds for numerous species of 
birds, fishes, molluscs and crustaceans, 
including some commercially important 
species.

 • Salt marshes are very effective “blue car-
bon” sinks, as they sequester CO2 owing to 
their high levels of primary production and 
low rates of decomposition, but they can 
also produce greenhouse gas emissions.

 • Salt marsh area is declining globally de-
spite protective measures in many areas.

 • Sea level rise poses the biggest threat, 
and marshes must either increase their 
elevation to keep pace with rising seas or 
move inland. Since the first Assessment, 
that has changed from a future issue to a 
present reality. If coastal development or 
restrictions on sediment supply and deliv-
ery make either adjustment difficult, salt 
marshes are converted to mudflats and 
open water.

 • Many marshes worldwide are already 
showing signs of waterlogging, which in-
dicates that they are not elevating rapidly 
enough.

 • Some evidence suggests that marshes 
with certain invasive plants may be better 
able to keep up with sea level rise.

1. Introduction

Salt marshes occur on every continent except 
Antarctica (Mcowen and others, 2017; see fig-
ure below). They are more prevalent in temper-
ate climates than in subtropical and tropical 
regions where mangrove forests occur. Salt 
marshes are highly productive ecosystems 
that provide critical ecosystem services, such 
as coastal protection, erosion prevention, nu-
trient cycling, habitat for various fish and bird 
species and carbon sequestration (Barbier 
and others, 2011).

The global extent of salt marshes is shrinking, 
primarily owing to sea level rise and more 
frequent and intense coastal storms (Cahoon, 
2006; Duarte and others, 2013). Global histori-
cal coverage has declined 25–50 per cent since 
1980 (Crooks and others, 2011; Duarte and 
others, 2008) owing to many factors, including 
filling for agriculture and development. Many 

remaining wetland ecosystems are showing 
evidence of eutrophication, waterlogging and 
disease (Short and others, 2016). Impacts on 
salt marshes will largely depend on the relative 
rate of sea level rise and other factors, such 
as those mentioned above (Adam, 2002). Salt 
marshes are losing ground to mangroves at 
the low-latitude end of their distribution owing 
to warming (Saintilan and others, 2014). The 
expansion of mangroves into salt marshes 
may result in increased storm protection and 
carbon storage (Doughty and others, 2016) but 
may also result in a decline in habitat for some 
animals.

Salt marshes are key coastal ecosystems that 
provide ecosystem services to humans, such 
as food and protection from storm surges and 
waves, by attenuating flooding (owing to wave 
height reduction) and through protection from 
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pollutants and “blue carbon” sequestration. 
According to Macreadie and others (2013), 
the global carbon burial in salt marshes (up to 
87.2 ± 9.6 teragrams (Tg) of carbon (C)/year, 
based on preliminary assessments) appears 
to exceed that of tropical rainforests (53 Tg C/
year), although they occupy a much smaller 
area (0.1–2  per  cent). However, greenhouse 
gas emissions can also be significant at some 
sites, in particular in wetlands with lower salin-
ities and high organic matter content (Bartlett 
and others, 1987; Poffenbarger and others, 
2011; Huertas and others, 2019). As concerns 
methane emissions, bubble-mediated fluxes 
(ebullition) can also play an important role in 
shallow areas with significant tidal variations, 
promoting gas release at low tide, owing to the 
lower water pressure (Duarte and others, 2007; 
Baulch and others, 2011; Call and others, 2015; 
Huertas and others, 2019). The atmospheric 
fluxes of greenhouse gases, mainly methane 
(CH4) and nitrous oxide (N2O), have greater 
global warming potential than CO2 (Duarte 
and others, 2007; Roughan and others, 2018). 
Anthropogenic stressors, including nutrient 
pollution and salinity changes, may increase 
greenhouse gas fluxes in the future (Chmura 
and others, 2016; Yin and others, 2015; Roughan 
and others, 2018; Doroski and others, 2019).

Global distribution of salt marshes

Kilometres
0 2,500 5,000 10,000

Source: Data from Mcowen and others, 2017.
Note: Created using ArcGIS Version 10.4.

The first Assessment stated that the key 
threats to salt marshes were land reclama-
tion, coastal development, dredging, sea level 
rise and eutrophication, and sea level rise 
was identified as the largest climate-related 
threat to salt marshes. According to the Unit-
ed States National Oceanic and Atmospheric 
Administration (2019), the global mean water 
level in the ocean rose by 3.6 mm per year 
from 2006 to 2015, which was 2.5 times the 
average rate per year throughout most of the 
twentieth century. By the end of the century, 
global mean sea level is likely to rise at least 
0.3 m above 2000 levels, even if greenhouse 
gas emissions follow a relatively low pathway 
in the coming decades. Nicholls and others 
(1999) predict that sea level rise of 1 m will 
eliminate 46  per  cent of the world’s coastal 
wetlands. Sea level rise varies regionally and 
differences from the predicted mean global 
range could exceed ±30 per cent (Oppenheim-
er and others, in press). Salt marshes may be 
able to migrate inland or increase their eleva-
tion in response to sea level rise, but that var-
ies with local conditions, including subsidence 
in some areas. Subsidence is caused primarily 
by groundwater withdrawal but also by glacial 
isostatic readjustment, soil compaction and 
settling of fill (Eggleston and others, 2013). 
Managed realignment may be precluded by 
coastal development, which limits the inland 
area available for relocation. Such “coastal 
squeeze” occurs when rising sea levels ad-
vance the low-water mark, while high water is 
fixed by shoreline structures (Doody, 2004). 
A meta-analysis by Kirwan and others (2016) 
indicated that marshes are generally building 
at rates similar to or exceeding historical sea 
level rise and that process-based models 
predict survival under a wide range of future 
sea level scenarios. They argue that marsh 
vulnerability tends to be overstated because 
assessment methods often fail to consider 
feedback processes that accelerate soil 
building with sea level rise and the potential 
for marshes to migrate inland, a phenomenon 
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affirmed by a recent global analysis by Rogers 
and others (2019). Those enhanced accretion 
rates are accompanied by enhanced rates of 
carbon burial, suggesting a reduction in the 
rate of climate change (McTigue and others, 
2019). Sea level rise may also enhance rates 
of carbon burial. Scheider and others (2018) 
found that historical marsh loss in the Ches-
apeake Bay, United States, was compensated 
for by the conversion of upland to marshes. 
Schuerch and others (2018) stressed the im-
portance of upland space (“accommodation 
space”) for marsh migration, which requires 
the absence of human built infrastructure. 
If coastal squeeze were not an issue, marsh 

migration inland would be much easier in most 
places but could be restricted by steep slopes.

Since the first Assessment, the loss of marsh-
es to rising sea levels has become an issue 
for the present, rather than the future. The 
use of recent surface elevation tables and as-
sessment tools to examine the rate of marsh 
accretion as compared with sea level rise has 
provided data documenting the loss. Remote 
sensing techniques, such as light detection 
and ranging and aerial photography, also show 
the extent of losses and can be used periodi-
cally to monitor rates of change. 

2. Description of the environmental changes  
between 2010 and 2020

At the global level, the extent of salt marshes is 
shrinking. However, as the rate of sea level rise 
is not identical at all sites, there are regional 
differences. Crosby and others (2016) synthe-
sized available data and found that the rate of 
local sea level rise outpaced salt marsh accre-
tion rates in many sites in Europe and the Unit-
ed States, indicating that under even the most 
optimistic Intergovernmental Panel on Climate 
Change emissions scenario, 60 per cent of the 
marshes studied will accrete less than the rate 
of sea level rise by 2100. The observed world-
wide increase in storm surges over the past 
few years affects the water level and salinity 
in tidal salt marshes which, in turn, may affect 
greenhouse gas emissions (CO2, CH4 and N2O) 
from those sites (Capooci and others, 2019).

While sea level rise is the major driver of wet-
land loss, eutrophication can also contribute 
(Deegan and others, 2012). Eutrophication 
increases above-ground biomass, decreases 

root biomass and increases microbial decom-
position, resulting in plant instability, which 
causes creek-bank collapse, with areas of 
marsh converted to unvegetated mud (see 
also chap. 10). Overfishing of some fish spe-
cies has led to increased populations of the 
herbivorous marsh crab (Sesarma reticulatum), 
whose consumption of marsh grasses has 
caused marsh dieback in some areas (Bert-
ness and others, 2014; see also chap. 15 of the 
present Assessment). The death of rhizomes, 
from waterlogging and drought, is responsible 
for marsh dieback in other areas (Elmer and 
others, 2013). Marshes with inadequate sedi-
ment supply are most vulnerable to sea level 
rise (see chap. 13). 

The loss of coastal marshes has an impact 
on other components of the marine system. 
With reduced marshes, there is likely to be less 
overall productivity in associated estuarine 
systems.
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3. Consequences of the changes for human communities, 
economies and well-being

1 See General Assembly resolution 70/1.

Narayan and others (2017) found that tidal wet-
lands in New Jersey, United States, prevented 
flood damage amounting to $625 million in the 
wake of Hurricane Sandy. They estimated a 
reduction of 16 per cent in annual flood losses 
attributable to salt marshes, with greater re-
ductions at lower elevation. Coastal wetlands 
have the capacity to reduce property damage 
and prevent costs associated with storm surg-
es (Rezaie and others, 2020). With less marsh 
area and more intense and frequent coastal 
storms and extreme events, there will be less 
protection for human communities, greater 
storm damage and reduced resilience. Fish 
stocks may also decline with the reduction 
of habitat for juvenile and larval stages (see 
chap.  15 regarding commercial fisheries), 
contributing to disruptions in income and food 
security for seafood-reliant communities. 

Loss and degradation of salt marshes and 
the reduction of the ecosystem services 
and protection they provide will affect the 

achievement of the Sustainable Development 
Goals,1 in particular Goals 1, 2 and 8, through 
reduced ecosystem services and food supply, 
Goal 11, owing to reduced protection of coast-
al areas from extreme events, Goal 13, through 
their potential to sequester blue carbon, but 
also their potential for emitting greenhouse 
gases, and Goals 14 and 15, owing to impacts 
on ecosystems. The loss of tidal marshes will 
also have socioeconomic consequences. Re-
duced numbers and types of goods provided 
would most likely lead to reduced yields of 
fisheries, less sequestration of pollutants, less 
carbon storage and storm abatement, and 
increased nitrogen and methane emissions to 
the atmosphere. Effects on human health may 
also result from increased pollutants in salt 
marsh animals used for human consumption, 
as well as poorer water quality if salt marshes 
do not remove pathogens and pollutants from 
wastewater.

4. Key region-specific changes and consequences

Salt marshes occupy a considerable area with 
variable vegetation along European coasts. 
Protection of much of the salt marsh area is 
increasing within the Natura 2000 network (Eu-
ropean Commission, 2007). In terms of vege-
tation, North Atlantic salt marshes are mainly 
colonized by Salicornia spp. and other annuals, 
as well as Spartina swards (Spartinion marit-
imae) (Bortolus and others, 2019), whereas 
Mediterranean species higher up on the shore 
are usually more resistant to desiccation. In 
general, salt marshes along the Mediterranean 
experience minimal tidal differences and are 

considered microtidal, whereas those on At-
lantic shores generally experience significant 
tidal variations. In general, areas with greater 
tidal amplitude will have more severe effects 
from sea level rise (Devlin and others, 2017).

Salt marshes in South Africa include many 
rarely-flooded supratidal marshes that support 
halophytic communities (Adams and others, 
2016). Owing to wave action and high sediment 
availability, over 90  per  cent of the estuaries 
have restricted inlets, with most closing tem-
porarily when a sandbar forms (Cooper, 2001). 
Sea level rise, increased storms and wave 
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height, and changed river discharge will influ-
ence inundation patterns, salinity gradients 
and sediment biogeochemistry (Van Niekerk, 
2018). If there is available land, salt marshes 
will migrate inland (Tabot and Adams, 2013; 
Veldkornet and others, 2015). Sea level rise will 
produce more open conditions, in particular if 
the mouth of the estuary is sheltered from wave 
action and little sediment is available (Van 
Niekerk, 2018). However, drought and reduced 
freshwater inflow will result in mouth closure, 
flooding and dieback of salt marsh plants.

Salt marshes in China are dominated by native 
Phragmites australis or Spartina alterniflora, 

the latter of which was introduced from Eng-
land and North America (Gu and others, 2018; 
Wan and others, 2009). The areal extent of salt 
marshes declined by about 59  per  cent be-
tween the 1980s and the 2010s, largely owing 
to land reclamation (Gu and others, 2018; Tian 
and others, 2016). To combat that trend, China 
has implemented policy measures to restore 
and conserve salt marshes, such as estab-
lishing protected areas, ecological redlining 
and strictly regulating reclamation. Such man-
agement strategies are recent and, therefore, 
their effectiveness is yet to be proved (Bai and 
others, 2018). 

5. Outlook 

In order to persist, salt marshes must either 
elevate at a rate equal to sea level rise, which 
requires obtaining enough new sediment, or 
migrate inland, which requires undeveloped 
land immediately inland of the marsh and an 
appropriate slope. A continued loss of marsh-
es, with the concurrent loss of ecosystem ser-
vices and biodiversity, is anticipated in many 
areas. A decrease in their spatial extent will 
reduce ecosystem service provision. The loss 
of salt marshes not only reduces their capacity 
to act as carbon sinks, but the related degra-
dation and disturbance also contribute to the 
release of carbon back into the atmosphere in 
the form of CO2 (Pendleton and others, 2012) 
and the emission of other greenhouse gases, 
such as N2O and CH4.

Peteet and others (2018) found that urban de-
velopment greatly reduced inputs of mineral 
sediment, but organic matter allowed vertical 
accumulation to outpace sea level for a time. 
However, reduced mineral content caused 
structural weakness and edge failure, and they 
concluded that marsh survival would require 
mineral sediment addition. Borchert and oth-
ers (2018) further showed that migration cor-
ridors were particularly important in urbanized 

estuaries with coastal development where 
there is no space for wetlands to move inland 
and adapt to sea level rise.

A meta-analysis by Davidson and others (2018) 
found that certain invasive plants enabled bio-
mass and carbon storage potential to increase 
by over 100 per cent. Because plants such as 
the invasive Phragmites australis grow larger 
and faster, the ecosystem can store more car-
bon, and that plant also promotes increased 
marsh elevation. Rooth and Stevenson (2000) 
found greater rates of litter production and of 
mineral and organic sediment trapping in P. 
australis. Therefore, that species may provide 
a strategy to combat sea level rise, albeit with 
a reduced diversity of plants in the marsh and 
some faunal changes. That information has 
not yet altered restoration policies and projects 
in which the plant is removed. The invasion of 
Spartina alterniflora in salt marshes in China 
(Zhang and others, 2004; Zuo and others, 
2012) and South America (Bortolus and oth-
ers, 2015) has created new vegetated areas, 
thus reducing the degree of wetland loss.

Since marshes are one of the most highly 
productive ecosystems on the planet and are 
home to many endangered species, their loss 
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will have significant repercussions for overall 
productivity, biodiversity and ecosystem ser-
vices. Significant impacts are expected from 
the loss of their nursery function for juvenile 
fishes and invertebrates. Marsh loss will also 
affect birds, as marshes are important breed-
ing, foraging, overwintering and migration 
stop-off points (United Nations Environment 
Programme (UNEP), 2019).

Indices of resilience developed for tidal salt 
marshes by Raposa and others (2016) suggest 

that Pacific marshes are likely to be more re-
silient than their Atlantic counterparts, largely 
owing to differences in the percentage of 
vegetation currently located below mean high 
water. Such indices provide a way to evaluate 
resilience, inform management and prioritize 
areas of marsh restoration.

Reduced marsh habitat would have socioec-
onomic consequences, including reductions 
in fish stocks, storm protection, carbon and 
pollution sequestration, and water quality. 

6. Key remaining knowledge gaps

While there has been some study of carbon 
dioxide fluxes in marshes (Forbrich and Giblin, 
2015; Wei and others, 2020), more needs to 
be known about greenhouse gas fluxes at the 
sediment-water and water-atmosphere inter-
faces in salt marshes. The influence of tides 
on methane escape from the sediment-water 
interface has been documented (Duarte and 
others, 2007; Poffenbarger and others, 2011; 
Baulch and others, 2011; Call and others, 2015; 
Segarra and others, 2013; Huertas and others, 
2019) but the quantification of greenhouse 
gas fluxes from such systems is still largely 
unknown. The same applies to N2O emissions, 
for which experimental studies have shown 
the influence of nutrient input (Bulseco and 
others, 2019) but, again, there is no sustained 
long-term measurement and quantification 
of the fluxes involved. The future role of salt 
marshes in the global carbon and greenhouse 
gas budgets is largely unknown owing to the 
ongoing changes in their extent and hydro-
graphic, nutrient and salinity (Poffenbarger 
and others, 2011) regimes.

Another gap relates to how to increase salt 
marsh resilience to sea level rise. The best 
techniques for leaving some Phragmites 

australis in place and how well that can ac-
celerate marsh elevation are not yet known. 
Maintaining migration corridors for marshes 
to migrate inland is important in many areas 
and needs more investigation and political will. 
One possible way of increasing marsh eleva-
tion is “thin layer deposition”, that is, spraying 
sediments from tidal creeks onto the marsh 
surface (Ford and others, 1999). Additional 
actions may include the artificial supply of 
dredging materials to reach a sufficiently high 
accretion rate to allow the tidal flat to adapt to 
sea level rise (Mendelssohn and Kuhn, 2003). 
The long-term effectiveness and how often the 
procedures will have to be done is unknown. 
When marshes are eroding at the edge, “living 
shorelines”, in the form of oyster reefs, “reef 
balls” or rocks, can be placed at the edge to 
prevent further erosion (Bilkovic and others, 
2017). Living shorelines have enhanced the 
resilience of marshes to hurricanes more than 
either hard edges or natural marshes (Smith 
and others, 2016). Another approach is to cre-
ate floating marshes (Streb and others, 2019). 
However, since such approaches are relatively 
new, their continued effectiveness in the face 
of sea level rise remains to be seen. 
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7. Key remaining capacity-building gaps

2 Convention on Wetlands of International Importance especially as Waterfowl Habitat (United Nations, Treaty 
Series, vol. 996, No. 14583).

3 List of sites available at https://rsis.ramsar.org.

As of 2020, 985 coastal wetlands are desig-
nated Ramsar Convention sites.2 The sites, 
covering nearly 75 million ha, are recognized 
for their significant value to humanity and are 
to be managed in such a way as to maintain 
their ecological character and to promote wise 
use.3 The number of Ramsar sites has steadily 
increased since the Convention entered into 
force in 1975. However, since global wetland 
extent has decreased markedly over that time, 
the efficacy of Ramsar policy implementation 
is questionable (Finlayson, 2012). According to 
scientists around the world, immediate action 
is urgently needed to transition to more sus-
tainable practices (Ripple and others, 2017) 
and to reduce the loss of critical natural habi-
tats that provide ecosystem services, such as 
wetlands and salt marshes (Finlayson, 2019; 
Finlayson and others, 2019).

Some countries lack adequate expertise or re-
sources to study and rehabilitate salt marshes. 
In the United States, the State of Louisiana has 
one of the most comprehensive coastal resto-
ration plans in North America and the largest 

investment in marsh creation ($17.1 billion), 
and it will use dredged material and sediment 
diversion to build and maintain coastal land. 
Such investments underlie the high monetary 
and organizational costs of major restoration 
projects. In many areas of the world, such 
intervention would be beyond the capacity of 
individual States. Also, some countries have 
the capacity but have not yet prioritized the 
conservation of coastal wetlands. It will take 
large investments of time and resources on 
a global level, with large-scale governmental 
awareness, agreements and common com-
mitments, to reverse the deleterious trends 
observed in salt marshes today. Together, sea 
level rise and human development threaten 
marsh extent globally. Conservation and res-
toration efforts must acknowledge that, with 
accelerating sea level rise, marsh habitat is 
a moving target. Undeveloped coastal lands 
could convert to marsh in the next century; 
however, human development is the main ob-
stacle to that occurring.
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Keynote points

 • Continental slopes represent 5.2 per cent 
of the ocean, with over one fifth of the 
slope comprised of submarine canyons; 
they are critical transition areas between 
the continental shelf and the deep sea 
and are important for carbon burial and 
as habitats for species of ecological and 
economic importance.

 • Strong vertical hydrographic gradients, 
complex geomorphic features and fluid 
fluxes from the sea floor make canyon and 
slope faunal communities highly heteroge-
neous.

 • Hundreds of newly discovered methane 
seep, coral and sponge habitats enhance 
biodiversity and host novel interactions 
with surrounding sediments. 

 • Canyons can be hotspots of biological 
activity but their communities do not al-
ways differ from those on adjacent slopes, 
which are also highly productive; slope and 
basin sediments can be an archive of his-
torical information about climate effects 
on biodiversity.

 • Naturally occurring oxygen minimum zones 
reveal that biodiversity is highly sensitive 
to oxygenation; expansion of low oxygen 
zones will reduce biodiversity; projected 
declines in pH and food supply are likely to 
affect cold water coral ecosystems.

 • Owing to their proximity to shore, slopes 
and canyons are subject to expansion of 
deepwater oil and gas activities, offshore 
energy installations, bottom fisheries and, 
potentially, mineral mining activities, as 
well as to increasing contamination, in-
cluding litter and mine tailings from land. 

 • Exploration has accelerated the discovery 
of new ecosystem functions and services, 
including novel productivity and carbon 
transfer mechanisms, nursery grounds, 
and contaminant and waste transfer. How-
ever, most canyons and slope areas remain 
largely unexplored, with major questions 
about species ranges, ecological connec-
tivity, benthopelagic linkages, sensitivity to 
climate and direct disturbance remaining 
unanswered, in particular in the southern 
hemisphere and along African and South 
American margins.  

 • Better integration of climate science, con-
nectivity research, conservation biology 
and resource management, combined 
with increased taxonomic and geographic 
expertise, will improve the distribution of 
knowledge, technology, analytical tools 
and methodologies required to advance 
global understanding and promote sustain-
ability of slope and canyon ecosystems.

1. Introduction

The continental slope represents a deepening 
of the sea floor out from the shelf edge (about 
200 m depth) to the upper limit of the conti-
nental rise, where steepness decreases. It 
covers a total of 19.6 million km2, representing 
5.2 per cent of the ocean (table 1; Harris and 
others, 2014). That environment was discussed 
briefly in chapter 36F (United Nations, 2017a) 
of the first World Ocean Assessment (United 

Nations, 2017c), as a component of deep-sea 
margins. The continental slope is typically cut 
by steep-walled canyons (see United Nations, 
2017b), with as many as 9,477 known canyons 
covering nearly 4.4 million km2 (table 1) and 
many more that are undiscovered. The slope 
also encompasses other geomorphic and 
geochemical features, such as basins, banks, 
scarps, seamounts and methane seeps (see 
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figure below). Slopes and canyons are major 
transition areas between shallow and deep 
waters, transporting (and transforming) sedi-
ments, organic matter, water, organisms, con-
taminants and debris (Puig and others, 2014; 

Leduc and others, 2018). Continental slopes 
can be highly productive, accounting for exten-
sive carbon burial and nutrient recycling, and 
are therefore important in societal well-being 
(Levin and Sibuet, 2012). 

Table 1  
Cover and number of slopes and canyons in the world ocean

Feature
Total 

ocean 
Arctic 
Ocean 

Indian 
Ocean

Mediter-
ranean 

Sea
North 

Atlantic
North 

Pacific
South 

Atlantic
South 
Pacific

Southern 
Ocean

Area of slope 
(km2) 19 606 260 913 590 4 189 700 906 590 3 436 150 4 752 240 1 591 830 3 201 000 615 170

Percentage of 
total slope area 100.00 7.03 5.88 30.00 7.68 5.80 3.94 3.67 3.03

Total area of 
canyons (km2) 4 393 650 359 650 760 420 163 040 738 430 816 580 291 290 694 790 569 440

Number of 
canyons 9 477 404 1 590 817 1 548 2 085 453 2 009 571

Percentage of 
slope that is 
canyon

22.4 16.1 11.2 13.8 10.4 10.2 8.9 10.2 15.1

Source: Harris and others, 2014.

The strong (usually vertical) gradients in tem-
perature, oxygenation, CO2, hydrodynamics, 
particulate fluxes and sediment transport that 
characterize slopes and canyons shape their 
biological communities (see figure below). 
Fluxes of particulate organic carbon and large 
organic falls (dead marine mammal and fish 
carcasses, wood and algae) from surface and 
shelf waters, and geochemical fluxes (meth-
ane, sulphide and hydrogen) from within the 
seabed create significant heterogeneity of 
energy sources for slope and canyon ecosys-
tems. Additional environmental heterogeneity 
on slopes at scales from 10 m to hundreds 
of km derives from variation in sedimentary 
sources, oceanographic conditions, dynamic 
geologic processes and frameworks created 
by habitat-forming species (Kelly and others, 
2010). 

Slopes and canyons are strongly influenced 
by climate change and, because they are the 
closest deep-sea environments to human 
populations, they experience greater pres-
sures from human activity than other deep-
sea systems. Major anthropogenic influences 
include physical and biological disturbance 
from fishing, shipping, intentional and uninten-
tional disposal of waste from land (e.g., mine 
tailings disposal, litter and contaminants), 
organic matter loading (e.g., sewage, nutrients 
and industrial inputs), oil and gas activities 
and potential mineral mining. Climate-related 
changes leading to warming, oxygen loss and 
changes in storm intensity and frequency su-
perimpose their effects on those other human 
disturbances. 
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Habitat features on continental slopes and canyons, with effects of changing conditions
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Source: Modified from Levin and Sibuet, 2012, available at https://doi.org/10.1146/annurev-marine-120709-142714, 
with assistance from Andres Algeria.
Abbreviations: CMZ, carbon minimum zone ; OMZ, oxygen minimum zone.

2. Developments in understanding of slopes and canyons 

2.1. Slope biodiversity
Continental margin fauna exhibits strong 
depth zonation, with major changes in compo-
sition at the shelf-slope transition (300–500 m 
depths), along the upper slope (1,000 m depth) 
and between 2,000 and 3,000 m (Carney, 
2005). Water mass layering across continen-
tal slopes contributes to depth zonation and 
to high beta diversity in macrobenthos (e.g., 
Narayanaswamy and others, 2010), meioben-
thos (Danovaro and others, 2009; Bianchelli 
and others, 2010), fishes (e.g., Priede and 

others, 2010) and megafauna (e.g., Hunter and 
others, 2011), and to depressed alpha diversity 
within low-oxygen water masses (Sellanes and 
others, 2010; Gooday and others, 2010). Fau-
nal diversity is generally highest at mid-slope 
depths (1,500–2,500 m) (Rex and Rowe, 1983; 
Rex and Etter, 2010; Menot and others, 2010), 
linked to heterogeneity of sediments, produc-
tivity and water flow (Levin and others, 2001). 
Faunal density maximums on slopes (e.g., 
crustaceans, brittle stars, sponges) routinely 
occur at the edges of low-oxygen water mass-
es beneath upwelling areas, on topographic 

https://doi.org/10.1146/annurev-marine-120709-142714
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highs and in canyons (Levin, 2003; De Leo and 
others, 2010; Domke and others, 2017), where 
increased particle fluxes enhance food supply.

2.2. Changing environmental 
conditions on slopes and canyons

2.2.1. Oxygen minimum zones and ocean 
deoxygenation

Continental slopes and canyons beneath the 
highly productive waters in upwelling areas are 
exposed to naturally occurring hypoxic waters 
called oxygen minimum zones at depths of 
100–1,200 m throughout much of the eastern 
Pacific Ocean, the northern Indian Ocean and 
off the coast of West Africa (Helly and Levin, 
2004). Oxygen availability on slopes is highly 
dynamic on seasonal, inter-annual and gla-
cial-interglacial timescales (Levin and others, 
2015a; Huang and others, 2018, 2019). The 
low-oxygen waters shape the composition, 
diversity and functional attributes of the water 
column and benthos (Levin, 2003), as well 
as individual body size, growth, calcification 
and reproduction (Sato and others, 2018), 
and cause strong zonation of megafauna and 
macrofauna across oxygen gradients of oxy-
gen minimum zones on slopes (Wishner and 
others, 1995; Levin, 2003; Gooday and others, 
2009, 2010; Hunter and others, 2011; Levin and 
Gallo, 2019) and canyons (De Leo and others, 
2012; Domke and others, 2017). Macrofaunal 
invertebrate diversity (Levin and Gage, 1998; 
Sperling and others, 2016) and fish diversity 
(Gallo and others, 2020) drop dramatically at 
oxygen concentrations below 7 μMol O2, and 
patterns of fish abundance, catch and effort 
can vary with oxygen availability (Bertrand and 
others, 2011; Keller and others, 2015; Salvatte-
ci and others, 2019; De Leo and others, 2017).

Planktonic communities within oxygen mini-
mum zones also respond strongly to oxygena-
tion in space and time (Ekau and others, 2010; 
Gilly and others, 2013; Seibel and others, 2016; 
Tutasi and Escribano, 2020), exhibiting distinct 

zonation, edge effects, density maximums and 
sharp diversity thresholds (Wishner and oth-
ers, 2008, 2013). Very small oxygen gradients 
can induce large changes in community com-
position over relatively small spatial scales 
(Wishner and others, 2008, 2018). However, 
some crustacean plankters exhibit surprising 
hypoxia tolerance (Seibel and others, 2016, 
2018). Some copepods exhibit ontogenetic 
zonation, with different life stages thriving at 
different oxygen levels (Wishner and others, 
2000; Hidalgo and others, 2005). 

Many oxygen minimum zones are expanding 
as a result of climate change (Stramma and 
others, 2008, 2010; Levin, 2018). The expansion 
will cause anticipated loss of diversity (Sper-
ling and others, 2016) that will coincide with 
reduced resilience (Levin and others, 2013), 
reduced bioturbation (Smith and others, 2000; 
Levin and others, 2009; Schimmelmann and 
others, 2016), shifts from macrofaunal to pro-
tozoan carbon processing (Woulds and others, 
2007, 2009) and altered food webs (Sperling 
and others, 2013; Gallo, 2018). Long-term mon-
itoring in the Southern California Bight reveals 
declines in abundances of mesopelagic fish 
larvae (Koslow and others, 2011) and shoaling 
of the daytime upper and lower boundaries of 
the deep scattering layer (fish and large inver-
tebrates) (Netburn and Koslow, 2015) in con-
junction with shoaling hypoxia over the past 25 
years. The vision of squid, octopus and crab 
larvae in southern California can be impaired 
by reduced oxygen availability (McCormick 
and others, 2019). In the south-eastern Pacific, 
the oxygen minimum zone is highly sensitive 
to climate variability, with high seasonal to 
inter-annual oxygen variability generated by 
the El Niño Southern Oscillation, fluctuations 
in the Peru-Chile Undercurrent, the Equato-
rial Undercurrent and eddies (Czeschel and 
others, 2015; Pizarro-Koch and others, 2018; 
Espinoza-Morriberón and others, 2019). Mul-
tiple proxies suggest that recent oxygenation 
(recorded since 1999) has occurred, associat-
ed with the deepening of the oxygen minimum 
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zone (Graco and others, 2017; Cardich and 
others, 2019). 

2.2.2. Ocean acidification

Slopes and canyons are increasingly vulner-
able to ocean acidification. Under Repre-
sentative Concentration Pathway (RCP) 8.5 
(a business-as-usual climate scenario), the 
average pH is expected to decline by 0.14 units 
on slopes and 0.11 units in canyons by 2100 
(table 2; Food and Agriculture Organization of 
the United Nations (FAO), 2019; Bindoff and 
others, 2019). The North Atlantic Ocean is 
particularly vulnerable because deepwater for-
mation propagates surface-derived changes 
in carbonate chemistry to the ocean interior, 
and the western boundary current advects 

them further away; RCP 8.5 projects pH de-
clines of 0.3 units for 14 per cent of the slope 
below 500  m and 15  per  cent of canyons by 
2100 (Gehlen and others, 2014). Taxa living 
where low oxygen and high CO2 occur natu-
rally may be less vulnerable to the impacts of 
ocean acidification, but ocean basins differ. 
In the Indian Ocean, macrofaunal biodiversity 
is more influenced by elevated CO2 than low-
ered oxygen, whereas the reverse is true in the 
East Pacific Ocean, where low oxygen better 
explains biodiversity trends (Taylor and oth-
ers, 2014; Sperling and others, 2016; Sato and 
others, 2018). It is necessary to strengthen 
monitoring systems, such as the Global Ocean 
Acidification Observing Network, to evaluate 
changes in the seawater carbonate system on 
slopes and canyons.

Table 2  
Projected climate changes given as mean (minimum, maximum) at the deep sea floor 
for continental slopes, canyons and cold water corals mapped from 200 m to 2,500 m 
under RCP 8.5 and 2.6 from the present to the period 2081–2100 using three  
Earth-system models 

  Temperature (°C) pH
Dissolved oxygen 

(μMol/kg) POC flux 

  RCP 2.6 RCP 2.6 RCP 2.6 RCP 2.6 

Continental slopes +0.30  
(-0.44, +2.30)

-0.06  
(-0.19, -0.02) 

-3.1 
(-49.3, +61.7)

-0.39  
(-16.0, +3.9)

Canyons +0.31  
(-0.27, +1.76)

-0.05  
(-0.13, +0.01)

-3.54  
(-44.66, +29.30)

-0.33  
(-10.53, +3.53)

Cold water corals +4.3  
(-0.29, +1.85)

-0.07  
(-0.13, 0.0)

-3.5  
(-25.6, +24.7)

-0.7  
(-10.5, +3.4)

RCP 8.5 RCP 8.5 RCP 8.5 RCP 8.5

Continental slopes +0.75  
(-8.4, +4.4)

-0.14  
(-0.02, -0.44)

-10.2  
(-67.8, +53.82)

 -0.66  
(-33.33, +10.3)

Canyons +0.19  
(-0.03, +1.14)

-0.11  
(-0.35, +0.02)

-0.80  
(-28.76, +10.07)

-0.80  
(-28.76, +10.07)

Cold water corals +0.96  
(-0.42, +3.84)

-0.15  
(-0.39, +0.001)

-10.6  
(-59.2, +11.1)

-1.69  
(-20.1, +4.6)

Source: Adapted from Table 5.5 from Bindoff, N.L., and others, 2019.

Abbreviations: POC, particulate organic carbon; RCP, Representative Concentration Pathway.
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2.2.3. Food supply
Food supply to slope and canyon ecosystems 
derives largely from the flux of organic matter 
from ocean surface waters. Slopes and can-
yons are projected to experience reductions in 
particulate organic carbon flux by the period 
2081–2100 under a range of emissions sce-
narios (except in the Southern Ocean and the 
Arctic Ocean) with concomitant reductions in 
benthic biomass (Jones and others, 2014; Yool 
and others, 2017; Intergovernmental Panel on 
Climate Change (IPCC), 2019); however, the 
declines in particulate organic carbon flux are 
projected to be 30–50 per cent less under RCP 
2.6 than under RCP 8.5 (IPCC, 2019; table 2). 
The overall contributions of chemosynthetic 
production to slope and canyon food webs 
has yet to be quantified, but future warming-in-
duced dissociation of methane from buried 
gas hydrates (Biastoch and others, 2011) could 
increase the contributions. 

2.3. Continental slopes as a unique 
palaeoecology archive

The continental slope serves as a unique 
setting, critical to understanding historical 
deep-sea biodiversity dynamics. Areas expe-
riencing very high sedimentation rates allow 
for the reconstruction of past oceanographic 
conditions and biodiversity response at dec-
adal-centennial timescales for the past tens 
of thousands of years based on ostracods 
(Yasuhara and Cronin, 2008; Yasuhara and 
others, 2017; Yasuhara, 2018). For example, 
in the North Atlantic Ocean, abrupt tempera-
ture change has affected deep-sea benthic 
abundance and biodiversity based on pala-
eoecological records from the past 20,000 
years (Yasuhara and others, 2008, 2014, 2016; 
Yasuhara and Danovaro, 2016). 

2.4. Habitat heterogeneity

2.4.1. Slope-canyon comparisons

Canyons are considered to be a key source of 
heterogeneity and biodiversity. The prokaryotic 
and eukaryotic microbial plankton communi-
ties appear similar in Mediterranean canyon 
and slope settings (Celussi and others, 2018; 
Diociaiuti and others, 2019), although more 
viruses and viral infections were documented 
within the Bisagno Canyon than on the ad-
jacent slope (Corinaldesi and others, 2019a, 
2019b). A strong link between mesoscale pro-
cesses, and the cascading of dense water, in 
particular, can influence the biogeochemistry 
(Chiggiato and others, 2016), microbes (Luna 
and others, 2016), organic matter deposition, 
microbial production and viral activity (Ras-
telli and others, 2018) of canyons, and may be 
particularly critical for supporting deepwater 
coral habitat (Taviani and others, 2019). Recent 
comparisons suggest no significant differ-
ences in biomass, density or composition in 
foraminifera (Di Bella and others, 2019), meta-
zoan meiofauna (Bianchelli and others, 2010; 
Bianchelli and Danovaro, 2019; Carugati and 
others, 2019) and macrofauna (Harriague and 
others, 2019) between slopes and canyons of 
the Mediterranean. In contrast, higher densities 
of deposit feeders (sipunculids and holothurian 
species) and meiofauna occur within New Zea-
land canyons (700–1,500 m depth) rather than 
on the adjacent slope (Rowden and others, 
2016; Rosli and others, 2016), possibly owing 
to differences in topographic complexity and 
higher organic matter availability (Leduc and 
others, 2014, 2016; Rowden and others, 2016). 
High heterogeneity also promotes enhanced 
diversity locally and regionally within the Med-
iterranean canyons (Gambi and others, 2019; 
Bianchelli and Danovaro, 2019; Carugati and 
others, 2019) and the Northeast Atlantic (Ingels 
and Vanreusel, 2013; Ingels and others, 2011), 
with high species turnover between canyons 
(Harriague and others, 2019). The presence of 
deepwater ahermatypic corals (scleractinian 
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and octocorals) at bathyal depths enhances 
the density and influences the composition and 
diversity of adjacent sediment communities in 
the Gulf of Mexico (Demopoulos and others, 
2014, 2016; Bourque and Demopoulos, 2018), 
with different corals associated with different 
infaunal communities, possibly mediated by 
habitat differences. The presence of deepwa-
ter corals decouples normal depth-density and 
diversity patterns in the region (Wei and others, 
2010). Disruption of coral habitats will therefore 
likely affect nearby slope infauna (Bourque and 
Demopoulos, 2018). Overall, variability between 
habitats in benthic species composition and 
abundance by region (Bowden and others, 2016; 
Leduc and others, 2016) can limit the ability to 
draw general conclusions on the differences 
between canyons and slopes. Zooplankton 
and, in particular, krill are often observed in 
higher abundances over the shelf break and 
slope (Lu and others, 2003; Lowe and others, 
2018). A variety of processes can lead to such 
aggregations of zooplankton and fish (Genin, 
2004), and it appears that canyons may also 
contribute greatly to krill hotspots (Santora and 
others, 2018), although their impact on smaller 
zooplankton is poorly documented.

2.4.2. Geomorphic heterogeneity

Finer-scale geomorphological aspects of 
slopes and canyons, including water depth, 
sediment type, acoustic backscatter, wave 
exposure and seabed rugosity, can be used to 
identify slopes and canyons as habitats and 
predict benthic communities in the absence of 
sampling (Harris and Baker, 2020; Kenchington 
and others, 2014; Pierdomenico and others, 
2015, 2019; Fanelli and others, 2018; Huang, 
Zhi, and others, 2018). Geomorphic features, 
shaped by erosion, sediment transport, deposi-
tion and tectonic instability (Lastras and others, 
2008), as well as by biology (Marsh and others, 
2018; Lo Iacono and others, 2019), can now be 
mapped effectively using remotely operated 
vehicles and autonomous underwater vehi-
cles (Huvenne and others, 2018). Geomorphic 

landscape features may underpin spatial plan-
ning, marine protected area design, research 
planning and economic resource assessment 
(Harris and Baker, 2020; Ismail and others, 
2015; Hogg and others, 2016), emphasizing the 
relevance of ongoing efforts to map the entire 
deep-sea floor (Mayer and others, 2018). The 
interaction of large bathymetric or tectonic fea-
tures with bottom currents can lead to the ex-
posure or deposition of mineral hard grounds, 
crusts and nodules, including those formed of 
ferromanganese and phosphorites (Muiños 
and others, 2013), and can cause slope insta-
bility (Teixeira and others, 2019).

2.4.3. Geochemical heterogeneity

The biodiversity of slope and canyon ecosys-
tems is influenced by sea floor seepage of 
methane and other hydrocarbon-rich fluids 
(Levin, 2005; Egger and others, 2018). Methane 
seeps host distinct megafaunal communities 
and are dominated by chemoautotrophic fauna 
(see chap. 7P). The recent advent of acoustic 
bubble plume detection methods has revealed 
the ubiquitous nature and high abundance of 
seeps (Riedel and others, 2018; Skarke and 
others, 2014). Ocean warming and altered cir-
culation, which may promote degassing, may 
already be increasing the number of slope 
seepage sites (Phrampus and Hornbach, 2012; 
Johnson and others, 2015). New explorations 
reveal seep influence on the background slope 
and canyon communities (Levin and others, 
2016a) through the provision of chemosyn-
thetic food sources (Seabrook and others, 
2019; Rathburn and others 2009; Goffredi and 
others, 2020), nursery habitat (Treude and 
others, 2011; Sen and others, 2019) and hard-
ground (carbonate) as substrate (Levin and 
others, 2015b, 2017), and by stimulating water 
column production (D’souza and others, 2016). 

2.5. Connectivity of populations 

Fragmented populations, communities and 
ecosystems can remain viable or recover from 



404   

World Ocean Assessment II: Volume I

disturbance through ecological connectivity, 
defined as the exchange of individuals, species 
or resources. On continental slopes and can-
yons, heterogeneously distributed hard sub-
strate supports deepwater corals and sponges 
that are vulnerable to disturbance from fishing 
and exhibit life-history characteristics that 
are not conducive to population resilience or 
recovery, such as longevity, slow growth and 
recruitment (Reed and others, 2007; Huvenne 
and others, 2016; Bennecke and Metaxas, 
2017). Understanding spatial variation in repro-
ductive potential (Fountain and others, 2019) 
and the use of hydrodynamic models to assess 

1 Available at www.pcouncil.org/groundfish/fishery-management-plan.

patterns of connectivity can assist in devel-
oping effective conservation strategies (Kool 
and others, 2013, 2015; Metaxas and others, 
2019). Recent genetic studies have advanced 
the understanding of dispersal distances and 
source-sink dynamics, which vary among cold 
water coral and sponge species in slope envi-
ronments at the regional to geomorphic feature 
level (Zeng and others, 2017, 2019; Holland and 
others, 2019), and regional and local currents 
can act as routes or barriers for larval dispersal 
(Dueñas and others, 2016; Holland and others, 
2019; Zeng and others, 2019).

3. Ecosystem services and benefits on slopes and in canyons 

Ecosystem services provided by slopes and 
canyons include carbon sequestration and nu-
trient recycling, fisheries, biodiversity support 
and waste disposal, with emerging interest in 
mining of non-renewable resources (Fernan-
dez-Arcaya and others, 2017).

3.1. Fisheries 

Numerous deepwater fisheries rely on outer 
shelves and bathyal slopes, even within some 
oxygen minimum zones (Keller and others, 
2015). Canyons serve as key feeding, spawn-
ing and recruitment grounds for economically 
valuable fishes (D’Onghia and others, 2015) 
and shellfish (Sardà and others, 2009). Fishes 
often, although not always (Ross and others, 
2015), occur in greater abundance, are larger 
and have faster rates of maturity in canyons, 
as has been shown for sharks, conger, hake 
and common pandora (Sion and others, 2019). 
The discovery of close associations of some 
commercial fish and shellfish species with 
canyon and slope methane seeps (Sellanes 
and others, 2008; Bowden and others, 2013; 
Grupe and others, 2015; Seabrook and others, 

2019) suggests the possible contribution of 
chemosynthetic ecosystems to continental 
margin fisheries (Levin and others, 2016a), and 
it led the United States Pacific Fishery Man-
agement Council to designate methane seeps 
as an essential fish habitat for Pacific coast 
groundfish (Pacific Coast Groundfish Fishery 
Management Plan, amendment 28).1

3.2. Supporting and regulating 
services

The exploration of slopes and canyons accel-
erates the ongoing discovery of new functions 
and services, such as the emerging role of dem-
ersal and deepwater fish on continental slopes 
in transferring carbon from the deep scattering 
layer to greater depths in the ocean (Trueman 
and others, 2014; Gallo, 2018; Vieira and others, 
2019). Nursery support functions have been 
found on slopes off the coast of Costa Rica 
for octopus at 3,000 m and fish eggs attached 
within xenophyophores (giant protozoans) 
(Levin and Rouse, 2019), for elasmobranch 
egg cases associated with methane seeps on 
slopes off Chile and the Mediterranean (Treude 

http://www.pcouncil.org/groundfish/fishery-management-plan


    405

Chapter 7J: Continental slopes and submarine canyons

and others, 2011) and in gorgonian coral fields 
(Etnoyer and Warrenchuk, 2007). Physical 
processes within canyons contribute to the 
upwelling of nutrients to the shelf and the off-
shore transport of shelf productivity to deeper 
waters (Fernandez-Arcaya and others, 2017). 
Other canyon processes remove and bury con-
taminants and wastes and support biodiversity 
by providing refugia from fishing pressure. 

3.3. Energy

Oil and gas exploitation has expanded to water 
depths of more than 3,000 m on continental 
slopes in the Gulf of Mexico, off the coasts of 
Angola and Brazil, and elsewhere (Merrie and 
others, 2014). Canyons accumulate organic 
matter and are increasingly targeted for hydro-
carbon extraction. For example, 24 per cent of 
Australian canyons occur within oil and gas 
leases (Fernandez-Arcaya and others, 2017). 
For some countries, oil and gas represent an 
important source of income. However, envi-
ronmental impacts result from exploration, 
routine operations and hydrocarbon spills 
(Cordes and others, 2016).

Although still in the early stages of develop-
ment, offshore renewable energy in the form 
of wind infrastructure may eventually use 
floating structures over waters up to 1,000 m 
deep (Bosch and others, 2018). 

3.4. Natural products

There is growing interest in prospecting for bi-
oactive compounds the deep sea, although as 
of 2016, less than 3 per cent of known marine 
metabolites were derived from organisms in 
cold water (Soldatou and Baker, 2017). Bac-
teria and fungi from deep-sea sediments on 
continental slopes have been revealed to be a 
rich source of compounds with antibacterial, 
antifungal, anticancer and cytotoxicity proper-
ties (Skropeta and Wei, 2014). Invertebrates, 
in particular octocorals and demosponges, 
which are common in canyons, are also tar-
gets for biodiscovery (Winder and others, 
2011; Leal and others, 2012; Blunt and others, 
2013; Fernandez-Arcaya and others, 2017), as 
deep-sea sponge metabolites have antitumour 
properties (Wright and others, 2017).

4. Human impacts

A recent review identified four major catego-
ries of human impacts on canyons: bottom 
contact fisheries; oil and gas exploration and 
exploitation; contaminants, litter and mine 
tailings from land; and climate stressors (Fer-
nandez-Arcaya and others, 2017). Those same 
activities affect continental slopes, as does 
the potential mining of minerals (e.g., sand, 
phosphorites) and gas hydrates. 

Commercial fisheries on continental slopes 
and in canyons, as covered in the first As-
sessment, remain a major source of direct 
disturbance to deep-sea benthic communities 
(Pusceddu and others, 2014; Clark and others, 
2016). Bottom trawling causes considerable 

modification of the sea floor, increasing sus-
pended sediment concentration (Daly and 
others, 2018; Paradis and others, 2018a), 
changing sediment distribution and properties 
(Martín and others, 2014a, 2014b; Paradis and 
others, 2018b) and acting as a cumulative 
stressor in ecosystems under oxygen stress 
(De Leo and others, 2017; Levin and Gallo, 
2019). Fishing activities produce litter and 
debris through lost lines, nets and pots (e.g., 
Pham and others, 2014; Maldonado and oth-
ers, 2015; Quattrini and others, 2015; Vieira and 
others, 2015; Tubau and others, 2015; Woodall 
and others, 2015; Lastras and others, 2016; 
Cau and others, 2017; Giusti and others, 2019), 
which entangle or physically damage a variety 
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of marine species, including cold water coral 
(Aymà and others, 2019). Invasive species can 
spread through attachment or associations 
with such debris and litter, which is a further 
concern. 

Contaminants, sediments, detrital organic 
matter, plastics and other marine debris 
readily move from shelf waters into canyons 
(Salvadó and others, 2017, 2019; Tamburrino 
and others, 2019) and the deep sea (Puig and 
others, 2014; Leduc and others, 2018). Toxic 
metal (e.g., cadmium) accumulation in sed-
iments promotes microbial metal tolerance 
(Papale and others, 2018). Plastic litter (e.g., 
wrappers, bags, bottles) is ubiquitous on the 
sea floor on the continental slope throughout 
the world, in particular under well-travelled 
ship routes (Gerigny and others, 2019; Mecho 
and others, 2020). Microplastics, which trans-
port adsorbed persistent organic pollutants, 
have been found in animals sampled from 
deep slopes and canyons (Woodall and others, 
2014; Taylor and others, 2016; Courtene-Jones 
and others, 2017, 2019). Disposal of mine 
tailings produced as fine particle waste after 
extracting metals from ore on land can intro-
duce such metals as arsenic, cobalt, nickel, 
mercury, lead and zinc and processing wastes 

(sodium cyanide, lime) to slopes and canyons 
(Reichelt-Brushett, 2012; Ramirez-Llodra and 
others, 2015). In 2015 alone, seven countries 
piped tailings from 16 mines into the ocean 
(Vare and others, 2018). Tailings may cause 
faunal mortality through direct smothering or 
poisoning or through altered species interac-
tions, as well as bioaccumulation. 

The emergence of the potential mining of 
slope areas to exploit phosphate resources 
(off the coasts of Mexico, Namibia, New Zea-
land and South Africa) and sea floor massive 
sulphides in seamount/pinnacle or back-arc 
settings represent additional threats to slope 
environments (Levin and others, 2016b). Gas 
hydrates (frozen methane) buried on conti-
nental margins attract significant exploitation 
interest (Chong and others, 2016). Gas hydrate 
exploitation and release may generate envi-
ronmental impacts on continental slopes and 
in canyons that resemble or exceed those doc-
umented for traditional oil and gas exploitation 
in deep water (Cordes and others, 2016; Olsen 
and others, 2016). The physical instability of 
slopes and canyons is an important issue to 
consider in the management of human activi-
ties in such habitats. 

5. Key remaining knowledge gaps

Most canyons and slopes remain uninvestigat-
ed, in particular in the southern hemisphere 
and on the margins of developing countries. 
Half of all relevant publications focus on only 
11 canyons globally (Matos and others, 2018). 
Several knowledge gaps were identified in 
the first Assessment, but they still exist, for 
the most part. They include the character-
ization of small-taxon biodiversity on hard 
substrates (such as in canyons) that are diffi-
cult to sample. Furthermore, species ranges, 
connectivity patterns and long-term trends in 
resilience and sensitivity to natural, climate 

and other anthropogenic disturbances remain 
poorly known for many slope environments 
around the world. The greatest climate-in-
duced changes in the deep-sea environment 
are expected at bathyal depths coinciding with 
extensive areas that support productive fisher-
ies or high biodiversity (Sweetman and others, 
2017; see table 2). 

Current conservation of canyon and slope 
ecosystems generally depends on the use of 
physiographic, geomorphological and ocean-
ographic proxies and species-community 
inventories to locate vulnerable resources for 
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planning and management (e.g., Van den Beld 
and others, 2017; Auster and others, 2020). 
Such knowledge allows the use of species dis-
tribution models (e.g., for deep-sea corals and 
sponges, as in Ross and others, 2019; Kinlan 
and others, 2020; Pearman and others, 2020; 
Morato and others, 2020) to inform policy 
about the geospatial extent of conservation 
targets and could guide such programmes as 
Natura 2000, which provides a mechanism to 
include deep-sea areas of canyons and slopes 
under protective management (Serrano and 
others, 2017; Van den Beld and others, 2017).

For the sustainable management of slope and 
canyon ecosystems and resource use, key sci-
entific questions need to be addressed, includ-
ing the major influences on the connectivity of 
populations and their ability to recover from 
disturbance; the roles of source-sink dynam-
ics, niche specialization and species interac-
tions in structuring diversity; whether extreme 
conditions (low oxygen and pH, high hydrogen 
sulphide, low carbonate saturation states) and 
highly developed mutualistic or facilitative re-
lationships (e.g., symbioses, commensalism) 
change species assembly rules, adaptability or 
diversity-function relationships; and whether 
there are suitable indicator taxa or assemblag-
es for ecosystem health that can be used as 
proxies (see Levin and Sibuet, 2012, supple-
mental appendix). Such information will inform 
the designation of ecologically important or 
vulnerable habitats, such as ecologically or bi-
ologically significant areas (Secretariat of the 
Convention on Biological Diversity, 2009) and 
vulnerable marine ecosystems (FAO, 2009). 
Other key management questions include: 

(a)  the sustainability of deep-sea tailings dis-
posal and its environmental impacts relative to 
those on land; (b) how to incorporate hundreds 
of newly discovered locations of seeps into the 
management of human activities; and (c) how 
benthopelagic coupling and carbon transfer 
carried out by demersal fishes (that feed on 
migrating plankton) will be affected by fishing 
and by climate-induced changes in surface 
production and phytoplankton composition, 
oxygenation and acidification. 

Challenges in addressing those knowledge 
gaps result from undersampling associated 
with the remoteness, vastness and heteroge-
neity of the environments. Some 66 per cent of 
the continental slope seabed bathymetry from 
200 to 1,000 m and 72 per cent from 1,000 to 
3,000 m remain unmapped (Mayer and others, 
2018). An even larger area of the sea floor has 
never been surveyed for biology, including 
significant portions of the African and South 
American margins. Often, pre-exploration as-
sessments for the oil and gas industry provide 
the first characterizations of deep margins 
(Pabis and others, 2019). Time series (or con-
tinuous) observations are needed on slopes 
and canyons to characterize natural variability 
and response to climate change and to evalu-
ate sensitivity to the impacts of human activ-
ities, which will require collaborations across 
sectors and jurisdictions (Evans and others, 
2019; Garçon and others 2019; Levin and 
others, 2019; Vieira and others, 2019). Accel-
erated transfer of knowledge and technology 
as well as science infrastructure in developing 
countries can go a long way towards filling the 
gaps, as outlined in section 6 below.

6. Key remaining capacity-building gaps
For most of the deep ocean, a lack of taxo-
nomic expertise is a major roadblock in ad-
vancing studies on biodiversity (Fontaine and 
others, 2012; Horton and others, 2017). Some 
researchers increasingly favour using DNA as 

an alternative tool to morphology-based taxon-
omy (Sinniger and others, 2016), while others 
argue that there is a need for naming species in 
order to support marine conservation and the 
development of ocean-based industry (Horton 



408   

World Ocean Assessment II: Volume I

and others, 2017; Glover and others, 2018). 
Geographic bias in slope and canyon research, 
towards the exclusive economic zones of de-
veloped States bordering the North Atlantic 
Ocean and the North Pacific Ocean, and around 
Oceania, reflects the reality of access, financial 
resources and the interests of the industries 
involved in resource extraction. That leads to 
limited global understanding of biodiversity 
patterns and drivers and has consequences for 
the distribution of expertise, which, for slopes 
and canyons, is based in developed regions, as 
well as in China, India and, to a lesser extent, 
Brazil and Chile. It has also resulted in the un-
even distribution of the technology, analytical 
tools and methodologies required to advance 
a global understanding of slope and canyon 
ecosystems. 

Some solutions may be sought through the 
expanded engagement of developing country 
scientists in offshore observing programmes 
(e.g., the Array for Real-time Geostrophic 
Oceanography (Argo), the Global Ocean Ship-
based Hydrographic Investigations Program 
(GO-SHIP), the International Ocean Sustained 
Interdisciplinary Timeseries Environment Ob-
servation System programme (OceanSITES)), 

observing networks (e.g., Global Ocean Acid-
ification Observing Network, Global Ocean 
Oxygen Network) and scientific networks 
(Deep Ocean Observing Strategy, Deep Ocean 
Stewardship Initiative, International Network 
for Submarine Canyon Investigation and Sci-
entific Exchange). That goal can be achieved, 
in part, through training courses, cruise oppor-
tunities, synthesis workshops or steering com-
mittee membership, but personal mentoring 
that provides scientific support and financial 
resources are critical elements. The United 
Nations Decade of Ocean Science for Sustain-
able Development (2021–2030) could provide 
the catalyst for bridging such capacity gaps.

Slopes and canyons represent a large source 
of deep-sea biodiversity in part owing to high 
geomorphic, geochemical and environmental 
heterogeneity. That biodiversity is still in a 
discovery phase and largely unprotected, but it 
is increasingly vulnerable to the confluence of 
changing climate and growing human extractive 
activity, contamination and waste disposal on 
continental margins. Improved ocean observa-
tion, biodiversity characterizations, taxonomic 
knowledge and technology transfer are needed, 
in particular in the southern hemi sphere.
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Keynote points

1 See General Assembly resolution 70/1.

 • High-latitude ice habitats are characterized 
by high, but geographically variable, de-
clines in sea ice extent as a consequence 
of climate change.

 • The loss of Arctic sea ice habitat and Ant-
arctic ice shelves allows expansion of both 
pelagic and benthic species into the newly 
open water environments.

 • In general, however, many ice-dependent 
species are decreasing in abundance and 
their spatial distributions may also be re-
ducing, in particular in the Arctic.

 • Decreasing sea ice extent in the Arctic pro-
vides increased opportunities for a range 
of human activities, including fishing, nav-
igation and hydrocarbon exploration, with 
positive implications for several Sustaina-
ble Development Goals.1 

 • Many of those activities, however, will 
remain marginal for some time as a sea-
sonally ice-free Arctic is not expected until 
later in the century.

 • Decreasing sea ice will, however, reduce 
local community access to subsistence 
hunting opportunities. 

1. Introduction
The present subchapter contains an update 
to chapter 46 of the first World Ocean Assess-
ment (United Nations, 2017a). It also extends 
the coverage of high-latitude sea ice envi-
ronments to include a discussion of habitats 
associated with icebergs and ice shelves. The 
subchapter overlaps with the high-latitude bio-
diversity aspects of many of the subchapters 
in chapter 6 of the present Assessment. How-
ever, in the present subchapter, the emphasis 
is on the use of marine ice habitats and inter-
actions between organisms within those hab-
itats. Furthermore, because high-latitude ice 
is intrinsically both a coastal and open ocean 
habitat, it interacts with several other habitats 
(e.g., benthic, open ocean and coastal-related 
habitats) that are covered in other subchapters 
of chapter 7 of the present Assessment. 

The baseline state for the discussion of 
high-latitude ice habitats in the first Assess-
ment (United Nations, 2017b) was one of 
massive and rapid change. That degree of 
change is, to some extent, intrinsic to the hab-
itat itself, which experiences strong seasonal 

fluctuations between minimal ice coverage 
in high summer and maximal ice coverage 
in late winter. However, the mean sea ice 
habitat itself was altering dramatically, with 
ice extent, ice thickness and mean ice age all 
declining rapidly in the Arctic. In the Southern 
Ocean, change in the sea ice habitat was less 
notable, although several ice shelves on the 
Antarctic Peninsula had collapsed over pre-
vious decades (Vaughan and others, 2013). 
Those changes to habitats had concomitant 
responses in associated ecosystems (United 
Nations, 2017b). Iconic marine and terrestri-
al species that have adapted to the sea ice 
habitat, for example, polar bears, narwhals, 
seals and various seabirds, were found to be 
in decline both in abundance and geographic 
distribution. Sea ice algae were identified as 
playing a major role in the primary production 
of those habitats; the expansion of open ocean 
environments led to increased phytoplankton 
blooms. Both of those changes implied an 
altered base to the high-latitude food chain. In 
general, the expansion of open ocean environ-
ments was leading to a concomitant increase 
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in the abundance and geographic distribution 
of open ocean species. In the Southern Ocean, 
it was uncertain whether changes in sea ice 
habitats were affecting keystone species and, 
in particular, krill populations.
While major advances in the understanding of 
marine biological polar sciences (Robinson, 

2009; Stoddart, 2010) during the International 
Polar Year (2007–2008) provided novel infor-
mation for the first Assessment, advances 
in knowledge available for the second World 
Ocean Assessment have been the result of a 
variety of more limited initiatives. 

2. Description of the environmental changes  
between 2010 and 2020

The overriding environmental change in the 
high-latitude ice habitat since the first As-
sessment has been a continuation of past 
change (figure I; see also chap. 5 of the pres-
ent Assessment). The greatest advances in 
knowledge, capacity and the establishment 
of trends are largely associated with national 
and international programmes, such as the 
Multidisciplinary Drifting Observatory for the 
Study of Arctic Climate (MOSAiC) and the 
Antarctic Circumnavigation Expedition, and 
long-standing international organizations, 
such as the multinational Arctic Council and 
the Commission for the Conservation of Ant-
arctic Marine Living Resources. Annual, and 
regularly scheduled, summaries of Arctic 
change, including ice habitats, are issued by 
States – for example, the Arctic Report Card 
of the United States National Oceanic and At-
mospheric Administration (Richter-Menge and 
others, 2019) and the State of the Arctic Ocean 
Report 2019 of Fisheries and Oceans Canada 
(Niemi and others, 2019) – and by international 
committees – for example, the “State of Arc-
tic science report” of the International Arctic 
Science Committee (2020) and the Scientific 
Committee for Antarctic Research (2020). 
More global summaries, again including ice 
habitat change, are issued through the Amer-
ican Meteorological Society (Blunden and 
Arndt, 2019). The Arctic Council has produced 
25-year pan-Arctic summaries of changes 
in the cryosphere (Arctic Monitoring and As-
sessment Programme (AMAP), 2017) and 

biodiversity (Conservation of Arctic Flora and 
Fauna Programme (CAFF), 2017).

2.1. Sea ice habitats
In the Arctic, ongoing long-term declines in sea 
ice extent (see also chap. 5), both in summer 
and winter, have occurred. The summer Arctic 
sea ice extent has reached a new, reduced, 
mean position, although it may be temporary 
(Vaughan and others, 2013). The new mini-
mum also applies to sea ice thickness, through 
the loss of significant amounts of multi-year 
ice after 2007, and the maintenance of the 
reduction in the years since then (Serreze and 
Meier, 2019). It is worth noting that, while there 
is general Arctic sea ice decline, the Pacific 
sector of the Arctic is losing its ice much more 
quickly than is the case for other sectors of the 
Arctic, including the Canadian Arctic archipel-
ago (see figure X in chap. 5).

In the Southern Ocean, although there has 
been strong inter-annual variability, similar to 
that noted in the first Assessment, there has 
essentially been no long-term change in the 
sea ice extent for summer or winter (figure I; 
see also chap. 5). From 2017 to 2019, however, 
January (minimum) levels have been consist-
ently below the levels registered since satellite 
records began in 1979, especially in the regular 
ice-covered zones of the Weddell Sea and the 
Amundsen Sea. That may be a consequence 
of recent oceanographic warming in the 
Southern Ocean (Meehl and others, 2019).
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Figure I 
Trends in summer and winter sea ice extent for both the northern and southern  
hemisphere polar regions since satellite imagery became available in 1979
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The rapidly changing nature of the physical 
environment, combined with the relative in-
accessibility of the polar oceans, means that 
studies have largely focused on climate change 
scenarios (see also chap. 5), especially at the 
base of the trophic system, rather than the 
identification of historical change. Limited 
studies of sea ice brine communities suggest 
no change as yet in relation to increased CO2 
concentrations or decreased pH (McMinn and 
others, 2017). However, phytoplankton produc-
tivity under the sea ice has been found to be 
unexpectedly high (Arrigo and others, 2012). 
Such changes may have positive impacts on 
benthic organisms and upper ocean organisms 
by increasing the food supply of particulate 
organic carbon to lower trophic levels (Oxtoby 

and others, 2017; Yasuhara and others, 2012; Xu 
and others, 2018). Diatoms from within the sea 
ice have been found to sustain under-ice pro-
duction during winter in the northeast Chukchi 
Shelf (Koch and others, 2020). 
The impact of the decreasing Arctic sea ice on 
populations of marine mammals and seabirds 
is species-specific and depends on the extent 
to which individual species rely on the sea ice 
habitat. While the ivory gull (Pagophila eburnea) 
has been identified as utilizing the Arctic’s 
marginal ice zone and nearby open sea, Gilg 
and others (2016) found that approximately 
80  per cent of seabird species were foraging 
in the increasingly rare high-concentration 
sea ice. That variable use of ice habitat may 
indicate adaptability under a changing climate. 

https://nsidc.org/data/seaice_index/compare_trends
https://nsidc.org/data/seaice_index/compare_trends
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Decreasing Arctic sea ice has led to general 
reductions of approximately 10  per  cent in 
seabird numbers in the Bering Sea (Renner and 
others, 2016). There is some evidence that, as 
prey habitats are changing, species such as the 
beluga whale (Delphinapterus leucas) are ex-
ploiting expanded marine habitats (Hauser and 
others, 2018) and are generally showing flexible 
feeding responses to environmental change 
(O’Corry-Crowe and others, 2016). In contrast, 
the reduction in sea ice has reduced the abun-
dance of the ringed seal (Pusa hispida) in Hud-
son Bay (Ferguson and others, 2017), and their 
distributional range in the Svalbard Archipelago 
has also contracted, which is leading to a major 
reduction in range overlap in those islands with 
the Arctic’s top predator, the polar bear (Ursus 
maritimus). In response, polar bears have been 
observed feeding increasingly on ground-nest-
ing birds (Hamilton and others, 2017) and whale 
carcasses (Pagano and others, 2020), with a 
concomitant increase in energy expenditure. 
In the Antarctic, the rapid warming has been 
shown to lead to the southward movement of 
krill (Euphausia superba) populations, with de-
creases in density, but increases in individual 
body length (Atkinson and others, 2019). Hück-
städt and others (2020) suggest that that is like-
ly to have negative consequences for species 
dependent on krill, such as the crabeater seal 
(Lobodon carcinophaga). 

2.2. Ice shelf and iceberg habitats
The ice habitats of both ice shelves and ice-
bergs extend up to hundreds of metres below 
the ocean surface, which means that their 
marine signatures are very different from 
those of sea ice, both in terms of their impact 
on the surrounding ocean and in the type of 
habitat that their subaerial and submarine 
surfaces provide. Ice shelves provide stable 
breeding platforms with direct access to the 
ocean where terminal thickness allows, and 
they have been utilized by species that are 
dependent on ice shelves for breeding – the 
emperor penguin (Aptenodytes forsteri), for 

example – for many years (Wienecke, 2012; 
Fretwell and others, 2014). The subaerial sur-
faces of ice shelves provide habitats for micro-
bial mats, especially where aeolian or glacially 
entrained sediments are present (Mueller and 
others, 2006), thus providing a mechanism for 
long-distance transport of the organisms (Ce-
farelli and others, 2016). However, it is the dark 
environments under ice shelves that provide 
the surprisingly diverse habitats. Most of them 
are in the benthos, to which material from the 
ice shelves can provide nutrients (Hawes and 
others, 2018), leading to microbial activity 
(Vick-Majors and others, 2016) and a range 
of species present in the meiobenthos (Paw-
lowski and others, 2005; Ingole and Singh, 
2010). Some organisms utilize the submarine 
ice shelf surface more directly. They include 
the bald rockcod (Pagothenia borchgrevinki), 
which forages for prey along the ice surface 
(Gutt, 2002), and the sea anemone (Edwards-
iella andrillae), which uses the ice surface as 
a supporting substrate (Daly and others, 2013; 
Murray and others, 2016). The break-up of ice 
shelves in both the Arctic and Antarctic has 
led to the regional loss of that unique, dark 
environment, but significant biodiversity has 
spread into the regions newly exposed to sur-
face inputs, leading to major carbon drawdown 
(Barnes and others, 2018).

Icebergs vary in size, from free-floating frac-
tures from ice shelves, in particular but not 
exclusively in the Antarctic, to fragments of ice 
a few tens of metres in size broken off from 
the calving terminus of a tidewater glacier. 
As ecosystems, they therefore vary in their 
marine contribution greatly. At one extreme, 
they are effectively free-moving pieces of ice 
shelves, with the capacity for significant sea-
bird nesting and feeding platforms in both the 
Antarctic (Ruhl and others, 2011; Joiris, 2018) 
and the Arctic. In the latter, both the ivory 
gull (Nachtsheim and others, 2016) and the 
kittiwake (Rissa tridactyla; Joiris, 2018) have 
been found in abundance on and near ice-
bergs of various sizes. It has been speculated 
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that past movement of giant icebergs in the 
Antarctic may have helped to facilitate the 
distribution of the Adélie penguin (Pygoscelis 
adeliae) through ice transport (Shepherd and 
others, 2005). Such large icebergs can also 
have negative impacts on ecosystems. If a 
giant iceberg grounds for long periods off an 
existing penguin colony, its presence, and the 
associated spread of fast ice, can block the 
passage of individual birds, preventing access 
to foraging grounds and leading to consider-
able chick mortality (Kooyman and others, 
2007; Wilson and others, 2016). In addition, the 
grounding and scouring of bottom sediments 
by large icebergs is a physical disturbance and 
has a serious impact on benthic organisms 
(Kaiser and others, 2013; Yasuhara and others, 
2007). In areas with frequent iceberg passage, 
such as extensive areas along the coastlines 
of Antarctica and Greenland (Bigg, 2015), as 
much as 30  per  cent of the seabed may be 
disturbed in any one year, with up to two thirds 
of the benthic fauna in that area killed (Barnes, 
2017). With an ecosystem recovery time of 
several years, the destruction could lead to 
significant loss in the short term in the ability 
of the area to act as a carbon store, in particu-
lar in shallow seas (Barnes and others, 2018).

The melting of icebergs allows for the input of 
nutrients and trace elements that are held in or 
on the ice into the water, creating a distinctive 
and productive local ecosystem (Smith and oth-
ers, 2007; Smith and others, 2013). The melting 
process, with its associated upwelling of rela-
tively fresh plumes, aids the input of nutrients 
into the surface waters (figure II), which can 
have chlorophyll concentrations that are 4–10 
times above the background level. In associa-
tion, near icebergs, there is an elevated bacte-
rial population and a community composition 
that is different from that in the undisturbed 
water nearby (Kaufmann and others, 2011; Di-
nasquet and others, 2017). Further away, the 
combination of increased nutrients around the 
iceberg (Helly and others, 2011), as well as iron 
(Raiswell and others, 2008; De Jong and others, 

2015) and silica (Hawkings and others, 2017) 
from the englacial debris released by the melt-
ing, leads to increases in phytoplankton levels 
(Vernet and others, 2011) and potential impacts 
on carbon sequestration (Cefarelli and others, 
2016; Duprat and others, 2016). 
The decay of ice shelves (e.g., Fettweis and 
others, 2017; Rignot and others, 2019) would 
be expected to lead to greater iceberg num-
bers; however, comprehensive, long-term 
iceberg number estimates both in the Arctic 
and Antarctic are lacking. Records of icebergs 
off Newfoundland (Bigg and others, 2014) and 
satellite-derived records of medium-small 
icebergs north of 66° S in the Southern Ocean 
(Tournadre and others, 2016) both report 
increasing numbers. The calving of giant ice-
bergs (> 18 km in length) from ice shelves in 
the Antarctic, while very episodic in nature, 
also shows some evidence of recent increases 
in both number (figure III; see also the Antarc-
tic Iceberg Tracking Database) and magnitude.
The likely increase in icebergs in both hem-
ispheres has probably led to increased 
production and impact on coastal benthic 
ecosystems in recent years, but there is cur-
rently little evidence, with information on the 
impacts of iceberg flux largely derived from 
the Southern Ocean.

Figure II  
Arctic/Antarctic ecosystem on and 
around an iceberg
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Figure III  
Number of annual Antarctic giant iceberg calving events
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3. Economic and social consequences

Historically, high-latitude ice habitats have 
experienced low levels of human activity, prin-
cipally by indigenous inhabitants of the Arctic 
and its periphery. The continuing retreat of 
the habitat as a result of global warming, and 
the advance of human use of polar regions, is 
rapidly changing the relevance of the habitat 
for humanity, with associated economic and 
social consequences. While the decrease in 
sea ice increases opportunities for transoce-
anic shipping and the exploitation of sea floor 
hydrocarbon resources, the main driver for 
increased use of the Arctic so far is fishing 
(Eguíluz and others, 2016). More open ocean 
species can move north into now ice-free wa-
ters, increasing fishing opportunities, although 
the fish that rely on the sea ice habitat, such 
as polar cod (Boreogadus saida), will likely 
become less common (Christiansen, 2017). 
There are currently few marine protected areas 
in the Arctic offering protection from fishing 
or other exploitation (Harris and others, 2018), 
although a ban on Arctic fishing, instituted by 
an international agreement that was signed in 
October 2018, will limit the expansion of fish-
ing activities in the Arctic for the next decade 
or more once 10 countries have ratified the 

agreement (European Commission, 2019). As 
of June 2020, however, only eight countries 
had done so. The initiative links directly to Sus-
tainable Development Goal 14. 

The direct impact of sea level rise from glacier 
melting and the associated freeing of once 
frozen coastlines in the Arctic is affecting, 
yet providing many opportunities for, com-
munities and industries (Richter-Menge and 
others, 2019). Negative impacts include the 
loss of coastal ice roads, the elevation of flood 
levels, changes in nesting areas and along-
shore coastal sediment transport, a reduction 
in subsistence hunting ranges, the release of 
previously trapped pollutants and even the 
loss of some coastal communities. Potential 
economic opportunities include the opening 
up of areas for ocean fishing activity, maritime 
transportation and new shipping routes and 
enhanced opportunities for renewable energy 
installations, as well as increasing opportu-
nities for hydrocarbon exploitation. Those 
opportunities, however, have the potential to 
increase the risks associated with the activi-
ties, for example, habitat contamination from 
catastrophes such as oil spills (Cappello and 

http://www.scp.byu.edu/data/iceberg
http://www.scp.byu.edu/data/iceberg
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others, 2014). It is worth noting that oil encased 
in sea ice does not readily degrade (Loftus and 
others, 2020).

Over time, as ice-free and therefore viable 
routes through the Arctic north of the Russian 
Federation (the Northern Sea Route) expanded, 
so too the number of vessels using the routes 
increased, with over 70 vessels sailing through 
the Northern Sea Route in 2013. However, the 
number, if not the tonnage, of vessels using 
the route has decreased in recent years, not 
exceeding 40 since 2014 (Northern Sea Route 
Information Office, 2019; Centre for High North 
Logistics Information Office, n.d.).

Oil and gas activities in the Arctic are variable. 
Canada has recently expanded a moratorium 
on issuing new drilling licences in its Arctic 
exclusive economic zone to prohibit all off-
shore oil and gas activities until the end of 
2021 (Vigliotti, 2019). In the Arctic waters of 
the United States, the analogous drilling ban 
introduced in 2016 was removed in 2017 but 
restored in 2019. Its future remains subject 
to legal appeal (Gilmer, 2020). Western Arctic 
waters of the Russian Federation have seen 
limited drilling in recent years, but expansion 
is on hold for economic reasons and as a re-
sult of sanctions, although recent reports sug-
gest that drilling may resume in 2020 or 2021 
(Staalesen, 2019). 

Most changes observed in the Arctic ice hab-
itat have mixed consequences in terms of the 
Sustainable Development Goals, with hydro-
carbon exploitation providing greater access 
to energy sources (Goal 7) and, with increased 
shipping, tourism and fishing enhancing local 
economic activity (Goal 8). However, those 

2 A dispute exists between the Governments of Argentina and the United Kingdom of Great Britain and Northern 
Ireland concerning sovereignty over the Falkland Islands (Malvinas).

activities may work against creating a sus-
tainable environment enriched by biodiversity 
(Goal 14) by causing further climate change 
and emissions (Goal 13), with associated pol-
lution (Goals 12 and 14). 

Some fishing grounds in the Antarctic, such as 
those for krill, occur in coastal waters in the 
South Atlantic and the Weddell Sea, where sea 
ice has shown signs of decrease. The broader 
implications of those decreases on the broad-
er ecosystem and associated fishing grounds, 
however, are not yet clear. Hydrocarbon explo-
ration has started on the plateau surrounding 
the Falkland Islands (Malvinas)2 (MacAulay, 
2015), although assessment of the associated 
environmental risks has only just begun and 
the area lies outside of the Antarctic govern-
ance system (Bigg and others, 2018). In the 
light of the importance of krill as a food source 
for a growing aquaculture industry, long-term 
management strategies for that species 
are beginning to be implemented in the area 
protected by the Commission for the Conser-
vation of Antarctic Marine Living Resources 
(Commission for the Conservation of Antarc-
tic Marine Living Resources (CCAMLR), 2019). 
Marine protected areas in some particular 
locations might help to address some of the 
management issues, and it will require more 
changes to be undertaken by the Antarctic 
Treaty System, in particular the Commission 
for the Conservation of Antarctic Marine Living 
Resources. A Ross Sea marine protected area 
was established in 2016, and other proposed 
marine protected areas, such as in the Weddell 
Sea and East Antarctica and near the Antarctic 
Peninsula, are being considered by members 
of the Commission. 
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4. Outlook
The outlook for polar ice habitats remains very 
much as it was for the first Assessment. Arctic 
sea ice is expected to continue to retreat and 
thin, with the prospect of a seasonally ice-free 
Arctic very likely within the twenty-first century, 
although the timing of that key environmental 
event is still very uncertain (Serreze and Meier, 
2019). Antarctic sea ice, while currently sta-
ble, is projected to decrease over the century 
(Naughton and others, 2018), mostly because 
of ocean warming. The latter is expected to 
affect Antarctic ice shelves by encouraging 
subsurface melting of up to 41–129 per cent by 
the end of the century (Naughten and others, 
2018), with associated increases in iceberg 
calving. Continued warming in the Arctic is 
expected to result in increased melting of the 
Greenland Ice Sheet (Barry, 2017) and proba-
bly increased, if episodic, iceberg production.

The decrease in sea ice and ice shelves will 
continue to open up opportunities for the ex-
pansion of both pelagic and sea floor species, 
which will benefit from wider and improved 
feeding conditions (Christiansen, 2017), while 
threatening the viability of fish, in particular the 
polar cod (see Christiansen, 2017), and marine 
mammal populations for sea ice-dependent 
species (United Nations, 2017a). Many stud-
ies suggest that sea ice algae will become 
vulnerable to climate change, with reduced 
biodiversity and population declines (Hardge 
and others, 2017; Kiko and others, 2017). On 
the other hand, phytoplankton blooms may 
become more widespread, at least early in 
the summer before nutrient limitation occurs, 
under thinner, more lead-prone, snow-cov-
ered sea ice in the Arctic Ocean (Assmy and 
others, 2017; see also chap. 6A of the present 
Assessment). Such changes may have more 
wide-ranging impacts on carbon export, with 
seasonal sea ice zones switching to carbon 
sinks (Abelmann and others, 2015; Rapp and 

others, 2018). Decreasing sea ice may also re-
duce inputs of plastics to the Arctic Ocean, as 
sea ice currently contains, in orders of magni-
tude, more microplastics than the Arctic Ocean 
itself (see chap. 12 of the present Assessment; 
also Kanhai and others, 2020). In the Southern 
Ocean, where sea ice has demonstrated little 
long-term trend to date, it is known that individ-
ual-level specialization is lowest at sites where 
the inter-annual variability in sea ice is highest 
(McMullin and others, 2017), suggesting that 
there is scope for adaptation in a more variable 
future climate.

The opening up of the Arctic to navigation, 
fishing and exploitation of the sea floor and 
deeper resources will have major implications 
for high-latitude ice ecosystems (Harris and 
others, 2018) and for human populations, 
including indigenous peoples, that are reliant 
on high-latitude ice habitats. It will also have 
implications for achieving a number of Sus-
tainable Development Goals. However, despite 
the first vessel sailing through the Northern 
Sea Route in August 2017 without being 
accompanied by an icebreaker (High North 
News, 2018), it is likely that cargo shipping 
will continue to need accompaniment, unless 
it is an “ice class” vessel, for the foreseeable 
future (Kiiski and others, 2018). As a result, 
Arctic routes will likely remain of secondary 
importance for some decades. Other factors 
limiting the use of such new shipping routes 
are the potential negative impact of increased 
shipping on Arctic marine mammals (Hauser 
and others, 2018), the unwanted facilitation 
of the transfer of non-indigenous species 
and the possible complex radiative feedback 
of ship exhaust fumes on the Arctic climate 
(Stephenson and others, 2018), with the latter 
potentially slowing the tendency for increases 
in ice-free periods.
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5. Key remaining knowledge and capacity-building gaps
The inaccessibility of the high latitudes means 
that the ice habitat remains relatively poorly 
understood. Sea ice environments are current-
ly the best studied of the marine ice habitats 
considered in the present subchapter, but, even 
for sea ice, a comprehensive food web study is 
yet to be conducted. Many food web studies 
have focused on just one aspect (Dickinson 
and others, 2016). In general, the understand-
ing of the three-dimensional nature of ice hab-
itats (Bluhm and others, 2018), the range and 
number of species within them and their spa-
tial and temporal variability is still very limited 
(Christiansen, 2017). The lack of data extends 
also to the impact of the presence or absence 

of such habitats on the surrounding ocean and 
carbon sequestration (Barnes, 2017). 

Similarly, the difficulty of access to ice shelves, 
marine areas near glaciers (Zappalà and oth-
ers, 2017) and, in particular, the submarine 
environment beneath them, makes gaining 
new information about that ice habitat rare. 
Much analysis has been, and will remain, from 
remote sensing, with new satellite systems 
promising to revolutionize first-order knowl-
edge of the habitats. It will be important to 
ensure ready and universal access to the new 
data produced by the observing platforms in 
order to address current knowledge and ca-
pacity gaps.

References
Abelmann, Andrea, and others (2015). The seasonal sea-ice zone in the glacial Southern Ocean as a car-

bon sink. Nature Communications, vol. 6, art. 8136.
Arctic Monitoring and Assessment Programme (AMAP) (2017). Snow, water, ice and permafrost in the 

Arctic. Summary for Policy-makers. https://swipa.amap.no.
Arrigo, Kevin R., and others (2012). Massive phytoplankton blooms under Arctic sea ice. Science, vol. 336, 

No. 6087, pp. 1408–1408.
Assmy, Philipp, and others (2017). Leads in Arctic pack ice enable early phytoplankton blooms below 

snow-covered sea ice. Scientific Reports, vol. 7, art. 40850.
Atkinson, Angus, and others (2019). Krill (Euphausia superba) distribution contracts southward during 

rapid regional warming. Nature Climate Change, vol. 9, No. 2, pp. 142–147.
Barnes, David K.A. (2017). Polar zoobenthos blue carbon storage increases with sea ice losses, because 

across-shelf growth gains from longer algal blooms outweigh ice scour mortality in the shallows. 
Global Change Biology, vol. 23, No. 12, pp. 5083–5091.

Barnes, David K.A., and others (2018). Icebergs, sea ice, blue carbon and Antarctic climate feedbacks. Phil-
osophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 
vol. 376, No. 2122, 20170176.

Barry, Roger G. (2017). The Arctic cryosphere in the twenty-first century. Geographical Review, vol. 107, 
No. 1, pp. 69–88.

Bigg, Grant R. (2015). Icebergs: Their Science and Links to Global Change. Cambridge: Cambridge Univer-
sity Press.

Bigg, Grant R., and others (2018). A model for assessing iceberg hazard. Natural Hazards, vol. 92, No. 2, 
pp. 1113–1136.

Bigg, Grant R., and others (2014). A century of variation in the dependence of Greenland iceberg calving on 
ice sheet surface mass balance and regional climate change. Proceedings of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, vol. 470, No. 2166, 20130662.

https://swipa.amap.no


432   

World Ocean Assessment II: Volume I

Bluhm, Bodil A., and others (2018). Sea ice meiofauna distribution on local to pan-Arctic scales. Ecology 
and Evolution, vol. 8, No. 4, pp. 2350–2364.

Blunden, Jessica, and Derek S. Arndt, eds. (2019). State of the Climate in 2018. Bulletin of the American 
Meteorological Society, vol. 100, No. 9, pp. Si–S305. 

Budge, Jeffrey S., and David G. Long (2017). A comprehensive Database for Antarctic iceberg tracking 
using scatterometer data. IEEE Journal of Selected Topics in Applied Earth Observations, vol. 11, 
No. 2, https://doi.org/10.1109/JSTARS.2017.2784186.

Cappello, Simone, and others (2014). STRANgE, integrated physical–biological–mechanical system for 
recovery in of the “oil spill” in Antarctic environment. Reviews in Environmental Science and Bio/
Technology, vol. 13, No. 4, pp. 369–375.

Cefarelli, Adrián O., and others (2016). Diatoms (Bacillariophyceae) associated with free-drifting Antarctic 
icebergs: taxonomy and distribution. Polar Biology, vol. 39, No.3 , pp. 443–459.

Centre for High North Logistics Information Office (n.d.). “Northern Sea Route transit statistics”. Available 
at http://arctic-lio.com/category/statistics.

Christiansen, Jørgen S. (2017). No future for Euro-Arctic ocean fishes? Marine Ecology Progress Series, 
vol. 575, pp. 217–227.

Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) (2019). CCAMLR: Com-
mission for the Conservation of Antarctic Marine Living Resources website. 2019. www.ccamlr.
org.

Conservation of Arctic Flora and Fauna Programme (CAFF) (2017). State of the Arctic Marine Biodiversity 
Report. www.arcticbiodiversity.is/marine.

Daly, Marymegan, and others (2013). Edwardsiella andrillae, a new species of sea anemone from Antarctic 
Ice. PloS One, vol. 8, No. 12, e83476.

De Jong, J.T.M. and others (2015). Sources and fluxes of dissolved iron in the Bellingshausen Sea (West 
Antarctica): The importance of sea ice, icebergs and the continental margin. Marine Chemistry, 
vol. 177, pp. 518–535.

Dickinson, Iain, and others (2016). Microbes and the Arctic Ocean. In Their World: A Diversity of Microbial 
Environments, pp. 341–381.

Dinasquet, Julie, and others (2017). Mixing of water masses caused by a drifting iceberg affects bacterial 
activity, community composition and substrate utilization capability in the Southern Ocean. Envi-
ronmental Microbiology, vol. 19, No. 6, pp. 2453–2467.

Duprat, Luis P.A.M., and others (2016). Enhanced Southern Ocean marine productivity due to fertilization 
by giant icebergs. Nature Geoscience, vol. 9, No. 3, p. 219.

Eguíluz, Victor M., and others (2016). A quantitative assessment of Arctic shipping in 2010–2014. Scientif-
ic Reports, vol. 6, art. 30682.

European Commission (2019). EU and Arctic partners enter historic agreement to prevent unregulated 
fishing in high seas. Fisheries – European Commission. 2019. https://ec.europa.eu/fisheries/
eu-and-arctic-partners-enter-historic-agreement-prevent-unregulated-fishing-high-seas_en.

Ferguson, Steven H., and others (2017). Demographic, ecological, and physiological responses of ringed 
seals to an abrupt decline in sea ice availability. PeerJ, vol. 5, e2957.

Fetterer, Florence, and others (2017). Sea Ice Index, Version 3. Boulder, Colorado: NSIDC: National Snow 
and Ice Data Center. https://nsidc.org/data/G02135/versions/3.

Fettweis, Xavier, and others (2017). Reconstructions of the 1900–2015 Greenland ice sheet surface mass 
balance using the regional climate MAR model. The Cryosphere, vol. 11, pp. 1015–1033.

Fretwell, Peter T., and others (2014). Emperor penguins breeding on iceshelves. PLoS One, vol. 9, No.1, 
e85285.

https://doi.org/10.1109/JSTARS.2017.2784186
http://arctic-lio.com/category/statistics
http://www.ccamlr.org
http://www.ccamlr.org
http://www.arcticbiodiversity.is/marine
https://ec.europa.eu/fisheries/eu-and-arctic-partners-enter-historic-agreement-prevent-unregulated-fishing-high-seas_en
https://ec.europa.eu/fisheries/eu-and-arctic-partners-enter-historic-agreement-prevent-unregulated-fishing-high-seas_en
https://nsidc.org/data/G02135/versions/3


    433

Chapter 7K: High-latitude ice

Gilg, Olivier, and others (2016). Living on the edge of a shrinking habitat: the ivory gull, Pagophila eburnea, 
an endangered sea-ice specialist. Biology Letters, vol. 12, No. 11, 20160277.

Gilmer, Ellen M. (2020). Judges weight Trump’s bid to reopen parts of Arctic to drilling. https://news.
bloomberglaw.com/environment-and-energy/judges-weigh-trumps-bid-to-reopen-parts-of-arc-
tic-to-drilling.

Gutt, Julian (2002). The Antarctic ice shelf: an extreme habitat for notothenioid fish. Polar Biology, vol. 25, 
No. 4, pp. 320–322.

Hamilton, Charmain D., and others (2017). An Arctic predator-prey system in flux: climate change impacts 
on coastal space use by polar bears and ringed seals. Journal of Animal Ecology, vol. 86, No. 5, 
pp. 1054–1064.

Hardge, Kristin, and others (2017). The importance of sea ice for exchange of habitat-specific protist 
communities in the Central Arctic Ocean. Journal of Marine Systems, vol. 165, pp. 124–138.

Harris, Peter T., and others (2018). Arctic marine conservation is not prepared for the coming melt. ICES 
Journal of Marine Science, vol. 75, No. 1, pp. 61–71.

Hauser, Donna D.W., and others (2018). Vulnerability of Arctic marine mammals to vessel traffic in the 
increasingly ice-free Northwest Passage and Northern Sea Route. Proceedings of the National 
Academy of Sciences, vol. 115, No. 29, pp. 7617–7622.

Hawes, I., and others (2018). The “Dirty Ice” of the McMurdo Ice Shelf: analogues for biological oases 
during the Cryogenian. Geobiology, vol. 16, No. 4, pp. 369–377.

Hawkings, Jon R., and others (2017). Ice sheets as a missing source of silica to the polar oceans. Nature 
Communications, vol. 8, art. 14198.

Helly, John J., and others (2011). Cooling, dilution and mixing of ocean water by free-drifting icebergs in 
the Weddell Sea. Deep Sea Research Part II: Topical Studies in Oceanography, vol. 58, No. 11–12, 
pp. 1346–1363.

High North News (2018). The Northern Sea Route is alive and well. www.highnorthnews.com/en/op-ed-
northern-sea-route-alive-and-well.

Hückstädt, Luis A., and others (2020). Projected shifts in the foraging habitat of crabeater seals along the 
Antarctic Peninsula. Nature Climate Change, vol. 10, No. 5, pp. 472–477.

International Arctic Science Committee (2020). State of Arctic Science Report, 2020. International Arctic 
Science Committee. pp. 1–26.

Ingole, B.S., and Ravail Singh (2010). Biodiversity and community structure of freeliving marine nematodes 
from the Larsemann Ice Shelf, East Antarctica. Current Science, vol. 99, No. 10, pp. 1413–1419.

Joiris, Claude R. (2018). Hotspots of kittiwakes Rissa tridactyla on icebergs off southwest Greenland in 
autumn. Polar Biology, vol. 41, No. 11, pp. 2375–2378.

Kaiser, Stefanie, and others (2013). Patterns, processes and vulnerability of Southern Ocean benthos: a 
decadal leap in knowledge and understanding. Marine Biology, vol. 160, No. 9, pp. 2295–2317.

Kanhai, La Daana K., and others (2020). Microplastics in sea ice and seawater beneath ice floes. Scientific 
Reports, vol. 10, No. 11, art. 5004.

Kaufmann, Ronald S., and others (2011). Composition and structure of macrozooplankton and micronek-
ton communities in the vicinity of free-drifting Antarctic icebergs. Deep Sea Research Part II: 
Topical Studies in Oceanography, vol. 58, Nos. 11–12, pp. 1469–1484.

Kiiski, Tuomas, and others (2018). Long-term dynamics of shipping and icebreaker capacity along the 
Northern Sea Route. Maritime Economics & Logistics, vol. 20, No .3, pp. 375–399.

Kiko, Rainer, and others (2017). Colonization of newly forming Arctic sea ice by meiofauna: a case study 
for the future Arctic? Polar Biology, vol. 40, No. 6, pp. 1277–1288.

https://news.bloomberglaw.com/environment-and-energy/judges-weigh-trumps-bid-to-reopen-parts-of-arctic-to-drilling
https://news.bloomberglaw.com/environment-and-energy/judges-weigh-trumps-bid-to-reopen-parts-of-arctic-to-drilling
https://news.bloomberglaw.com/environment-and-energy/judges-weigh-trumps-bid-to-reopen-parts-of-arctic-to-drilling
http://www.highnorthnews.com/en/op-ed-northern-sea-route-alive-and-well
http://www.highnorthnews.com/en/op-ed-northern-sea-route-alive-and-well


434   

World Ocean Assessment II: Volume I

Koch, Chelsea Wegner, and others (2020). Seasonal and latitudinal variations in sea ice algae deposition 
in the Northern Bering and Chukchi Seas determined by algal biomarkers. PLoS One, vol. 15, No. 4. 
https://doi.org/10.1371/journal.pone.0231178.

Kooyman, Gerald L., and others (2007). Effects of giant icebergs on two emperor penguin colonies in the 
Ross Sea, Antarctica. Antarctic Science, vol. 19, No. 1, pp. 31–38.

Loftus, Synnove, and others (2020). Biodegradation of weathered crude oil in seawater with frazil ice. 
Marine Pollution Bulletin, vol. 154. https://doi.org/10.1016/j.marpolbul.2020.111090.

MacAulay, F. (2015). Sea Lion Field discovery and appraisal: a turning point for the North Falkland Basin. 
Petroleum Geoscience, vol. 21, Nos. 2–3, pp. 111–124.

McMinn, Andrew, and others (2017). Effects of CO2 concentration on a late summer surface sea ice com-
munity. Marine Biology, vol. 164, No. 4, art. 87.

McMullin, Rebecca M., and others (2017). Trophic position of Antarctic ice fishes reflects food web struc-
ture along a gradient in sea ice persistence. Marine Ecology Progress Series, vol. 564, pp. 87–98.

Meehl, Gerald A., and others (2019). Sustained ocean changes contributed to sudden Antarctic sea ice 
retreat in late 2016. Nature Communications, vol. 10, No. 1, art. 14.

Mueller, Derek R., and others (2006). Environmental gradients, fragmented habitats, and microbiota of 
a northern ice shelf cryoecosystem, Ellesmere Island, Canada. Arctic, Antarctic, and Alpine Re-
search, vol. 38, No. 4, pp. 593–607.

Murray, Alison E., and others (2016). Microbiome composition and diversity of the ice-dwelling sea anem-
one, Edwardsiella andrillae. Integrative and Comparative Biology, vol. 56, No. 4, pp. 542–555.

Nachtsheim, Dominik A., and others (2016). A gravel-covered iceberg provides an offshore breeding site for 
ivory gulls Pagophila eburnea off Northeast Greenland. Polar Biology, vol. 39, No. 4, pp. 755–758.

Naughten, Kaitlin A., and others (2018). Future projections of Antarctic ice shelf melting based on CMIP5 
scenarios. Journal of Climate, vol. 31, No. 13, pp. 5243–5261.

Niemi, Andrea, and others (2019). State of Canada’s Arctic Seas. Canadian Technical Report of Fisheries 
and Aquatic Sciences 3344, pp. xv–189.

Northern Sea Route Information Office, 2019 (https://arctic-lio.com).
O’Corry-Crowe, Greg, and others (2016). Genetic profiling links changing sea-ice to shifting beluga whale 

migration patterns. Biology Letters, vol. 12, No. 11, 20160404.
Oxtoby, L.E., and others (2017). Resource partitioning between Pacific walruses and bearded seals in the 

Alaska Arctic and sub-Arctic. Oecologia, vol. 184, No. 2, pp. 385–398.
Pagano, Anthony M., and others (2020). The seasonal energetic landscape of an apex marine carnivore, 

the polar bear. Ecology, vol. 101, No. 3, e02959.
Pawlowski, Jan, and others (2005). Allogromiid foraminifera and gromiids from under the Ross Ice Shelf: 

morphological and molecular diversity. Polar Biology, vol. 28, No. 7, pp. 514–522.
Raiswell, Rob, and others (2008). Bioavailable iron in the Southern Ocean: the significance of the iceberg 

conveyor belt. Geochemical Transactions, vol. 9, No. 1, No. 7.
Rapp, Josephine Z., and others (2018). Effects of ice-algal aggregate export on the connectivity of bacteri-

al communities in the central Arctic Ocean. Frontiers in Microbiology, vol. 9, art. 1035.
Renner, Martin, and others (2016). Timing of ice retreat alters seabird abundances and distributions in the 

southeast Bering Sea. Biology Letters, vol. 12, No. 9, 20160276.
Richter-Menge, Jackie, and others, eds. (2019). Arctic Report Card. https://arctic.noaa.gov/Report-Card.
Rignot, Eric, and others (2019). Four decades of Antarctic Ice Sheet mass balance from 1979–2017. Pro-

ceedings of the National Academy of Sciences, vol. 116, No. 4, pp. 1095–1103.
Robinson, Sharon A. (2009). Introduction: Climate change biology at the ends of the Earth-International 

Polar year special issue. Global Change Biology, vol. 15, No. 7, pp. 1615–1617.

https://doi.org/10.1371/journal.pone.0231178
https://doi.org/10.1016/j.marpolbul.2020.111090
https://arctic-lio.com
https://arctic.noaa.gov/Report-Card


    435

Chapter 7K: High-latitude ice

Ruhl, Henry A., and others (2011). Seabird aggregation around free-drifting icebergs in the northwest Wed-
dell and Scotia Seas. Deep Sea Research Part II: Topical Studies in Oceanography, vol. 58, Nos. 
11–12, pp. 1497–1504.

Scientific Committee for Antarctic Research (2020). Scientific Committee for Antarctic Research website. 
www.scar.org.

Serreze, Mark C., and Walter N. Meier (2019). The Arctic’s sea ice cover: trends, variability, predictability, 
and comparisons to the Antarctic. Annals of the New York Academy of Sciences, vol. 1436, No. 1, 
pp. 36–53.

Shepherd, L.D., and others (2005). Microevolution and mega-icebergs in the Antarctic. Proceedings of the 
National Academy of Sciences, vol. 102, No. 46, pp. 16717–16722.

Smith, Kenneth L., and others (2013). Icebergs as unique Lagrangian ecosystems in polar seas. Annual 
Review of Marine Science, vol. 5, pp. 269–287.

Smith, Kenneth L., and others (2007). Free-drifting icebergs: hot spots of chemical and biological enrich-
ment in the Weddell Sea. Science, vol. 317, No. 5837, pp. 478–482.

Staalesen, Atle (2019). Russia’s biggest oil company announces more offshore Arctic drilling. Arctic  Today. 
www.arctictoday.com/russias-biggest-oil-company-announces-more-offshore-arctic- drilling.

Stephenson, Scott R., and others (2018). Climatic responses to future trans-Arctic shipping. Geophysical 
Research Letters, vol. 45, No. 18, pp. 9898–9908.

Stoddart, Michael (2010). Antarctic biology in the 21st century – advances in, and beyond the international 
polar year 2007–2008. Polar Science, vol. 4, No. 2, pp. 97–101.

Tournadre, J., and others (2016). Antarctic icebergs distributions 1992–2014. Journal of Geophysical Re-
search: Oceans, vol. 121, No. 1, pp. 327–349.

United Nations (2017a). Chapter 46: High-latitude ice and the biodiversity dependent on it. In The First 
Global Integrated Marine Assessment: World Ocean Assessment I. Cambridge: Cambridge Univer-
sity Press.

__________ (2017b). The First Global Integrated Marine Assessment: World Ocean Assessment I. Cambridge: 
Cambridge University Press. 

Vaughan, David G., and others (2013). Observations: cryosphere. Climate Change, vol. 2103, pp. 317–382.
Vernet, M., and others (2011). Impacts on phytoplankton dynamics by free-drifting icebergs in the NW 

Weddell Sea. Deep Sea Research Part II: Topical Studies in Oceanography, vol.  58, No.11–12, 
pp. 1422–1435.

Vick-Majors, Trista J., and others (2016). Biogeochemistry and microbial diversity in the marine cavity be-
neath the McMurdo Ice Shelf, Antarctica. Limnology and Oceanography, vol. 61, No. 2, pp. 572–586.

Vigliotti, Marco (2019). Trudeau government expands moratorium on oil and gas work in Arctic waters. 
https://ipolitics.ca/2019/08/08/trudeau-government-expands-moratorium-on-oil-and-gas-work-
in-arctic-waters.

Wienecke, Barbara (2012). Emperor penguins at the West Ice Shelf. Polar Biology, vol. 35, No. 9, pp. 1289–
1296.

Wilson, Kerry-Jayne, and others (2016). The impact of the giant iceberg B09B on population size and 
breeding success of Adélie penguins in Commonwealth Bay, Antarctica. Antarctic Science, vol. 28, 
No. 3, pp. 187–193.

Xu, Zhiqiang, and others (2018). Inter-annual variation of the summer zooplankton community in the Chuk-
chi Sea: spatial heterogeneity during a decade of rapid ice decline. Polar Biology, vol. 41, No. 9, 
pp. 1827–1843.

Yasuhara, Moriaki, and others (2007). Modern benthic ostracodes from Lutzow-Holm Bay, East Antarc-
tica: paleoceanographic, paleobiogeographic, and evolutionary significance. Micropaleontology, 
vol. 53, No. 6, pp. 469–496.

http://www.scar.org
http://www.arctictoday.com/russias-biggest-oil-company-announces-more-offshore-arctic-
https://ipolitics.ca/2019/08/08/trudeau-government-expands-moratorium-on-oil-and-gas-work-in-arctic-waters
https://ipolitics.ca/2019/08/08/trudeau-government-expands-moratorium-on-oil-and-gas-work-in-arctic-waters


436   

World Ocean Assessment II: Volume I

Yasuhara, Moriaki, and others (2012). Patterns and controlling factors of species diversity in the Arctic 
Ocean. Journal of Biogeography, vol. 39, No. 11, pp. 2081–2088.

Zappalà, G., and others (2017). New Advanced Technology Devices for Operational Oceanography in Ex-
treme Conditions. International Journal of Sustainable Development and Planning, vol. 12, No. 1, 
pp. 61–70.



437

Chapter 7L  
Seamounts 
and pinnacles

Contributors: Malcolm R. Clark (convener), Angelo F. Bernardino, J. Murray Roberts, Bhavani E. 
Narayanaswamy, Paul Snelgrove and Joshua T. Tuhumwire (subchapter lead member).





    439

Chapter 7L: Seamounts and pinnacles

Keynote points

 • Seamounts and pinnacles are common 
topographic features of the global ocean.

 • Sampling effort has increased in recent 
years but only a small percentage of sea-
mounts has been sampled in detail.

 • Limited sampling, combined with high en-
vironmental variability among seamounts, 
constrains biodiversity knowledge.

 • Fishing, especially bottom trawling, con-
stitutes the greatest current threat to 

seamount ecosystems but marine debris 
or litter, climate change and potential 
seabed mining are additional concerns. 
However, initiatives to protect seamounts 
are increasing.

 • Recent time series research on deep sea-
mounts shows limited, if any, recovery of 
stony coral communities over 15–20-year 
periods.

1. Introduction
Seamounts, knolls and pinnacles, collectively 
termed seamounts in the present subchapter, 
are submerged volcanoes, rising hundreds to 
thousands of metres above the sea floor. Esti-
mates of their numbers vary, depending on the 
data source and algorithms used, from several 
tens of thousands of seamounts and over 
100,000 knolls (Yesson and others, 2011; Har-
ris and others, 2014) to extrapolations of more 
than 100,000 seamounts and 25 million knolls 
and pinnacles (Wessel and others, 2010). They 
collectively cover up to 20 per cent of the deep-
sea floor (Yesson and others, 2011).
Three important characteristics distinguish 
seamounts from surrounding deep-sea hab-
itat (Clark, 2009): their topography provides 
a range of depths for different communities; 
their typical hard rock surfaces contrast with 
the fine unconsolidated sediments that cover 
much of the sea floor; and their physical struc-
ture can alter local hydrography and currents, 
concentrating species and productivity. Such 
factors can result in richer and more diverse 
benthic communities than those on adjacent 
slope or abyssal plain habitats. 
Depth-related environmental parameters 
strongly influence seamount species composi-
tion, together with sea floor type and character 
(Clark and others, 2010). Seamounts provide 

significant ecosystem services and often host 
aggregations of fishes, with substantial com-
mercial activity. Annual landings of primary 
seamount species have fluctuated around 
100,000 tons since the 1990s, dominated by 
armourheads, alfonsinos, oreosomatids and 
orange roughy (Clark and others, 2007; Wat-
son and others, 2007).
Several “ecological paradigms” developed 
around seamounts, regarding them as unique 
environments and hotspots of biodiversity and 
endemicity. However, many seamounts are not 
highly isolated (Rowden and others, 2010a), 
and most do not have high levels of endemism. 
They share many species with other deep-sea 
habitats (Howell and others, 2010; Narayanas-
wamy and others, 2013), although variability in 
seamount topography and physical dynamics 
can induce high species turnover and distinct 
assemblage or abundance characteristics 
(Schlacher and others, 2014). 
Chapter 51 of the first World Ocean Assess-
ment (United Nations, 2017a) and parts of 
its chapters 34, 35 and 36F drew on multiple 
seamount reviews (e.g., Pitcher and others, 
2007; Clark and others, 2010; Staudigel and 
others, 2010) and findings of the Census of 
Marine Life programme (e.g., Rowden and 
others, 2010a; Stocks and others, 2012; Clark 
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and others, 2012). However, limited sampling 
constrains the understanding of seamounts. 
There are about 700 seamounts with data 
in the SeamountsOnline (Stocks, 2010) and 
Seamount Ecosystem Evaluation Framework 
databases (Kvile and others, 2014), but only 

about 300 have been surveyed in detail, with 
few in equatorial latitudes or with summits 
deeper than 2,000 m. Therefore, the structure, 
function and connectivity of seamount eco-
systems remains largely unknown (Clark and 
others, 2012). 

2. Description of changes in knowledge  
between 2010 and 2020

Over the past five years, several national or 
international research programmes have yield-
ed considerable ecological information on 
seamount environments. They are briefly de-
scribed in section 5, but key ecological results 
are synthesized below, drawing on a review of 
seamount ecology (Rogers, 2018). 

While seamounts rarely exist in steady-state 
oceanographic flows (Lavelle and Mohn, 
2010), there can be circulation entrainment 
and homogenization of the water column 
(Meredith and others, 2015). Internal wave for-
mation can upwell nutrients, enhancing prima-
ry productivity in summit areas (Turnewitsch 
and others, 2016; Read and Pollard, 2017). 
However, elevated primary productivity may be 
transient (e.g., Lemos and others, 2018), rarely 
increasing zooplankton abundances. Zoo-
plankton communities over seamounts reflect 
the surrounding oceanic waters (e.g., Carmo 
and others, 2013; Denda and Christiansen, 
2014; Denda and others, 2017), but blockage 
of migrating zooplankton and micronekton by 
seamount topography can enhance predation 
by fishes and shrimps (e.g., Nishida and oth-
ers, 2016; Preciado and others, 2017; Letessier 
and others, 2017).

Seamounts with shallow summits can support 
macroalgae, and macroalgal forests have 
recently been recorded in the North Atlantic 
(Ramos and others, 2016; Stefanoudis and 
others, 2019) and the North-East Pacific (Du 
Preez and others, 2016). Extensive rhodolith 
beds have been discovered on seamounts and 

ridges in the South-West Atlantic (Meirelles 
and others, 2015), the North-West Atlantic 
(Stefanoudis and others, 2019) and the South-
West Pacific (Clark and others, 2017). Such al-
gae can be important in the carbonate budgets 
of mesophotic ecosystems. Pereira-Filho and 
others (2012) estimated that carbonate pro-
duction from the rhodoliths of four seamounts 
of the Vitoria-Trinidade seamount chain off 
Brazil was 1.5 x 10-3 gigatons per year.

Knowledge of seamount communities has 
improved through the modelling of species 
distributions related to physico-chemical 
conditions. The modelling, especially for 
deep-sea corals, which can be abundant on 
seamounts (e.g., Rowden and others, 2010b; 
Tracey and others, 2011), suggests that key 
environmental variables include calcite and/or 
aragonite saturation depths, topographic as-
pect, temperature, salinity, oxygen levels and 
particulate organic carbon (e.g., Davies and 
Guinotte, 2011; Yesson and others, 2012, 2017; 
Anderson and others, 2016a). Nevertheless, 
models can perform poorly, depending on the 
resolution of environmental data (Anderson 
and others, 2016b; Rowden and others, 2017). 
New data will also influence such models, as 
seen by the discovery of stony coral reef on 
seamounts in the North-West Pacific Ocean, 
in poor aragonite saturation conditions (Baco 
and others, 2017). Environmental parameters 
may also influence species replacement and 
species richness differently (Victorero and 
others, 2018). 
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Connectivity mechanisms between sea-
mounts have been a focus of recent research. 
Seamounts can act as “stepping stones” 
across large regions, but there is no consist-
ent pattern (Rowden and others, 2010a). The 
reef-building stony coral (Solenosmilia variabi-
lis) and the cup coral (Desmophyllum dianthus) 
have similar widespread distributions across 
the southern hemisphere, but similar genetic 
structure for D. dianthus over large areas 
(thousands of km) contrasts with variation 
in S. variabilis between individual seamounts 
in close proximity (tens of km) (Miller and 
Gunasekera, 2017). The latter mechanism of 
“self-recruiting” populations also occurs in 
bivalve molluscs (Beeston and others, 2018). 

1 Available at www.isa.org.jm/deep-seabed-minerals-contractors.

Spatial patterns of connectivity vary among 
species (e.g., Zeng and others, 2017) and even 
within the same genus (Pante and others, 
2015). Currents can provide routes or barriers 
for larval dispersal (Dueñas and others, 2016; 
Holland and others, 2019).

The research highlights variability in envi-
ronmental factors and faunal communities 
between seamounts, making it impossible to 
generalize about the ecology of seamounts, 
and emphasizes the importance of sampling 
across a wide range of physical and geograph-
ical seamount characteristics (Clark and oth-
ers, 2012).

3. Description of economic and social changes

Artisanal fisheries date back to the 1500s 
and, even today, small-scale fisheries close 
to oceanic islands are important for employ-
ment, with estimated catches (mainly tuna) of 
between 150,000 and 250,000 tons per year 
(Da Silva and Pinho, 2007). Deep-sea demer-
sal fisheries for such species as alfonsino and 
orange roughy have generally declined since 
the mid-1990s (Clark and others, 2007; Watson 
and others, 2007; Pitcher and others, 2010) to 
current levels below 100,000 tons per year. In 
addition to fishes, small invertebrate fisheries 
on seamounts have targeted lobsters in the 
South Atlantic Ocean and the southern Indian 
Ocean and deep-sea red crab in the North-East 
Atlantic Ocean (Rogers, 2018). 

Seamounts host ferromanganese crusts that 
contain cobalt, nickel and rare earth elements 
that have commercial potential (Hein and 
others, 2013). Five exploration contracts for 
the crusts exist with the International Seabed 
Authority: four cover seamounts in the North-
West Pacific, and the fifth, the Rio Grande 

Rise off Brazil.1 There is currently no mining 
for deep-sea minerals, but mining operations 
could significantly impact seamount ecosys-
tems (e.g., Levin and others, 2016; Miller and 
others, 2018). Hence, regulations are being de-
veloped by the Authority to balance potential 
exploitation with environmental conservation.

Litter and plastic debris represent a growing 
concern. Lost fishing lines, nets and pots (e.g., 
Maldonado and others, 2015; Vieira and oth-
ers, 2015; Woodall and others, 2015) entangle 
or physically damage seamount-associated 
species. Microplastics have been found in 
animals sampled from southern Indian Ocean 
seamounts, as well as in the sediment (Woo-
dall and others, 2014; Taylor and others, 2016). 
There is also concern that invasive species 
can spread through such debris and litter.

Recovery from fishing or potential mining, 
along with a return to economic or social 
value, could be very slow. Seamount fisheries 
can remove much of the benthic fauna, lead-
ing to declines in biodiversity and abundance 

http://www.isa.org.jm/deep-seabed-minerals-contractors
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(Clark and others, 2015). Seamounts in the 
Hawaiian-Emperor seamount chain still yield 
sporadic, small catches (e.g., Bensch and 
others, 2008) and several small orange roughy 
fisheries off New Zealand and Tasmania have 
reopened (Food and Agriculture Organization 
of the United Nations (FAO), 2018). Benthic 
habitats, however, may require decades to 
recover. Time series surveys off New Zea-
land show few signs of change in stony coral 

2 See www.bas.ac.uk/project/protecting-marine-ecosystems-in-the-south-atlantic.

communities 15 years after closure to trawling 
(Clark and others, 2019), although anemones 
and small corals may have increased on some 
seamounts off Tasmania (Clark and others, 
2010). A recent survey in the North Pacific 
shows some potential recovery from trawl-
ing in the 1970s (Baco and others, 2019), but 
Japanese research on a seamount previously 
fished for precious corals indicates no sign of 
recovery (Bruckner, 2014). 

4. Key region-specific research in recent years

4.1. Arctic Ocean
Little work has been undertaken on seamounts 
in Arctic waters. However, in 2017, high levels 
of sponge density and diversity were found 
on the Schultz Massif seamount, possibly 
associated with the occurrence of warmer, 
oxygen-rich and food-rich currents (Jones and 
others, 2018). 

4.2. North Atlantic Ocean
Recent work has focused on seamounts in 
the North-East Atlantic. Data from the Anton 
Dohrn seamount have revealed 13 biotopes, 10 
of which met the criteria for vulnerable marine 
ecosystems (Davies and others, 2015). The 
Hebrides Terrace seamount was surveyed for 
the first time in 2012, and cold water coral hab-
itats (Henry and others, 2014) and a spawning 
site for the deep-water skate (Bathyraja rich-
ardsoni) (Henry and others, 2016) were iden-
tified. The European Union Atlas programme 
has completed surveys of the Bowditch sea-
mount (Bermuda) and the Formigas seamount 
(Azores) and, on Tropic seamount, it report-
ed extensive areas of sponge (Poliopogon 
amadou), octocorals, Solenosmilia variabilis 
coral reefs, xenophyophores and crinoid fields 
(Ramiro-Sánchez and others, 2019). Tropic 

seamount has extensive areas of ferromanga-
nese crusts of potential mining interest (Mur-
ton and others, 2017).

4.3. South Atlantic Ocean
Recent work associated with mineral and 
oil and gas exploration has advanced physi-
co-chemical descriptions of the Vitoria-Trin-
dade seamount chain and the Rio Grande Rise 
(Bernardino and Sumida, 2017; Montserrat and 
others, 2019). Seamounts share species pools 
with nearby continental slopes, but there are 
structurally distinct substrates across regions 
(O’Hara and others, 2010; Bernardino and 
others, 2016; Almada and Bernardino, 2017), 
which suggests a high diversity of benthic and 
pelagic fauna (Perez and others, 2018).

Surveys by the United Kingdom have also been 
carried out on seamounts off the Saint Helena, 
Ascension and Tristan da Cunha islands.2

4.4. Indian Ocean
Seamounts in the Indian Ocean region remain 
poorly studied, although several seamounts on 
the South-West Indian Ridge and the Madagas-
car Ridge have been surveyed in recent years 
(Rogers, 2016). The surveys found distinct 

http://www.bas.ac.uk/project/protecting-marine-ecosystems-in-the-south-atlantic
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microbial and phytoplankton communities 
across the ridge (Djurhuus and others, 2017; 
Sonnekus and others, 2017), high cephalopod 
diversity (Laptikhovsky and others, 2017) and 
high benthic faunal diversity between sea-
mounts. 

4.5. North Pacific Ocean
The United States has been active in the north-
ern and central Pacific Ocean, with campaigns 
in 2015, 2016 and 2017 that included mapping 
and remotely operated vehicle dives on sea-
mounts and ridges of the Papahānaumokuākea 
Marine National Monument (including the 
Hawaiian-Emperor seamount chain) around a 
number of United States islands in the central 
Pacific and extended down to Samoa, Tokelau 
and the Cook Islands. There were 18 dives on 
seamounts of the Musician seamounts chain. 
Most seamounts had only one remotely op-
erated vehicle dive but revealed diverse and 
abundant benthic deep-sea coral and sponge 
communities (Kennedy and others, 2019). 
Further work with remotely operated vehicle 
dives, coring and trawls on four seamounts in 
the Gulf of Alaska was carried out in 2019.

Chinese researchers have carried out a num-
ber of surveys of seamounts in the north-west-
ern Pacific, including the Caroline, Yap and 
Magellan seamounts.

Increased survey work is also being carried 
out by deep-sea minerals contractors with 
exploration licences for cobalt crusts in the 
north-western Pacific. Contractors (COMRA 
(China), KIOST (Republic of Korea), Russian 
Federation, JOGMEC (Japan)) sampled 11 
seamounts in 2017 and 2018 and found many 
new species among benthic communities of 
sponges, corals and echinoderms (e.g., Wang 
and others, 2016; Dong and others, 2017). 

3 See https://ecos.csiro.au/deep-sea-life.

Some sampling of abyssal hills and seamounts 
in the Clarion-Clipperton Fracture Zone has 
also occurred. 

In the Canadian North Pacific, Fisheries and 
Oceans Canada has conducted a baseline 
characterization of several seamounts. In 
2018, an autonomous monitoring array was 
deployed to collect environmental data on 
Dellwood seamount, along with hydrophones 
to detect whale presence. Thirty potential long-
term monitoring sites have been established 
with photographic surveys. A science plan is 
being developed for SGaan Kinghlas-Bowie 
seamount and other Pacific seamounts.

4.6. South Pacific Ocean
Research has focused on investigating the 
potential recovery of benthic communities 
from bottom trawling. Further time series sur-
veys were completed off New Zealand in 2015 
(Clark and others, 2019) and off Tasmania in 
2018.3 The original stony coral reefs show lit-
tle recovery in the 15–20 years since trawling 
stopped on some seamounts.

Recent seamount surveys have occurred 
off the Galapagos Islands (Ecuador) (2015, 
2016) down to 3,000 m, as well as in the Naz-
ca-Desventuradas Marine Park (Chile) (2016) 
and Australia (Nanson and others, 2018).

4.7. Southern Ocean
A number of seamounts and ridges have been 
sampled in Antarctic waters in recent years. 
New Zealand surveys included “Long Ridge” 
(part of the Pacific-Antarctic Ridge) in 2018, 
and the Scott seamount chain in 2019.

https://ecos.csiro.au/deep-sea-life
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4 Available at https://osf.io/xtg5c.
5 Available at www.iatlantic.eu.

Significant research has occurred in the past 
decade. Planned future international initiatives 
by the Global Seamounts Project,4 the new In-
terRidge Working Group on Seamounts and Is-
lands Associated with Mid-Ocean Ridges, and 
initiatives to survey more seamounts under 
the United Nations Decade of Ocean Science 
for Sustainable Development can complement 
ongoing national research directed at local bio-
diversity or fisheries impacts issues. In 2017, 
the European Union, Brazil and South Africa 
signed the Belém Statement, a pan-Atlantic 
framework funding iAtlantic (2019–2023),5 
through which several seamount surveys will 
take place in the Atlantic. 

The emergence of potential deep-sea mining 
on seamounts is a threat, but the International 
Seabed Authority requires considerable base-
line environmental data as a condition of ex-
ploration in areas beyond national jurisdiction, 
which will increase seamount knowledge in 
several regions over the next 10 years.

Climate change effects over the next decade 
are difficult to predict but reviews by Rogers 
(2015) and Sweetman and others (2017) 
suggest that climate change remains a major 
threat to seamount communities, with rising 
temperatures, declining oxygen concentra-
tions and the shallowing of the aragonite satu-
ration horizon. Some seamount fauna, such as 
cold water corals, are vulnerable to changes in 
water mass characteristics (e.g., Guinotte and 

others, 2006; Matos and others, 2017; Hebbeln 
and others, 2019), and the greatest changes at 
bathyal depths (Sweetman and others, 2017) 
include seamounts that support productive 
fisheries or high biodiversity. However, be-
cause seamounts cover a wider depth range, 
they may be less susceptible to ocean acidifi-
cation changes than the surrounding sea floor 
and act as temporary refugia (Tittensor and 
others, 2010).

Globally, seamount protection may increase, 
adding to national conservation efforts in the 
North Atlantic, the South-West Pacific and the 
North-East Pacific (Morato and others, 2010) 
and more recent closures to fishing activities 
off the west coasts of Canada and Chile, in the 
North Atlantic (Natura 2000) and throughout 
Hawaiian waters. Tourist funding may also 
increase future seamount conservation (Ison 
and others, 2021). Some seamount  areas 
in the eastern Pacific have been protected 
from potential seabed mining by a regional 
environmental management plan adopted by 
the International Seabed Authority. Regional 
fisheries management organizations will likely 
identify increased numbers of seamounts as 
vulnerable marine ecosystems (FAO, 2009), 
and numerous seamounts are classified as 
ecologically or biologically significant areas 
(Secretariat of the Convention on Biological 
Diversity, 2009). 

6. Key remaining knowledge gaps

Knowledge gaps identified in the first Assess-
ment (United Nations, 2017b) largely remain: a 
limited number of seamounts sampled to date 
(some progress); predictive habitat suitability 

models developed, but not tested (some pro-
gress); pelagic components of seamount 
ecosystems poorly known, especially deep 
bathyal (still largely true); multiple stressors 

https://osf.io/xtg5c
http://www.iatlantic.eu
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need evaluation, including habitat disturbance, 
pollutants, climate change, acidification and 
deoxygenation, and need to be considered 
together (remains a major gap); and a limited 
understanding of the efficacy of closed areas 
to date (some progress).

Several global and national seamount data 
sets exist, including Seamount Catalog (main-
ly geological);6 SeamountsOnline (biological); 
Seamount Ecosystem Evaluation Framework 
(ecological); for New Zealand (Rowden and 
others, 2008); Azores (Morato and others, 
2008), and the western South Pacific (Allain 
and others, 2008). However, they have not been 
extensively updated as to which seamounts 
have been sampled since the first Assessment. 
An updated register of seamount surveys and 
sampling effort is urgently needed.

Given that so few seamounts have been sur-
veyed globally, major gaps in the scientific 
understanding of biodiversity scales and pat-
terns on seamounts and resilience to climate 

6 Available at https://earthref.org/SC.

change and human activities remain (Clark and 
others, 2012). The collection of such baseline 
data requires a suite of multiple tools, includ-
ing remote sensing, direct sampling and visual 
surveys (see Clark and others, 2016). Accu-
rate and consistent taxonomic identification 
of seamount fauna is a problem common to 
many deep-sea habitats. The need to improve 
consistency in sampling across multiple dis-
ciplines inspired development of the General 
Ocean Survey and Sampling Iterative Protocol 
(Woodall and others, 2018). New techniques, 
such as artificial intelligence for species iden-
tification, eDNA, seascape genetic approaches 
and deep Argo floats, will likely be used widely 
and are necessary to improve knowledge of 
seamount environments. More time series 
studies are needed to address the long-term 
resilience and recovery potential of affected 
seamount communities and to inform their 
future management. 

7. Key remaining capacity-building gaps

Seamount environments can play an important 
role in the deep-sea ecosystem. Deep-sea sur-
veys must include seamounts to improve the 
understanding of their ecosystem structure 
and function as a prerequisite to human ac-
tivities. However, the capacity gap in scientific 
capabilities and the remote and unexplored 
nature of deep-sea habitats, in general, indi-
cate significant capacity and information gaps 
even in well-developed, industrialized coun-
tries. Across all countries, there are seamounts 

that overlap in distribution with current or pro-
posed industrial activities, such as fisheries 
in the western Pacific, offshore oil and gas 
development in the Caribbean and Africa, and 
potential deep-sea mining in seamount and 
ridge areas of the North-West and South-West 
Pacific Ocean and the Indian Ocean. Consid-
erable collaboration and cooperation between 
developing and developed nations is needed 
to build scientific and management capacity.

https://earthref.org/SC
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Keynote points

 • The abyss lies between 3 and 6 km water 
depth and covers more of the Earth’s sur-
face than all other habitats combined.

 • The present chapter is the first in the World 
Ocean Assessment that is dedicated to the 
abyss, covering biodiversity, regional dif-
ferences, biogeography, and changes and 
impacts as a result of natural stressors 
and anthropogenic activity.

 • Abyssal biodiversity is not well under-
stood, and many gaps exist in the current 
understanding of abyssal evolution and 
biogeography, as well as the distributions, 
connectivity and responses of organisms 
to changing conditions.

 • Fragmentary knowledge of abyssal taxono-
my is largely the result of difficulties in sam-
pling the vast and remote area and, hence, 
limited research effort, which hinders the 
advancement of scientific knowledge.

 • Most abyssal environments support the 
processes that drive deep-sea and global 
ecosystem functioning and are linked 
closely to surface production and pelagic 
processes.

 • Climate change and anthropogenic impacts 
affect the abyss, despite its remoteness.

1. Introduction 

1.1. Situation as recorded in the first 
World Ocean Assessment

The first World Ocean Assessment (United 
Nations, 2017d) contained a brief description 
of abyssal environments, in chapter 1 (United 
Nations, 2017a), chapter 36F (United Nations, 
2017c) and the chapters on biodiversity in 
different ocean regions. The dependence of 
abyssal habitats on the flux of food from above, 
the possible impacts of climate change and the 
likely impact of deep seabed mining were not-
ed. There is continued uncertainty about abys-
sal biodiversity and its potential connections to 
pelagic and surface water organisms and future 
changes therein. The first Assessment did not 
contain the comprehensive description of abys-
sal biodiversity provided in the present chapter. 

1.2. General
The abyssal zone (3–6 km water depth) (Gage 
and Tyler, 1991) encompasses the largest area 
on Earth (about 58  per  cent of the planet’s 

surface). It mainly comprises vast areas of 
sea floor plains covered in generally fine sedi-
ments, punctuated by sporadic hard substrate 
at topographic highs in the form of knolls, sea-
mounts, mid-ocean ridges and island arcs, as 
well as lows in the form of valleys and deeper 
trenches. The total absence of sunlight pen-
etration and in situ primary production, apart 
from some chemosynthesis (see chap. 7P), 
characterize an ecosystem based on a varia-
ble rain of material from shallower euphotic 
zones. Although it is food-limited, with low 
abundances compared with most deep-sea 
habitats (Gage and Tyler, 1991), the abyss sup-
ports high levels of alpha and beta diversity of 
meiofauna, macrofauna and megafauna (Rex 
and Etter, 2010). The quantity and quality of 
food particles sinking from the ocean surface 
strongly modulate ecosystem structure and 
function (Smith and others, 2008; McClain 
and others, 2012a), but feedback mechanisms 
through nutrient cycling back into the water 
column are poorly understood (Thurber and 
others, 2014). Abyssal regions differ from 
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each other in physical variables, surface water 
characteristics and biogeographical distinc-
tions, which are reflected in their organisms, 
communities and biodiversity. 

Abyssal biodiversity varies in space (Glover 
and others, 2002; Woolley and others, 2016; 
Simon-Lledó and others, 2019a) and time (Ruhl 
and others, 2008). Despite poorly known bio-
diversity patterns on regional to global scales, 
some regions, such as the abyssal Southern 
Ocean (Brandt and others, 2006; Griffiths, 
2010) and the equatorial Pacific (Glover and 
others, 2002; Amon and others, 2016a), house 
major biodiversity reservoirs. For the few 
taxa studied, connectivity appears high (Baco 
and others, 2016; Taboada and others, 2018), 
whereas studies of deep-sea functional diver-
sity have just begun (e.g., Chapman and others, 
2019), including of the abyssal sea floor (e.g., 
Christodoulou and others, 2019; O’Hara and 
others, 2019). Biodiversity knowledge varies by 
region and, in recent years, interest in seabed 
mining (see chap. 18) has helped to gener-
ate new information for regions such as the 

Clarion-Clipperton Fracture Zone in the central 
Pacific (e.g., Dahlgren and others, 2016; Glover 
and others, 2016a; Amon and others, 2017a, 
2017b; Marsh and others, 2018; Wiklund and 
others, 2019), with evidence of biodiverse, yet 
vulnerable life (Vanreusel and others, 2016). 

Climate change will likely affect the abyss 
(Yasuhara and Danovaro, 2016; Sweetman and 
others, 2017). Projections suggest increased 
abyssal ocean temperatures and acidifica-
tion, and decreased oxygen concentrations 
and downward flux of organic matter. Other 
oceanographic processes will likely respond, 
increasing stratification and reducing water 
mass exchange. Given the narrow environ-
mental niches of abyssal biota, such changes 
could produce geographic shifts and increase 
the vulnerability of abyssal organisms to oth-
er anthropogenic impacts (Levin and others, 
2020). The current understanding of anthropo-
genic impacts on abyssal ecosystems remains 
poor but highlights a vulnerability that will very 
likely increase in the future.

2. Shifting baselines and documenting status and change  
in abyssal biodiversity

The challenges of sampling in remote loca-
tions at depths of more than 3,000 m con-
tribute to abyssal undersampling (Glover and 
others, 2018). Biodiversity records reflect that 
deficiency (figures I and II). Sampling effort 
has also focused more on the sea floor than 
on the highly variable and vast pelagic realm.

2.1. Benthic abyssal biodiversity and 
benthic-pelagic coupling

Biogenic habitat comprises much of the 
fine-scale habitat structure on sediments. 
The patchy food resource also contributes 
fine-scale structure to the sea floor (McClain 
and Schlacher, 2015). Characteristically low 

current speeds result in minimal sediment ero-
sion (Smith and others, 2008) but affect sed-
iment composition (McCave, 2017). Abyssal 
waters are cold (< 5°C) and relatively constant 
in temperature (Sweetman and others, 2017), 
and they are characterized by extremely high 
hydrostatic pressure.

The transfer of organic matter to the abyss oc-
curs mainly through sinking particulate organic 
carbon, which is largely produced in surface 
waters through photosynthetic primary produc-
tion and zooplankton, the latter generating sec-
ondary production and by-products (Cavan and 
others, 2015). In addition, carcasses of marine 
vertebrates can sink to the abyssal plain within 
a few days, temporarily increasing local food 
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(Amon and others, 2016b). Surface export of or-
ganic material can reach abyssal depths within 
a few days but rates fluctuate (Smith and oth-
ers, 2008). Particle export dynamics, such as 
summer export from upper layers, can strongly 
influence abyssal biogeochemical processes 
(Bouef and others, 2019). However, remineral-
ization throughout the water column results in 
very low quantities of organic matter reaching 
the abyssal sea floor (about 0.5–5.0 per cent 
of surface production) (Lutz and others, 2007; 
Smith and others, 2008; Smith and others, 
2009). The arrival of food influences abyssal 
communities and their diversity, abundance, 
density and composition, whereas important 
microbial groups affect processes such as car-
bon and nitrogen cycling, and vertical organic 
matter transport shapes the composition and 
biogeography of deep ocean prokaryotic (and 
eukaryotic) communities (Mestre and others, 
2018). The low energy availability results in 

generally low abyssal abundances, biomasses 
and biological rates (metabolism, growth and 
reproduction) (Smith and others, 2008; Wei and 
others, 2010). 

The total biomass of all benthic size class-
es generally declines with increasing water 
depth, except for bacteria and archaea, which 
dominate the biomass of the abyssal plain 
and deeper (Wei and others, 2010). Modelling 
estimates suggest global prokaryotic biomass 
on the sea floor of approximately 35 megatons 
of carbon (Wei and others, 2010). Thus, the 
activities of microbial communities strongly 
influence the type and abundance of nutrients 
released back into the pelagic realm. The mi-
crobes also experience top-down forcing from 
viral populations (Suttle, 2005) and grazing 
by animals of various sizes (e.g., Howell and 
others, 2003; Ingels and others, 2010). 

Figure I.A  
Number of Ocean Biodiversity Infor-
mation System (OBIS) records plotted 
against ocean depth 
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Figure I.B  
Proportion of all OBIS records occurring 
in different depth zones, plotted against 
the proportion of the global ocean that 
occurs at those depths
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Figure II.A 
World map of Ocean Biodiversity  
Information System abyssal records
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Figure II.B 
World map of Ocean Biodiversity  
Information System species presence 
between 3,000 and 6,000 m depth
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Source: Ocean Biodiversity Information System (OBIS), 16 May 2019; Intergovernmental Oceanographic Commission 
of the United Nations Educational, Scientific and Cultural Organization. Retrieved from https://obis.org).
Notes: A: Data available rarely exceed 1,000 records per 75,000 m2 area; gaps exist, especially in the Pacific Ocean, 
the South Atlantic Ocean and the South Indian Ocean. B: The North-East Atlantic Ocean has more samples as com-
pared with all other oceans. Note the correlation between records and species presence. 

2.2. Abyssopelagic zone
Much less is known about the pelagic fauna 
that primarily occupy depths between 3 and 
6 km and that live more than 200 m above the 
sea floor. The Ocean Biodiversity Information 
System shows minimal sampling of those 
ecosystems, which results in major knowledge 
gaps spanning over a billion km3 of habitat – 
potentially the largest reservoir of unknown 
diversity on Earth (Robison, 2009). The abys-
sopelagic zone facilitates the largest carbon 
sink on the planet, a critical ecosystem service 
of the global ocean (Atwood and others, 2020). 
Daily vertical migration between deep-sea pe-
lagic layers can move dissolved nutrients that 
contribute to primary production in the photic 
zone (Houghton and Dabiri, 2019), along with 
long-term deep ocean circulation. 

2.3. Key region-specific differences 
or contrasts

Broad-scale variation in physical and chemical 
environments (e.g., organic flux, oxygen) in 
the abyss result in geographic differences in 
biodiversity. Salinity, however, varies too little 
to produce such variation. Such geographic 
differences could also lead to contrasting 
responses to human impacts within different 
regions, but the data necessary to evaluate 
that possibility are lacking. 
Carbon availability. Numerous studies on 
carbon availability demonstrate that a variety 
of processes contribute to particulate organic 
carbon levels in the abyss, thus shaping com-
munities (Carney, 2005; Smith and others, 2008; 
Rex and Etter, 2010; McClain and others, 2012a; 
McClain and Schlacher, 2015; Woolley and oth-
ers, 2016). Particulate organic carbon flux to 
the deep varies in time and space (Lampitt and 
Antia, 1997; Lutz and others, 2007; figure III). 
Such factors as depth, distance from produc-
tive coastal waters and/or upwelling regions 

https://obis.org
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can produce considerable local effects, gener-
ally limiting particulate organic carbon flux to 
the deep sea floor. For example, upwelling in 
the equatorial Pacific results in high levels of 
particulate organic carbon flux (2–6 g/m2/year) 
compared with the extremely low particulate 
organic carbon (< 1 g/m2/year) in adjacent re-
gions to the south (Watling and others, 2013). 
Intense areas of coastal upwelling, combined 
with narrow continental shelves, place abys-
sal habitats in the North-East Pacific and the 
South-East Atlantic closer to productive coast-
al waters, resulting in higher particulate organic 
carbon input (Lutz and others, 2007; Lampitt 
and Antia, 1997). Moderately high particulate 
organic carbon fluxes also occur in the North 
Atlantic (6.6 gm2/year) because of spring bloom 
pulses (Lampitt and Antia, 1997). 

Figure III.A 
Particulate organic carbon flux to the 
bottom at depths between 3,500 and 
6,500 m
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Source: Data from Lutz and others, 2007; adapted from 
Watling and others, 2013.

Figure III.B 
Depth-particulate organic carbon plot illustrating differences in particulate organic 
carbon flux and flux variability between bathyal and abyssal regions (main) and variabil-
ity between abyssal regions (temp-particulate organic carbon flux) (insert)
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Temperature. Temperature often shows a 
statistically significant relationship with di-
versity in the abyss (Cronin and Raymo, 1997; 
Hunt and others, 2005; Yasuhara and Dano-
varo, 2016). Temperature may also limit the 
biogeographic distribution of some species 
(McClain and others, 2012b). Temperatures 
above 10°C occur in the Mediterranean, even 
on its abyssal plains. Higher temperatures in 
some other marginal seas, such as the Gulf of 
Mexico and the Sulu Sea, also exceed those 
at open ocean abyssal depths. Slightly colder 
abyssal temperatures occur in the Pacific 
than in the Atlantic, with substantially colder 

polar sea abyssal temperatures (see figure IV; 
Yasuhara and Danovaro, 2016). Gebbie and 
Huybers (2019) recently reported a significant 
difference between Pacific (continuing to cool 
as a result of the Little Ice Age) and Atlantic 
(beginning to warm because of recent climate 
change) circulation. The changes may alter 
carbonate compensation depths (water depth 
at which carbonate supply and dissolution are 
equal) within the different basins. Regional 
differences result from influences of depth 
and bottom-water formation, downwelling and 
other water mass exchanges.

Figure IV  
Global temperature distributions at different water depths (°C)
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Notes: The map was created using Ocean Data View, available at http://odv.awi.de.

Oxygen. Dissolved oxygen concentrations af-
fect the ecology and distributions of deep-sea 
animals (Levin, 2003; Stramma and others, 
2010) and may determine the presence and 
absence of species in specific regions and 
restrict species dispersal. Oxygen can vary be-
tween 1 and more than 6 ml per l in the abyss 
(Watling and others, 2013). Well-oxygenated 
Antarctic Bottom Water moving northward 
increases dissolved oxygen concentrations in 
the extreme south Indian Ocean, the Pacific 
Ocean and the Atlantic Ocean (3–4 ml/l). Like-
wise, the southward-flowing North Atlantic 

Deep Water oxygenates the North Atlantic 
Ocean (5.5–6.5 ml/l), resulting, with the Ant-
arctic, in some of the most oxygenated abys-
sal waters on Earth (Watling and others, 2013).

Depth. The minimum depth at which the abys-
sal plains begin varies regionally, with shallow-
er abyssal plains in both the Gulf of Mexico 
(3,000–3,900 m) and the Mediterranean (aver-
age depth, 1,500 m; maximum, 5,267 m) than in 
other regions. The average depth of the Arctic 
Ocean and the Chile, Peru and Guatemala ba-
sins approach 4,000 m, in contrast to average 

http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html
http://odv.awi.de
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depths closer to 5,000 m in the northern and 
central Pacific. Greater depth, ceteris paribus, 
reduces particulate organic carbon flux. Depth, 
as a proxy for pressure, may also limit bioge-
ographic distributions (Somero, 1992; Carney, 
2005). Regional abyssal depth differences may 
thus cause taxonomic compositional shifts and 
influence biodiversity. Nonetheless, despite 
broad biogeographic differences among re-
gions, little evidence points to depth as a strong 
correlate of diversity within abyssal plains. 
Topography. Topographic features can im-
pede exchange of individuals between deep-
sea populations and influence biogeographic 
classification (McClain and Hardy, 2010). The 
Pacific and Atlantic share only 15–20 per cent 
of species (Vinogradova, 1997). The Strait of 
Gibraltar limits colonization of the relatively 
species-poor Mediterranean by Atlantic fauna 
(Sardà and others, 2004). Mid-oceanic ridges 
may also limit dispersal on the abyssal plains. 
Half of the known species of deep-sea bivalves 
are restricted to either the eastern or western 
Atlantic (McClain and others, 2011), likely be-
cause of the Mid-Atlantic Ridge. 
Researchers recently recognized that abyssal 
hills rising less than 1,000 m off the sea floor 
create topographic, depth and sediment dif-
ferences that support different taxonomic as-
semblages and higher biomass levels (Yesson 
and others, 2011; Durden and others, 2015) 
than in flatter abyssal sediments. 

Sediment and substrate. Sediment types can 
vary dramatically in composition within differ-
ent abyssal regions. Most diatom oozes occur 
at abyssal depths but radiolarian oozes occur, 
inter alia, in the Southern Ocean, the equatorial 
Pacific and the Peru basin. Sponge spicules 
form a major component of sediments in the 
Australian-Antarctic basin. Clay dominates 
large seabed regions off South America and in 
the Indian Ocean, and it dominates the South 
Australian basin (Dutkiewicz and others, 2015). 
Sediment diversity affects biodiversity, but 
linkages between sediment type and biodiver-
sity patterns remain underexplored. In abyssal 
plain sediments, polymetallic nodules can also 
affect biodiversity. Assemblages on nodules 
differ fundamentally from both near-bottom 
seawater and sediment communities (Shulse 
and others, 2017; Simon-Lledó and others, 
2019a). Increased nodule presence promotes 
increased megafaunal and xenophyophore 
abundance (Simon-Lledó and others, 2019b). 
Thus, increased habitat complexity generated 
by polymetallic nodules increases diversity in 
all levels of abyssal biota.
Riverine influences. Riverine input can influ-
ence the abyss through: (a) input of terrestrial 
carbon; (b) creation of a dispersal barrier, thus 
affecting biogeography; and (c) disturbance 
that alters deep-sea sediments. Significant 
discharges are shown in table 1.

Table 1 
Riverine influences

Recipient River Megatons carbon/year

Indian Ocean Ganges and others 30.0

South-East Atlantic Congo and others 30.0

South-West Atlantic Amazon 37.6

North-West Pacific Yangtze, Yellow and Mekong 16.2

Arctic Siberian rivers 12.8

Gulf of Mexico Mississippi 3.6

South-West Pacific Indonesian rivers (with high annual rainfall) 90.0
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Sediments from large rivers may also deliver 
substantial loads of anthropogenic contam-
inants, with unknown effects on abyssal bio-
diversity (Davies and Moore, 1970). Organic 
matter influx from large rivers to the conti-
nental margins, slopes and canyons is easily 
channelled through various processes to the 
abyss, where it may disturb and drive sea floor 
biomass and community diversity.

Ice cover. Polar ice cover influences primary 
production and thus particulate organic carbon 
flux to the abyss. Permanent ice cover reduces 

or prevents surface production, thus limiting 
biodiversity and biomass in the Arctic Ocean, 
where known species richness of polychaetes 
may be lower than in other, similar-sized basins 
(Bodil and others, 2011). Summer ice absence 
can bolster surface production and increase 
biodiversity and biomass (Wlodarska-Kowal-
czuk and Pearson, 2004). 

Geological age. Geological changes likely af-
fected the distribution of abyssal biodiversity 
by altering connectivity among ocean regions, 
including those shown in table 2. 

Table 2 
Connectivity among ocean regions

Connection

Opening Closing

Source
Millions of years ago 

(approximately)
Mediterranean/Atlantic Ocean and 
Indian Ocean (Tethys Seaway) 19–14 Harzhauser and others, 2007

Drake Passage 30
Lawver and Gahagan, 2003;  
Livermore and others, 2007;  
Scher and Martin, 2006

Central American Seaway 3
Schmidt and others, 2007;  
O’Dea and others, 2016;  
Schmidt and others, 2016

Bering Strait (Arctic/Pacific) 4.8–7.4 Marincovich and Gladenkov, 2001;  
Hu and others, 2012

Fram Strait (Arctic/Atlantic) 10–20 Engen and others, 2008;  
Ehlers and Jokat, 2013

Source: Yasuhara and others, 2019a.

2.4. Abyssal biogeography

In contrast to well-recognized boundaries 
among benthic assemblages on continental 
margins, uncertainty remains as to whether 
such abyssal boundaries exist (Carney, 2005). 
Researchers have attempted to establish bio-
geographic realms below 3,000 m. Some early 
attempts based on temperature, topography 
or faunal similarities suggested Atlantic, In-
do-Pacific, Antarctic and Arctic divisions; oth-
ers linked the Arctic and Atlantic, or questioned 

such linkages and split the Indian Ocean and 
Pacific Ocean or proposed more subregions 
(Menzies and others, 1973; Vinogradova, 1979, 
1997; Carney, 1994).

A scheme sponsored by the United Nations Ed-
ucational, Scientific and Cultural Organization, 
the Global Open Oceans and Deep Seabed 
(GOODS) biogeographic classification, used 
environmental parameters, including temper-
ature, salinity, dissolved oxygen, carbon flux, 
primary production, bathymetry and plate 
boundary layers, to delineate biogeographic 
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provinces, resulting in 14  abyssal provinces 
(Briones and others, 2009).1

A more recent proposal revised the 14 abyssal 
provinces (figure  V) by giving greater weight 
to hydrographic patterns, particulate organic 
carbon flux, dissolved oxygen and the effects 
of cold Antarctic waters and warmer North 
Atlantic waters (Watling and others, 2013). 

Figure V 
Proposed biogeographical regions
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Source: Based on Watling and others, 2013.

2.5. Documented change in abyssal 
biodiversity 

2.5.1. Evidence from palaeoecological studies 
Fossil records from deep-sea sediment cores 
provide the only time series data longer than 
a few decades (Yasuhara and others, 2017, 
2019b), and those palaeoecological records 
clearly point to long-term impacts of climatic 
change on abyssal biodiversity. Abyssal diver-
sity correlates positively with bottom-water 
temperature over 1,000–10,000 years (Cronin 
and Raymo, 1997; Cronin and others, 1999; 
Yasuhara and Cronin, 2008; Yasuhara and 

1 See Intergovernmental Oceanographic Commission, IOC Technical Series, No. 84 (IOC/2009/TS/84 and Corr.).

Danovaro, 2016). Dynamic deepwater circula-
tion and associated temperature changes have 
occurred even at multi-decadal–centennial 
timescales (Yashayaev and others, 2007; Hoff-
mann and others, 2018; Thornalley and others, 
2018; Yasuhara and others, 2019b). Research-
ers infer great stability in abyssal biotic and en-
vironmental conditions compared with those 
at bathyal or shallower depths. Over larger 
timescales, fossil data show that present-day 
deep-sea fauna were established during the 
Miocene epoch, approximately 13 million 
years ago (Thomas and others, 2000; Thomas, 
2007). Latitudinal diversity gradients in the 
deep sea that were established during the late 
Eocene epoch, approximately 37 million years 
ago, persist today (Thomas and Gooday, 1996). 

2.5.2. Evidence from long-term observatories 
Few long-term research programmes have 
obtained sufficient data to draw conclusions 
regarding long-term natural versus anthropo-
genic changes. Those that do indicate a strong 
connection between surface production and 
abyssal sea floor communities, often with a 
high degree of dynamism. The studies suggest 
that one-time or short-term investigations in 
the abyss cannot adequately assess biological 
community changes mechanistically, in par-
ticular in the context of deep-sea stewardship.

The monitoring studies of Station M off central 
California since 1989 strongly correlated sur-
face ocean processes and particulate organic 
carbon supply to the abyss, where fluctuations 
affect community structure and processes. 
Short-term variations in Station M abyssal 
communities (Kuhnz and others, 2014) link to 
inter-annual variation in climate (El Niño/La 
Niña) (Ruhl and others, 2014), but long-term 
consequences are poorly understood. Spo-
radic, intense food pulses to the abyss could 
provide food surplus following many years of 
undersupply. 
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Porcupine Abyssal Plain Sustained Obser-
vatory. Sustained observations at a depth 
of 4,850 m in the North-East Atlantic have 
produced high-resolution surface-to-sea floor 
data since 1989. Dramatic community and 
abundance shifts occur in response to organic 
matter influx changes (e.g., Billett and others, 
2001), resulting from the tight correlation be-
tween surface productivity and export fluxes 
(Frigstad and others, 2015). The shifts (1989–
2005) dramatically alter carbon storage. Most 
abyssal biota respond to food influx, environ-
mental change and competitive interactions 
(Gooday and others, 2010; Kalogeropoulou and 
others, 2010; Lampitt and others, 2010; Soto 
and others, 2010). Biogeochemical results 

show that the partial pressure of CO2 (pCO2) 
has decreased with increasing anthropogenic 
CO2 emissions (Hartman and others, 2015). 

Long-term ecological research observatory 
Hausgarten. Data from the observatory (Fram 
Strait, Arctic, 250–5,500 m depth, since 1999), 
point to seasonal forcing of communities 
related to regional sea ice and hydrodynamic 
conditions (Soltwedel and others, 2005, 2016). 
Fifteen years of pelagic and benthic data indi-
cate rapid responses of the entire ecosystem 
to water column changes. However, uncertain-
ty remains as to whether trends should be at-
tributed to anthropogenic changes or natural 
multi-year variability.

3. Major natural and anthropogenic pressures

3.1. Natural pressures

Natural disturbances in the form of near-bottom 
currents, sediment resuspension or settling 
food particles can dramatically alter benthic 
communities (Hessler and Jumars, 1974; 
Snelgrove and Smith, 2002). In the Atlantic, the 
mass movement of sediment downslope can 
affect the transport of organic matter to adja-
cent abyssal basins (Levin and Gooday, 2003). 
Similar processes occur during dense shelf-wa-
ter cascading through canyons and slopes to 
abyssal depths, triggered by increased salinity 
and winter cooling (Carney, 2005; Company and 
others, 2008). Such disturbances may increase 
organic matter transport to abyssal depths (Ca-
nals and others, 2006; Ulses and others, 2008; 
Palanques and others, 2011).

Similarly, heterogeneous sea floor topography 
can modify the composition and abundance 
of species, as well as carbon remineralization 
rates. Such abyssal hills likely play a signif-
icant role in Pacific deep-sea communities 
and organic matter cycling, given their large 
number and the limited continental sediment 
supply (Smith and Demopoulos, 2003).

3.2. Anthropogenic pressures
3.2.1. Climate change
Climate change will affect abyssal physical 
(e.g., salinity, temperature), biogeochemical 
(nutrients, CO2, oxygen (O2), sedimentology) 
and biological processes and functions (Mora 
and others, 2013; Sweetman and others, 2017). 
Abyssal temperatures could increase by 1° 
over the next 80  years, whereas abyssal sea 
floor habitats beneath regions of deepwater 
formation may experience reductions in water 
column oxygen concentrations by as much 
as 0.03 ml per l by 2100. Such changes could 
affect food supply and sediment transport 
(Cheung and Levin, 2019; Food and Agriculture 
Organization of the United Nations (FAO), 2019). 
Climate-induced changes in ocean circulation 
and hydrodynamics may affect abyssal con-
nectivity by altering distributions of the pelagic 
larvae of abyssal organisms (acknowledging 
that larvae of some abyssal taxa do not reach 
the upper ocean). Questions persist about how 
such changes impact deep ocean communi-
ties but decadal studies in the northern Pacific 
demonstrate significant linkages (Ruhl and 
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others, 2008). Assessments of climate change 
impacts, as well as synergistic or cumulative 
impacts with other anthropogenic activities, 
must therefore consider abyssal ecosystem 
responses (Smith and others, 2008; Levin and 
Le Bris, 2015; Sweetman and others, 2017).

The food-limited nature of abyssal ecosys-
tems suggests high sensitivity of all biota, 
from microbes to megafauna, to changes in 
phytoplankton community structure and pro-
ductivity and the quantity and quality of export 
flux (Ruhl and Smith, 2004; Ruhl and others, 
2008; Billett and others, 2010; Smith and oth-
ers, 2013). Climate warming will likely increase 
ocean stratification, reduce primary produc-
tion, increase acidity and shift dominant phy-
toplankton community structure, driving biotic 
changes over major regions of the abyss, such 
as the equatorial Pacific (Smith and others, 
2008; Levin and others, 2020). Predictions of 
significant decline in organic matter flux to 
the deep sea floor in most oceans (Sweetman 
and others, 2017) contrast with predictions of 
increased production of water column and sea 
floor biomass in polar seas (Jones and others, 
2014). Threats to abyssopelagic environments 
also include the deepening of oxygen mini-
mum zones.

3.2.2. Plastics and other forms of pollution

Pollution has long affected abyssal depths 
(Chiba and others, 2018). High levels of plastic 
debris have been found, along with benthic 
organisms contaminated with organic pollut-
ants, even at ocean depths of over 10,000 m 
(see chaps. 11 and 12). Few studies have 

documented interactions of abyssal life with 
debris and other pollutants but the research 
topic is rapidly gaining interest. Other exam-
ples of abyssal pollution include the dumping 
of nuclear waste prior to 1983, as described in 
chapter 24, section 3, of the first Assessment 
(United Nations, 2017b). 

3.2.3. Mining
In the past few decades, interest in mineral re-
serves at abyssal depths has grown considera-
bly. The future extraction of sea floor minerals, 
in the form of polymetallic nodules, cobalt-rich 
crusts, and polymetallic sulphides, pose a sig-
nificant potential threat to abyssopelagic and 
benthic communities, directly and indirectly 
(Christiansen and others, 2020). Chapter 18 
of the present Assessment discusses the en-
vironmental, social and economic aspects of 
seabed mining.

3.2.4. Anthropogenic pressures on abyssope-
lagic biodiversity

Although currently rare, bioprospecting and oil 
extraction activities on abyssal plains pose ad-
ditional threats to the health of abyssopelagic 
and benthic habitats. Commercial fishing and 
fish farming on the high seas could threaten 
abyssopelagic diversity if poorly managed na-
tionally and internationally. Poor management 
of both activities can reduce prey populations, 
affect food downflux and undermine biodi-
versity, including targeted and non-targeted 
resources. Although currently rare, biopros-
pecting and oil extraction activities on abyssal 
plains pose additional threats to the abyssope-
lagic environment.

4. Consequences of the changes on human communities, 
economies and well-being

Despite its apparent remoteness and inhospi-
tality, the deep ocean plays a crucial role in hu-
man social and economic well-being through 
its ecosystem functions and services on a 

regional to global scale (Van den Hove and 
Moreau, 2007; Armstrong and others, 2012; 
Thurber and others, 2014; tables 3 and 4). 
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Table 3  
Susceptibility of the abyssal sea floor and abyssopelagic zone to climate  
change-affected environmental drivers and pressures

Abyssal sea floor impacts Abyssopelagic impacts

Changes in temperature, acidity, 
salinity and oxygen patterns

Medium to high Low

Changes in sea level Low  
(through terrestrial influence)

Low  
(through terrestrial influence)

Changes in severity of storms and 
intensity of extreme events

Low Low

Changes in ultraviolet radiation Low, indirect through 
benthopelagic coupling

Low, indirect through 
benthopelagic coupling

Changes in the physical and chemical 
aspects of the ocean

Low Low

Food input Medium to high Medium to high

4.1. Impacts on abyssal ecosystem 
services 

Compared with other deep-sea habitats, abys-
sal plains provide ecosystem services that are 
limited in scope but important in magnitude 
and reach. Few abyssal services, such as min-
eral resources, could directly benefit humans, 
whereas most abyssal environments support 
the processes that drive deep-sea and global 
ecosystem and Earth climate system function-
ing on such vast scales that they influence the 
entire Earth system. 

The “biological pump” provides the most im-
portant supporting and regulating ecosystem 
service of the abyssopelagic zone by acceler-
ating the transfer of carbon, nutrients and other 

compounds from surface waters to the deep 
sea. Changes in fauna, trophic links or com-
munity composition, or physical alterations 
in water masses (e.g., stratification, warming, 
deoxygenation, acidification), can disrupt as-
sociated biological processes, with abyssal 
impacts through benthic-pelagic coupling. 
Stress imposed by low oxygen, acidification 
or elevated temperature can reduce species 
and ecosystem resilience through shifts in 
organism tolerance (Pörtner and Farrell, 2008; 
Pörtner, 2010), thus retarding recovery from 
disturbance caused by human activities, such 
as seabed mining. Climate change effects 
could exacerbate anthropogenic impacts and 
compromise deep-sea ecosystem structure 
and function and, ultimately, their benefits for 
human welfare (Mora and others, 2013).
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Table 4  
Threats and pressures on abyssal ecosystem services and their importance in the abyss

Abyssal plain threats Abyssopelagic zone threats
Provisioning services
Fisheries Currently none Currently none
Oil and gas Currently some; also indirect 

impact through dispersal from 
shelf and bathyal activity

Currently none, but indirect 
impact through dispersal from 

shelf and bathyal activity
Methane reserves/potential  
for gas hydrate extraction

Gulf of Mexico, potentially other 
areas

Not applicable

Hydrogen generation and 
subseabed storage for future 
carbon capture and disposal

Presently unknown Not applicable

Mining (metal-rich sediments, 
polymetallic nodules, rare earth 
metals, massive sulphides)

Moderate to high in future 
(potential)

Moderate to high in future 
(potential) through mining waste 
and processing water discharge

Waste disposal High (widespread) Moderate to high (present)
Bioprospecting Present, potentially high High potential, unknown
Military activities and use Unknown Unknown
Other energy provision Currently none Currently none
Supporting services
Habitat Low to moderate  

and high in the future
Low to moderate  

and high in the future
Nutrient cycling Moderate Moderate
Water circulation and exchange Moderate Moderate
Chemosynthetic  
primary production

Moderate Moderate

Resilience High High
Regulating services
Gas and climate regulation Moderate Moderate
Waste absorption and 
detoxification

Moderate Moderate

Biological regulation Moderate Moderate
Nutrient cycling Moderate Moderate
Cultural services
Scientific knowledge Moderate Moderate
Educational value Moderate Moderate
Economic benefits Potentially high Potentially high
Aesthetic, inspirational,  
ethical, indigenous

High High

Climatic record in  
deep-sea sediments

Moderate Not applicable
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5. Outlook

Many unknowns remain regarding abyssal eco-
systems, but related research has increased 
significantly in the past decade, with more 
anticipated, in particular given the increasing 
interest in deep-sea mineral extraction. The 
United Nations Decade of Ocean Science for 
Sustainable Development (2021–2030) also 
includes plans for more deep-sea research.

The emergence of potential deep seabed 
mining to exploit polymetallic nodules poses 
a risk to abyssal ecosystems. However, data 
collected during current exploration activities 
may increase deep-sea knowledge in several 
regions over the next 10 years. Researchers 
frequently lament the substantial lack of taxo-
nomic biodiversity data for most abyssal fau-
na. Work to collect such data is under way, but 
it will require much more time and resources 
(Glover and others, 2018).

Studies demonstrate the sensitivity of the 
abyss to climate change. Despite the diffi-
culties of predicting precise climate change 
effects over the next 10–20 years, rising tem-
peratures, declining oxygen concentrations, 
shallowing of the aragonite saturation horizon 
and changes in benthopelagic coupling can 

be expected (Rogers, 2015; Sweetman and 
others, 2017). Considering the slow growth 
rates of organisms and the fact that they are 
well adapted to the abyssal conditions of cold, 
high pressure, stability and food poverty, the 
impacts of predicted changes on abyssal com-
munities will likely be more severe than those 
at shallower depths. Predictions of significant 
decreases in the flux of organic material to the 
deep sea floor in most oceans may be espe-
cially problematic for abyssal areas. Future 
research will enhance abyssal biodiversity 
knowledge and increase our understanding of 
how climate change and anthropogenic activi-
ties will affect abyssal ecosystems.

Globally, the protection of abyssal environ-
ments may increase. The Convention on Bio-
logical Diversity classification of ecologically 
or biologically significant areas (Secretariat of 
the Convention on Biological Diversity, 2008) 
includes those environments, and further 
efforts are under way through the regional 
environmental management plans of the Inter-
national Seabed Authority in connection with 
seabed mining, as well as legislative develop-
ments to manage biodiversity beyond national 
jurisdiction.

6. Key remaining knowledge gaps

Despite recent advances in the knowledge 
of abyssal ecosystems, many gaps exist in 
understanding abyssal biodiversity, evolution, 
biogeography and the distributions, connectiv-
ity and responses to changing conditions and 
anthropogenic impacts.

The current poor state of taxonomic, natural 
history and biodiversity knowledge of the 
fauna on abyssal plains limits environmental 
impact monitoring and exposes the need for 
baseline studies that provide species lists and 

numbers. Given that more than 95  per  cent 
of species in planned mining areas are unde-
scribed, current monitoring protocols are inad-
equate. Despite ongoing efforts to create the 
necessary faunal catalogues and taxonomic 
knowledge (Dahlgren and others, 2016; Glover 
and others, 2016b; Wiklund and others, 2017), 
future efficient monitoring requires sustained 
resources. 

Very few studies have examined abyssal 
hard-bottom habitats and, although some 
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megafauna information exists, there is almost 
no information available on associated mi-
crobes, protists, meiofauna or macrofauna.

Vast areas of the abyssal sea floor remain 
completely unsampled. Records in interna-
tional databases (e.g., the Ocean Biodiversity 
Information System), suggest particularly 
severe undersampling of the southern Pacific 
Ocean, as well as the deep Indian Ocean and 
Bay of Bengal.

Knowledge about species geographic rang-
es, connectivity patterns or the resilience of 
assemblages to climate stressors or direct 
human disturbance in the abyss is limited. The 

effective management of human activities to 
sustain deep-sea biodiversity hinges upon 
such information. In addition, poor character-
ization of abyssal contributions to ecosystem 
goods and services limits the availability of 
appropriate tools to value human benefits ad-
equately (Jobstvogt and others, 2014a, 2014b; 
Thurber and others, 2014).

The lack of documentation on and relating to 
the management of human impacts on such 
a vast, dynamic space, almost all of which is 
located beyond national jurisdictions, may rep-
resent the single most important knowledge 
gap. 
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Keynote points

 • Global warming is already affecting the 
open ocean, and marine heatwaves are 
likely to increase in frequency and strength 
in the future.

 • Climate change-induced changes in the 
open ocean biological pump will alter the 
ocean’s ability to take up anthropogenic 
carbon.

 • Deoxygenation of the open ocean is al-
ready leading to habitat compression for 

some pelagic species, with subsequent 
impacts on their vertical and horizontal 
distribution in the ocean.

 • Increasing fluxes of plastic litter from the 
land are affecting open ocean ecosystems.

 • A critical knowledge gap exists for deep 
pelagic (e.g., mesopelagic and bathype-
lagic) environments, as they are poorly 
sampled and understood.

1. Introduction

1.1. Topic scope
Chapter 36F of the first World Ocean Assess-
ment (United Nations, 2017a) included an 
assessment of both the open ocean (pelagic 
zone) and deep-sea (benthic zone) ecosys-
tems seaward of the continental shelf (200 m 
depth). In the present, updated Assessment, 
benthic ecosystems are treated separately, 
and the present chapter focuses solely on the 
pelagic realm throughout the full water col-
umn. 

Previously, it was reported in the first Assess-
ment (United Nations, 2017b) that the open 
ocean provided essential marine ecosystem 
goods and services, despite its relative inac-
cessibility. Furthermore, there was great po-
tential for mineral, energy and living resources 
from the pelagic areas, although they were 
poorly studied spatially and temporally, which 
made conservation issues complicated, as so 
little was known about biodiversity and eco-
system function.

1.2. Pelagic realm
The main physical drivers structuring pelagic 
ecosystems are depth and pressure, light, tem-
perature, nutrient inputs (e.g., nitrogen, iron), 

dissolved oxygen and currents. The surface 
zone of the open ocean (epipelagic, down to 
200 m) is defined by sufficient sunlight pene-
tration to support primary production. Below 
that zone is the mesopelagic or “twilight” 
zone, generally extending from the bottom of 
the epipelagic zone to about 1,000 m – the 
maximum depth of sunlight penetration and 
the bottom of the permanent thermocline. The 
mesopelagic zone is important for active ver-
tical migration and the microbial degradation 
of organic matter sinking from the surface 
– two key elements of the biological pump 
(Robinson and others, 2010). The daily vertical 
migration of deep-sea organisms from the 
mesopelagic zone to the epipelagic zone and 
back is increasingly appreciated as a driver of 
carbon flux owing to the increased estimation 
of mesopelagic nekton biomass (Irigoien and 
others, 2014). 

The planet’s largest ecosystem comprises the 
bathypelagic domain, a dark and cold (0–5°C) 
zone found between 1,000 and 4,000 m, com-
prising almost 75  per  cent of ocean volume 
(Costello and others, 2010). The deep pelagic 
ocean is underobserved and undersampled 
owing to a combination of factors: (a) limited 
access to open ocean sampling platforms for 
obtaining deepwater samples; (b) the large 
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ocean volume involved; and (c) the widely 
dispersed populations. Data on mesopelagic 
ecosystems are improving, but still very little is 
known regarding organisms from the deeper 
zones, including the bathypelagic, abyssope-
lagic (4,0–6,000 m) and hadalpelagic (> 6,000 
m) zones. Initial results indicate that the overall 
diversity of species may be less than in other 
ecosystems, although new microbial studies 
are revealing great diversity in the deep ocean. 
Surveys have shown that lateral connectivity 
also occurs between the deep zones of the 
open ocean and is not just limited to the mes-
opelagic and surface (Sutton, 2013).

Crustaceans (e.g., copepods, amphipods, 
ostracods) are important contributors to the 
abundance and species numbers of zooplank-
ton in the deep ocean. Gelatinous animals, 
such as salps, jellyfishes and colonial siphono-
phores, are also very important. Larger organ-
isms present include many species of fishes, 
sharks, crustaceans (e.g., shrimps, krill) and 
cephalopods (e.g., squids). Biomass estimates 
based on acoustic measurements indicate 
that mesopelagic fishes may have been seri-
ously underestimated in the past. They likely 
represent approximately 10,000–15,000 mil-
lion tons and are responsible for respiring up 
to 10 per cent of primary productivity (Irigoien 
and others, 2014). Deep pelagic fish biomass 
is likely the overwhelming majority of fish 
biomass on the planet (Sutton, 2013). Such 
species are also important prey for mammals 
(toothed whales and seals), tunas, seabirds 
and deep demersal fishes. 

1.3. Pressures on the pelagic realm

The open ocean is affected by multiple en-
vironmental stressors, most notably ocean 
warming, acidification and deoxygenation. 
Those stressors are likely to promote shifts in 
the latitudinal and vertical distribution of open 
ocean and deep-sea fish stocks (Brander, 
2010), whereas deoxygenation may result in 
habitat compression for aerobic organisms 

(Stramma and others, 2012) while expanding 
the volume of water supporting anaerobic pro-
cesses. Changes in bottom-up or top-down 
forcing will likely result in complex and indirect 
effects on open ocean ecosystem services, 
most notably the biological carbon pump, al-
though the overall impact is unclear, as so little 
is known about microbial diversity, function 
and processes in the deep ocean. 

1.4. Knowledge gaps identified in the 
first World Ocean Assessment

It was noted in the first Assessment that key 
information about pelagic ecosystems was 
lacking, as data were available only from a few 
geographic areas and on a fraction of overall 
biodiversity. The first Assessment highlighted 
the fact that information on ecosystem struc-
ture and processes were insufficient to assess 
the potential performance of conservation and 
management measures that had been devel-
oped for shelf and coastal marine ecosystems. 

1.5. Scientific advances since the first 
World Ocean Assessment

The ocean, including the open ocean, was 
the subject of a recent special report by the 
Intergovernmental Panel on Climate Change 
(Intergovernmental Panel on Climate Change 
(IPCC), 2019). A key advance has been the 
acknowledgement that the multi-stressor na-
ture of climate change on the open ocean will 
require new tools for analysing the impacts 
of each stress on the ecosystem and the syn-
ergistic interactions among stressors, as the 
response may be very non-linear (Boyd and 
others, 2015).

Diel vertical migrations have been inferred 
from space using a satellite-mounted light 
detection and ranging instrument (Behrenfeld 
and others, 2019), providing new insights into 
that biogeochemically important process. 
Knowledge of the global distribution of trace 
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elements and their isotopes in all ocean 
basins has been significantly advanced by 
the international GEOTRACES programme 
(Schlitzer and others, 2018). The understand-
ing of the physics and biogeochemistry of the 
open ocean has expanded both spatially and 
temporally through the increased use of Argo 
floats (Roemmich and others, 2019) and ocean 
gliders (Rudnick, 2016). Those data, along with 
repeat hydrography surveys through the Glob-
al Ocean Ship-based Hydrographic Investiga-
tions Program (GO-SHIP) (Sloyan and others, 
2019), have helped to inform new insights into 
the function of the biological pump, with a fur-
ther pathway discerned, namely, the particle 
injection pump (Boyd and others, 2019), which 
acts together with the traditional biological 
gravitation pump. 

Over the past decade, rapid advances in omics 
have been quickly applied to open ocean stud-
ies, which has allowed for near real-time, at-sea 
sequencing of the microbial community (Benn-
ke and others, 2016); the application of environ-
mental DNA (eDNA) to detect white sharks in 
the open ocean (Truelove and others, 2019); or 
combining eDNA with autonomous underwater 
vehicles to examine biodiversity (Yamahara and 
others, 2019). The increasing use of smart tags 
and sensors attached to organisms (Harcourt 
and others, 2019), passive acoustic sensors 
(Delory and others, 2014) and new visualization 
tools for marine particles (Lombard and others, 
2019) are providing new data on the biodiver-
sity and function of open ocean ecosystems. 
In particular, the understanding of the meso-
pelagic zone has evolved to establish global 
biogeographic and biogeochemical provinces 
(Reygondeau and others, 2018).

2. Environmental changes in the open ocean since 2010

2.1. Changes in the overall status, 
including physical or biological 
state 

2.1.1. Ocean warming, marine heatwaves 
and wind patterns

The evidence is now clear that the ocean has 
been warming over recent decades (Cheng and 
others, 2019) and, while the surface ocean has 
absorbed most of the extra heat, the warming 
signal is also observable in the intermediate 
and deep ocean (Cheng and others, 2017). 
Surface warming has been predicted to result 
in greater stratification of near-surface waters, 
although recent work indicates that, while sea 
surface temperatures are increasing at middle 
latitudes, stratification is not increasing, nor 
are mixed layer depths shoaling (Somavilla and 
others, 2017). In fact, winter mixed-layer depths 
have been increasing owing to changes in Ek-
man pumping (Somavilla and others, 2017). 

As global temperatures have increased in 
recent years, marine heatwaves (Hobday and 
others, 2016) have become longer and more 
frequent (Oliver and others, 2018). Model-
ling studies suggest that marine heatwaves 
are also very likely to increase in the future 
under global warming (Frölicher and others, 
2018). Marine heatwaves in the tropical Pa-
cific Ocean and Indian Ocean are driven by 
the El Niño Southern Oscillation and related 
teleconnections (Holbrook and others, 2019), 
while, in higher latitudes, they are associated 
with shifts in warm ocean currents, meso-
scale eddy activity and atmosphere-ocean 
dynamics (Rodrigues and others, 2019). The 
thermohaline circulation has been weakened 
in recent years owing to global warming, and 
its consequences for temperature and climate 
patterns in countries bordering the Atlantic 
and the equatorial zone around the globe and 
in the ecosystem services are increasingly 
profound (Rahmstorf and others, 2015).
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Wind patterns have also changed over the 
open ocean over the past three decades, with 
small increases in the average wind speed and 
wave height. Larger increases were seen for 
extreme conditions (wind speed or wave height 
exceeding 90th percentiles) (Young and Ribal, 
2019). Satellite observations from 1995 to 2018 
showed the strongest increases in wind speed 
and wave height in the Southern Ocean.

2.1.2. Ocean acidification
Most recent estimates of the uptake of an-
thropogenic carbon by the open ocean (1994–
2007) indicate that the uptake is increasing 
but with important regional deviations. For ex-
ample, uptake was slower than expected in the 
North Atlantic, but faster in the South Atlantic 
(Gruber and others, 2019). Open ocean time 
series studies, gathered through the inclusion 
of autonomous marine carbon sensors (e.g., 
pH and the partial pressure of CO2 in seawater 
(pCO2)), going back almost 20 years at some 
sites, show clearly observable trends in pH 
(decreasing) and pCO2 (increasing) (Sutton 
and others, 2019). 

2.1.3. Ocean deoxygenation
Oxygen loss from the open ocean is expect-
ed to increase in a warming world through a 
complex set of biogeochemical and physical 
processes (Levin, 2018). The capability to 
measure dissolved oxygen at nanomolar levels 
has indicated that anoxic (zero oxygen) regions 
may have been underestimated previously in 
the open ocean (Tiano and others, 2014). The 
impact of climate change on respiration is 
poorly understood at present, in particular for 
microbes (Robinson, 2019), for which complex 
feedback may result in the redistribution of 
bacterial and archaeal species in the ocean 
(Beman and Carolan, 2013), as organisms align 
to specific niches within the different redox 
zones (Bertagnolli and Stewart, 2018). Despite 
being hypoxia-tolerant, some open ocean zoo-
plankton are already living close to their phys-
iological limits, and continued deoxygenation 

may cause unanticipated changes to ecosys-
tem structure and function in the mesopelagic 
zone (Wishner and others, 2018).

2.1.4. Human impacts: remaining  
wilderness areas and the rise  
of plastic pollution

The ocean has been strongly affected by 
human activities (Jones and others, 2018), 
and most of the remaining wilderness areas 
identified lie outside of exclusive economic 
zones (i.e., areas beyond national jurisdiction). 
Despite being far from land-based sources, 
the abundance and extent of plastic litter in 
the open ocean is increasing (Van Sebille and 
others, 2015). Open ocean gyres are acting as 
zones of accumulation for plastic pollution, 
the so-called garbage patches (Lebreton and 
others, 2018). The flux of microplastic litter to 
the open ocean is predicted to increase greatly 
in the future (Lebreton and Andrady, 2019).

2.2. Factors associated with the 
changes

2.2.1. Ocean warming and changes to the 
ocean carbon pump

Warming of the open ocean reduced marine 
fisheries production by up to an estimated 
4.1 per cent between 1930 and 2010, based on 
hindcast models (Free and others, 2019). Ocean 
warming is suggested to have more of an impact 
than ocean acidification on global circumpolar 
fish stocks (Watson and others, 2018). Overall, 
the open ocean is likely to have a greater vul-
nerability to thermal stress compared with land 
(Pinsky and others, 2019), which may result in 
a higher sensitivity to warming and faster rates 
of colonization, resulting in faster species turn-
over. Warming has already promoted a poleward 
shift in the distribution of some species (Pinsky 
and others, 2020), including commercial spe-
cies, such as tuna (Monllor-Hurtado and others, 
2017). While some seabird distributions appear 
to be insensitive to shifting ocean temperatures 
(Keogan and others, 2018), a marine heatwave 
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in the North-East Pacific caused extreme mor-
tality of common murres (Piatt and others, 
2020). In that context, marine heatwaves are 
likely to greatly affect biodiversity in the open 
ocean (Smale and others, 2019).  

Large uncertainties remain as to whether a 
warming ocean will alter primary productiv-
ity (Behrenfeld and others, 2016), although 
modelling suggests small decreases with 
increasing temperatures in the tropical ocean 
(Kwiatkowski and others, 2017). However, the 
strong temperature dependence of metabolic 
rates in the upper ocean is likely to affect the 
biological carbon pump, in particular microbial 
species (Cavan and others, 2019), and may act 
as a positive feedback to climate by reducing 
the net sequestration of carbon by the ocean 
(Boscolo-Galazzo and others, 2018). 

Global warming may also be affecting the tim-
ing (phenology) of phytoplankton blooms in 
the open ocean (Barton and others, 2016), al-
though changes in insolation are the main driv-
er for phytoplankton (Boyce and others, 2017) 
and may ultimately limit poleward migration of 
species (Sundby and others, 2016). Warming 
may be reducing the time lag between phyto-
plankton, protozoan production (Aberle and 
others, 2012) and zooplankton abundance, 
with implications for higher trophic levels 
(Sundby and others, 2016) and for the biologi-
cal carbon pump and its resulting ecosystem 
services (Barange and others, 2017).

While changes in pH and carbonate concen-
tration are likely to be less dramatic in the 
open ocean than in coastal waters (Duarte 
and others, 2013), biodiversity may be neg-
atively affected in regions where the uptake 
of anthropogenic CO2 is greatest (e.g., North 
Atlantic) (Gehlen and others, 2014). Other bio-
geochemical processes will be affected by 
decreasing pH (Gehlen and others, 2011) and, 
already, evidence exists for decreases in nitri-
fication rates in the open ocean (Beman and 
others, 2011), which could alter the microbial 
community and nitrogen cycling in the future. 

2.2.2. Deoxygenation and habitat  
compression

Ocean deoxygenation is resulting in the expan-
sion, both vertically and horizontally, of oxygen 
minimum zones (Levin, 2018), which can lead 
to the habitat compression of some pelagic or-
ganisms (Stramma and others, 2012) through 
metabolic constraints (Deutsch and others, 
2015). Habitat compression may also lead to 
increases in the catchability of some billfishes 
in the eastern Pacific, with potential for overex-
ploitation if not managed carefully (Pohlot and 
Ehrhardt, 2017). 

2.2.3. Direct human impacts
The cumulative impact of human activities 
on the open ocean is changing both tempo-
rally and spatially (Halpern and others, 2015), 
resulting in only a small proportion of marine 
wilderness areas of the open ocean remain-
ing (Jones and others, 2018). Aside from the 
impacts of anthropogenic carbon emissions, 
other human activities also directly affect the 
open ocean. 

Fishing activities. Marine foods are now 
sourced farther away from where they are 
consumed (Watson and others, 2015), thus 
expanding the global footprint of fishing activi-
ties on the open ocean (Kroodsma and others, 
2018). Ultimately, however, marine productivity 
limits the amount of fishes that are available 
(Chassot and others, 2010) and, currently, 
global marine capture fisheries appear to have 
reached a plateau (see chap. 15). 

Human-induced contaminant plumes in the 
open ocean. Industrial activities in the open 
ocean are affecting biodiversity through the 
continuous emission of pollutants (Tournadre, 
2014), as well as transient events. Oil spills, 
such as the Deepwater Horizon disaster in 
2010 in the Gulf of Mexico, showed that the 
impact of such an event is felt across all troph-
ic levels for many years (McClain and others., 
2019). Modelling efforts suggest that the im-
pact on the ecosystem could last for decades 
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(Ainsworth and others, 2018). Deep-sea mining 
and the marine disposal of mining wastes are 
also likely to affect the open ocean (Vare and 
others, 2018). The effects of dumping mine tail-
ings in deep water (Ramirez-Llodra and others, 
2015) are still poorly understood with regard to 
the impact on (meso)pelagic organisms. 

2.3. Impacts of the changes on 
and interactions with other 
components of the marine system

2.3.1. Changes in ecosystem services
Currently, there is a lack of information with 
regard to the ecosystem services of the meso-
pelagic and bathypelagic communities (Marti-
netto and others, 2020; St. John and others, 
2016). Similarly, there are few examples of 

1 See FCCC/CP/2015/10/Add.1, decision 1/CP.21, annex.
2 See General Assembly resolutions 70/1 and 71/313, annex.

studies examining the extent of benthic-pelag-
ic coupling in the ocean (Trueman and others, 
2014). 

2.3.2. Indirect climate change impacts on 
higher trophic levels

Changes in circulation owing to climate 
warming in the North Atlantic have resulted 
in a northward shift of the copepod (Calanus 
finmarchicus), the main food source for the en-
dangered northern right whale. The changes 
have led to the whales altering their seasonal 
foraging pattern to follow the copepods. Un-
fortunately, the redistribution of whales into 
regions where protections from ship strikes or 
entanglement with fishing gear are not yet in 
place results in a stall in the recovery of the 
species (Record and others, 2019). 

3. Consequences of the changes for human communities, 
economies and well-being

3.1. Currently observed 
consequences

The open ocean is a special case when it 
comes to assessing the consequences of 
ecosystem change to humans, as there are 
no permanent human communities living in or 
on the open ocean at present. However, there 
are many coastal communities that depend on 
resources extracted from the open ocean, and 
they will be affected by the effects of climate 
change on ecosystems there. Some impacts 
are already starting to be observed, such as 
changes in species distributions resulting 
from poleward shifts in taxa (Barton and oth-
ers, 2016) and habitat compression owing to 
deoxygenation (Stramma and others, 2012). 

Recent work suggests that the adoption of the 
Paris Agreement1 has benefits for fisheries 
(Sumaila and others, 2019) and that improved 
fisheries management could offset some of 
the impacts of climate change to fisheries 
(Gaines and others, 2018). 

3.2. Implications for achieving the 
Sustainable Development Goals2

3.2.1. Reducing marine pollution  
(Sustainable Development Goal  
indicator 14.1.1)

The avalanche of plastic materials entering 
the oceans requires action by States to elim-
inate or reduce plastic use where possible. 
Recent initiatives in the European Union and 
elsewhere, to reduce plastic usage, increase 
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recycling, to ultimately limit plastic waste en-
tering the environment, in response to public 
pressure, are welcome but more needs to be 
done by all States if a significant reduction is 
to be achieved by 2025. 

3.2.2. Assessing biogeochemical changes in 
the ocean (Sustainable Development 
Goal indicators 14.2.1 and 14.3.1)

Modelling work has indicated the time-
scales required to assess and detect climate 
change-driven trends in the open ocean (Hen-
son and others, 2016), referred to as a time of 
trend emergence. Continuous time series data 
are required for between 14 (pH) and 32 (pri-
mary productivity) years to distinguish climate 
change from natural variability. Similarly, pH 
and pCO2 data collected at open ocean time 
series sites suggest 8 to 15 years to achieve 
time of trend emergence (Sutton and others, 
2019). Developing new and extending existing 
time series sites in the open ocean will require 
investments in both technology and human 
capacity (Miloslavich and others, 2019). 

3.2.3. Marine reserves (Sustainable  
Development Goal indicators 14.5.1 
and 14.c.1)

Increasingly large areas of the open ocean are 
being designated as marine reserves or ma-
rine protected areas, most notably in the Pa-
cific (e.g., the Rapa Nui Marine Protected Area 
in Chile and the Papahānaumokuākea Marine 
National Monument in the United States), 
and managing those pelagic protected areas 
will be challenging (Norse, 2005). All of the 
marine protected areas will contribute to Goal 
14, although more progress is still to be made 
(Lubchenco and Grorud-Colvert, 2015), as few 
existing marine protected areas are in areas 
beyond national jurisdiction. The outcome of 
the intergovernmental conference on an inter-
national legally binding instrument under the 
United Nations Convention on the Law of the 

3 See General Assembly resolution 72/73, para. 292.

Sea on the conservation and sustainable use 
of marine biological diversity of areas beyond 
national jurisdiction will be a key step in estab-
lishing the legal framework for marine protect-
ed areas in the high seas (see also chap. 27). 

3.2.4. Fisheries (Sustainable Development 
Goal indicator 14.4.1)

Achieving sustainable development of fisheries 
in the open ocean is complicated even with the 
existence of several legal frameworks in each 
region (see Sustainable Development Goal in-
dicators 14.5.1 and 14.c.1, mentioned previous-
ly; indicator 14.6 (subsidies) also applies here), 
most probably owing to insufficient knowledge 
of the overall structure and function of open 
ocean ecosystems. In particular, potential 
development of an industry based on mesope-
lagic fishes will require the refinement of stock 
assessment methods and the inclusion of 
new technologies and modelling approaches 
(Hidalgo and Browman, 2019). Climate change 
will also affect open ocean ecosystems and 
their related fisheries (Barange and others, 
2018). Illegal, unreported and unregulated 
fishing remains one of the greatest threats to 
sustainable fisheries and a global challenge.

3.2.5. Research resources for marine  
technology (Sustainable Development 
Goal indicator 14.a.1)

More resources are needed for marine re-
search and technology and for building capac-
ity, both technical and human, for collecting, 
interpreting and disseminating knowledge 
on the open ocean. That includes developing 
ocean basin-wide cooperation through the 
Global Ocean Observing System and related 
organizations. Activities within the United 
 Nations Decade of Ocean Science for Sustain-
able Development (2021–2030)3 should great-
ly benefit the achievement of the indicator. 
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4. Key region-specific changes and consequences

4.1. Arctic Ocean
The Arctic continues to warm rapidly, with 
the subsequent loss of multi-year sea ice af-
fecting ecosystems in the Arctic open ocean, 
combined with global warming and ocean 
acidification. That could lead to major changes 
in primary productivity, biodiversity and eco-
system function. In addition, the poleward shift 
of many North Atlantic species (see below) is 
impinging increasingly into the polar Arctic. 

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

Ocean warming is resulting in the poleward 
shift of many species, with potential changes 
in ecosystem function. Regional seas are likely 
to be further affected by pollution from mi-
croplastics unless the sources of those materi-
als to the open ocean are significantly reduced.

4.3. Tropical North Atlantic  
and Caribbean

Sargassum blooms are likely to further affect 
the Caribbean in years to come (Putman and 
others, 2018), and the impact there is likely to 
affect tourism negatively, although in other 
regions, it might provide new opportunities 
(Milledge and Harvey, 2016). Large Sargassum 
blooms provide extensive physical structure 
at the surface while shading the waters below, 
possibly affecting phytoplankton productivity 
but also aggregating fishes in the shadows be-
low the Sargassum rafts. The gyre structure of 
North Atlantic currents is concentrating mac-
roplastics and microplastics into a “garbage 
patch” (Poulain, 2019). Intensification of hurri-
canes may be affecting meso- to large-scale 
mixing processes.

4.4. South Atlantic Ocean
Marine heatwaves are becoming more com-
mon in the South Atlantic, with serious im-
plications for climate patterns and hence for 
the distribution and abundance of fish stocks. 
Another adverse phenomenon involves the 
increasing frequency of South Atlantic tropical 
storms under climate change. 

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

As the Indian Ocean warms in response to 
climate change, more marine heatwaves are 
likely in the future, resulting in changes to 
ecosystem function and dynamics, with sub-
sequent impacts on the communities in the 
region that rely on fishing. 

4.6. North Pacific Ocean
The North Pacific gyre is likely to become 
more heavily affected by microplastic pollu-
tion, with the potential impacts on the marine 
ecosystems not yet fully known or understood. 
Ocean warming, acidification and deoxygena-
tion are also likely to cause changes in marine 
ecosystems and productivity. Increased ma-
rine heatwaves are affecting ecosystems of 
the north-eastern Pacific, inter alia, leading 
to pyrosome blooms and the starvation of 
fish-eating birds (Piatt and others, 2020).

4.7. South Pacific Ocean
Marine heatwaves are likely to become more 
frequent and pronounced in the future. The oxy-
gen minimum zone in the eastern tropical South 
Pacific is expected to expand both horizontally 
and vertically, affecting the distribution of pe-
lagic fish stocks. For ocean-dependent Pacific 
islands, climate change is likely to have a size-
able impact on livelihoods, health and culture. 
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4.8. Southern Ocean
The Southern Ocean is continuing to warm, 
and it accounts for the largest proportion of 
the global increase in heat in the ocean (IPCC, 
2019). A likely consequence of that is the fur-
ther contraction of the sea ice habitat for krill 
southward and a shift towards salp-dominated 

states, affecting higher trophic organisms 
(seals, whales and penguins) for which krill are 
a key prey species. The Southern Ocean will 
continue to remove CO2 from the atmosphere, 
resulting in a lower pH, with potential for fur-
ther decreasing calcification rates. 

5. Outlook

5.1. The open ocean  
in the near future

Over the next decades, the open ocean will be-
come warmer, deoxygenated and more acidic 
owing to the impacts of climate change (IPCC, 
2019). The different timescales of those multi-
ple stressors and the interactions among them 
will lead to changes in ecosystem function and 
structure on a variety of temporal and spatial 
scales. The time frame of those impacts will 
vary regionally and will take longer to manifest 
at depth owing to the volume and slow circula-
tion of the deep ocean. 

5.2. Ecosystem consequences of 
continued changes in the open 
ocean

Global change is affecting ecosystems servic-
es in the open ocean (blue economy), but it is 
difficult to predict future changes owing to the 
overlapping effects of multiple stressors (Boyd 
and others, 2018). Habitat compression owing 
to expanding oxygen minimum zones and the 
continued poleward migration of some key 
taxa are expected to cause ongoing change in 
open ocean ecosystems. Changes in produc-
tivity and the biological pump will affect the 
sequestration of carbon into the deep sea. 

5.3. Socioeconomic consequences 
of ongoing changes in the open 
ocean

Ongoing changes in the open ocean will have 
a wide-ranging socioeconomic impact over 
time, as related activities will need to adapt 
(e.g., migration of fish species owing to warm-
ing and deoxygenation, increases in Sargas-
sum seaweed) and mitigate (e.g., microplastic 
pollution, maritime emissions) in response. 
The development of large-scale marine re-
serves and protected areas in the open ocean 
as actions to meet the Sustainable Develop-
ment Goals will also require new international 
agreements regarding the establishment and 
monitoring of those areas. Increased demand 
for global observations of the open ocean 
(Levin and others, 2019; Miloslavich and oth-
ers, 2019) will require greater investment in 
both equipment and human capacity to inter-
pret data and provide informed assessments 
for advising and implementing policy. 
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6. Key remaining knowledge gaps
Still, very little is known about open ocean 
ecosystems and the impact of physical drivers 
on the biodiversity found in them. Critically, the 
mesopelagic and deeper zones of the ocean 
are severely underexplored and poorly under-
stood, including exchanges between the deep-
er and upper ocean, chiefly the daily vertical 

migration of organisms. There is also a need to 
ensure that basic information (e.g., traditional 
taxonomy) is collected about species that live 
in such environments, as omic data are only 
one of many strands that inform biodiversity 
(Boero, 2010).

7. Key remaining capacity-building gaps
Further development of deepwater Argo 
and associated sampling platforms (e.g., 
underwater video profilers, eDNA samplers, 
biogeochemical sensors) for the mesopelagic 
(Martin and others, 2020) and deeper waters 
is critical to improving the understanding of 
that vast area of the ocean. Recent activities, 
such as the ocean observing conference, 
OceanObs’19, have helped to identify ca-
pacity gaps on the ocean basin scale, and 

efforts should therefore be targeted towards 
States working together to achieve adequate 
coverage for observational oceanography on 
such scales. Education and training of the 
next generation of researchers in all aspects 
of marine research is key to developing the 
human capacity to maximize the utilization of 
new technologies for that purpose (Levin and 
others, 2019). 
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Keynote points

 • Most recent studies of ridge biology ad-
dress chemosynthetic environments (see 
chap. 7P).

 • Climate change models show that bathyal 
environments will suffer a reduction in pH, 
which will affect benthic communities.

 • Ridges, rises, plateaux and banks are un-
der human pressure arising from existing 

and potential exploitation of resources, 
while evidence of pollution in trenches is 
accumulating.

 • The vulnerability of those ecosystems 
to human pressures has triggered both 
increased societal awareness and new 
regulations.

1. Introduction and summary of the first  
World Ocean Assessment

Chapter 51 of the first World Ocean Assess-
ment (United Nations, 2017a) was devoted to 
deep-sea features that were considered to be 
potentially threatened by human disturbance. 
Those features, including seamounts, ridges 
and plateaux, submarine canyons and hadal 
trenches, are all topographically and hydro-
graphically complex. Of those features, in 
the present Assessment, seamounts (chap. 
7L) and canyons (chap. 7J) are considered 
elsewhere, along with hydrothermal vents and 
other chemosynthetic ecosystems (chap. 7P), 
which were also covered separately in the first 
Assessment (United Nations, 2017b). For each 
of the features considered, chapter 51 provid-
ed detailed descriptions, including geology 
and physical oceanographic characteristics, 
extent (i.e., numbers of each feature, as well 
as percentage of oceanic area) and ecologi-
cal characteristics, such as biodiversity and 
biogeography. It also documented anthropo-
genic impacts on the features, highlighting 
fishing (including the removal of species and 
biomass, as well as the physical effects of 
fishing activities on structure-forming benthic 
communities), climate change (including acid-
ification and deoxygenation, as well as rising 
temperatures), pollution, dumping and mining. 
The present chapter builds on that background 
by focusing on changes and new knowledge 

regarding ridges, plateaux and hadal trenches 
gained since 2010.

1.1. Ridges
Mid-ocean ridges subdivide the major ocean 
basins (figure  I), but fracture zones at inter-
vals permit the movement of deep water and 
abyssal organisms (see chap. 7M) between 
basins on the two sides of a ridge. Chapter 7P 
deals with active hydrothermal vents, which are 
often associated with mid-ocean spreading 
ridges (Beaulieu and others, 2013), whereas 
chapter 7L addresses seamounts associated 
with ridges. Biogeographically, ridge faunas 
generally appear to be related to the faunas of 
adjacent basins or continental slopes (Alt and 
others, 2019; Watling and others, 2013). Ridges 
can host structure-forming benthic inverte-
brates, such as cold water corals (chap. 7E) 
and sponges, some of which are classified as 
indicator species of vulnerable marine ecosys-
tems, as defined by the Food and Agriculture 
Organization of the United Nations (Food and 
Agriculture Organization of the United Nations 
(FAO), 2009). The island slopes and summits of 
seamounts (chap. 7L) associated with ocean 
ridges are important areas for fishing activi-
ties. Most ridges are in areas outside exclusive 
economic zones (Harris and Whiteway, 2009).
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1.2. Hadal trenches
Hadal environments are relatively unknown be-
cause of the challenge of accessing extreme 
depths. However, because of their locations on 
the subduction edges of tectonic plates, the 
trenches are all close to land masses or islands 
and entirely or partly within exclusive economic 
zones. For example, the Mariana Trench, near 
territory claimed by the United States, lies al-
most entirely with the exclusive economic zone 
of the United States, while the Kermadec-Ton-
ga Trench traverses the exclusive economic 
zones of New Zealand and Tonga (Flanders 
Marine Institute, 2018). Thus, while trenches 
all potentially occur within the limits of na-
tional jurisdiction, some are shared by more 
than one State, and the technical capacity of 
the different States to monitor and manage 
threats to hadal environments varies widely. 
The hadal zone, with depths below 6,000 m, 
occupies 45 per cent of the total ocean depth 
range, but only 0.404  per  cent of total ocean 
area. Within that area, 95 distinct basins or 
trenches have maximum depths of 7,000 m 
or more and are dominated by 15 recognized 
trenches (Priede, 2017; figure I). For biological 
purposes, the United Nations Educational, Sci-
entific and Cultural Organization redefined the 
upper boundary of the hadal zone as a depth 
of 6,500 m to reflect the boundary between the 
globally widespread abyssal fauna and the up-
per limit of the specialized hadal fauna (United 
Nations Educational, Scientific and Cultural Or-
ganization (UNESCO), 2009). Except for higher 
pressure, the environment in hadal trenches is 
typical of much of the deep sea, with slow cur-
rents of 1–8 cm per second carrying water at 
approximately 2°C with sufficient oxygen (3.43 
ml/l) to support aerobic life and a slow rain of 
particulate organic matter from the surface 
providing food (Jamieson and others, 2010).

Figure I  
World map with hadal trenches and  
mid-ocean ridge system
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Source: Adapted from Bird, 2003.
Notes: Blue segments represent hadal trenches (depths 
greater than 6,000 m below sea level): 1–Java, 2–Phil-
ippines, 3– Ryukyu, 4–Marianas, 5–Izu-Bonin, 6–Japan, 
7–Kuril-Kamchatka, 8–New Britain, 9–South Solomon, 
10–Kermadec, 11–Tonga, 12–Aleutian, 13–Ecuador to 
Chile, 14–Puerto Rico, 15–South Sandwich/Islas Sánd-
wich del Sur. Red segments represent the world’s ocean 
ridge system. 

1.3. Plateaux, rises and banks
Plateaux, rises and banks are large and rela-
tively flat topographic features, identified as 
continental fragments or microcontinents 
and often separated from major continents 
by deepwater channels. Currently, 184 pla-
teaux have been mapped (Harris and others, 
2014), covering approximately 5  per  cent of 
the world’s oceans. Although they are found 
in all the world’s oceans, plateaux are most 
prevalent in the Indian Ocean (e.g., Kerguelen 
and Mascarene plateaux) and the South Pacif-
ic (Challenger and Campbell plateaux), which 
reflects their recently recognized origin from 
the tectonic break-up of the Gondwana super-
continent (Mortimer and others, 2017). Faunal 
diversity and composition can closely resem-
ble those of nearby continental shelves, slopes 
and banks (Narayanaswamy and others, 2013). 
However, topographic and oceanographic 
complexity, combined with food availability, 
can have a major influence on community 
composition and diversity (Compton and oth-
ers, 2013; Knox and others, 2012). Compton 
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and others (2013), investigating amphipod 
communities around New Zealand, reported 
higher abundance and diversity on the more 
complex Chatham Rise compared with the 
western end of the Challenger plateau, with 
its comparatively lower food supply. How-
ever, Leduc and others (2012) rejected food 

1 See www.mpatlas.org/map/high-seas.
2 United Nations, Treaty Series, vol. 2354, No. 42279.

availability as a primary driver of nematode 
community composition. 

Deepwater fishing targets the slopes of pla-
teaux, rises and banks (e.g., Johnson and oth-
ers, 2019). Emerging activities, such as mining, 
also pose threats to those environments (e.g., 
Leduc and others, 2015).

2. Description of the environmental changes  
between 2010 and 2020 

2.1. New knowledge acquired since 
2010 and how it can be used to 
evaluate changes

Changes owing to human pressures have been 
observed and, consequently, some measures 
of protection for bottom habitats (ridges, 
trenches and plateaux) are being applied (see 
table below).1 A huge advance in knowledge 
resulted from the Census of Marine Life that 
ended in 2010 but for which publication has 
continued well into the current decade. Many of 
those publications (2010–2014) were reviewed 
for the first Assessment. Other advances are 
summarized below.

2.1.1. Ridges: biodiversity and ecosystem 
function

Substantial progress in the study of ridges 
has been reported over the past decade. Mid-
ocean ridges increase environmental hetero-
geneity and influence biological communities 
(Alt and others, 2019). On the Indian Ocean 
ridges, the first detailed investigation of mega-
faunal assemblages (Sautya and others, 2017) 
showed that abundances were higher at the 
upper bathyal zone but lower at deeper zones 
in rift valley walls and floors. Recent seabed 
mapping in the southern Indian Ocean has im-
proved the resolution of large-scale features 

and has revealed an unknown diversity and 
complexity of seabed morphology that will 
likely be reflected in the biodiversity of benthic 
communities (Picard and others, 2018).  

Further discoveries of deep ocean seabed 
complexity will be made as mapping contin-
ues, in particular through global initiatives, 
such as the GEBCO-Nippon Foundation Sea-
bed 2030 Project.

Large portions of the mid-ocean ridge system 
fit the criteria of the Food and Agriculture Or-
ganization of the United Nations for defining 
vulnerable marine ecosystems (Morato and 
others, 2018), while others are considered pri-
ority habitats in need of protection by regional 
conventions, such as the Convention for the 
Protection of the Marine Environment of the 
North-East Atlantic.2 Recent ridge studies have 
shown the importance of vulnerable marine 
ecosystem indicator species. Both cold water 
coral communities and sponge grounds are 
important for global biogeochemical cycles 
and the ocean’s benthic-pelagic coupling loop, 
which is responsible for nearly 30 per cent of 
the transfer of organic matter produced at the 
ocean surface and the sea floor (Cathalot and 
others, 2015). 

The diverse benthic communities along the 
northern Mid-Atlantic Ridge provide a complex 

http://www.mpatlas.org/map/high-seas
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three-dimensional structural habitat that 
provides refuge, feeding opportunities, and 
spawning and nursery areas for a wide range of 
associated sessile and mobile species, includ-
ing commercially important fish and crustacean 
species (Beazley and others, 2013; Pham and 
others, 2015; Gomes-Pereira and others, 2017). 
For example, deepwater sharks were found to 
lay eggs among cold water corals (Henry and 
others, 2013). The presence of large black coral 
colonies with high longevity (several millenni-
ums) in the Mid-Atlantic Ridge is also indicative 
of well-preserved environments.

Large fracture zones not only allow for the 
communication of water masses between 
basins separated by the Mid-Atlantic Ridge but 
also can act as a conduit for larval dispersal. 
Along the Vema Fracture Zone, macrofauna 
abundances were generally higher on the east-
ern than the western side (Brandt and others, 
2018). Much new knowledge of ridges in the 
past 10 years has been acquired in relation 
to interest in finding polymetallic sulphides 
and cobalt-rich manganese crusts enriched 
in valuable metals for mining. However, be-
cause most of the data relate to hydrothermal 
vents, they are not dealt with in the present 
subchapter (see chap. 7P). Geological, geo-
chemical and geophysical studies conducted 
for submission to the Commission on the 
Limits of the Continental Shelf provide another 
major source of new information about ridges. 
Although the data are not directly collected 
for environmental understanding, they may 
address that need in the future. For example, 
such data may be used to model the distribu-
tion of suitable habitat for fauna, which may 
provide valuable input for management (Le-
cours, 2017). Some work on habitat suitability 
models already show that, together with the 
margins, mid-ocean ridges contain important 
and suitable habitats for seven suborders of 
Octocorallia (Yesson and others, 2012) and 
scleractinian corals (Davies and Guinotte, 
2011), with the northern Mid-Atlantic Ridge 
being particularly important to those taxa. 

2.1.2. Deep-sea fishing on mid-ocean ridges

Deep-sea trawling has direct impacts on 
deep-sea benthic communities where the 
gear touches the sea floor, whereas bottom 
longlines have a much smaller impact but still 
affect some of the oldest continuously living 
organisms on the northern Mid-Atlantic Ridge 
(Pham and others, 2014). 

2.1.3. Climate

Climate change projections for the deep sea 
indicate substantial effects in bathyal habitats 
(200–3,000-m depths), including ridges, and 
their communities (Levin and others, 2019a). 
Recent model projections by Sweetman and 
others (2017) indicate that bathyal depths 
worldwide will experience significant reduc-
tions in pH (0.29 to 0.37 pH units) in all oceans 
by 2100, and oxygen concentrations will de-
cline by as much as 3.7 per cent in the bathyal 
North-East Pacific Ocean and the Southern 
Ocean. The flux of particulate organic matter 
(marine snow) to the sea floor will decline 
significantly in most oceans, most notably 
in the bathyal Indian Ocean, with a predicted 
decrease of 40–55 per cent by the end of the 
century. Models also predict a decreased cal-
cium carbonate saturation rate throughout the 
world’s oceans (Zheng and Cao, 2014). Marine 
calcifying organisms inhabiting cold waters 
and deep areas may be particularly sensitive 
to projected changes in carbonate chemistry 
(Levin and others, 2019a). Where ridges occur 
at bathyal depths, ridge fauna will likely experi-
ence all of the aforementioned climate-related 
effects (Levin and others, 2019a).

2.1.4. Hadal trenches

The past decade has seen a great increase 
in sampling and research at hadal depths, 
driven by renewed interest and new technol-
ogies (Jamieson, 2015; Jamieson and others, 
2018). New low-cost lander vehicles can be 
deployed from small ships, without full ocean-
depth winches (Jamieson and others, 2019). A 
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major effort was the international KuramBio II 
expedition to the Kuril-Kamchatka Trench 
(Brandt and others, 2016, 2018). A parallel de-
velopment has been research and expeditions 
sponsored by private individuals, such as the 
descent to the bottom of the Mariana Trench 
by the Deepsea Challenger in 2015 or the Five 
Deeps Expedition (Five Deeps Expedition, 
2019; Stewart and Jamieson, 2019). 

Such activity has provided new insight into 
the environment and life in hadal trenches. 
The findings include evidence that no fish 
can survive at depths greater than 8,400 m 
(Yancey and others, 2014), which confines 
trench-endemic fishes to the slopes around 
the edges of the deepest trenches. At depths 
greater than 6,800 m, the only fishes present 
are snailfishes of the family Liparidae. New 
species in several taxa have been discovered 
in the Mariana Trench (Gerringer and others, 
2017) and the Atacama Trench (also known 
as the Peru-Chile Trench) (Priede, 2017), and 
more await description. 

Generally, biodiversity decreases with increas-
ing depth in the trenches (Jamieson, 2015). 
For invertebrates, no fixed maximum depth 
exists. Nematodes, polychaetes, molluscs, 
crustaceans and echinoderms all occur at the 
bottom of the deepest trenches. A funnelling 
effect concentrates organic matter along the 
trench axis (Ichino and others, 2015; Luo and 
others, 2017), potentially resulting in the high-
est abundances and biomass at the maximum 
depth. Leduc and others (2016) reported six 
times more infaunal nematodes at the bottom 
of the Tonga Trench (10,800 m depth) than at 
the trench edge. Jamieson and others (2009) 
found the largest numbers of mobile scav-
enging lysianassoid amphipods at the great-
est depths. In the Kuril-Kamchatka Trench, 
bivalves and holothurians dominated hadal 
depths (Brandt and others, 2018).

In contrast to the endemicity of hadal snail-
fishes, the same species of invertebrates tend 
to occur in different trenches (Ritchie and 

others, 2017), although new evidence indi-
cates genetic differentiation between species 
in some trenches (Zhang and others, 2019) 
and discoveries of new species (Eustace and 
others, 2016).

Hadal trenches can act as faunal barriers 
between different parts of the deep sea. In 
the Kuril-Kamchatka Trench, the hadal fauna 
differs from the abyssal fauna of the North-
West Pacific and its marginal seas (Brandt and 
others, 2016). The Trench isolates species of 
the marginal seas from the North-West Pacific 
Ocean. It also hampers faunal dispersal for 
some species of desmosomatid, nannoniscid 
and ischnomesid isopods (Bober and others, 
2018; Jennings and others, 2020). However, 
for some species, there is no evidence of a 
strict biogeographic barrier between the Sea 
of Okhotsk and the open North-West Pacific. 
Jamieson and others (2011) recognized a tran-
sition zone between abyssal and hadal fauna 
in the Kermadec Trench, and there is evidence 
of community structure within the trenches 
(Jamieson and others, 2013; Fujii and others, 
2013; Gallo and others, 2015; Lacey and oth-
ers, 2016; Leduc and Rowden, 2018). 

Trenches are in seismically active zones, and 
the giant great east Japan earthquake (also 
known as the Tohoku-Oki earthquake) in 2011 
resulted in the almost instantaneous slumping 
of 0.2 cubic km of sediment, containing over 
1 teragram of organic carbon, into the Japan 
Trench (Kioka and others, 2019; Oguri and 
others, 2013). The input of carbon changed 
the composition and distribution of meiofauna 
on the landward slope of the trench (Kitahashi 
and others, 2014) and altered the sediment 
and subsea floor hydrogeologic structure 
(Kawagucci and others, 2012). In addition, ra-
dioactive isotopes from the Fukushima Daiichi 
nuclear power plant disaster were transferred 
to a depth of 4,800 m about a month after the 
earthquake (Honda and others, 2013) and de-
posited on the sea floor below 7,000 m in depth 
within four months (Oguri and others, 2013).
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Proximity to land and human habitation increas-
es hadal trench vulnerability to anthropogenic 
impacts, a situation magnified by the funnelling 
effect that concentrates sedimentation into 
the trench axis. Pollen from terrestrial trees 
occurs in significant quantities in South-West 
Pacific trenches, providing a potential food 
source for hadal organisms (Leduc and Row-
den, 2018). Jamieson and others (2017) found 
extraordinarily high levels of polychlorinated 
biphenyls and polybrominated diphenyl ethers 
in amphipods at the most extreme depths in 
the Mariana Trench and the Kermadec Trench. 
Concentrations were much higher than those 
observed in areas of high industrialization, 
indicating long-term bioaccumulation at those 
depths. Chiba and others (2018) also observed 
plastic debris down to the bottom of the Mar-
iana Trench, and microplastic particles have 
been reported in the hind guts of amphipods 
from six Pacific Ocean trenches at depths from 
7,000 to 10,890 m (Jamieson and others, 2019). 

2.1.5. Plateaux, rises and banks

Prior to 2010, a dedicated Global Census of 
Marine Life on Seamounts project (CenSeam) 
studied seamounts, but it targeted very few 
banks and plateaux. In the North-East Atlantic, 
a national strategic environmental assessment 
of the region investigated George Bligh Bank, 
Hatton Ridge and Rockall Bank. The George 
Bligh Bank community composition resembled 

that observed on hard substrata elsewhere in 
the North-East Atlantic (Narayanaswamy and 
others, 2013). Recent studies of the Kerguelen 
plateau indicate potentially contrasting ben-
thic faunal distribution shifts (poleward shift, 
latitudinal reduction and local extinction) of, 
for example, the echinoids Abatus cordatus, 
Brisaster antarcticus, Ctenocidaris nutrix and 
Sterechinus diadema in response to environ-
mental change (Guillaumot and others, 2018). 
However, interpreting and predicting future 
response to climate change requires careful 
consideration. Predictions regarding changes 
in water temperature and salinity typically 
span large spatial scales that may not reflect 
local scales, such as the Kerguelen plateau, 
where differences in the location of fronts and 
heat flux (Vivier and others, 2015) may lead to 
changes in species distributions in that loca-
tion in the future (Guillaumot and others, 2018).

Investigating the smaller macrofauna along the 
Chatham Rise in the South-West Pacific, Leduc 
and others (2015) linked community structure 
most strongly to the density of phosphorite 
nodules, sometimes forming a nodule-specific 
community. The nodules are likely to be mined 
in the future (Leduc and others, 2015). In the 
absence of nodules, an alternate community 
will develop and the nodule-specific commu-
nity will be lost where mining has taken place 
(Bluhm, 2001).

3. Description of economic and social changes  
between 2010 and 2020

The vulnerability of deep-sea ecosystems to 
anthropogenic pressures and related impacts 
has increased during the past decade because 
of the increasing economic value of oceanic 
resources. Such pressures have triggered both 
an increased societal awareness and new 
regulations (figure II). The regulations tackle 

such issues as illegal, unreported and unregu-
lated fishing, exploration for deep-sea mining, 
bioprospecting and exploitation of genetic 
resources, the definition of marine protected 
areas, and the distribution and protection of 
vulnerable marine ecosystems or other eco-
logically and biologically significant areas. 
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Figure II.A  
Close-up of the Atlantic area. Areas 
identified as ecologically and biologically 
significant and areas with protection 
measures at the bottom in the Atlantic. 
(United Nations Environment Programme 
World Conservation Monitoring Centre 
and International Union for Conservation 
of Nature and Natural Resources, 2019) 
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Areas of closures to bottom fisheries 
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3 See General Assembly resolution 70/1.

Figure II.B 
Boundaries of the Convention on the 
Conservation of Antarctic Marine Living 
Resources within the Antarctic Treaty 
System and regional fisheries manage-
ment organizations
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Abbreviations: CCAMLR, Convention on the Conserva-
tion of Antarctic Marine Living Resources; ISA, Inter-
national Seabed Authority; NAFO, Northwest Atlantic 
Fisheries Organization; NEAFC, North-East Atlantic 
Fisheries Commission; SEAFO, South-East Atlantic 
Fisheries Organization.

The new regulations are contributing to Sus-
tainable Development Goal 14: (a) to conserve 
and sustainably use the oceans, seas and 
marine resources for sustainable develop-
ment3 and related targets, such as those 
aimed at preventing and significantly reduc-
ing marine pollution of all kinds, as it relates 
to hadal trenches; (b) to sustainably manage 

and protect marine and coastal ecosystems 
to avoid significant adverse impacts; (c) to 
minimize and address the impacts of ocean 
acidification, including through enhanced 
scientific cooperation at all levels; (d) to effec-
tively regulate harvesting and end overfishing, 
illegal, unreported and unregulated fishing and 
destructive fishing practices and implement 
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science-based management plans; (e) to 
conserve at least 10  per  cent of coastal and 
marine areas, consistent with national and 
international law and based on the best avail-
able scientific information; (f) also to increase 
scientific knowledge, develop research capac-
ity and transfer marine technology; and (g) to 
enhance the conservation and sustainable use 
of oceans and their resources by implement-
ing international law as reflected in the United 
Nations Convention on the Law of the Sea4 for 
all the other environments considered in the 
present subchapter.

In the past 10 years, those initiatives have 
led, inter alia, to the establishment of marine 
protected areas that specifically include fea-
tures discussed in the present chapter (see 
table below). Good international marine spatial 
planning (within countries’ exclusive economic 
zones and in areas beyond national jurisdiction 
will be needed to manage potential conflicts 
between exploration/exploitation and preser-
vation/conservation (e.g., massive sulphides, 
ecologically and biologically significant areas 

4 United Nations, Treaty Series, vol. 1833, No. 31363.

and marine protected areas in the Mid-Atlantic 
Ridge; see figure II).

Hadal trenches contain no resources currently 
considered for direct human exploitation. The 
biomass of the fish populations present is too 
low and remote from the surface to sustain any 
fisheries exploitation, and the sediment-draped 
sides lack any known mineral resources. Bi-
oprospecting could target microbes adapted 
to life at high pressure (piezophiles) that may 
have special industrial applications. Peoples 
and others (2019) describe a large diversity of 
bacteria and archaea in sediments from the 
Mariana Trench and the Kermadec Trench, but 
few could be isolated and cultured. Important 
differences in the microbial communities be-
tween the two trenches could link to differenc-
es in organic matter supply from the surface; 
the Kermadec Trench, with high organic mat-
ter input, supported more taxa associated with 
organic matter degradation. However, taxa 
were not trench-specific and those that were 
isolated were related to previously identified 
piezophiles from other environments. 

Notes for table, “4. Key region-specific changes and consequences”, p. 505: 
Abbreviations: EBSA, ecologically and biologically significant areas; MPA, marine protected areas;  
OSPAR, Convention for the Protection of the Marine Environment of the North-East Atlantic. 
a See www.mpatlas.org/map/high-seas.

http://www.mpatlas.org/map/high-seas
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4. Key region-specific changes and consequences

Region Observed climate changes Human pressures

Areas identified as ecologically and 
biologically significant and areas with 
protection measures at the bottom 
(ridges, trenches and plateaux)a 

Arctic Ocean Reduced oxygenation, acidification and 
warming of deep waters; change in export flux 
of organic carbon (Sweetman and others, 2017)

Ridges and rises, plateaux, banks: 
exploration for mineral resources (chap. 18); 
expansion of fisheries (chap. 15)

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

Reduced oxygenation, acidification and 
warming of deep waters; change in export 
flux of organic carbon (Sweetman and others, 
2017); potential effects on larval dispersal 
in the water column, affecting population 
connectivity (Levin and others, 2019a); 
warming, deoxygenation of intermediate 
and deep Mediterranean waters (Stendardo 
and others, 2015), reduction of ventilation 
of Mediterranean abyssal waters, with 
consequences on vent and seep taxa and 
ecosystem functions 

Ridges and rises, plateaux, banks: 
exploration for mineral resources (chap. 18); 
offshore hydrocarbons (chap. 19);  
expansion of fisheries (chap. 15)
Trenches: pollution

EBSA: North-West Atlantic Hydrothermal 
Vent Fields; Atlantic Equatorial Fracture 
Zone and high productivity system
MPA: Azores Marine Park
OSPAR: Charlie-Gibbs North High Seas 
MPA; Charlie-Gibbs South High Seas 
MPA; Mid-Atlantic Ridge North of the 
Azores High Seas MPA
Bottom fishing closure: North-East 
Atlantic Fisheries Commission bottom 
fishing closures

South  
Atlantic Ocean  
and wider Caribbean

Not enough knowledge to observe change Ridges and rises, plateaux, banks: 
exploration for mineral resources (chap. 18); 
offshore hydrocarbons (chap. 19);  
expansion of fisheries (chap. 15)
Trenches: pollution

EBSA: Subtropical Convergence Zone
Bottom fishing closure: South-East 
Atlantic Fisheries Organization bottom 
fishing closure

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

Not enough knowledge to observe change Ridges and rises, plateaux, banks: 
exploration for mineral resources (chap. 18); 
offshore hydrocarbons (chap. 19);  
expansion of fisheries (chap. 15)
Trenches: pollution

EBSA: East Broken Ridge Guyot

North  
Pacific Ocean

Warming trend in the North-East Pacific Ridges and rises, plateaux, banks: 
exploration for mineral resources (chap. 18); 
expansion of fisheries (chap. 15)
Trenches: pollution

EBSA: Kyushu Palau Ridge; West Kuril 
Trench, Japan Trench, Izu-Ogasawara 
Trench and North of Mariana Trench; 
Ryukyu Trench area

South  
Pacific Ocean

Not enough knowledge to observe change Ridges and rises, plateaux, banks: 
exploration for mineral resources (chap. 18); 
expansion of fisheries (chap. 15)
Trenches: pollution

EBSA: Salas y Gómez and Nazca Ridges, 
Kermadec-Tonga-Louisville Junction

Southern Ocean Warming, change in the circulation and 
particulate organic carbon fluxes; (East Scotia 
Ridge), species distribution shifts

Ridges and rises, plateaux, banks:  
expansion of fisheries (chap. 15)
Trenches: pollution

Commission for the Conservation of 
Antarctic Marine Living Resources: 
conservation measure 22-06 (2019) 
Bottom fishing in the Convention Area
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5. Outlook

5 See General Assembly resolution 72/73.
6 United Nations, Treaty Series, vol. 1760, No. 30619.

Many unknowns remain regarding deep-sea 
environments and ecosystems, but significant 
research has occurred in the past decade, 
with more anticipated in the next decade. 
The United Nations proclaimed the Decade of 
Ocean Science for Sustainable Development 
(2021–2030)5 to support efforts to reverse the 
cycle of decline in ocean health and to gather 
ocean stakeholders worldwide behind a com-
mon framework that will ensure that ocean 
science can fully support countries in creating 
improved conditions for sustainable devel-
opment of the ocean. The Intergovernmental 
Oceanographic Commission will coordinate 
the effort. The European Commission has 
created five European Research and Innova-
tion Missions, including one dedicated to the 
oceans and seas. 

Recently, the high media profile of some pri-
vate initiatives has increased interest in ridge 
and trench exploration, potentially boosting 
interest in those ecosystems for a wide audi-
ence.

Ridges and plateaux support numerous vulner-
able marine ecosystems (with benthic commu-
nities dominated by corals and sponges and 
hydrothermal vents) which receive protection 
under regulations of the Food and Agriculture 
Organization of the United Nations. However, 
the emergence of potential deep-sea mining 
on ridges and rises to exploit polymetallic 
sulphides and cobalt-rich manganese crusts 
poses new threats to those ecosystems. 
Presently, the International Seabed Authority 
is developing regulations for exploitation, in-
cluding impact assessments and protections. 
Final recommendations are expected by 2020 
(chap. 18). 

Under the Convention on Biological Diversity,6 
work has been undertaken to promote interna-
tional agreement on the development of repre-
sentative networks of marine protected areas 
and other effective area-based conservation 
measures, with a 2020 target of 10  per  cent 
of the total marine area (Secretariat of the 
Convention on Biological Diversity, 2010). A 
programme has also been initiated to identify 
ecologically and biologically significant areas 
(ibid., 2009). 

Marine genetic resources in areas beyond na-
tional jurisdiction, the high seas and the Area 
(the seabed, ocean floor and subsoil thereof 
beyond the limits of national jurisdiction) are 
unregulated, which is a particularly signifi-
cant issue given: (a) the unknown economic 
potential in such fields as pharmaceuticals, 
bioremediation, cosmetics, nutraceutical or bi-
omedical innovation; and (b) the uneven capac-
ity worldwide to use marine genetic resources. 
Since access to marine genetic resources 
mostly begins with marine scientific research, 
which, as a conditional freedom of the high 
seas, is subject to the relevant provisions of 
Part XIII of the United Nations Convention on 
the Law of the Sea (e.g., sharing information 
and knowledge), there exists a partial basis for 
the development of new legal regimes for the 
management of marine genetic resources in 
areas beyond national jurisdiction (Broggiato 
and others, 2014).

An international legally binding instrument on 
the conservation and sustainable use of marine 
biological diversity of areas beyond national 
jurisdiction is currently being negotiated under 
the United Nations Convention on the Law of 
Sea, focusing on a package of issues com-
posed of area-based management tools, in-
cluding marine protected areas, environmental 
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impact assessments, capacity-building and 
the transfer of marine technology, and marine 
genetic resources, including questions on the 
sharing of benefits (Rabone and others, 2019).7 
However, even with all of that and planned re-
ductions in single-use plastic and marine dis-
posal, the deep sea ultimately becomes a sink. 

7 See General Assembly resolution 72/249.

Dumping and pollution are of special concern 
in the hadal trenches because of the tendency 
for the concentration of such material along 
the trench axis, affecting the organisms living 
there (Jamieson and others, 2017). 

6. Key remaining knowledge gaps

In the past decade, most research on ridges 
has been associated with studies on hydrother-
mal vents and individual seamounts (chaps. 
7P and 7L), which cover a small portion of the 
global ridge system. For ridges, plateaux and 
trenches, major gaps will remain in the sci-
entific understanding of biodiversity patterns 
and spatial scales, species composition and 
abundance. 

As with most of the deep ocean, knowledge 
on the pelagic realm is particularly limited, in-
cluding basic aspects of biodiversity, such as 
species composition and abundance, as well 
as spatial and temporal variations, but certain 
aspects of the benthic ecosystems are also 
still poorly understood. Ecological and envi-
ronmental data, such as life history patterns, 
substrate topography and mesoscale ocean 
dynamics, are needed to inform particle flux, 
food web and habitat suitability models that 
can address ecosystem responses to distur-
bance. The lack of knowledge means that the 
deep sea remains the “black box” in global 
model simulations.

Furthermore, science has barely begun to 
understand how human impacts will affect 
deep-sea ecosystem functions and, con-
sequently, the services those ecosystems 
provide to society (Thurber and others, 2014). 
Such knowledge is critical to effective ocean 
management. Recently, the deep-sea biology 
community, through several initiatives (e.g., 
Deep-Ocean Stewardship Initiative, Deep 
Ocean Observing Strategy), has identified the 
four key questions that need to be answered 
in order to achieve sustainable management 
of the deep sea (Deep-Ocean Stewardship 
Initiative (DOSI), 2019), namely: (a) what is the 
diversity of life in the deep ocean?; (b) how are 
populations and habitats connected?; (c) what 
is the role of living organisms in ecosystem 
function and service provision?; and (d) how 
do species, communities and ecosystems 
respond to disturbance? Although they are 
presented as general questions on the deep 
sea, the questions are well suited to be posed 
in the specific context of ridges, plateaux and 
trenches and should be considered a priority 
in future research.

7. Key remaining capacity-building gaps

Access to the deep ocean is constrained to a 
few developed countries, even though a vast 
portion of it is within the exclusive economic 
zones of developing nations and the high seas. 

The availability of technology, such as deep-
sea vehicles, is the most limiting factor for 
exploration. That gap is probably the most dif-
ficult to overcome for financial and technical 



508   

World Ocean Assessment II: Volume I

reasons, but collaborative and interdisciplinary 
research networks have been suggested as an 
effective way to optimize time at sea (Levin and 
others, 2019b). A multidisciplinary approach is 
also necessary to develop new ways to create 
easy-access modelling to forecast changes 
and vulnerability for a better environmental 
assessment.

Another major gap is in the field of expertise, 
especially in developing countries. Training is 
needed for a new generation of scientists, in-
cluding on best practices, taxonomic abilities, 
the ecosystem approach and how to explore, 
manage and conserve the deep sea using the 
latest tools. 

International collaborations through existing 
programmes, such as those offered by the 
International Oceanographic Data and Infor-
mation Exchange of the Intergovernmental 
Oceanographic Commission of the United 
Nations Educational, Scientific and Cultural 
Organization or the Learn Education and Train-
ing Programme of the World Meteorological 
Organization, or newly formed initiatives ded-
icated to deep-sea research, can contribute to 
facilitating access to technology and training 
materials, including dedicated courses, partic-
ipation in research cruises, training internships 
on field research, instrumentation develop-
ment and data analysis.
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Keynote points
 • Hydrothermal vents and cold seeps have 

uniquely complex habitats and commu-
nities, diverse endemic species, high 
biomass and productivity supported by 
chemosynthesis.

 • Such ecosystems are sources of biotech-
nological and biomedical innovation.

 • They play a significant role in global ocean 
processes, sequestering CO2 and meth-
ane, and contributing to surface ocean 
productivity through iron export.

 • In the past five years, explorations using 
new tools to detect water column signals 
located thousands of new vent fields and 
cold seeps.

 • Resource exploration (polymetallic sul-
phides and methane hydrates) and the need 
to map and protect vulnerable habitats and 
species support recent investigations.

 • The International Seabed Authority 
has issued seven polymetallic sulphide 

exploration contracts since 2011, encom-
passing vent fields from the mid-ocean 
ridges of the Indian Ocean and the Atlantic 
Ocean.

 • Vulnerable marine ecosystems and marine 
protected areas in exclusive economic 
zones and in areas beyond national juris-
diction protect some vents and seeps.

 • The conservation status of vents or seeps 
identified eight areas protected under na-
tional law within exclusive economic zones. 

 • Knowledge gaps include spatial and tem-
poral patterns, impacts from direct distur-
bance, changes to deepwater circulation, 
deoxygenation, warming and acidification.

 • Ocean warming triggering gas hydrate 
dissociation is a major stressing factor to 
cold seepage activity and ecosystems.

 • Capacity-building is a priority, in particular 
in island States. 

1. Introduction
1.1. Scope and summary of the 

baseline state from the first 
World Ocean Assessment

Hydrothermal vents occur wherever a heat 
source drives seawater circulation through 
the subsea floor. Cold seeps refer to hydrocar-
bon-rich fluids emanating from buried organic 
matter, fossil fuel reservoirs or methane hy-
drates. Both environments encompass a wide 
range of fluid compositions and habitat types 
(Cordes and others, 2009; Watanabe and oth-
ers, 2010; Levin and Sibuet, 2012; Le Bris and 
others, 2019).

The present chapter focuses on marine life and 
sea floor habitats that are influenced by fluid 
emissions, including shallow seeps and vents, 
which are important to local biodiversity and 

biogeography and to the flux of greenhouse 
gases to the atmosphere, with long-distance 
effects on both the seabed and the water 
column. In chapter 45 of the first World Ocean 
Assessment (United Nations, 2017a), the ac-
celerating exploration of hydrothermal vents 
was noted, in particular in relation to mineral 
resource exploration, and information was pro-
vided on the development of the conservation 
status of vents or seeps within exclusive eco-
nomic zones and beyond national jurisdictions.

1.2. How the topic is affected by and 
affects other marine components 

High local biomass of chemosynthetic micro-
bial primary producers and associated fauna 
are sustained by fluxes of methane, hydro-
gen sulphide, hydrogen, or reduced iron and 
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manganese. Many specialist taxa host bacte-
rial symbionts (Dubilier and others, 2008) and 
act as ecosystem foundation species (Govenar, 
2010). Global communities are similar at the 
family level, forming 11 biogeographic regions 
by endemic species (Rogers and others, 2012; 
Moalic and others, 2012). Peripheral habitats 
benefit from chemosynthetic resources (Levin 
and others, 2016). Hydrothermal plumes ex-
port metals and organic material and contrib-
ute to regional and global iron budgets (Resing 
and others, 2015; German and others, 2016; 
Tagliabue and Resing, 2016). 

1.3. How the topic is relevant to 
human communities  
and well-being 

1.3.1. Fishing grounds 
Sessile organisms, including habitat-forming 
species (sponges, soft and hard corals), ben-
efit from hard substrata formed at vents and 
seeps, contributing to essential habitats for 
groundfishes (United States Pacific Fishery 
Management Council, 2019). Chemosynthetic 
primary production can contribute to commer-
cial fisheries stocks productivity, for example, 
exploited crabs off the coast of British Co-
lumbia, Canada, that assimilate carbon from 
chemosynthetic sources (Seabrook and others, 
2019). Off the coast of California, United States, 
seep population densities of species targeted 
by fisheries increase (Grupe and others, 2015). 

1.3.2. Greenhouse gas flux regulation
Vents are natural sources of CO2 and methane 
issuing from magma degassing, mantle ser-
pentinization and diagenetic organic matter 
degradation in buried sediments. Chemoauto-
trophy and methanotrophy contribute to trap-
ping the emissions at the sea floor (Orcutt and 
others, 2011; Wankel and others, 2011; Römer 
and others, 2014a; Ruppel and Kessler, 2017). 
Anaerobic methane oxidation by archaea is a 
key sequestration pathway (Boetius and Wenz-
höffer, 2013). Hydrothermal iron can locally 
fertilize the surface waters (Guieu and others, 

2018; Ardyna and others, 2019) and globally 
supports the oceanic phytoplankton-driven 
CO2 sink. 

1.3.3. Ecological models for adaptation  
and resilience

Hydrothermal vents and cold seeps pro-
vide models for the study of animal stress 
responses in high CO2/low pH conditions, 
extreme temperature, hypoxia and exposure 
to sulphides, toxic metals and metalloids and 
are helpful in furthering an understanding of 
biochemical, physiological and behavioural ad-
aptations (e.g., Hall-Spencer and others, 2008; 
Tunnicliffe and others, 2009; Childress and 
Girguis, 2011; Di Carlo and others, 2017; Rossi 
and Tunnicliffe, 2017). Colonization patterns 
provide insights into larval dispersal capacities, 
species dependencies and resilience to distur-
bances (Gollner and others, 2017; Mullineaux 
and others, 2018). Functional traits approaches 
address the contributions of common and rare 
species (Chapman and others, 2018).

1.3.4. Biotechnological and biomedical 
innovation

Biotechnical discoveries reflecting unique 
microbe-animal interaction and extreme 
habitat conditions include: antibiotic mole-
cules in hydrothermal worms (Tasiemski and 
others, 2014; Papot and others, 2017); metal 
resistance genes in vent microbes implicating 
enzymatic detoxication pathways in polluted 
environments (Vetriani and others, 2005; Co-
laço and others, 2006); and chemoautotrophic 
carbon fixation pathways relevant to CO2 emis-
sions sequestration (Scott and others, 2018; 
Rubin-Blum and others, 2019). 

1.3.5. Public engagement with the ocean 
The discoveries and imagery of such iconic 
ecosystems reach large, global audiences, 
supplemented by telepresence cruises, books, 
films, theatre, games and toys, inspiring citizen 
science projects. The ecosystems showcase 
the diverse adaptations of deep ocean taxa, the 
roles of microbes and the origin of life on Earth.
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1.4. Advances in knowledge  
and capacity 

1.4.1. Exploration and mapping
Systematic mapping with autonomous under-
water vehicles tracking anomalies in the water 
column (e.g., temperature, redox potential or 
methane, gas bubbles or particles) improved 
the capacity to locate seeps or vents (Baker 
and others, 2016; James and others, 2016; An-
dreassen and others, 2017; Baumberger and 
others, 2018). 

The exploration of vent and seep systems has 
extended in subduction zones of the North-
West Pacific (e.g., Baker and others, 2017) and 
on Arctic ridges (Marques and others, 2020), 
in the Southern Ocean (Linse and others, 

2019) and on the Central, Western and Eastern 
Indian Ridges (Copley and others, 2016; Zhou 
and others, 2018; Gerdes and others, 2019; fig-
ure I). Identified methane seepage areas have 
increased since the first Assessment (United 
Nations, 2017b) along the coasts of the United 
States (Quattrini and others, 2015; Baumberg-
er and others, 2018), in the South China Sea 
(Feng and others, 2018), in Brazil (South-West 
Atlantic) (Ketzer and others, 2019), in the Carib-
bean (Digby and others, 2016) and in India (Bay 
of Bengal) (Mazumdar and others, 2019). Im-
proved seabed mapping resolution produced 
detailed baselines of faunal assemblage 
distributions that can be used for assessing 
responses to human activities (Thornton and 
others, 2016; Gerdes and others, 2019).

Figure I 
Active vent sites, seep areas and currently designated marine protected areas 
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Active vent sites Seep areas More recent inventories Currently designated marine protected areas

Sources: Active vent sites are from the InterRidge Vent Database (Beaulieu and Szafrański, 2020). Seep areas are from 
the Biogeography of Deep-Water Chemosynthetic Ecosystems database (ChEssBase, 2019). More recent inventories 
are from Olu and others (2010), Quattrini and others (2015), Baumberger and others (2018), Feng and others (2018), 
Etiope and others (2019) and MacDonald and others (2020). Marine protected areas are from the United Nations 
Environment Programme World Conservation Monitoring Centre and International Union for Conservation of Nature 
and Natural Resources (2019). Bathymetry is from www.gebco.net/data_and_products/gridded_bathymetry_data.
Note: Map created using Q-GIS version  2.18.20 (QGIS Development Team, 2018).

http://www.gebco.net/data_and_products/gridded_bathymetry_data
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1.4.2. Variability in space and time
Repeated surveys show that communities 
can be stable over decades on slow spread-
ing ridges (Cuvelier and others, 2011) and 
some back-arc basins (Du Preez and Fisher, 
2018). That challenges the paradigm, based 
on fast-spreading ridges, that vent communi-
ties are dynamic and resilient to disturbance. 

Variable geothermal and geochemical energy 
sources fuel both ecosystems, including hy-
brid systems on sedimented margins (Goffredi 
and others, 2017). Genetic and hydrodynamic 
models reveal population connectivity pat-
terns that are critical in the context of manag-
ing seabed resource development (Mullineaux 
and others, 2018; Suzuki and others, 2018). 

2. Environmental changes since the first  
World Ocean Assessment

2.1. Changes in overall status 
2.1.1. Drivers and pressures

Vent and seep drivers of change include grow-
ing economic demands for energy, strategic 
metals and food (figure II). Fossil fuel demand 
is driving offshore oil and gas exploitation at 
depths greater than 1,500 m (Cordes and oth-
ers, 2016; see table below). Deep-sea fisheries 
are expanding on seamounts, island slopes, 
mid-ocean ridges and continental margins 
where vent and seep ecosystems occur. 
Seep ecosystems on continental margins 
are exposed to deepwater warming with con-
comitant enhancement of methane hydrate 
dissociation (James and others, 2016; Ruppel 
and Kessler, 2017), expanding hypoxia (Breit-
burg and others, 2018) and ocean acidification 
(Intergovernmental Panel on Climate Change 
(IPCC), 2019; see table below). Vulnerabilities 
include chemosynthetic holobiont species with 
particularly high oxygen demand (Childress 
and Girguis, 2011) and fauna dependent on car-
bonate substrata (Ramirez-Llodra and others, 
2011; Levin and Le Bris, 2015; Sweetman and 
others, 2017; figure II, see table below). 

Exploration for sea floor massive sulphides 
(Petersen and others, 2016) and extractive 
technology testing (Okamoto and others, 2019) 
are developing (see table below). By 2018, the 
International Seabed Authority had issued 

seven polymetallic sulphide exploration con-
tracts in areas beyond national jurisdiction in 
parts of the Atlantic and Indian mid-ocean ridg-
es hosting active and inactive vents (chap. 18). 
Vent ecosystems have also been reported in ex-
clusive economic zones covered by exploration 
licences for sea floor massive sulphides. While 
resource exploitation may target inactive sea 
floor massive sulphides (chap. 18), the definition 
of “inactive” is still unconstrained, and their bi-
ological and ecological characteristics remain 
understudied (Van Dover and others, 2019), in 
particular at sites with only diffuse fluid vents 
that may escape water column detection. 

2.1.2. State of changes associated with pres-
sures and potential impacts

Substratum changes, vent emissions and 
faunal recruitment were reported near drilling 
holes (Nakajima and others, 2015), contrasting 
with another impact study (Copley and others, 
1999). Destruction by trawling damage has 
been predicted (Bowden and others, 2013) and 
the impact of ore-processing waste dumping 
on seeps has been documented (Samadi and 
others, 2015). Increasing plastic debris at 
seeps has been reported (Chiba and others, 
2018) and hypoxia expansion, acidification and 
warming have been documented in regions 
hosting seeps and vents (IPCC, 2019). 
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Figure II  
Synthesis of the drivers, pressures, state, impact and response approach applied to 
vents and seeps

Note: Summarizing the information developed in sections 2 and 3.

3. Economic and social consequences

1 United Nations, Treaty Series, vol. 2354, No. 42279.

3.1. Area-based management tools
Eight vent or seep areas are protected under 
national law within the exclusive economic 
zones of Canada, France, Mexico, Portugal and 
the United States (see table below). Beyond 
national jurisdictions, the OSPAR Commission 
established by the Convention for the Protec-
tion of the Marine Environment of the North-
East Atlantic1 categorized “oceanic ridges with 
hydrothermal vents/fields” as threatened and/
or endangered habitats to be protected by its 

network of marine protected areas in Region V 
of the maritime area (Arctic and North Atlantic) 
(OSPAR Commission for the Protection of the 
Marine Environment of the North-East Atlantic 
(OSPAR), 2014, 2018; see table below). 

Several vent fields have been described as eco-
logically and biologically significant  areas under 
the process of the Convention on Biological Di-
versity (Dunn and others, 2014; Bax and others, 
2016; see table below). Ecologically and biolog-
ically significant areas are not area-based man-
agement tools, but they provide information that 

 • Development of extractive industries (mining, fishing, energy)
 • CO2 emissions and climate change
 • Geothermal energy
 • Climate geoengineering (potential)

Currently significant (globally):
 • Warming, hydrate 

dissociation
 • Deoxygenation and 

acidification
 • Trawling
 • Ocean circulation changes

Minor/growing:
 • Prospection and impact 

studies
 • Pollution (oil spills)
 • Waste dumping  

(from mining)

Potential threats (future):
 • Mineral extraction
 • Bioresources harvesting
 • Subsea floor CO2 

sequestration

 • CO2 emission reduction
 • Marine protected area  

designation and  
management

 • Seabed mapping and  
marine spatial planning

 • Knowledge advancement  
and monitoring

 • Capacity-building and  
public engagement

 • Loss of genetic diversity
 • Loss of cultural heritage
 • Loss of greenhouse gas sequestration capacity
 • Loss of nursery grounds for fished species
 • Accumulation of toxins in commercial species
 • Impact on tourism

 • Habitat loss and fragmentation
 • Reduction of species populations and  

dispersal capacity
 • Abiotic stressors affecting ecosystem stability  

and functions (acidification, deoxygenation, 
warming, turbidity, hydrodynamics)

Driver

Pressure Response

ImpactState
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may play a role in decision-making processes. 
Seeps have been recommended as ecologically 
and biologically significant areas, but few have 
specific status (see table below). 

Habitats hosting chemosynthetic ecosystems 
are identified as specially protected areas 
under the 1995 Convention for the Protection 
of the Marine Environment and the Coastal 
Region of the Mediterranean2 (United Nations 
Environment Programme, Mediterranean 
Action Plan, 2017; see table below). Another 
approach to biodiversity conservation is the 
International Union for Conservation of Nature 
Red List assessment, as recently executed for 
Indian Ocean vents (Sigwart and others, 2019).

In its resolution 71/123 of 7  December 2016 
on sustainable fisheries, the General Assem-
bly welcomed actions by States to eliminate 
destructive fishing practices, and the number 
of protected vents increased (Menini and Van 
Dover, 2019; figure I; see table below). Follow-
ing the International Guidelines for the Man-
agement of Deep-Sea Fisheries in the High 
Seas (Food and Agriculture Organization of 
the United Nations (FAO), 2009), regional fish-
eries management organizations recognize 
hydrothermal vents as vulnerable marine eco-
systems (FAO, 2016). Developing International 
Seabed Authority regional environmental man-
agement plans may ensure the protection of 
active vents as areas of particular environmen-
tal interest, but the paucity of data renders the 
task difficult (Dunn and others, 2018; chap. 27 
of the present Assessment). 

3.2. Implications for achieving the 
Sustainable Development Goals

Sustainable Development Goal 143 calls for 
the conservation and sustainable use of the 
oceans and their resources by implementing 
international law as reflected in the United 

2 Ibid., vol. 1102, No. 16908.
3 See General Assembly resolution 70/1.
4 United Nations, Treaty Series, vol. 1833, No. 31363.

Nations Convention on the Law of the Sea.4 
Achieving that goal requires an assessment 
of the cumulative pressures of climate change 
and human activities at vents and seeps (Levin 
and Le Bris, 2015), involving strong investments 
in capacity-building, technology transfer and 
development for deep-sea investigations 
(Goal 4, with target 4B related to knowledge 
and technology transfer in developing coun-
tries). Ocean literacy societies promote ocean 
conservation and sustainable use by support-
ing multi-stakeholder partnerships and public 
understanding of vent and seep ecosystems 
(Sustainable Development Goal targets 17.16 
and 17.17) through telepresence research 
expeditions, citizen science initiatives, policy 
briefs (e.g., from the Deep-Ocean Stewardship 
Initiative) and education. 

Chemosynthetic ecosystems provide “regula-
tory ecosystem services” for climate change 
impact mitigation by acting as filters for natural 
methane and CO2 emissions (Thurber and oth-
ers, 2014; James and others, 2016; Goal 7). The 
development of the renewable energy industry 
contributes to the projected deficit of secure 
supplies of certain metals and has stimulated 
exploration of deep-sea mineral resources. If 
mining for sea floor massive sulphides occurs 
at vents, it will imply trade-offs with Goal 14, 
with the introduction of pollutants in the troph-
ic chain and essential habitat degradation, 
incompatible with sustainable fishing activ-
ities. Costs to biodiversity, biotechnological 
innovations and cultural values may arise (see 
chap. 18; see also section 2.1.1).
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4. Key region-specific changes and consequences
Emerging threats, risks and conservation assessments and efforts at vents and seeps 
since 2014 

Basin 
Resource exploration 
and exploitation 

 Risk of increased cumulative pressures 
(including climate change) Conservation assessment and efforts

A
rc

tic
 

Mineral resource 
exploration on 
Arctic ridges
Gas exploitation 
extension
Fisheries expansion

Accelerated exploitation with sea 
ice retreat combined with warming 
(Sweetman and others, 2017) through 
methane hydrate destabilization 
(James and others, 2016) 

Iceland: Eyjafjörður hydrothermal vents 
1 and 2 nominated components to 
OSPAR MPA network (OSPAR, 2018)

N
or

th
 A

tla
nt

ic
 

Three International 
Seabed Authority 
exploration 
contracts signed 
for northern  
Mid-Atlantic Ridge 
in area hosting 
active vent fields  
(Russian 
Federation, 2012; 
France, 2014; 
Poland, 2018) 

North Atlantic abyssal/intermediate 
water warming and acidification  
(Gehlen and others, 2014) 
Water column larval dispersal effects 
on connectivity (FAO, 2018)

Portugal EEZ: Menez Gwen, Lucky Strike 
and Rainbow vent fields protected, 
Natura 2000 sites, Azores Marine Park 
Mid‐Atlantic Ridge north Azores High 
Seas MPA: OSPAR water column 
protection; seabed and subsoil 
protection by Portugal (OSPAR, 2018),
Spain: Gulf of Cádiz, mud volcanoes 
Site of Community Importance 
(European Union Habitat Directive on the 
Conservation of Natural Habitats and 
Wild Fauna and Flora) (2014)
United Nations Environment 
Programme/Convention on Biological 
Diversity: Lost City, Broken Spur and 
TAG vent fields as EBSAs

M
ed

ite
rr

an
ea

n Natural gas 
extraction 
extension, eastern 
and south-western 
Mediterranean

Intermediate/deep water warming, 
deoxygenation; abyssal waters 
ventilation reduction (Adloff and 
others, 2015)

General Fisheries Commission for 
the Mediterranean of the Food and 
Agriculture Organization of the United 
Nations (GFCM-FAO) (2018): Nile delta 
cold hydrocarbon seeps vulnerable 
marine ecosystem fishery closure

Bl
ac

k 
Se

a Salinity change enhances methane 
hydrate destabilization (Riboulot and 
others, 2018)
Anoxia expansion, seep ecosystem 
threats 

 

So
ut

h 
At

la
nt

ic
 Deep oil and 

gas exploration 
and exploitation 
development off 
the coast of Brazil 
(Almada and 
Bernardino, 2017)

Continental margin extensive oil 
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Deep oil and gas 
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impacts on seeps at intermediate 
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Breitburg and others, 2018) 
Oil exploration in course with seep 
exploration limited in south-western 
Caribbean (Digby and others, 2016)
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Four exploration 
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by the International 
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active vent fields 
of the Southwest 
Indian Ridge (China, 
2011) and Central 
Indian Ridge 
(Republic of Korea, 
2014; Germany, 
2015; India, 2016)

Sensitivity of seep ecosystems to 
regional oxygen decrease on Pakistan 
margins (Fischer and others, 2012) 

IUCN Red List of Threatened Species: 
Scaly-foot gastropod listed as 
endangered, draft assessments 
completed for endemic species to 
regional vents (Sigwart and others, 
2019) 
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Japan Oil, Gas and 
Metals National 
Corporation 
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SMS extraction in 
Okinawa Trough 
(Okamoto and 
others, 2019)
South China Sea: 
production test of 
seep gas hydrate 
extraction (Li and 
others, 2018)

Trawling pressures increase combined 
with ocean warming trend in the 
North-East Pacific 
Increasing risk of methane hydrate 
dissociation (Ruppel and Kessler, 
2017; Hautala and others, 2014)

Canada: EEZ Pacific vents offshore 
Pacific area of interest; Canadian 
Pacific cold seeps are EBSAs (Fisheries 
and Oceans Canada (DFO), 2018)
Mexico: EEZ MPA system Guaymas 
Basin and Eastern Pacific Rise 
Sanctuary (decreed in 2009, 
management plan published in 2014)
EBSA: Guaymas Basin Hydrothermal 
Vents Sanctuary (in 2016); Deep Pacific 
Mexican Biosphere Reserve (in 2018) 
United States Pacific Fishery 
Management Council (2019) 
designated seeps as essential fish 
habitat
EBSA: Cold seeps in south-western 
Taiwan Basin
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Vent SMS 
exploration 
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of the South-West 
Pacific 

Landmine tailings vent/seeps impact 
(Samadi and others, 2015)

New Zealand EEZ: 88 per cent active 
hydrothermal vents are MPAs
France – New Caledonia EEZ (2014): 
Shallow vents and unexplored ridge 
systems in the MPA Parc Marin de la 
Mer de Corail 
Mining regulation and environmental 
policies in several island nations 
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East Scotia Ridge vents and Antarctic 
seeps influenced by warming, 
circulation and carbon flux changes 
(Römer and others, 2014b)

Vent and seep species identified in 
the Commission for the Conservation 
of Antarctic Marine Living Resources 
vulnerable marine ecosystems taxa 
classification guide (2009) 
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5. Outlook

Vent and seep biota and habitat conditions re-
main poorly documented, including vent areas 
where mineral exploration is under way (e.g., 
Indian Ocean). The biogeography of seeps 
is not described (Olu and others, 2010). The 
effects of the extraction of sea floor massive 
sulphides on active vent ecosystems and their 
peripheries are unclear. Expected impacts 
include sediment plumes, toxic compound 
release, habitat loss and metapopulation con-
nectivity disruption (Dunn and others, 2018). 
Models of larval dispersal have begun to be de-
veloped and the latest outcomes indicate limit-
ed interregional connectivity in areas such as 
the western Pacific (Mitarai and others, 2016). 
The great longevity of foundation species of 
seep ecosystems (up to 200 years) further 
suggests slow disturbance recovery (Fisher 
and others, 2016). Both trawling (see section 

2.1.2) and fossil fuel exploitation could also 
have long-term impacts (Amon and others, 
2017). The lack of seep baseline data still lim-
its the ability to predict the resilience capacity 
of the communities (Cordes and others, 2016).

In addition to acidification, oxygen depletion, 
methane flux and hydrodynamic condition 
changes resulting from climate disturbance 
affect large regions hosting vent and seep 
ecosystems and likely interact with key bio-
logical processes, although specific impacts 
have not yet been reported. A direct impact 
from warming to seeps is expected to be 
methane hydrate dissociation (Ruppel and 
Kessler, 2017). Changes in the upper water col-
umn may also affect vent and seep propagule 
dispersal (Yahagi and others, 2017; Mullineaux 
and others, 2018). 

6. Key remaining knowledge gaps

Vent species discovery rates remain high, 
suggesting species richness undersampling 
(Thaler and Amon, 2019). Chemosynthetic 
fauna databases (ChEssBase, 2019; Chapman 
and others, 2019) will enable global scale 
analyses and the use of new techniques, such 
as eDNA high-throughput sequencing, and 
metacommunity models will help to resolve 
connectivity patterns (Chen and others, 2015; 
Breusing and others, 2016; Mullineaux and 
others, 2018). 

Long-term ecosystem research is essential to 
elucidating processes linking vent and seep 
communities to climate change stressors 
(IPCC, 2019). In situ measures of physiological 
responses and changes in ecosystem func-
tion are required to assess climate change 

vulnerability. Tolerance thresholds to climate 
stressors are largely unknown, in particular for 
species that thrive at the hypoxic areas of the 
periphery (Fischer and others, 2012). 

Carbon storage in vents and seeps lacks 
quantitative estimates, including ranges and 
controlling factors for vent and seep pro-
ductivity (Marlow and others, 2014; Le Bris 
and others, 2019) and the role of viruses as 
mediators of prokaryote ecology (Corinaldesi 
and others, 2012; Ortmann and Suttle, 2005). 
Vent effluents in ocean biogeochemical cycles 
require integrated assessments to evaluate 
impacts on surface water productivity from 
iron injection (Guieu and others, 2018; Ardyna 
and others, 2019). 
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7. Key remaining capacity-building gaps 
The capacity gap is larger in less developed 
nations, in particular in small island develop-
ing States that host resources derived from 
vents and seeps. Training new deep-sea sci-
entists in environment-related disciplines is 
a challenge recognized by Intergovernmental 
Oceanographic Commission programmes (In-
tergovernmental Oceanographic Commission 
of the United Nations Educational, Scientific 
and Cultural Organization (UNESCO-IOC), 
2016). Ecological assessments require faunal 
knowledge, while molecular tools need field 

validation of results. Oceanographic data 
and species inventories underpin ecosystem 
function models, helping to predict vulnerabil-
ity and recovery. Knowledge transfer includes 
taxonomic capacity and the development of 
low-cost technologies for deep-sea research 
and monitoring (Levin and others, 2019) and 
mapping, while the exploration and develop-
ment of monitoring strategies involves the 
training of scientists, young students and, in 
particular, women. 
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Keynote points

1 See General Assembly resolution 70/1.
2 United Nations, Treaty Series, vol. 1833, No. 31363.

 • The Sargasso Sea is an area of the high 
seas that is internationally recognized as a 
fundamentally important part of the global 
ocean because of its role in climate regula-
tion and its unique ecosystems. 

 • The Bermuda Atlantic Time-series Study 
continues to collect observations enabling 
inferences on the impact of climate change 
in the ocean and increased understanding of 
ocean processes. Continuation of that fun-
damental long-term research is essential.

 • Mass blooms and strandings of Sargas-
sum since 2011 are attributable to a pre-
viously rare form of Sargassum natans. 
They are causing major socioeconomic 
problems for the region and may also ad-
versely affect unique oceanic Sargassum 
communities.

 • The importance of the Sargasso Sea as a 
spawning area for both the European eel 
(Anguilla anguilla) and the American eel 
(Anguilla rostrata) has been emphasized by 

satellite tracking of adults and widespread 
larval surveys. An increased understand-
ing of the ecology of commercial tuna and 
tuna-like species and awareness of the use 
of the area by endangered and threatened 
species is increasing the need for ecosys-
tem-based fisheries management.

 • Most changes and threats, including cli-
mate change, overfishing of eels, plastic 
pollution and mass blooms of Sargassum, 
are externally driven. Those increasing 
threats will adversely affect the contribu-
tion of the Sargasso Sea to Sustainable 
Development Goal 14 to conserve and sus-
tainably use the oceans, seas and marine 
resources for sustainable development 
and, therefore, other Goals.1

 • The increasing activity in the Sargasso 
Sea demonstrates the importance of ad-
dressing the cumulative impacts of human 
activities on the high seas.

1. Introduction
The present chapter builds on developments 
and knowledge of the previous baseline state, 
as reported in chapter 50 of the first World 
Ocean Assessment (United Nations, 2017). 
Continuing research around the ocean time 
series hosted by the Bermuda Institute of 
Ocean Sciences underpins the understanding 
of fundamental ocean processes, including 
the importance of microbes and the effects 
of climate change. Progress in understanding 
the broader ecology of the Sargasso Sea is 
described, in particular: Sargassum weed, its 
distribution, associated fauna and the real and 
potential impact of recent blooms on coastal 
communities; ongoing research into the life 

cycle of the European eel (Anguilla Anguil-
la) and the American eel (Anguilla rostrata); 
increased awareness of the biology of some 
commercial fish species and ongoing develop-
ments in ecosystem modelling; and increased 
threats from plastic pollution. Ongoing and 
recent international developments pertaining 
to the Sargasso Sea are outlined in the light 
of the ongoing intergovernmental conference 
on an international legally binding instrument 
under the United Nations Convention on the 
Law of the Sea2 on the conservation and sus-
tainable use of marine biological diversity of 
areas beyond national jurisdiction. 
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The 2016 baseline case contained a description 
of the background oceanography of the Sar-
gasso Sea, the unique surface ecosystem and 
communities based upon floating aggregations 
of two species of Sargassum and their role as 
feeding and nursery areas for fishes, juvenile 
turtles and seabirds. Many animals migrate 
through the Sargasso Sea and many migrate to 
it to breed. It is the only known spawning area 
for the European eel (Anguilla Anguilla) and the 
American eel (Anguilla rostrata). Many of the 
species inhabiting the Sargasso Sea are endan-
gered or threatened and are listed as such in the 
International Union for Conservation of Nature 
Red List of Threatened Species, the Convention 
on International Trade in Endangered Species 
of Wild Fauna and Flora,3 and the Protocol con-
cerning Specially Protected Areas and Wildlife 
to the Convention for the Protection and Devel-
opment of the Marine Environment of the Wider 
Caribbean Region4 (Laffoley and others, 2011). 

3 United Nations, Treaty Series, vol. 993, No. 14537.
4 Ibid., vol. 2180, No.25974.
5 See http://bats.bios.edu.

Threats, economic values and conservation 
responses were summarized. 

There have been changes and developments 
to the baseline case, but the Sargasso Sea 
remains a fundamentally important part of the 
global ocean owing to an interdependent mix 
of physical oceanography, its ecosystems and 
its role in global-scale ocean and Earth-sys-
tem processes. It contributes significantly to 
local as well as global economies both directly 
from fisheries for highly migratory species 
(including the European eel and the American 
eel), coral reefs, whale watching and “turtle 
tourism”, and indirectly from its role in climate 
regulation, conservation of genetic diversity 
and nutrient cycling (Laffoley and others, 2011; 
Pendleton and others, 2015). On the other 
hand, it is also threatened by climate change, 
pollution, increased fishing activities and in-
creased shipping.

2. Change of state 

2.1. Ocean time series
The continuing importance of long-term ocean 
time series in understanding variability in the 
ocean and ocean processes has been rein-
forced both locally by the results from Hydro-
station S and the Bermuda Atlantic Time-series 
Study, and globally through numerous reviews 
(Neuer and others, 2017; O’Brien and others, 
2017). The Bermuda Atlantic Time-series 
Study programme is one of the few ocean time 
series with long enough records to enable an-
thropogenic change to be distinguished from 
natural variability (Henson and others, 2016). 
The breadth of research utilizing those data is 
summarized on the Bermuda Atlantic Time-se-
ries Study website.5

2.2. Sargassum 
The baseline case contained a description of 
the role of two species, namely, Sargassum 
natans and Sargassum fluitans, primarily for 
their role in hosting specialized communities 
of animals and acting as nursery and feeding 
areas. Advances in the knowledge of those 
communities have implications for future con-
servation measures. The communities vary in 
both time and space. Considerable variability 
over a 40-year period, and also between sam-
ples taken a year apart, was found by Huffard 
and others (2014). The reasons are unknown, 
but increasing ocean acidity may be the cause 
of the reduction in calcareous epibionts, such 
as bryozoans. Variability at the molecular level 

http://bats.bios.edu
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within species occurs in the widely dispersed 
slender Sargassum shrimp (Latreutes fuco-
rum), and it is suggested that conservation 
measures for such species should cover large 
areas or have networks of protected areas (Se-
hein and others, 2014).

Since the mass stranding of thousands of tons 
of Sargassum on beaches in the Caribbean 
and the Gulf of Mexico and on the coasts of 
West Africa and South America in 2011, there 
have been considerable efforts to identify the 
blooms, their causes and their movements 
using satellite tracking, modelling, direct sam-
pling at sea and a combination of different 
techniques (Schell and others, 2015; Franks 
and others, 2016; Djakouré and others, 2017; 
Brooks and others, 2018; Putnam and others, 
2018). The blooms were identified as a previ-
ously rare form of Sargassum (S. natans VIII) 
by Schell and others (2015). The identification 
was subsequently confirmed by genetic stud-
ies (Amaral-Zettler and others, 2017). S. natans 
VIII was described from the Caribbean by Parr 
(1939), but it was then largely forgotten. It dif-
fers morphologically from both S. fluitans and 
S. natans and hosts reduced communities of 
animals, which, in turn, make it less attractive 
to fishes, turtles and seabirds, which feed on 
or beneath the Sargassum mats (Martin, 2016). 
Consequently, changes in Sargassum type or 
distribution could affect species diversity and 
abundance. The distributions of the different 
species and forms of Sargassum differ both 
spatially and temporally, and S. natans VIII is 
believed to be limited by temperature, since it 
is most abundant in warm water to the south 
of the Sargasso Sea and the Caribbean. It is 
rare further north, but it has been found off 
Bermuda since 2016 (Clover, 2017). So far, the 
blooms have not affected the Sargasso Sea 
directly, but they have the potential to do so 
through reduced Sargassum communities and 
because they are preventing the successful 
nesting of turtles on the affected beaches 
around the Caribbean.

The blooms originate in the North Equatorial 
Recirculation Region south of the Sargasso 
Sea and, from there, are carried into the Car-
ibbean (Johnson and others, 2013; Franks 
and others, 2016; Djakouré and others, 2017; 
Putnam and others, 2018) Such blooms have 
been an annual event since they were first 
observed in 2011. High levels of dead Sargas-
sum that has sunk from the surface have also 
been reported on the sea floor in the Vema 
Fracture Zone beneath the North Equatorial 
Recirculation Region, potentially providing a 
food source to deep-sea benthic ecosystems 
(Baker and others, 2018). The causes of the 
blooms are the subject of ongoing research 
and may include modifications induced by 
climate change, such as increased tempera-
ture and changes in ocean currents, enhanced 
nutrient levels originating from the Congo, Ori-
noco and especially Amazon Rivers, equatorial 
upwelling and dust from the Sahara (Djakouré 
and others, 2017). The question is whether 
the regime shift in the tropical and subtropical 
Atlantic is primarily caused by human activity. 
Various monitoring satellites, which feed infor-
mation to the Sargassum Watch System, for 
example, inform communities on the location 
of blooms and warn them of potential beach-
ing events (Hu and others, 2016). 

2.3. Fishes
The importance of the Sargasso Sea to the Eu-
ropean eel and the American eel has been rein-
forced. The larvae of both species were known 
to occur in the south-west of the Sargasso Sea 
in the vicinity of the seasonal subtropical con-
vergence (Munk and others, 2010; Miller and 
others, 2015). Satellite tagging tracked migrat-
ing European eels from European rivers as far 
as the Azores (Righton and others, 2016). Simi-
lar tagging of American eels showed migration 
from Canada to the Sargasso Sea (Béguer-Pons 
and others, 2015). More recently, it has been 
shown that European eels spawn across a 
2,000 km swathe of the southern Sargasso 
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Sea in an area bounded by temperature fronts 
(Miller and others, 2019). The wide spawning 
area may reflect different starting times of mi-
grations, different swimming abilities or larval 
drift in ocean currents. Recruitment levels to 
fisheries for both species have collapsed, and 
the reduction is matched by declines in num-
bers of eel larvae in the Sargasso Sea (Hanel 
and others, 2014). Climate change, rising sea 
temperatures, changes in ocean currents and 
the North Atlantic Oscillation all potentially 
adversely affect the marine life cycle of eels 
(Miller and others, 2016).

New information on food webs and spawning 
sites of tuna and tuna-like species managed 
by the International Commission for the Con-
servation of Atlantic Tunas has reinforced the 
importance of the Sargasso Sea in providing 
habitat, foraging and spawning grounds, and 
migratory corridors for those species (Luck-
hurst, 2015a; Luckhurst and Arocha, 2016; 
Anonymous, 2016). The Northwest Atlantic 
Fisheries Organization has acted to protect 
seamounts in the northern Sargasso Sea by 
closing the area to bottom trawling until 2020 
(Northwest Atlantic Fisheries Organization 
(NAFO), 2015). 

Despite decreases in catches worldwide and 
in the relative abundance of the main com-
mercial pelagic species, the capacity of the 
global fishing fleet has continued to increase 
(Rousseau and others, 2019). Spatial esti-
mates of fishing effort are not available from 
the Commission for the Sargasso Sea. In their 
absence, the percentage of the catches of the 
main Commission species (stock boundaries 
defined by the Commission) has been plotted 
as an indicator of the level of fishing in the Sar-
gasso Sea over time. 

The figure below contains an updated anal-
ysis of Luckhurst (2015b), which provided 
catch analyses from 1992 to 2011 for the 
principal Commission species, with the latest 

6 See www.iccat.int/en/accesingdb.html.

catches reported by the Commission.6 The 
latest catches reported are up to and including 
2017; more recent data are not available owing 
to delays in reporting to and processing by the 
Commission. Up to a maximum of 12 per cent 
of North Atlantic albacore and 10  per  cent 
of West Atlantic bluefin catches are taken in 
the region. Catches of tropical tunas (bigeye, 
yellowfin and skipjack) and billfishes (sword-
fishes, sailfishes, blue marlin and white marlin) 
are smaller but still significant. The proportion 
of the catches taken from the Sargasso Sea 
show considerable variability over time, po-
tentially owing to changes in targeting by the 
longline fleets, but effort data to evaluate that 
are not available from the Commission. The 
longline fleet is shown because of the eco-
logical importance of by-catch species, such 
as billfishes, sharks, seabirds and sea turtles. 
To move towards ecosystem-based fisheries 
management in the Sargasso Sea, it will be 
important to understand the spatial overlap 
between fishing effort and the behaviour of 
non-target species, including the migration 
routes, aggregating behaviour and habitat use 
of all species that use it (Kell and Luckhurst, 
2018; Boerder and others, 2019). 

2.4. Plastic pollution
Plastic pollution in the Sargasso Sea was first 
observed in 1972 (Carpenter and Smith, 1972). 
Concentrations of microplastics in the surface 
of the Sea were found to be orders of magni-
tude greater than previously recorded, with 
the greatest concentration in the subtropical 
convergence zone (Law and others, 2010). 
The accumulation of surface particles in the 
zone was forecast by models used to guide 
sampling by the “7th Continent” expedition in 
2014. It was estimated that the North Atlantic 
subtropical gyre, that is, the Sargasso Sea, had 
about 56,000 tons of floating plastic in 2014 
(Eriksen and others, 2014). Presumably, more 

http://www.iccat.int/en/accesingdb.html
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is present today. There have been extensive re-
views of plastic pollution and its effects in the 
global ocean and in ocean gyres (Joint Group 
of Experts on the Scientific Aspects of Marine 
Environmental Protection (GESAMP), 2014, 
2016; Law, 2017; Eriksen and others, 2016). 
More recently, laboratory experiments have 
found adverse effects of plastic leachates on 
the photosynthetic bacterium Prochlorococ-
cus (Tetu and others, 2019). Prochlorococcus 

produces up to 20 per cent of atmospheric ox-
ygen. If the results are confirmed in situ, plas-
tic pollution poses a threat to global oxygen 
production by marine bacteria. The adverse 
impacts described in the various reviews will 
apply to the Sargasso Sea, and the concen-
trating effects of the ocean gyre and the sub-
tropical convergence trap plastic within mats 
of Sargassum, which makes the Sargasso Sea 
particularly vulnerable. 

Time series showing the percentage of the total and longline catches that come from 
the Sargasso Sea region
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3. Institutional arrangements

One of the major challenges facing the Sar-
gasso Sea is a legal one. The Sargasso Sea 
falls within the high seas – the 50 per cent of 
the planet that is outside national jurisdiction 
(Freestone, 2015). To address that challenge, 
five Governments came together in 2014 to 
sign the Hamilton Declaration on Collaboration 

for the Conservation of the Sargasso Sea and 
to establish the Sargasso Sea Commission 
to act as steward for the extraordinary area 
(Freestone and Morrison, 2014). Five more 
Governments have since joined and others 
may follow (Sargasso Sea Commission, 2018).
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The Sargasso Sea Commission is based on 
a new paradigm for the conservation of ar-
eas beyond national jurisdiction, convening 
stakeholders from multiple countries and or-
ganizations to address issues that fall outside 
national agendas. Parties to the Convention on 
Biological Diversity7 have agreed that the Sar-
gasso Sea be included on a list of ecologically 
or biologically significant areas (Secretariat of 
the Convention on Biological Diversity, 2012). 
Using that as a basis, in 2015, the Northwest 
Atlantic Fisheries Organization agreed conser-
vation measures by declaring a moratorium on 
bottom trawling on Sargasso Sea seamounts 
in the Organization’s area, together with gear 
restrictions on midwater trawling (NAFO, 2015; 
Diz, 2016). 

7 United Nations, Treaty Series, vol. 1760, No. 30619.
8 Ibid., vol. 1651, No. 28395.

The Commission is working to protect the 
Sargasso Sea alongside a number of Govern-
ments and partners. In collaboration with the 
secretariat of and the range States parties to 
the Convention on the Conservation of Migra-
tory Species of Wild Animals,8 the Commission 
is working to protect the migratory range of the 
European eel through the Sargasso Sea. It is 
also exploring ways to regulate impacts of ves-
sel activities and to work with the International 
Commission for the Conservation of Atlantic 
Tunas to use the Sargasso Sea as a pilot pro-
ject on the ecosystem approach to fisheries 
management (Kell and Luckhurst, 2018), and 
it is working with the United States National 
Aeronautics and Space Administration, which 
is developing comprehensive satellite imagery 
of the Sargasso Sea area.

4. Consequences of changes

The changes outlined above are mostly driven 
externally. On a global scale, climate change 
affects ocean temperature, ocean acidity and 
ocean circulation, which causes ecosystem 
changes in both Sargassum and its dependent 
communities and in deeper living pelagic and 
benthic communities. Those effects have the 
potential to adversely affect spawning, lar-
val feeding and migrations of eels and other 
fishes. Concurrent with the overall warming of 
the global ocean is an increase in frequency 
of global marine heatwaves, which adversely 
affect biodiversity and threaten to disrupt eco-
system services in certain areas of the ocean 
(Smale and others, 2019). The southern Sar-
gasso Sea has been identified as an area that 
has been significantly affected. Most of the 
pollution, including plastic, comes from land 
and is concentrated by ocean currents in the 
Sargasso Sea. Eel populations are affected by 
overfishing in exclusive economic zones and 

national waters. In addition, they are exposed 
to various threats during their freshwater 
stage, including pollutants and obstructions 
caused by dams and hydropower plants (Hanel 
and others, 2019).

The impacts of global environmental changes 
on the oceans, future predictions for fisheries 
and governance issues are summarized in 
a report by the Nippon Foundation-Nereus 
Programme (2015), and ocean issues related 
to the Sustainable Development Goals are 
summarized in a second report by the Nip-
pon Foundation-Nereus Programme (2017). 
Monitoring changes in ocean temperature 
and chemistry and understanding the impact 
of those changes on ecosystems are directly 
related to Goal  13 on climate action and to 
Goal 14. The ongoing time series stations off 
Bermuda are central to that global monitoring 
(Neuer and others, 2017). Mass strandings 
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of Sargassum on beaches cause widespread 
socioeconomic problems to local communi-
ties, adversely affecting tourism, fishing and 
health, and killing biota, including turtles and 
fish. The costs of cleaning up beaches run into 
millions of dollars, and affected countries are 
developing management plans and technolo-
gies to minimize impacts and seek potential 
uses for the Sargassum (Milledge and Harvey, 
2016; Wabnitz and others, 2019). Because of 
the widespread impacts to both humans and 
to local and ocean ecology, the blooms di-
rectly affect all Goals. The American eel and 
the European eel support valuable fisheries in 
many countries on both sides of the Atlantic, 
as well as lucrative aquaculture operations 
in Asia, but the populations of both species 
have crashed in recent years (Hanel and oth-
ers, 2019; Atlantic States Marine Fisheries 
Commission, 2018). The causes are many and 
varied, and the ecological and socioeconomic 
changes will also affect all Goals.

Changes in trophic webs brought on by a 
warming ocean and increased acidity may 
significantly affect populations of top pred-
ators, such as highly migratory tunas and 
swordfishes (Fernandes and others, 2013). 
Changes caused by the weakening of the 
Atlantic Ocean’s overturning circulation may 
result in shifts in species distributions (Cae-
sar and others, 2018). Ocean warming, ocean 
acidification and deoxygenation, combined 
with other stresses, could change the prima-
ry productivity, growth and distribution of 
fish populations (Barange and others, 2018). 
That, in turn, will result in changes in the po-
tential yield of exploited marine species and 
the associated economic and social benefits 
that they provide (Gattuso and others, 2015). 
Those impacts will, in turn, affect all Goals. 
Finally, the impacts and potential impacts of 
the rising amounts of plastic in the oceans are 
well documented (e.g., Beaumont and others, 
2019) and will affect all Goals. 

5. Outlook 

The outlook for the Sargasso Sea, in both the 
short and long term, depends upon interna-
tional decisions, priorities and cooperation. 
The importance of the Sargasso Sea is rec-
ognized internationally, and because it is in 
the high seas, its protection falls within the 
competence of a number of organizations. 
The remoteness and size of the Sea mean 
that, in open ocean terms, it remains relatively 
pristine despite the concentrating effects of 
its rotating currents. However, its integrity 
is threatened both by the changes outlined 

above and by others, including the increased 
fishing activity over the past three years by 
some 28 countries that has been estimated 
using automatic identification system data 
(Sargasso Sea Commission, 2019), and by 
increased shipping activities through the re-
gion. The development of deep-sea mining in 
areas adjacent to the Sargasso Sea poses new 
threats (Dunn and others, 2018). The Sargasso 
Sea demonstrates the challenges faced by 
existing sectoral bodies to govern a high seas 
ecosystem in a holistic manner.
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