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Why an “Ocean and Climate”
Platform?
The ocean is a key element of the global climate system, but so far it has been relatively absent from
discussions on climate change. For all of us participating in the Ocean and Climate Platform, it is
essential to include the ocean among the issues and challenges discussed in the context of climate
negotiations.
Covering 71 % of the globe, the World Ocean is a
complex ecosystem that provides essential services
for the maintenance of life on Earth. More than 25 %
of the CO2 emitted annually by humans into the atmosphere is absorbed by the ocean, and it is also the
largest net supplier of oxygen in the world, playing
an equally important role as forests.
The ocean is therefore the principal “lung” of the planet and is at the center of the global climate system.
Although the ocean continues to limit global warming, for several decades the pressure of human
beings – principally CO2 emissions, over-exploitation
of resources and pollution – has been degrading marine ecosystems. The role of the ocean in regulating
the climate is likely to be disrupted.

It is therefore urgent to maintain the functional quality of marine ecosystems and restore those that
are deteriorating.
The Ocean and Climate Platform was established from
an alliance of non-governmental organizations and
research institutes, with support from the UNESCO
Intergovernmental Oceanographic Commission.
Today the Platform includes scientific organizations,
universities, research institutions, non-profit associations, foundations, science centers, public institutions
and business organizations, all acting to bring the
ocean to the forefront in climate discussions.
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Our
objectives
During COP21, the Ocean and Climate Platform emphasized the importance of “a healthy ocean, a
protected climate”. It is important to continue to show how the ocean is affected by climate change,
and more importantly to show that “the ocean is part of the solution” against climate change.

After the signature of the Paris Agreement, the
Platform has decided to pursue its action, in the field
of scientific knowledge, ecosystem based management, maritime transport and mobilization based
on solid scientific grounds and its advocacy for
the integration of the ocean in the climate regime.
The Platform has chosen to focus on 4 lines and to
develop different topics in relation to economic solutions and nature based solutions in order to incorporate them into the Paris Agreement.

•

The first central line of the Platform refers to
the international reinforcement of the Scientific
Committee and network for the production and
dissemination of climate solution. The Platform supports international scientific collaboration, notably in
the framework of FACT-O (French American Climate
Talks on Ocean) which aims at promoting innovative solutions at a global scale. These solutions will
feed the advocacy thematic, define the ocean and
climate science needs and feed the argument for an
ocean report with the IPCC.

•

The second line identified within the economic
solutions is the development of maritime transportation involved in the reduction of greenhouse gas
emissions.

•

The third line focuses on ecosystems resilience
issues regarding climate change, including the key
role of marine protected areas (MPAs).

•

The fourth line is that of citizens and youth mobilization
regarding June 8th World Ocean Day and mobilization
days for Ocean and Climate issues (Ocean for Climate
Days) during the Conferences of the Parties of the United
Nations Framework Convention on Climate Change.
This mobilization focuses on advocacy toward public
and private decision makers, disseminates scientific
knowledge and raises awareness toward the general
public. June 8th and the Ocean for Climate Days will
become an international must for ocean and climate
issues relayed on the web at the international level. Many
other converging events will punctuate the year 2016.
As a transversal approach to these four lines, the Platform
follows the climate negotiation in order to facilitate the
integration of ocean and climate advocacy. Lastly, the
Platform develops alliances with States committed to
the integration of the ocean in climate issues and of
the climate in ocean governance.
This year and beyond, depending on opportunities, the
Platform will be able to generate new topics within the
“economic solutions” line, including Marine Renewable
Energies (MRE) and within “ecosystem based management” including the consideration of blue carbon
in the climate regime. Lastly, in the end the Platform
can develop a regional complementary approach to
expand these lines.
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Foreword
The ocean is an essential component of our planet’s climate. Scientists know this, and have repeatedly proven it:
without the ocean, our greenhouse gas emissions would
have disrupted the climate machine to a much greater
extent. It is hence an essential regulator that is constantly
threatened by human activity and by the consequences
of global climate change.
The numbers speak for themselves. The ocean covers
71% of the planet, represents 97% of its living space, holds
97% of the Earth’s water, absorbs 90% of the heat and
25% of the additional CO2 emitted by humans. It provides
livelihoods for a substantial part of the world population
and provides a substantial amount of pharmaceutical
substances. Its ecosystems are worth more than the
United States of America’s GDP. The threats facing the
ocean and the communities that depend on it are as
staggering as they are alarming: acidification, warming
waters, deoxygenation, rising sea-levels…
Yet, despite the threats the ocean faces, despite its
prevalence in the climate’s inertia, it has been swept
aside from international efforts to mitigate and adapt to
climate change. For over twenty years, the ocean had
not been mentioned in the additional texts of the United
Nations Framework Convention on Climate Change
(UNFCCC). Startled by this realisation, the 70 members
of the Ocean and Climate Platform (public institutions,
NGOs, universities, etc.) decided to give a voice to the
ocean during the climate negotiations at COP21.
According to them, the Paris Agreement symbolises an
important step, an outstanding success, for the inclusion
of “ocean and climate” issues. For the first time since
the UNFCCC, the Paris Agreement of December 2015
explicitly mentions the ocean in its preamble. Moreover,
the Intergovernmental Panel on Climate Change (IPCC)
will publish a Special Report on Climate change and the
oceans and the cryosphere. The ocean has now entered
the climate negotiations!
But the fight for the ocean does not stop here. It is no
longer solely up to diplomacy – which must still better
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integrate the ocean – to mobilise. The marine civil society
must take part in the Action Agenda, suggest alternatives,
bring forth and support initiatives, communicate good
practices and disseminate knowledge. The Ocean and
Climate Platform is already on this path.
But above all, we must better understand the ocean – this
vast, wide, diverse environment that contains so much
biodiversity that has yet to be explored. The sea-bed
embodies the last terra incognita. Physical and biological
mechanisms are yet unexplained or poorly known.
Scientists and policy-makers need to take action to fill the
knowledge gaps on the relationships between the ocean
and the climate. Last year, thanks to its strong scientific
basis, the Ocean and Climate Platform published 17
scientific notes. In 2016 it extends this base by publishing
the second volume.
This booklet seeks to be more inclusive and open. These
notes embrace both “hard” and “human” sciences as
we are convinced that “human” sciences are the second
backbone to better know the ocean and the related
socio-economic issues. The Ocean and Climate Platform
welcomes new themes: the law for the ocean and climate,
political sciences, human migrations… These new topics
are meant to be food for thought in the international
discussion on adaptation strategies, knowledge gaps,
everyday behaviour, and form the basis for a better
understanding of human challenges and solutions. We
urge for a greater integration of “hard” sciences and
“human” sciences alike. As to find solutions to global
problems (climate change), research must be transdisciplinary and holistic.
“Ocean and climate” science is a work in progress. It
must respond to tremendous challenges: collecting
sufficient and diverse data, reducing scales,
understanding the local and global phenomena,
studying the surface and the depths, the open-sea and
the coast, biodiversity and human communities. The
potential for research is massive. But it is absolutely
necessary. The ocean is our “all-risk” insurance policy,
and it is high time to protect it!
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This set of articles goes back over some that were
written for the COP21, updating data with recent
advances in knowledge. This is the case for those on
sea-level rise, ocean oxygenation, marine biodiversity, coral and deep-sea ecosystems.
Some topics, such as sea-level rise or the long-term
consequences of climate change on the ocean, draw
on one or several articles published this year. They
are thus deliberately short, as to draw attention to
the key facts available to us today.
Others, like ocean circulation or coral bleaching
summarize in depth the available data and models.
Yet other articles further examine emerging topics,
such as the role of marine protected areas in climate
change, human migrations, national contributions of
the Mediterranean basin, or more broadly international law.
This set of articles owes a great deal to the work of
the Platform’s scientific council, but also to the work
of the young scientists group, initiated by FACT-O
(French American Climate Talks on Ocean), who
wrote or took part in the writing of nearly half of
these productions.

FACT-O is a series of public conferences programmed over 2 years (2016 and 2017) in North America,
during which leading scientists, civil society representatives, NGOs, political figures, journalists, and
entrepreneurs will speak about oceans and the associated issues. It aims at creating a research programme for young scientists to facilitate exchanges
between the two countries. The creation of the
group “Youth for Oceans!” (YO!), is a declination of
this project. It is an interdisciplinary and international group of young scientists seeking to promote
knowledge on the links between the ocean and the
climate, to encourage a dialogue between science
and society, and to advocate a better integration of
the ocean in international climate negotiations.
The COP22, which will be held in Marrakech from
the 7th to the 18th of November 2016, appears as
an opportunity to go from the Agreement to action.
Indeed, the Paris Agreement is a key event in the
progress of climate negotiations, thanks to the commitments made by a great number of States. This
set of articles raises key issues concerning the interactions between the ocean and the climate, and
may take part in the implementation of action.
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Sea-level
is rising

Benoît Meyssignac

For approximately 3 000 years, sea-level had been stable but recent observations indicated an increase
in the average speed of sea-level rise, currently at 3.5 millimetres per year. The heat distribution in
the climate system causes thermal expansion of oceans, continental glaciers melts and mass loss of
ice caps, all evenly contributing to the phenomenon. If these processes intensify, recent estimates
suggest a mean sea-level rise of 60 cm to 1 meter by 2100. Sea-level rise significantly varies from
one region to another. Moreover, this process is further accentuated when combined with other
non-climate factors such as soil compaction or loss of sediment supply by rivers… The impacts of
sea-level rise are uncertain in many regions and the use of evolution models to address climate
forcing is an important tool to help decision-making in urban planning.
As sea-level stabilised 3000 years ago, at the end
of the last glacial period deglaciation, tide gauge
observations over the past 150 years indicate that
sea-level has once again started to rise during the
20th century. During these last two decades the
speed of sea-level rise has practically doubled in
comparison to previous decades. It has reached
3.5 millimeters per year on average, which French
American altimetric satellite Topex/Poseidon, Jason
1 and Jason 2, observations highlighted. These
satellites have been developed by the Centre
National d’Études Spatiales and NASA since 1992.
Everything suggests that the current global mean
sea-level rise is linked to global warming that has
been affecting the planet for several decades, as it is
due to ocean thermal expansion and the melting of
the continental ice sheet.
Over the second half of the 20th century, the ocean has
significantly warmed. It currently stores nearly 90%
of excess heat accumulated in the climate system
over the course of the past 50 years. Ocean thermal
expansion caused by the rise of the sea’s temperature
explains part of the observed sea-level rise.
A significant decline of the continental ice sheet has
occurred in the last few years. Mountain glaciers are
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melting and peripheral glaciers of Greenland and
western Antarctica are flowing directly in the ocean
at an accelerated speed. This is another major cause
of the current sea-level rise.
For the last two decades, each of these factors
(ocean thermal expansion, mountain glacier melts,
loss of mass of polar caps), contribute to one third of
the observed sea-level rise.
Thanks to their complete coverage of the ocean area,
altimetric satellites also show that sea-level rise is far
from being the same everywhere. For instance, in the
West Pacific, the sea has risen 2 to 3 times faster than
the average in the last 20 years. It is now known that
this significant regional variability is due to the uneven
distribution of heat in the ocean. As a result, the sealevel rises faster in some regions than in others.
Sea-level rise is a serious threat for many lowlying coastal regions, often largely populated.
A significant sea-level rise is expected over the
course of the 21st century because ocean thermal
expansion will continue, and mostly because of the
melting continental ice sheet. If Greenland's polar
ice caps were to disappear, the sea-level would rise
by 7 meters! However if such an event happened,
it would take several centuries or even several
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millennia. It is still unknown what polar ice caps
will precisely contribute to sea-level rise in the next
decades. However, some recent estimates suggest a
mean sea-level rise of 60 cm to 1 meter by 2100, with
significant variations from one region to another.
In many low-lying coastal regions, sea-level rise is
combined with other non-climate factors. This makes
them even more vulnerable. For instance, it is the
case of soil compaction due to natural events (for
instance, sediment overload in large river deltas) or
human activity (underground water or oil pumping).

Other factors, such as loss of sediment supply to the
ocean by rivers due to dam constructions, intensive
urbanization of coastal areas, variations of coastal
currents, etc., also contribute to modifying coastal
morphology. For many regions around the world
(including France and its overseas departments
and territories), the respective contribution of each
of these factors to coastal erosion is still uncertain.
Evolution and vulnerability models of coastal zones
as a response to anthropogenic and climate forcing
have become essential decision-making tools to
help policy makers in charge of urban planning.
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The Long-Term
Consequences of Climate
Change on Oceans

Xavier Capet

Debates on mitigation and adaptation measures to adopt against climate change are based on
observations and estimations over a range of less than 250 years. A recent study by Clark and his
collaborators, published in Nature Climate Change, covers extremely long term (over 10,000 years1)
climate consequences. Their scope is linked to CO2 emissions. According to these scenarios, the
temperature increase could exceed the 2 °C limit, and a 2 to 4 meters per century sea-level rise
could be expected in the next millennium. These results confirm the importance of keeping a large
quantity of fossil resources untouched.

A recent article published in Nature Climate Change
discusses long-term climate impacts of anthropic CO2
emissions. As did several previous studies, it sheds
light on long-lasting effects, over the next 10,000 years
at least. The magnitude of these effects will strongly
depend on our capacity to leave unused a significant
fraction of available fossil resources.
The major part of the political debate regarding
mitigation and adaptation measures to take against
climate change relies on observations covering the
past 150 years, as well as climate projections for the
next 85 years. The focus on this timeframe of less
than 250 years overshadows some of the key issues
linked to climate change.
The 21st century, and maybe the next one, is the
period during which the majority of anthropic carbon
emissions shall occur. The consequences however
will be experienced for numerous millennia. In this
study by Clark and his colleagues, consequences
of our emissions are considered in the context of
1 CLARK P. U., SHAKUN J. D., MARCOTT S. A., et al., 2016 –
Consequences of Twenty-First-Century Policy for Multi-Millennial
Climate and Sea-Level Change. Nature Climate Change.
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long climate timescales, going back 20 millennia (at
the end of the last ice age and the start of human
civilization), and looking forward over the next
10 millennia, during which expected impacts of
anthropic climate change will grow and remain.
The study relies on numerical simulations of
atmospheric surface temperature changes and
sea-level rise for the next 10,000 years. These
simulations highlight very contrasted climate
destinies depending on cumulative emissions of
CO2 (carried on during 20th, 21st and possibly 22nd
century). Downscaling of these results enables
the authors to predict sea-level rise at a regional
scale. The study takes into account 4 emissions
scenarios, characterised by different cumulative CO2
emissions into the atmosphere, from a minimum
of 1280 PgC to a maximum of 5100 PgC. 1280 PgC
means a 15% use of our existing resources. This is
about 1.5 times the total quantity of CO2 emitted
since the beginning of industrial revolution. At the
current pace of emissions, it would take 70 years to
reach this, after which all emissions should cease.
5100 PgC corresponds to approximately 70% to
90% of our current fossil resources.
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To burn around 5 100 PgC would lead to an increase
of temperature far above 2 °C, with a very high
probability that this increase would exceed 5 °C
for more than 10,000 years. In parallel, a sealevel increase by 2 to 4 meters per century in the
next millennium would be expected. In 10,000
years, our emissions would be still responsible for
continued sea-level rise, and this level would be 25
to 50 meters above the current one, according to
the study. A strong limitation of our total emissions
at 1280 PgC would also lead to very long-term
consequences but of much reduced magnitude,
in particular with respect to increasing global
temperatures. The probability to reach beyond the
2 °C limit written down in the Paris Agreement would
nonetheless remain high in this scenario and human
societies would face a global sea-level rise of about
10 meters. In this reduced emissions scenario, the
population currently living in lands to be submerged
in the future is estimated to 1.3 billion.
All of these results confirm the importance of
efficient action to leave as much of the available

fossil fuel as possible underground. Consequences
of such actions will be felt for thousands of years.
In contrast, even significant reductions of emissions
rates with no cap on cumulative emissions will not
solve anything in the long run.
These results on CO2 emissions’ long-term effects
can be understood if we keep in mind that: 1) a
significant fraction of anthropic CO2 we emit remains
active in the atmosphere for a very long time; 2) the
Earth climate system has a very big inertia (essentially
due to the ocean), so that when it is perturbed
(by our emissions), it takes numerous millennia to
adjust, for instance in terms of temperature. As
a result, present and future generations will only
endure a tiny part of the consequences of current
CO2 anthropic emissions. The major part of these
consequences would be endured by the long line of
our descendants for hundreds of generations. The
authors recommend not to limit the presentation
of climate risks to the next 85 years, in order for
decisions and public debates to embrace the very
long-term consequences of current emissions.
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Ocean Circulation
and Climate:
an Overview

Bertrand Delorme
and Yassir Eddebbar

Ocean circulation plays a central role in regulating climate and supporting marine life by transporting
heat, carbon, oxygen, and nutrients throughout the world’s ocean. As human-emitted greenhouse
gases continue to accumulate in the atmosphere, the Meridional Overturning Circulation (MOC)
plays an increasingly important role in sequestering anthropogenic heat and carbon into the deep
ocean, thus modulating the course of climate change. Anthropogenic warming, in turn, can influence
global ocean circulation through enhancing ocean stratification by warming and freshening the
high latitude upper oceans, rendering it an integral part in understanding and predicting climate
over the 21st century. The interactions between the MOC and climate are poorly understood and
underscore the need for enhanced observations, improved process understanding, and proper
model representation of ocean circulation on several spatial and temporal scales.

The ocean is in perpetual motion. Through its
transport of heat, carbon, plankton, nutrients, and
oxygen around the world, ocean circulation regulates
global climate and maintains primary productivity and
marine ecosystems, with widespread implications
for global fisheries, tourism, and the shipping
industry. Surface and subsurface currents, upwelling,
downwelling, surface and internal waves, mixing,
eddies, convection, and several other forms of
motion act jointly to shape the observed circulation
of the world’s ocean. Several processes contribute
differently and concurrently to this circulation,
including, but not limited to, solar heating, tides,
winds, the Coriolis effect, and density changes
due to variations in temperature and salinity. In this
article, we describe some of the major mechanisms
driving global ocean circulation with a focus on
the MOC, and briefly discuss its importance to the
climate system, its current observations, and its
projected future in a warming world.

12

DRIVING MECHANISMS
Global ocean circulation can be divided into
two major components: i) the fast, wind-driven,
upper ocean circulation, and ii) the slow, deep
ocean circulation. These two components act
simultaneously to drive the MOC, the movement of
seawater across basins and depths.
As the name suggests, the wind-driven circulation is
driven by the prevailing winds, primarily the easterlies
in the tropics and the westerlies in the mid-latitudes.
As the winds blow above the ocean surface, the upper
ocean moves in a balance of frictional and Coriolis
forces known as Ekman transport. This mechanism
drives a net transport of water that is perpendicular
to the wind (to the right in the Northern Hemisphere
and left in the Southern Hemisphere). This transport
results in areas of divergence and convergence that
lead, respectively, to upwelling (i.e. upward motion
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of interior waters) and downwelling (i.e. sinking
of surface waters). In the equatorial Pacific for
instance, the easterlies drive poleward divergence
of surface waters that are replenished by upwelling
of cold interior waters forming the equatorial “cold
tongue”. In the Southern Hemisphere, the westerlies
drive equatorward Ekman transport and upwelling
of deep waters that formed centuries ago (Morrison
et al., 2015).
General patterns of the wind-driven circulation are
shown in Figure 1 as a series of zonal currents (e.g.
North Equatorial and South Equatorial currents),
eastern boundary currents (e.g. California and Chile/
Peru Currents), and western boundary currents (e.g.
Kuroshio Current and Gulf Stream) that form the
subtropical and subpolar gyres. The subtropical
gyres are especially important as they transport
heat from the equator towards the poles through
western boundary currents and ventilate the O2depleted interior waters of the low latitudes through
subsurface return flow of these surface waters (Duteil

et al., 2014). These waters upwell again along the
equator, closing the “shallow” overturning cells of
the MOC. Through its tight dependence on the
fast and rigorous circulation of the atmosphere,
the wind-driven circulation dominates the shortscale variability of the upper ocean and is the most
energetic component.
The deep circulation, on the other hand, acts on much
longer timescales. This component is sometimes
referred to as the “thermohaline” circulation, due
to its dependence on changes in temperature
(“thermo”) and salinity (“haline”), both of which
regulate the density of seawater. When seawater
cools or gets saltier, its density increases and the
parcel sinks to depth. This sinking occurs primarily in
the high latitudes, where heat loss to the atmosphere
and sea ice formation leads to significant changes
in temperature and salinity, linking the surface and
deep oceans, and setting interior ocean properties
along its path.

Fig.1 – a) The wind-driven surface ocean circulation. Driven by winds, the surface currents form the main subtropical
and subpolar gyres and the tropical/equatorial circulation. Illustration based on wind-driven circulation discussion of Talley
et al. (2011) and Schmitz (1996). [C. = Current]. © B. Delorme and Y. Eddebbar.
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The subpolar North Atlantic is one such important
high latitude region, where deep convection and
sinking of North Atlantic Deep Water (NADW) occurs
as a result of northward transport of heat by the Gulf
Stream and subsequent heat loss to the atmosphere
(Send and Marshall, 1995). In the Weddell and Ross
seas surrounding Antarctica, ice formation over leads
(or “Polynyas”) and its rejection of brine renders the
underlying waters more saline. This process forms
a dense water mass known as the Antarctic Bottom
Water (AABW), which sinks to the bottom and fills
most of the global abyssal ocean (Talley et al., 2011).
In contrast, the Indian and Pacific Deep Waters (IDW;
PDW) of the Indian and Pacific oceans are formed
much more slowly through deep ocean mixing in the
low latitudes, and are thus older and richer in carbon
and nutrients and depleted in O2 (Talley, 2013).
The pathway and mechanisms by which this large
volume of deep waters returns to the surface,
however, have long puzzled oceanographers.
Initially, it was thought that dense deep waters
upwell back to the upper ocean through widespread

vertical mixing, which called for diffusivity on the
order of 10-4 m2/s (Munk, 1966). Observations over
wide regions however show typically lower values
(Lumpkin and Speer, 2007; Ledwell et al., 2011).
Thus, recent studies proposed upwelling in the
Southern Ocean driven by the westerly winds as the
main dynamical return pathway of deep waters to
the surface (Toggweiler and Samuels, 1995; Marshall
and Speer, 2012). This upwelling links deep waters
back to the surface, after which they either sink to
the abyss as AABW, or are subducted equatorward
through Ekman transport as mode or intermediate
waters, to later reach the North Atlantic again,
closing the MOC (Marshall and Speer, 2012).
These processes, however, are spatially and
mechanistically very complex, and involve both
wind-driven and mixing-driven upwelling of NADW,
IDW, and PDW across all three basins (Talley, 2013).
Deep ocean turbulent mixing is central to these
interactions, and is driven by breaking internal waves
generated by tidal flow over rough topography as
well as winds (Munk and Wunsch, 1998). This mixing

Fig.2 – A simplified 2-d illustration of the Meridional Overturning Circulation and its impact on the mean air-sea flux
and transport of heat, oxygen (O2), anthropogenic (CANTH) and natural carbon (CNAT). High latitude basins such as the North
Atlantic are regions of strong heat loss and uptake of CANTH, CNAT and O2. Upwelling in the Southern Ocean leads to simultaneous release of CNAT, uptake of CANTH and O2 ventilation as the upwelled deep waters are low in O2 and rich in Dissolved
Inorganic Carbon (DIC). The equatorial zone is a region of intense upwelling of cold, nutrient and DIC-rich waters, driving
enhanced uptake of heat, biological production and thermal outgassing of O2, and strong release of CNAT. [AABW=Antarctic
Bottom Water; NADW=North Atlantic Deep Water; IDW=Indian Deep Water; PDW=Pacific Deep Water; AAIW=Antarctic
Intermediate Waters; SAMW=Subantarctic Mode Water]. © B. Delorme and Y. Eddebbar.
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diffuses surface heat downward to warm and upwell
the cold and dense deep waters of the abyss up
the water column to reach the Southern Ocean
upwelling branch of the MOC. The major role of the
Southern Ocean and its complex processes highlight
the intertwined nature of the different components
of the MOC, which is simplified in an illustration in
Figure 2.

OCEAN CIRCULATION: A CLIMATE
REGULATOR
Ocean circulation has profound impacts on the mean
state and variability of the climate system. Equatorial
upwelling and poleward divergence of cold, nutrient
and carbon rich waters maintain cool temperatures
along the equator, large outgassing of natural carbon
and oxygen, biological productivity, and intense
heat uptake. The subsequent meridional transport
of heat to the poles and its loss to the atmosphere
moderates climate in mid-to-high latitude regions
(e.g. Northwest Europe). Furthermore, changes
in equatorial upwelling and currents play central
roles in driving El Niño and La Niña phenomena,
thus influencing global climate on interannual to
decadal timescales, and modulating the intensity
of anthropogenic climate change (Kosaka and Xie,
2016).
Particularly, the MOC alleviates the impacts
of climate change by transporting most of the
anthropogenic heat to depth (Kostov et al., 2014).
Recently, variations in the MOC and its subsequent
impacts on ocean heat uptake have been proposed
as potential drivers for the “hiatus” in global mean
surface warming through the intensification of the
shallow overturning cells in the Pacific (Meehl et al.,
2011; Balmaseda et al., 2013; England et al., 2014)
and through changes in rates of deep water formation
in the North Atlantic and upwelling in the Southern
Ocean (Chen and Tung, 2014; Drijfhout et al., 2014).
Additionally, upwelling of old preindustrial waters
that have been isolated from anthropogenic forcing
was evoked as a driving mechanism for the surface
cooling trends observed over recent decades in the
Southern Ocean (Armour et al., 2016).

OCEAN CIRCULATION AND
BIOGEOCHEMICAL DYNAMICS
The ocean absorbs over a quarter of anthropogenic
CO2 emissions every year through interactions that
involve its complex carbon cycle and circulation
(LeQuéré et al., 2013; Stocker et al., 2013). Similarly to
heat sequestration, most oceanic carbon uptake occurs
at high latitudes. In the North Atlantic, the formation
and sinking of NADW act as a gateway for storing
anthropogenic carbon at depth. The Southern Ocean is
also a major sink of anthropogenic carbon accounting
for nearly half the global oceanic uptake (Morrison
et al., 2015). Here, upwelling in this region exposes
old preindustrial deep waters to high atmospheric
CO2 concentrations. Carbon uptake in this region
however reflects a subtle balance between vigorous
uptake of anthropogenic carbon and outgassing of
natural carbon due to the carbon-rich contents of these
upwelled waters. The future of this balance is unclear,
requiring deeper understanding of the physical and
biogeochemical dynamics that govern the Southern
Ocean.
The rate of formation of intermediate and deep
water masses in the high latitudes and upwelling in
the Southern Ocean also exert major controls on the
oceanic O2 inventory. The poleward transport and
subsequent loss of ocean heat to the atmosphere
and vertical mixing at high latitudes drives substantial
uptake of O2 (Gruber et al., 2001). The sinking of these
waters ventilates the interior ocean where microbial
respiration continuously consumes O2 during the
remineralization of sinking organic matter. As the ocean
warms, its oxygen content is expected to decline due
to reduced gas solubility and weakened ventilation
due to surface warming effects on stratification. O2
decline has been observed in several regions globally,
raising serious concerns for marine ecosystems,
biogeochemical cycling, and global fisheries (Keeling
et al., 2010). The attribution and prediction of ocean
oxygen decline however remain challenging due to
its tight coupling to ocean circulation and natural
variability, which are not well observed or understood.
Changes in ocean circulation are also likely to influence
the rate of nutrients supply from depths to the surface.
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Again, the Southern Ocean is a major player in this
balance, as its upwelling supplies nutrients for 75%
of global primary productivity (Morrison et al., 2015).
Changes in global ocean circulation thus have major
implications for marine primary productivity, the
building block of life in the ocean.

OBSERVING OCEAN CIRCULATION:
A MAJOR CHALLENGE
Observing ocean circulation is inherently challenging
due to its long timescale and large spatial extent
(Abraham et al., 2013). Recent observational efforts
however have drastically improved our understanding
of ocean circulation. Satellite altimetry observations
of sea surface height, for instance, have provided
powerful insights on surface velocity fields and the
spatiotemporal variability of the wind-driven circulation
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(Rhein et al., 2013). The components and structure
of the MOC were clearly outlined by hydrographic
measurements of temperature, salinity, O2, nutrients,
and other tracers thanks to the World Ocean Circulation
Experiment (WOCE) and other hydrographic surveys
of the world’s ocean. These measurements, though
essential for basic understanding of the MOC, provide
only a snapshot of the ocean at a specific time and
region, and thus significant gaps remain in observing
the MOC, including its temporal and spatial variability.
Recently, continuous monitoring using 19 moorings
located along the 26.5ºN latitude of the Atlantic by the
RAPID/MOCHA array (Smeed et al., 2016) provided
new and unique insights on the Atlantic MOC (AMOC).
Figure 3 shows substantial variability in AMOC and
its components on monthly to interannual and longer
timescales. A markedly steep downward trend from
2006 through 2010, for instance, shows a nearly 50 %
reduction in amplitude, that was followed by a rapid
partial recovery in 2011. Much of this variability arises
from changes in the southward transport of NADW
at depth, and reflects the influence of high latitude
processes where these waters form.
Similarly to other observed regions, no long-term
trends have been detected in the MOC intensity so
far (Rhein et al., 2013), though observational records
are too short to infer long-term changes. The increasing
length of continuous timeseries such as the RAPID/
MOCHA array are fundamental to assessing secular
trends that may be related to anthropogenic warming
or natural variability phenomena. Furthermore, the
recent advances and expansion of the Argo floats
program (Roemmich and Gilson, 2009) is beginning
to paint a global 3-dimensional picture of ocean
circulation. Together, these observations not only
offer a wealth of information for understanding the
MOC, but also present a powerful validation test for
global climate models (Danabasoglu et al., 2014), an
essential task for reliable climate predictions.

26.5 ºN shown as northward transport in Sverdrups (1 Sverdup=106 m3/s). Bold lines indicate smoothed timeseries using
a 6-month low-pass filter. Data obtained from the RAPID/
MOCHA array (www.rapid.ac.uk). [AABW=Antarctic Bottom
Water (cyan); MOC=net Meridional Overturning Circulation
(black); NADW=North Atlantic Deep Water (navy blue); and
Gulf Stream (red)]. © B. Delorme and Y. Eddebbar.

16

THE MOC IN A WARMING WORLD:
FUTURE PROJECTIONS
With the accumulation of greenhouse gases in the
atmosphere, the MOC is expected to weaken, as
warming and ice melt at high latitudes reduces the
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density of upper ocean waters and thus increases the
stratification of the water column. While a collapse of
the MOC in the Atlantic is unlikely, climate models
predict a 34 % weakening of AMOC by 2100 for a high
emission (RCP8.5) scenario (Collins et al., 2013). The
magnitude of this weakening is not well constrained,
ranging from 12-54 %, and thus the future of the MOC
and its role in transporting anthropogenic heat and
carbon from the surface to the deep ocean remains
highly uncertain (Stocker, 2013).
In the Southern Ocean, the Antarctic Circumpolar
Current is expected to move poleward in the future, as
a response to the anticipated poleward contraction and
intensification of westerly winds around the Antarctic
continent. This displacement is expected to cause
enhanced warming between 40 ºS and 60 ºS and
increased equatorward Ekman transport, increasing the
upwelling of relatively warm deep-water masses (Collins
et al., 2013). Due to temperature-driven decreases
in density, the formation of Antarctic Bottom Water
and its northward sinking towards the global abyss is
expected to weaken.
Furthermore, as warming dramatically changes the
physical landscape of the high latitudes, interactions
between polar ice sheets and ocean circulation become
increasingly important. This is due to: (1) the potential
of freshwater input from ice shelf melt to alter the deep
branch of the MOC, and (2) the influence of subsurface
warming on ice shelf melting which may contribute
significantly to global sea-level rise (Shepherd et al.,
2012). Warming around Antarctica is expected to
have a major influence on ice shelves' mass balance
through intrusion of warm currents below ice shelves,
accelerating basal melt. In these waters, where salinity

dominates density, freshwater input forms a thin lid of
cold, low-salinity water, which increases stratification
and prevents warmer interior waters from reaching the
surface (Hansen et al., 2016). The surplus of subsurface
heat is hence made available to melt ice shelves, which
in turn leads, through a positive feedback, to further
melt and stratification. Crevassing due to warming
atmospheric temperatures and subsurface warm
currents under ice shelves may also drive non-linear
responses of ice melt to anthropogenic warming with
potential for significant sea-level rise (DeConto and
Pollard, 2016). These processes are currently subject
to intensive observational and modeling research, and
may provide key insights for global climate models that
currently do not simulate ocean-ice sheets interactions
due to their relatively large resolutions (Winton et
al., 2014).
Understanding the past, present, and future of the
MOC is crucial to understanding climate change in the
21st century. This is only possible through continuous
and expanded monitoring of the MOC, improved
process understanding of mechanisms driving ocean
circulation and interactions with the cryosphere, and
proper representation of these processes in climate
models. The MOC’s control over global surface
temperatures and carbon uptake has major implications
for international climate policy, which often relies on
these quantities in setting international policy goals
(e.g. the 2 ºC target), and should thus be taken into
account when designing long-term mitigation and
adaptation strategies.
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The Ocean is
Losing its Breath

Kirsten Isensee,
Lisa A. Levin,
Denise Breitburg,
Marilaure Gregoire,
Véronique Garçon
and Luis Valdés

The decrease in oxygen content (deoxygenation) of coastal and oceanic waters worldwide has
worsened in recent decades. The main causes are climate change (warmer water holds less oxygen
and causes increased stratification, which reduces ventilation, i.e. oxygen replenishment of the
ocean interior and estuaries), and measurably higher nutrient concentrations (eutrophication) due
to intensified human activities affecting coastal areas. Open-ocean deoxygenation, warming and
ocean acidification are all driven by increased atmospheric carbon dioxide (CO2); they constitute
multiple stressors for marine ecosystems, the socio-economic consequences of which are only just
beginning to be appreciated.
The problem of decreasing oxygen content
(deoxygenation) of coastal and oceanic waters worldwide has worsened in recent decades, primarily as
a result of climate change and nutrient inputs from
human sources, such as agriculture and sewage.
Deoxygenation of marine waters is predicted to
further worsen with continued increases in global
temperatures and human population size, with
widespread consequences. Oxygen is a fundamental
requirement for all aerobic life, from the intertidal to
the greatest depths of the ocean. Oxygen is critical
to the health of the planet, playing a direct role in
the biogeochemical cycling of carbon, nitrogen, and
many other key elements. The scale of deoxygenation
ranges from small coastal and estuarine regions
to vast areas of the interior open ocean, termed
oxygen minimum and limiting zones. The effects
of local deoxygenation can be translated to larger
scales through the migration of organisms and the
ecological, economic and societal consequences of
lost fisheries and aquaculture production in affected
habitats. Ocean deoxygenation was discussed in
the latest IPCC report (2014), but the global nature
of this emerging threat to the ocean has been not
been fully acknowledged or incorporated into
planning by policymakers and stakeholders at the
global level. Deoxygenation related to agriculture
and human waste has generally been managed on
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a local or regional level, and low oxygen in deeper
and upwelled water, historically viewed as a largely
natural phenomenon, is only now recognized as a
consequence of CO2-induced climate change.

SCIENTIFIC BACKGROUND
The ocean is a major actor in mediating global oxygen cycling. Photosynthesis by marine algae produces oxygen, providing at least 50 % of the oxygen
we breathe; at the same time, the ocean experiences
a continuous loss of oxygen in its water column and
sediments through respiration and equilibration of
surface waters with the atmosphere. This oxygen
loss is exacerbated by anthropogenic nutrient enrichment of coastal and open ocean waters and by
changes to the Earth’s climate caused by increasing
atmospheric carbon dioxide.
Hypoxic to anoxic and even sulfidic conditions have
been reported for various aquatic systems, from
lakes, estuaries and coastal areas to off-shore regions of the ocean, where oxygen re-supply does
not compensate for its consumption (IPCC, 2014). A
threshold value for hypoxia often used for estuaries
and shallow coastal waters is 60 μmol kg-1 (approximately 1.5 ml l-1 or 2 mg l-1) (Gray et al., 2002), and
areas with oxygen concentrations below this level are
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commonly referred to as ‘dead zones’. However, tolerance to hypoxia varies greatly among marine taxa;
some species require oxygen concentrations far higher than 60 μmol kg-1 for unimpaired recruitment
and growth, while others are adapted for life in low
oxygen conditions. In general, mobile fish and crustaceans tend to be the most sensitive (Vaquer-Sunyer
& Duarte, 2008). Larger animals usually become increasingly scarce as oxygen concentration falls below
60 μmol kg-1 and are ultimately lost from the system.
In the coastal ocean, the number of reported dead
zones has increased exponentially since the 1960s
with more than 479 systems now reporting oxygen
concentrations below 60 μmol kg-1 during some part
of the year (Fig. 1, e.g. Baltic, Black, Kattegat Sea,
Gulf of Mexico, East China Sea) (Diaz & Rosenberg,
2008) . Some of this increase can be attributed to
improved observation and monitoring strategies,
as well as increased awareness of the problem, but
much is the result of accelerated and inefficient use
of chemical fertilizers, and pollution due to increasing human populations. Changing climate is also
exacerbating coastal and estuarine hypoxia. In estuarine, shelf and upper slope areas, where the bottom is populated by ecologically and economically
valuable benthic species, the occurrence of hypoxic/
anoxic conditions can cause catastrophic biological
losses. Some of the most severe examples of hypoxia in estuaries occurred historically and still occur
in systems where raw sewage from large population
centres is released directly into waterways. This also
represents an important confluence of concerns
over human and environmental health that extends
beyond food-security concerns related to the potential effects of hypoxia on fisheries and aquaculture.
In the open ocean, eastern boundary upwelling
systems (EBUSs) are characterized by high primary and export production that, in combination with
weak ventilation, cause natural oxygen depletion
and the development of midwater oxygen minimum zones (Fig. 2, OMZs). These are defined as
areas where subthermocline dissolved oxygen levels
are 20 μmol kg-1 (< 0.5 ml l-1), although many species experience limitation at higher oxygen values
(Gilly et al., 2013). For example, large billfish experience oxygen shortage at < 150 μmol kg-1 (3.5 ml l-1;

Fig.1 — World hypoxic and eutrophic coastal areas
(Diaz, unpublished; updated 2015 Diaz & Rosenberg 2008).

Prince & Goodyear, 2006). OMZs play critical roles
in atmospheric chemistry and climate through emission of active trace gases (Law et al., 2013) and they
affect nearly all aspects of ecosystem structure and
function in the water and on the sea floor (Levin,
2003; Levin et al., 2009). OMZs are highly dynamic
over glacial-interglacial periods (Moffitt et al., 2015),
but they appear to be expanding in tropical and
subtropical regions and the NE Pacific as a result of
climate change (Stramma et al., 2010).
Ocean warming contributes to deoxygenation in
several ways: warmer water holds less oxygen due
to temperature regulation of oxygen solubility. Ocean
warming increases density stratification through
changes in temperature and salinity (through ice
melt and precipitation). Greater stratification reduces
ventilation (oxygen replenishment) of both the ocean
interior (Keeling et al., 2010, Stramma et al., 2008a,
2008b, 2010) and estuaries (Altieri and Gedan, 2014).
Warming also increases organism metabolic demands
and remineralization rates, drawing down oxygen
levels. In the open ocean, particularly the North Pacific,
atmospheric inputs of nitrogen and iron are enhancing
primary production; sinking and microbial decay
ultimately consumes additional oxygen (Ito et al.,
2016). Along eastern boundary continental margins,
atmospheric warming creates land-sea temperature
differentials that can intensify upwelling, leading to
greater nutrient inputs (and associated production
and biogeochemical drawdown) as well as upward
advection of low-oxygen waters (Bakun, 1990, 2015;
Sydeman et al., 2014, Wang et al., 2015). Another
source of oxygen consumption in deep margin waters
may come from warming-induced dissociation of
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buried, frozen methane in gas hydrates (Phrampus and
Hornbach, 2012). Aerobic oxidation of the methane
in the water column will further deplete midwater
oxygen levels (Boetius and Wenzhoffer, 2013). There
are several areas where climate-altered circulation
patterns can intensify hypoxia, by strengthening low
oxygen undercurrents or weakening oxygen-carrying
currents, (Gilbert et al., 2005, Bograd et al., 2015,
Nam et al., 2015), In contrast, predictions of greater
incidence and intensity of cyclones and hurricanes will
induce mixing, which can ameliorate hypoxia locally
(Rabalais et al., 2009). Warming may also extend
periods of seasonal hypoxia or lead to earlier onset,
and potentially greater incidence of Harmful Algal
Blooms (HABS) which also consume oxygen as they
decay (Wells et al., 2015).
Several climate changes can exacerbate nutrient
inputs, contributing to hypoxia. Indirectly rising
sea-level may eliminate wetlands, which remove
nutrients from waters flowing to the coastal ocean.
Beyond warming, elevated CO2 levels can alter plant
pore function on land, increasing water use efficiency and leaving 3-6 % more water runoff, which accumulates nutrients before entering the ocean (Reay
et al., 2009). Increasing precipitation can contribute
to hypoxia through intensified nutrient runoff, snow
melt, soil erosion, and greater stratification (http://
nca2014.globalchange.gov).
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Over larger scales, global syntheses of oxygen data
show hypoxic waters have expanded by 4.5 km2 at
200 m (Stramma et al., 2010) with widespread loss
in the southern ocean (Helm et al., 2011), W. Pacific
(Takatani et al., 2012), and N. Atlantic (Stendaro and
Gruber, 2012). Overall oxygen declines have been
greater in the coastal than the open ocean (Gilbert
et al., 2010) and often greater inshore than offshore
(Bograd et al., 2015).
Model simulations still have difficulties in properly representing oxygen historical data of the last 40 years
(Cabré et al., 2015). Clearly we lack a full understanding of the mechanisms controlling oxygen in
the ocean interior and on the shelves. Nevertheless,
climate model projections predict continued and
intensified ocean deoxygenation into the future
(e.g. Matear et al., 2000; Bopp et al., 2002, 2013;
Oschlies et al., 2008). Recent efforts have modelled
deoxygenation against a backdrop of natural variability to predict the time of emergence of the
deoxygenation signal in the global oceans (Fig. 3;
Long et al., 2016). Hindcasting of these models is
supported by the geological record, which illustrates
expansive ocean anoxic events that follow climate
excursions and glacial interglacial periods (Moffitt et
al., 2015).
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The latest research results suggest that the potential expansion of coastal hypoxia and OMZs could
have large effects on, e.g., fisheries species through
habitat compression, altered food webs, and modified species interactions, including with fishermen.
Contraction of habitat and of species' ranges are
predicted to result from the combined effects of
warming and deoxygenation on the metabolic index of fish and invertebrates (Deutsch et al., 205).
Even at non-lethal levels, exposure to low dissolved
oxygen concentrations can result in reduced growth
and reproduction, body size, as well as altered behaviours and distributions of marine species (Cheung
et al., 2013). This means that ocean deoxygenation
will increasingly stress aquatic ecosystems nearshore
and in deeper oceanic habitats. The expansion of hypoxic and anoxic zones will affect the biogeochemi-

cal and ecological status and functioning of marine
and freshwater ecosystems, as well as the delivery
of ecosystem services. As the ocean loses its breath
locally the global ecosystem service of providing an
environment conducive to life is hampered.
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STRATEGIES FOR THE FUTURE
Deoxygenation, along with ocean warming and ocean
acidification form a deadly trio of threats to ocean life
from shallow water to the deep ocean (Gattusso et
al., 2015; Levin and LeBris, 2015). These pressures
are of critical importance to marine ecosystems because they are accelerating drastically in a short timeframe (Gruber, 2011; Mora et al., 2013; Bopp et al.,
2013). Multiple approaches, including use of natural
gradients, 88 historical data, geochemical proxies,
and laboratory experiments are needed to better understand how oxygen interacts with other stressors
interact to shape ecosystem structure and influence
function (Breitburg et al., 2015; Sperling et al., 2016).
Future scenarios for oxygen in the coastal areas and
the open ocean will largely depend on a combination
of drivers related to global environmental change and
land-use, including warming, a growing human population, especially along the coasts, and agricultural
practices. Under a business as usual scenario, the
amount of reactive nitrogen entering the coastal and
open ocean is projected to grow by 50 percent by
2050 (Noone et al., 2012), leading to the increased
frequency, intensity and duration of hypoxia (Ito et
al., 2016). At the same time intensifying upwelling
winds (Wang et al., 2015) are projected to bring OMZ
waters closer to shore and onto the shelf where they
can interact with watershed and coastal sources of
hypoxia (Feely et al., 2008, 2010). Integrated action
is urgently required to prevent and remediate hypoxia
(Levin & Breitburg, 2015).
Much of the information we have about hypoxia is
based on scientific activities from researchers in North
America, Europe and Asia, but recent findings also
indicate that the Peru-Chile margins, West Africa and
the northern Indian Ocean and Bay of Bengal are
increasingly vulnerable to deoxygenation events on
the shelf (Hofmann et al., 2011). Examples illustrating severe hypoxia as a result of this human-induced
threat can be found in the past, e.g. the estuary of
the Thames River in the UK and the Delaware River in
the US. This is a serious problem in developing and
rapidly industrializing countries, e.g. the Pearl River
estuary in China. We know very little about oceanographic conditions in the least populated parts of

the planet – in the open ocean and oceanic islands
– however it is clear that some of these systems are
affected as well. A global network would facilitate
and improve capabilities for ocean oxygen monitoring and help identify the knowledge gaps in order
to direct further research. New collaborative research
is needed to expand global coverage of oxygen
data, to revise model calculations and standardize
applied methods, to improve predictions related to
food security and tourism, and to evaluate impacts
on non-market ecosystem services such as carbon
sequestration, nutrient cycling, biodiversity, and foodweb support. The global extent and threat to human health and marine ecosystem services of ocean
deoxygenation are just beginning to be appreciated;
the social and economic consequences have yet to be
determined but are likely to be significant. Thus, one
of the biggest challenges for future scientific actions
is to value the impact of ocean deoxygenation. To
date, needed monetary assessments taking the market and non-market consequences of decreased oxygen concentration into account are still very scarce,
too general (Mora et al., 2013), or are restricted to
certain areas in the world, e.g. the Gulf of Mexico
(Rabotyagov et al., 2014).
The good news is that when the cause of hypoxia is
eutrophication it is possible to recover oxygen levels
even in the deadest of dead zones. However, marine
sediments introduce a delay in recovery. Due to the
Oxygen loss in the oceans

Timeframe when ocean deoxygenation due to climate
change is expected to becom detectable

20

00

20

10

20

20

20

30

20

40

20

50

20

60

20

70

20

80

20

90

21

00

Fig.3 — Time of emergence of the ocean deoxygenation signal against a backdrop of variability (from Long
et al., 2016).
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non-linearity of marine processes this is difficult to
assess and may vary across systems. Moreover, warming will impede the recovery of hypoxic areas, and
may require greater reductions in nutrient release to
waterways (Capet et al., 2013). Both treatments of
human waste and dramatic increases in fertilizer-use
efficiency are needed. Institutional capacities for managing waste and nutrients need to be strengthened
and installed at the local, national, regional and global levels. New public-private partnerships are also
needed across key sectors to stimulate innovation in
nutrient reduction and reuse technology. The toolkit for mitigation and adaptation to deoxygenation
must be diverse and may include a suite of practices
that create a safe space for ecosystems (Scheffer et
al., 2015). Among these are water quality manage-

ment, reduced harvesting or fishery closures during
low oxygen seasons, creation of oxygenated refugia
or marine protected areas, restoration of circulation
or flushing regimes in enclosed water bodies, and
control of stress from disease, contaminants, habitat degradation or invasive species. Open-ocean
deoxygenation, warming and ocean acidification are
all driven by increased atmospheric CO2. Therefore,
the most effective solution to mitigate global environmental change is curbing carbon emissions. It is
critical to recognize and understand these climate
stressors as cumulative impacts interacting with
other human activities, and to manage ocean ecosystems accordingly.

The Ocean’s multiple stressor challenge: Elevated temperatures, higher acidity, decreased oxygen
All regions of the ocean are impacted by multiple stressors. The biological response to these is assumed to exhibit
a strong variation and complexity. The reduction in local stressors can potentially affect the impact of global drivers.
Restricting fisheries can sometimes compensate for mortality and lost production due to hypoxia (Breitburg et al.,
2009), but has consequences to human food supplies and economies. In order to manage our ocean sustainably, the
impact of multiple stressors has to be considered while calculating and predicting our future marine environment.
While the chemical and physical changes associated with ocean warming, acidification and deoxygenation occur all
over the world, the imprint of these global stressors will have a strong regional and local nature. The coalescence of
the different global stressors in certain regions is already creating a number of ‘hot spots’, e.g. the Eastern Boundary
Upwelling Regions. In addition to these regional ‘hot spots’, certain marine ecosystems are highly vulnerable to multiple stressors, e.g. coral reefs. Other examples show that top predators in the marine food web of the Eastern Tropical
Pacific, also important for the economic development of certain regions, are impaired by deoxygenation, ocean acidification and temperature increase.
The different levels of response require an assessment, including observations, experiments and forecast models,
taking into account the impacts of multiple stressors at the physiological/biogeochemical, the organism, and the ecosystem level.
Following the science, policy has to act to manage the marine resources in light of multiple stressors. Cross-scale governance systems for marine resources need to be developed or implemented. A change of societal behavior should
result in reducing local threats, while at the same time a precautionary approach to multiple stressors should be adopted at the global scale. Finally, capacity building is needed in order to transfer the knowledge on data collection, data
management and modeling to regions affected by deoxygenation and acidification but where the knowledge and
understanding of these processes are still very limited.
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Ocean,
Biodiversity
and Climate

Gilles Bœuf

The marine environment has played a key role in the history of life and today’s ocean continues
its primordial function in the evolution of life and climate. The recognized species diversity in the
oceans does not exceed 13% of all currently described living species - fewer than 250,000 - but
this can be due partly to our lack of knowledge, especially concerning deep zones of the oceans
and micro-organisms, and partly to the fact that marine ecosystems and the way of life in such a
continuous medium disperse more easily species and they are less predisposed to endemism. In
contrast, marine biomass can be considerable. Climate disturbance has a direct role in the loss of
biological diversity, and this loss contributes in turn to the deregulation itself.

OCEAN
The ocean is the largest living space in the world and
covers at present 70.8% of the surface of the Earth – 361
million km². But we should really think of the ocean
in terms of volume – around 1,370 million km3. The
average depth is about 3,800m and the main feature of
this gigantic environment is its continuity, which leads
us rather to think in terms of global ocean. Another
special feature is, compared to the rest of the water
on the planet, its salinity. The ocean’s salinity offshore
is extremely stable (35 psu1, 1050 mOsm.l-1) and the
composition of ocean water is the same everywhere, as
it has been for tens of millions of years; consequently
the ocean is a very stable milieu.

Biodiversity comes from pre-biotic chemistry, built
upon earlier geo-diversity, and became diversified in
the ancestral ocean, around 3.9 billion years ago. Life
finally appeared rather quickly, after the initial cooling
and condensation of water bodies.
C. de Duve (Nobel Laureate, 1974), said in “Dust of Life“
(1996) that the Earth was so ideally positioned relative
to the sun, that life could not avoid appearing. And J.
Monod spoke about an improbable hypothesis! The
oldest known sedimentary rocks (Akilia Island, southern
Greenland) containing carbon from biological origins
date from 3,850 million years (Ma). Imagine the very
simple, primitive life that first developed from a world of
RNA and proto-cells. Current deposits of stromatolites,
those rocks that precipitate bicarbonate (with beautiful

Biodiversity cannot be likened to a simple list of species
that inhabit a particular ecosystem. It is considerably
more than a catalog or inventory, and in fact includes

deposits in Australia, and some recently discovered in
Greenland (3700 Ma)) are very valuable because they
contain within their silicified parts the oldest fossils of

the entire set of relationships between living beings
among themselves and with their environment. We
can define it simply as being the living part of nature.

known micro-organisms – cyanobacteria. These cyanobacteria began to conquer the ocean from 3,700 to
3,200 Ma when there was no atmospheric oxygen.
Thanks to their specific pigments, these cells, when
exposed to water, have developed photosynthesis which
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produces oxygen and sugar by using light and carbon
dioxyde (CO2) before 3 500 Ma.
Oxygen then began diffusing beyond the aquatic
environment: the composition of today’s atmosphere
– with 21% oxygen – dates from the Cretaceous, around
100Ma. In this ancient ocean, certain events occurred
that proved crucial for living organisms and biodiversity:
(1) the emergence of the nuclear membrane, and the
individualized nucleus (prokaryote-eukaryote transition)
around 2,200Ma; (2) the capture of ambient cyanobacteria that became symbionts and organelles of the
cell, mitochondria and plastids, with their own little
DNA, around 2,100 and 1,400Ma respectively; (3) the
emergence of multicellular organisms and metazoans
around 2,100Ma.
Then an exceptional event occurred in this ancient ocean:
the emergence of sexuality – first in prokaryotes, later in
eukaryotes. This proved vital for the explosion of biodiversity. Sexual reproduction allows for genetic mixing,
generating new traits, and unprecedented diversity. All
individuals are different. A population equipped with
sexuality evolves much faster. In addition, the prevalence
of sexuality encourages the development of an “arms
race“ among parasites and their hosts: co-evolution,
molecular dialogue, and genetic mixing eventually allow
for faster “disarmament“ of the parasite and a sexual
selection, very different from natural selection.
The physical consequences of osmotic flux (water and
electrolytes) in the marine environment led living organisms to two types of strategies: (1) in the vast majority
of cases – from the first initial cell to shellfish – an intracellular, isosmotic regulation provided living organisms,
separated from seawater by a biological membrane, the
same osmotic pressure (about 1,000 mOsm.l-1) on the
inside (intracellular milieu and extracellular “interior”)
as that of the seawater outside; (2) later on, starting
with arthropods, extracellular anisosmotic regulation
developed, where cellular and internal fluids are much
less concentrated (3 to 400 mOsm.l-1) than sea water.
This gave life a way out of the ocean.
The perpetual drinking behavior at sea, found in bony
fish for example, associated with very active mechanisms of electrolyte excretion by the gill, constantly

leads to a delicate compromise between developing
maximum gill surface for capturing oxygen in a poor
and highly variable environment, and on the other
hand, minimum gill surface in order to avoid serious
hydro-mineral imbalances.
Much later, during the Triassic, around 210 Ma, after
the third major species extinction crisis around 251 Ma,
the beginnings of thermoregulation developed and
found their optimal efficiency among large dinosaurs,
and especially in birds and mammals. Today 12 phyla
are exclusively marine animals and have never left the
ocean (Echinoderms, Brachiopods, Chaetognaths,
etc.). Furthermore, biomass can be considerable
in the sea: just the bacteria in the sub-surface layer
of the ocean accounts for over 10% of all carbon
biomass of the planet. The marine environment has
played a key role in history.

PARTICULARITIES OF MARINE
BIODIVERSITY
Marine biodiversity is very special. The recognized
species diversity in the oceans does not exceed 13% of
all living species currently described – less than 270,000.
This is very little, and may be explained by two things.
The first is that our knowledge, especially for deep zones
and for microorganisms, various bacteria and protists is
still only very partial, so we significantly underestimate
oceanic biodiversity. New techniques, such as coupling
between flow cytometry and molecular probes, are
allowing us to discover extraordinary biological diversity.
At present, widespread sequencing of the ocean water
mass, “random genome sequencing“ (C. Venter, sequencing of all the DNA in a volume of filtered seawater)
provides data that seems to be mostly unknown. The
Tara Oceans expedition’s circumnavigation provided
us, in 2015, with some very valuable information on the
profusion and variety of viruses, bacteria and protists, in
particular dinoflagellates. These protists could represent
nearly one million species. For all prokaryotes and very
small eukaryotes, molecularapproaches (sequencing of
16S or 18S ribosomal RNA among others) bring surprising new information every day. Moreover, and this is
the second reason, it’s clear that marine ecosystems and
species living in a continuous medium, through the dispersal of gametes and larval stages, are less predisposed
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to strict endemism than in terrestrial habitats. There are
many more barriers and favorable speciation isolates (the
evolutionary process by which new living species appear)
on land than at sea. This results in significant differences
in species diversity: marine ecological niches offshore
do not approach the richness of land niches – much
more fragmented and encouraging greater speciation.
The stability of the open ocean, at least for the past 100
million years, is quite extraordinary: pH, osmotic pressure,
salinity, temperature, hydrostatic pressures of the depths
and dissolved gas content. Human activities are changing
all this, and we will discuss this later. This stability is generating fewer new species. In contrast, marine biomass
can be considerable: the performance of phytoplankton
alone (in its ability to renew itself) can account for more
than 50% of the planet’s productivity. Today there are 5
to 7 times more identified taxa on land than at sea. We
can of course wonder about this, since initially life was exclusively marine before organisms left the ocean, several
times in different places and different forms (around
450 Ma for complex metazoans). The great PermianTriassic extinction played a key role, with 96 % extinction
of species, both marine and on land (around 251 Ma).
The explosion of flowering plant species, insects, and
many other groups on Earth (around 130-110  Ma) was
decisive after the initial radiations (explosions in species
from a single ancestor) beginning in the Devonian and
especially the Carboniferous. Co-evolution between
plants and pollinators, and the appearance of an infinite
number of new niches have often been proposed to
explain the acceleration of speciation in continental
environments during this period. It is also clear that
the dispersion of sexual products and larvae in the sea
plays an important role in the distribution of species and
current bio-geography. Endemism is much more limited
in the open sea, due to the stability and continuity of this
gigantic environment. On land we often find species
living on only a few km². No examples of marine species
with such limitations are known. The enormous variety
of marine modes of reproduction also take advantage
of the phenomena of dispersion in water masses: males
and females are not always obliged to be close! Thus,
connectivity and many fewer variations in environmental
factors create the great stability of the open sea, and
the very specific characteristics of marine biodiversity.
Coastal and intermediate systems with strong terrigenous influences are subject to much greater variations.

30

Finally, let’s not forget that biodiversity is much more
than just species diversity, including both the species
and their relative abundance. The meaning of the word
“biodiversity“ has been variously explained, but overall
it expresses “the genetic information contained in each
basic unit of diversity, whether of an individual, a species
or a population.“ This determines its history, past, present
and future. What’s more, this story is determined by processes that are themselves components of biodiversity.
In fact, today we group together various approaches
under this term: (1) the basic biological mechanisms that
explain diversity of species and their characteristics and
force us to further investigate the mechanisms of speciation and the evolution; (2) more recent and promising
approaches in functional ecology and bio-complexity,
including the study of matter and energy flows, and the
major bio-geochemical cycles; (3) research on things in
nature considered “useful” to humanity, providing food,
or highly valuable substances for medicines, cosmetics,
molecular probes, or to provide ancient and innovative
models for basic and applied research, in order to solve
agronomic and biomedical issues; (4) the implementation
of conservation strategies to preserve and maintain our
planet’s natural heritage which is the birthright of future
generations.
Humans have been fishing in this biodiversity since
ancient times, probably for tens of thousands of years.
As soon as they reached the coasts, humans started
collecting seafood, shells and algae, and catching fish.
Just as they do agriculture on land, humans have been
raising certain marine species on the coasts for at least
4,000 years (Egypt, China, etc.). The exploitation of
renewable, living aquatic resources is booming, but
with serious concerns about its sustainability. The latest
figures available from the FAO in 2013 (for the year
2012) gave values of 79.9 million tonnes (Mt) for marine
fisheries, 11.5  Mt for continental fisheries, 19 Mt for algae
(including only 1 Mt for harvesting at sea), and 65.6 Mt
for aquaculture (including 20.3 Mt at sea). The grand
total – for all groups and all aquatic environments – was
about 176 Mt. As a response to water mass warming,
halieutic stocks swim up in average 72 kms to the North
every ten years in the Northern hemisphere. Overfishing
is also worrisome: in 15 years, between 50 to 90 % of all
large pelagic fish individuals were eliminated! Around
three quarters of the stocks are fully or over-exploited
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(29 %). Aquaculture is booming but this raises questions
on environmental impacts, species transplants and - for
certain types of activity - the use of animal protein to
feed species of interest (they are carnivorous). The living
ocean is not only these resources. There are also about
25,000 molecules of pharmacological or cosmetic interest, and some extraordinary, extremely relevant models
for scientific research, with potential biomedical and
agricultural applications. Key molecules of carcinogenesis
have been discovered thanks to sea urchins and sea stars,
the molecular basis of memory thanks to a sea slug and
the transmission of nerve impulses thanks to the squid.

OCEAN AND CLIMATE
The ocean and the atmosphere are intimately connected
and exchange energy in the form of heat and humidity.
The ocean absorbs heat (93%) much more readily than ice
or land surfaces, and stores energy much more efficiently.
It returns the heat more slowly than the continents, and
contributes to the more temperate climate of coastal
areas. The ocean is thus a formidable regulator of climate.
Changes in energy balance between atmosphere and
ocean play an important role in climate change. Ocean
circulation is affected by atmospheric circulation, and
surface currents are dependent on the winds. Winds mix
the surface waters down to the thermocline, below which
the basic forces of circulation are related to temperature
and salinity, influencing the density of water. The ocean
contributes to the huge amounts of energy released at
the genesis of storms and cyclones, affecting both continents and human populations. Upwellings – cold water
coming up from the depths near the coasts – are rich in
nutrients, profoundly altering coastal climates; taking into
account their fluctuations is essential for understanding
the climate system. Just the first 3 meters of the ocean
store as much energy as the entire atmosphere, and the
ocean has huge thermal inertia and dynamic capabilities.
This action of redistributing water masses by carrying
warm water from the tropics to the poles (and vice versa)
is fundamental. The deep ocean plays a significant role in
these capacities for storing and releasing heat. This huge
reservoir of heat gives the ocean an extraordinary role in
moderating climate variations. It controls the formation
of wind and rain. The ocean traps and stores CO2 (26 %),
thereby preventing an extreme greenhouse effect in

the atmosphere. But as a result, the ocean becomes
acidic, due to the production of carbonic acid. Oceanic
phytoplankton also stores CO2 in the surface layer, as do
all the bio-calcifiers. Ocean circulation redistributes heat
and salinity – both important factors in controlling the
climate machine. Currents along the eastern and western
borders of the continents are critical, and fluctuations in
the past led to the alternation of glacial periods.
The ocean plays a vital role on the climate, but the loss
of biodiversity and also pollution affect the ocean and
cause conditions for climate change. The amount of
carbon dioxide in the atmosphere and in the ocean is
increasing. Average temperatures of air in the lower layer
of the atmosphere – near the land surface and near the
ocean’s surface – are rising. And average sea-level is
rising faster than ever since the end of the last ice age.
Rapid changes in the chemical composition of sea water
have a harmful effect on ocean ecosystems that are
already stressed by overfishing and pollution. This pollution is massive and widespread worldwide as humans
are able to contaminate unoccupied areas (Arctic and
Antarctica)! Plastic microbeads have accumulated, under
the influence of ocean gyres in gigantic concentrations
in five areas of the global ocean. Contaminated effluents
should no longer reach the sea!
Climate change has a direct role in the loss of biological diversity, but this loss contributes in turn to the
very problem! Biodiversity loss severely affects climate
change! Phytoplanktonic chains in the sea are deeply
influenced by climate change and their changes affect
in return the capacity of the ocean to dissolve CO2.
Moreover, let’s not forget that the effects of rapid climate
change are added to other severe problems: destruction
and pollution of the coasts, accelerating systematic exploitation of living resources, and the uncontrolled spread
of species (including from the ballasts of large ships). It is
also very important to legislate cleverly before any deep
mineral exploitation, the deep sea being particularly
fragile due to its stability on the very-long term.
This is a lot for the ocean to handle, and it is high
time we took action !
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Coral Reefs
and Climate Change

Denis Allemand

Coral reefs are found in only a small percentage of global oceans, between 0.08 and 0.16%, but
they shelter about one third of the marine species known today. This ecological success is due to a
symbiosis between a coral and an intracellular microalga, commonly called zooxanthellae. “Organismic
engineers”, they are the source of the largest biological constructions on the planet. Genuine oases
of life, they support the direct sustenance of more than 500 million people in the world from fishing,
but they engage human interest also for other reasons: protection of coasts against erosion, high value
tourist areas... Ecological services from coral reefs are estimated at approximately 30 billion USD per
year. Their growth depends on many factors (light, temperature, pH, nutrients, turbidity...). They are
therefore extremely sensitive to the current changes in our environment: water temperature variability,
ocean acidification, in addition to localized disruptions (pollution, sedimentation, coastal development,
overfishing, marine shipping...). An increase of less than 1 degree above a threshold value is sufficient
to cause bleaching. It breaks the coral symbiosis with their zooxanthellae throughout the populations,
leading to the disappearance of the reef. Similarly, ocean acidification impedes the formation of
coral skeleton and many other biological functions such as reproduction. We actually estimate that
approximately 20% of the global coral reefs have already disappeared completely; 25% are in high
danger; and 25% more will be threatened by 2050 if positive management action is not taken.

WHAT IS A CORAL REEF?
Coral reefs are ecosystems typically found in shallow
waters of the intertropical zone (approximately between
33° North and 30° South). The three-dimensional
architecture of this ecosystem is formed by the
buildup of calcareous skeletons of marine organisms
called reef-building corals (Cnidaria, Scleractinia).
They are cemented together by the biological activity
of calcareous organisms (macroalgae, sponges,
worms, molluscs…). Corals are named “engineering
organisms“, while the reef is considered “biogenic“
because it is the result of biological activity. Coral reefs
therefore represent ecosystems that have been built
by their own inhabitants.
The total area covered by coral reefs varies, depending
on the calculation methods, between 284,300 km² (Smith,
1978) and 617,000 km² (Spalding et al., 2001), therefore
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covering between 0.08 and 0.16% of the surface of the
ocean. French reefs alone cover an area of 55,557 km².
The largest reef is the Great Barrier Reef which runs
along the north-eastern coast of Northern Australia
over a distance of 2300 km. It is known as the only
animal construction visible from space. The second
largest reef is French New Caledonia Barrier, which
is 1600 km long. These two barrier reefs have
been included in the UNESCO World Heritage list
(respectively in 1981 and 2008).
Coral reefs come in different shapes and sizes, the first
published description dating from Charles Darwin during
his voyage on the Beagle (Darwin, 1842):
• Fringing reefs: They follow the coastline, maintaining
an active growth area offshore and an accumulation
of dead coral inshore, forming a platform reef that
over time turns into a lagoon.
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• Barrier reefs: the fringing reef becomes a barrier

•

reef subsequent to the progressive sinking of an
island. In this way, the lagoon becomes larger
and the reef can extend to 1 km from the coast.
Atolls: these are the ultimate step in the
evolution of a reef, where the island has
completely disappeared below the sea surface.
Atolls preserve the initial circular shape of the
island. There are approximately 400 atolls in the
world.

Reef growth is approximatively 4 kg of calcium
carbonate (CaCO3) per m² per year (Smith & Kinsey,
1976), but values can vary considerably from one
reef to another, in some cases reaching up to
35 kg CaCO3/m²/year (Barnes & Chalker, 1990),
i.e. a vertical annual growth rate of 1 to more than
10 cm. Many factors influence these growth rates:
light, temperature (optimal between 22° and 29°C),
nutrients, currents, turbidity, pH and the saturation
state of calcium carbonate in the seawater…
The formation of calcium carbonate by reef-building
organisms causes the release of carbon dioxide into
the surrounding environment. Hence, contrary to
past belief, a reef mainly dominated by coral acts
as a minor source and not as a sink of CO2 (about
1.5mmol CO2/m² day. Tambutté et al., 2011 for a
review). Nevertheless, reefs still do play an important
role as a carbon sink (as CaCO3), with rates of the
order of 70 to 90 million tonnes of carbon per year
(Frankignoulle & Gattuso, 1993).

CORALS, AT THE ORIGIN OF THE
REEF
Reefs are mainly built by corals. Formerly known as
stony corals, reef-building corals are now included
in the Order of Scleractinians (subclass Hexacorallia,
class Anthozoa of phylum Cnidaria). Among the
Scleractinia, about half the amount of species (about
660 out of 1,482 species known to date, Cairns, 1999)
are involved in reef construction. These are called
hermatypic. They consist of polyps of variable sizes,
depending on the species, and form functional units.

Each polyp has a mouth surrounded by tentacles. The
polyps are connected to each other by network of
cavities, the coelenteron, which covers the coral tissue.
The whole assemblage is known as colonial (even
though the colony functions as a single organism)
while individual corals are called modular animals.
They present various shapes and sizes, depending
on whether the species are branching coral, blade
coral, encrusting, or massive coral for example, and
show growth rates that can exceed 15 cm per year
of axial growth in their natural environment (Dullo,
2005). The size of certain massive corals may even
exceed 6 m in diameter.
The success rate for a reef to develop and to thrive
is mainly related to the capability of the majority
of scleractinian corals (just under 900 species,
Michel Pichon, Comm. Pers.) to establish a mutual
symbiosis with photosynthetic dino agellates
commonly called zooxanthellae (e.g. Symbiodinium
sp.). These microalgae reside inside the coral’s
gastroderm, isolated from the animal’s cytoplasm
by a perisymbiotic membrane that regulates the
exchanges between the symbionts and the host
(Furla et al., 2011 for a review). To this day, 9 clades
of zooxanthellae, that are potentially different
species, exist (Pochon & Gates 2010). Each one
presents unique characteristics, which suggests that
they could condition the adaptation of corals to a
given environment. These two partners have coevolved since the Triassic (Muscatine et al., 2005),
developing unique abilities (e.g. the ability for the
hosts to actively absorb CO2 and nutrients and to
protect themselves from ultraviolet rays, hyperoxia
and oxidative stress; the ability of the algal symbiont
to exchange nutrients with its host; Furla et al., 2005,
2011). Due to the presence of zooxanthellae, the
distribution of corals at depth is dependent upon
light availability (generally between 0 and 30 m
depth). By means of modern sequencing techniques,
a large diversity in bacteria has been identi ed inside
corals. These bacteria appear to play an important
physiological role. The entire community of these
living organisms forms a functional unit called
aholobiont, often referred to as a super-organism.
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Symbiont photosynthesis is also related to another
function of coral, biomineralization, that is, its ability
to build a limestone or biomineral skeleton. The
property of a biomineral is that it is a composite
material, comprising both a mineral fraction and an
organic fraction. Even though the latter is minimal
(< 1 % by weight), it plays a key role in controlling
the deposition of calcium carbonate in the form
of aragonite (German et al., 2011, Tambutté et al.,
2008, 2011). Using mechanisms that are still a matter
of debate, light, via symbiont photosynthesis, has
been observed to stimulate the calci cation of coral
by a factor reaching 127 in comparison to night
calci cation. However, in most cases, this factor
varies between 1 and 5, with an average value of 4
(Gattuso et al., 1999).
Coral reproduction is typically sexual and involves
a larval stage called planula which ensures the
species dispersal. They can also have a high
asexual reproductive capacity by fragmentation and
budding. This capacity is utilized in the development
of ex situ cultures.

CORAL AND CORALS
The word Coral entails a plurality of species
belonging to the phylum of Cnidaria and forms the
basis of several ecosystems:

• Cold-water corals, also called deep-sea corals:

•
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these corals belong to the same order of
cnidarians as reef-building corals. They are
engineering organisms, capable of building a
rich ecosystem that provides habitat for many
other creatures in the deep waters of the
Atlantic, Pacific, as well as the Mediterranean
Sea. Unlike their surface water cousins, they are
acclimated to cold waters (6°–14°C) and do not
host photosynthetic algae. These reefs therefore
play a significant role as shelters and nursery
areas for many species of fish of commercial
interest (Roberts et al., 2009).
The coralligenous in the Mediterranean: they
are formed by an assemblage of stationary
creatures (e.g. gorgonians, red coral, encrusting

calcareous algae…). The coralligenous in
the Mediterranean form a very rich coastal
ecosystem, especially along underwater cliffs.
It is of particular interest both for fishing and
aquatic tourism (RAC/SPA 2003).

THE CORAL REEF: A BIODIVERSITY
HOT-SPOT
The ability to live in symbiosis with dinoflagellates
has allowed coral reefs to build large constructions in
usually oligotrophic conditions, that is, nutrient-poor
waters. Coral reefs have existed since the Triassic,
about 200 million years ago. However, since that time
there have been many phases of disappearance/
reappearance. The development of the Great
Barrier Reef seems to have begun 20 million years
ago. However, primitive forms that are different from
modern corals, have existed long before the Triassic,
during the Devonian about 400 million years ago.
Coral reefs are home to the greatest biodiversity
on Earth with 32 of the 34 animal phyla known to
date and include a third of marine species known
so far, representing nearly 100,000 species (Porter
& Tougas, 2001). Hence, 30% of the known marine
biodiversity is sheltered in less than 0.2% of the total
surface of the oceans! In the marine environment,
they therefore represent the equivalent of the
primary tropical forests. For comparison, the number
of species of molluscs found on 10 m² of reef in
the South Pacific is greater than what has been
acknowledged throughout the whole North Sea. As
another example, in New Caledonia there are over
400 species of coastal nudibranchs while in mainland
France there is a dozen species for an equivalent
coastline.
This “biodiversity“ is however not homogeneous
between reefs. In fact, there is a skewed distribution
of the diversity and abundance of corals between
the Atlantic and Pacific Oceans, as well as within
these oceans. In these two oceans, the diversity and
abundance are concentrated in the western parts:
the Coral Triangle (also called “Centre for Coral
Biodiversity“) in the Pacific, including the -Indonesia
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Malaysia - Philippines - China Sea - Solomon Islands
region; the Caribbean in the Atlantic. There is also
a strong east-west longitudinal gradient. The fauna
and flora associated with reefs generally follow similar
gradients.

THE CORAL REEF: AN
EXCEPTIONAL WEALTH FOR
MANKIND
Coral reefs border the coasts of more than
80 countries across the world (Sheppard et al.,
2009) for which they represent an important source
of income, just as much in terms of food resources,
coastal protection and tourism… Approximately

•

2. Conservation
• Coastal Protection: coral reefs have an
undeniable role in the protection of coastline
from the destructive action of waves and
tsunamis. More than 150,000 km of coastline
are naturally protected by barrier reefs (http://
www.coralguardian.org). A typical coral reef
can absorb up to 90% of the impact load of a
wave (Wells, 2006). During the devastating 2004
tsunami in the Indian Ocean, coasts protected
by healthy coral reefs were much less affected by
the deadly wave. The value of coastal protection
against natural disasters has been estimated to
lie between 20,000 and 27,000 euros per year
per hectare of coral (TEEB, 2010). The total
profit is estimated at 7 billion euros per year
(Conservation International, 2008).

275 million people worldwide live within 30 km of
a coral reef and the livelihood of over 500 million
people directly depends on reefs. On one hand
economists estimate that the annual value of the
benefits provided by the reefs is worth slightly more
than 24 billion euros (Chen et al., 2015). On another
hand, the TEEB report (TEEB, 2010) has estimated
that the destruction of coral reefs would represent a
loss of about € 140 billion per year.
The ecosystemic benefits provided by coral reefs
include:

1. Natural resources
• Food: coral reefs provide 9 to 12% of the world

3. Cultural resources
• Tourism: tourists are attracted to the natural

catch of edible fish and 20 to 25% of the fish
catch in developing countries (Moberg & Folke,
1999). This figure reaches 70 to 90% for the South
East Asian countries (Garcia & de Leiva Moreno,
2003). The total estimated income of reef
fisheries is about 5 billion euros (Conservation
International, 2008). Most of these fisheries
are traditional, carried out on foot by the local
population, especially women and children who
collect fish, molluscs (clams), crustaceans (crabs
and lobsters) and sea cucumber (also referred

•

to as trepang). A healthy reef is estimated to
annually provide 5 to 10 tonnes of fish and
invertebrates per km2.
Mineral resources: coral reefs provide housing
construction materials (Maldives, Indonesia),

sand for the construction of roads or fertilizers
for agricultural land. Coral reefs in the Maldives
thus supply about 20,000 m3 of material annually
(Moberg & Folke, 1999).
Live Resources: beyond fishing for food needs,
reefs also represent a fishing reserve for coral reef
aquariology (15 million fish per year for 2 million
aquarists in the world) and pearl farming, etc.

•

beauty of coral reefs (via terrestrial tourism,
diving). The large number of visitors promotes
employment, a windfall for the poverty-stricken
parts of the world. For example, the Australian
Great Barrier Reef attracts about 2 million visitors
annually, producing an income of around 4 billion
Euros for the Australian economy and 54,000
jobs (Biggs, 2011). According to estimates
compiled by the TEEB report, one hectare of
coral reef represents a yearly profit of 64,000
to 80,000 Euros from tourism and recreational
opportunities. Ecotourism alone earned 800,000
euros per year in the Caribbean. The total annual
income from coral reefs is estimated around 8
billion euros (Conservation International, 2008).
Cultural or religious heritage: Coral reefs are at
the base of many cultural and religious traditions.
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In southern Kenya, for example, many religious
rituals are structured around coral reefs in order
to appease the spirits (Moberg & Folke, 1999).
Medical resources: the numerous marine
invertebrates (sponges, molluscs or soft corals)
represent a potential supply of new drugs for
human health. Coral is also starting to be used
as a biological model to better understand
immunity or aging mechanisms (Moberg & Folke,
1999).

THE CORAL REEF: LOCAL AND
GLOBAL THREATS
The coral reef ecosystems are currently threatened
both locally (pollution, sedimentation, unsustainable
coastal development, nutrient enrichment, overfishing, use of destructive fishing methods…) and,
since the 1980s, globally (global warming, ocean
acidification). The Global Coral Reef Monitoring
Network (GCRMN) estimates that at present, 19%
of reefs have been destroyed, 15% are seriously
damaged and may disappear within the next ten
years, and 20% could disappear within less than 40
years. The rare monitoring studies on reef growth
show a clear long-term decrease in coral cover: in an
analysis of 2258 measurements from 214 reefs of the
Great Barrier during the 1985-2012 period, De’ath
et al., (2012) highlighted a decline in the coral cover
from 28.0% to 13.8% as well as loss of 50.7% of
initial coral cover.
Among the global events that affect coral reefs, the
increasing temperature of surface water is causing a
widespread phenomenon, coral bleaching. Unique
example, visible to the naked eye, of the impact of
climate change on an ecosystem, coral bleaching is
the result of the rupture of the symbiosis between
corals and zooxanthellae symbionts. Although it can
be reversible during the first few days, this bleaching
effect inevitably leads to coral death a few weeks
after the symbiosis is halted (Hoegh-Guldberg,
1999; Weis & Allemand, 2009). This phenomenon,
whose inner mechanisms are still under debate,
usually occurs when the temperature exceeds a
certain threshold by 0.5°C.
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A second event is just as seriously affecting coral
biology: ocean acidification, also referred to as the
other effect of CO2 (Doney et al., 2009). Part of the
excess carbon dioxide produced by human activities
dissolves into the oceans, reducing on one hand the
greenhouse effect (and thus reducing the increase in
global temperature), but on the other hand causing
a increasing acidity of the oceans, according to the
following reaction:
H2O + CO2

HCO3- + H +

To date, the pH of seawater has decreased by about
0.1 units since the beginning of last century (from 8.2
to 8.1) which corresponds to an increase in the acidity
of the water by about 30% (Gattuso & Hansson,
2011). Acidification primarily affects the calcification
rates of corals, and therefore reef growth. However,
it appears that the effects vary greatly from one
species to another (Erez et al., 2011). The differences
in sensitivity may be due to a differential ability of
the animal to control the pH of its calcification site
(Holcomb et al., 2014; Venn et al., 2013). However
the increase in dissolved CO2 has also been found
to cause many other effects on coral physiology,
including the alteration of gene expression (Moya et
al., 2012; Vidal-Dupiol et al., 2013).
Unfortunately, our present knowledge of the
physiology of these creatures is too insufficient to
predict whether corals will be able to adapt to rapid
changes in the environment, especially since earlier
studies suggest that the combined effects of the
decrease in the pH with the increase in temperature
of the sea seem to have cumulative effects (Reynaud
et al., 2003).
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Coral Bleaching,
an Imminent Threat
to Marine Biodiversity

Leïla Ezzat
and Lucile Courtial

For thirty years, the ocean mean temperature has been incessantly increasing, which reinforces the
intensity and length of coral bleaching. From 2014 to 2016, following an unusual increase in ocean
water temperature notably reinforced by a rather marked El Niño phenomenon, scientists observed
an exceptionally intense and major bleaching event which could extend beyond 2017. Climate
models expect a temperature increase of surface waters from 1 to 3 °C by the end of the 21st century,
which threatens the survival of coral reefs around the world beyond the year 2050. The resilience level
remains low and limited; the stress coral reefs endure is emphasized by other anthropogenic factors
(acidification, sea-level rise, overexploitation, pollution…). In order to protect this natural heritage,
which over 500 million people depend upon around the world, it is necessary for governments to
take action, beyond local measures, towards reducing human impacts on climate.

Despite their ecological and economic importance,
coral reefs are affected by many stress factors at both
a local level (overexploitation, destructive fishery
techniques, tourism pressure, marine pollution, and
coastal development) and at a global level with, for
instance, increasing temperature of surface waters
and ocean acidification. Anthropogenic pressure and
climate change currently threaten most reef ecosystems
around the world. Over time, these stress factors
can lead to a rupture between the coral host and
its photosynthetic symbiotes, a phenomenon called
“bleaching“ which is, as the name suggests, a lack of
color or bleaching of the organism (loss of symbiotes
and/or associate photosynthetic pigments) over a more
less long period of time.
A moderate decrease in symbiotes and/or associate
photo pigment concentration is due to a seasonal
and natural phenomenon. This occurs when surface
water temperature exceeds seasonal mean maximum
temperature over a short period of time which varies
according to observed sites. However, for thirty
years, the ocean mean temperature has been steadily
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increasing, due to global warming, reinforcing the
intensity and length of the phenomenon scientists
define as “bleaching”, which now affects reef areas
around the world, from the Pacific to the Indian Ocean,
including the Caribbean and Red Sea.

BLEACHING: A RECURRENT
PHENOMENON IN HISTORY
The first coral bleaching episode was seemingly reported
by Yonge and Nicholls regarding the Great Barrier
Reef in March 1929, when surface water temperature
had reached 35 °C, but it is not until the 1980s that
the frequency, intensity and expansion of bleaching
episodes increased around the world. This is caused by
a “record” increase of ocean surface water temperature
due to climate change, combined with the reinforcement
of the El Niño phenomenon. Two major bleaching
events were reported in 1998 and 2010. The 1998
episode involved 60 island states and nations across
the Pacific Ocean, the Indian Ocean , the Atlantic
Ocean ( Caribbean), the Persian Gulf and the Red Sea.
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The areas covering the Indian Ocean were particularly
affected, with over 70 % of mortality observed over a
gradient depth up to 50 m. Significant ocean surface
water temperature irregularity caused a loss of over
16 % of coral reefs around the world. In fact, 1998 was
the first “global bleaching episode” declared by the
National Oceanic and Atmospheric Administration
(NOAA). Again, in 2010, an intense El Niño phenomenon
triggered extreme coral bleaching, affecting all reefs
throughout the world with, in some regions such as
South East Asia, greater consequences in terms of
expansion and mortality.

2014-2016: AN EXCEPTIONALLY
INTENSE AND MAJOR EVENT
The current bleaching event, spreading over three major
ocean basins (Pacific, Atlantic and Indian) is caused by
the combined effect of an unusual rise of ocean water
temperature, emphasized by global warming, and a
particularly marked El Niño phenomenon, described as
one of the most intense ever observed. This exceptional
bleaching event began in June 2014 in the West Pacific,
near Guam and the Mariana Islands and spread to
the Hawaiian coasts. It then propagated to the South
Pacific, affecting British territories in the Indian Ocean,
the Caribbean, and the Florida Keys, covering Cuba,
the Dominican Republic and the Marshall Islands.
In October 2015, NOAA officially announced an ongoing
3rd global bleaching event in the three principal ocean
basins, threatening 95 % of American coral reefs. By the
end of 2015, 32 % of world reefs had been exposed
to a temperature irregularity of 4 °C, causing mortality
on more than 12 000 km2. The beginning of 2016 was
marked by the propagation of the phenomenon in the
South Pacific as well as along the Great Barrier Reef and
the Australian West Coast.
During March 2016, the ocean water mean temperature
was over 1.5 to 2 °C compared to measurements
registered between 1971 and 2000 in the Northern
area of the Great Barrier, at the same time of the year.
Aerial and underwater survey programs showed that
out of a total of 911 individual reefs observed on the
Great Barrier, 93 % were affected and in particular, the

1000km coastal area along the North of Port Douglas,
yet considered until then as perfectly protected because
the area is isolated from human activity.
“We had never seen such a large scale bleaching
phenomenon until now. The Northern area of the Great
Barrier Reef looks as if 10 hurricanes had occurred at
the same time” stated Professor Terry Hughes , Director
of the Australian Institute of Marine Science (AIMS).
Large hundred-year-old colonies are dying, showing
the exceptional nature of this phenomenon. Again,
in the Pacific, severe bleaching event were reported
in New Caledonia, Fiji Islands and Kiribati, where the
mortality rate has reached 80 % (Eakin, 2016, person
comm, 8th of April). The event is gradually spreading
to the West Indian Ocean, the Maldives, Kenya and the
Seychelles, with particularly severe consequences in the
Coral Triangle area, in Indonesia. Significant temperature
irregularities were also registered in the Middle East: the
Persian Gulf, the Gulf of Aqaba, and the Gulf of Suez are
ranked at a level 2 alert (associated with bleaching and
significant and widespread mortality events), while the
Gulf of Oman and the Red Sea Reef area attached to
Egypt remain at a level 1 alert (associated with bleaching
and significant mortality events). Other bleaching events
are expected in Japan and the Caribbean during the
summer of 2016. NOAA scientists have suggested that
global bleaching observed could extend beyond 2017.

THE FUTURE OF CORAL REEFS:
BETWEEN HOPE AND CONCERN
In 2015, the mean temperature of ocean surface waters
was 0.74 °C above 20th Century average temperatures,
exceeding by 0.11 °C the record for 2014. Climate
models expect a temperature increase of surface
waters of 1 to 3 °C between now and the end of the
21st century. In fact, until recently temperatures only
rarely and punctually exceeded the thermo tolerance
limit, which causes coral to bleach. However scientists
expect this phenomenon to occur on an annual or bi
annual basis, thus threatening the survival of coral reefs
around the world by 2050. Consequences are alarming
because an increase in bleaching frequency, such as
that observed in the Caribbean (1995, 1998, 2005 and
2010) for instance, limits ecosystem resilience periods

41

ocean-climate.org

and can cause, in the long term, higher mortality rates.
Recent studies have shown coral acclimatization
potential to severe temperature anomalies1. For
instance, certain coral species can modify their
symbiotic algae population in order to optimize their
resistance to thermal stress or even regulate their genes
to reinforce their defense mechanisms. However, this
resilience level is rather low and punctual. It is in fact
unlikely that it might have a significant role while the
ocean temperature steadily rises. Furthermore, the
combination with other environmental factors, such
as ocean acidification and sea-level rise paired with
local threats (overfishing, pollution, physical damage,
land erosion, etc.), have to be taken into consideration
when predicting the future of coral reefs. The synergetic
effect of these stress factors (marine pollution and
overfishing) can deteriorate trophic relationships
between organisms within the coral reef ecosystem,
by stimulating excessive growth of filamentous algae to
the detriment of coral which becomes more vulnerable
to diseases and infections.

THE NEED FOR AWARENESS
These recent events have raised concern among the
scientific community and have sparked awareness of
the necessity to act in order to protect coral reefs.
New technologies and many resources have been
set up in order to follow the geographical spread
and evolution of bleaching for a better understanding
and apprehension of coral response. For instance,
the “Catlin Seaview Survey” Expedition, launched
in 2012, created a coral reef monitoring around
the world. As a similar action, France is celebrating
the 15 year anniversary of the French initiative for
coral reefs (Ifrecor). These efforts can lead to the
implementation of local actions to reduce human print
on reef ecosystems. For instance, Mumby & Harborne
(2010) have proved the efficiency of marine protected
areas for reef resilience in the Caribbean. Likewise, in
2014, New Caledonia announced the establishment of
a “Coral sea natural park”, one of the biggest marine
protected areas in the world (1.3 million km2). Biological
1 https://www.coralcoe.org.au/media-releases/only-7-of-thegreat-barrier-reef-has-avoided-coral-bleaching
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engineering solutions have been proposed, suggesting
the use of “optimized” coral colonies according to
new environmental conditions in order to restore
deteriorated reefs. Some scientists suggest using
“assisted evolution” to modify the coral’s resilience limit
by performing an in lab artificial selection, consisting
in exposing coral to various stress or by selecting
thermo tolerant symbiote stem cells.
Local authorities and non-governmental organizations
(NGOs) have a crucial role in protecting this heritage,
which over 500 million people depend upon. Beyond
local actions, governmental decisions have been made
to reduce human impact on climate. In December 2015,
an international agreement, setting a goal for a global
warming limit of 1,5 °C - 2 °C by 2100 was validated
by 195 countries ( including France) participating
in the international climate conference (COP21). In
September 2016, China and the USA, two superpowers
and major world polluters, ratified this agreement,
joining the worldwide common effort. In order to
preserve reefs for future generations, we need to
propose realistic solutions through unifying programs,
addressed to all: decision-makers, industry, general
public, youth and directly concerned communities. An
efficient protection of biodiversity relies on improving
local communities living conditions and their ability to
sustainably manage the ecosystem resources which
they depend upon2.

2 See NGO actions such as Coral Guardian (www.coralguardian.
org/association-coral-guardian/).
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A Case
for the
Deep Ocean

Lisa A. Levin,
Nadine Le Bris, Erik Cordes,
Yassir Eddebbar, Rachel M. Jeffreys,
Kirk N. Sato, Chih-Lin Wei
and the climate change work group of
DOSI Deep-Ocean Stewardship Initiative

Encompassing 95% of the planet's habitable volume, the deep ocean plays a major role in climate
regulation, and thus new pressures exerted on it and its components should be a major concern.
The deep sea provides many ecosystem services, such as storing heat and anthropogenic carbon
emitted into the atmosphere. These services are key to sequestrating CO2 and CH4 on longer timescales, as well as in supporting nutrient cycling on which the entire foodweb (and so commercial
activities such as fisheries) relies. Heat absorption and redistribution impacts human exploitedspecies ranges. Already absorbing many pollutants and waste, the deep ocean could also become
a place for new activities such as mining. Setting up key mitigation and adaptation measures to
climate change will require new knowledge, and implementation of a complete legal framework
and management tools.
Covering over half of the planet, and comprising 95%
of its habitable volume, the deep ocean (>200 m)
merits dedicated attention in the context of climate
change for several major reasons:

• The deep ocean has a predominant role in the

•

•

sequestration of heat and carbon, with tight links to
the upper ocean and atmosphere through vertical
mixing, species migrations and particulate sinking,
and a diverse range of ecosystems, making it
critical to any analysis of ocean roles in climate
mitigation and adaptation.
The deep ocean provides a broad range of
ecosystem services that are just beginning to be
inventoried; greenhouse gas regulation, support
to biodiversity (including genetic diversity), food
supply and energy production.
The deep ocean is increasingly impacted by human
activities including contaminant inputs, overfishing,
and disturbances from seafloor extractive activities.
There is currently little understanding of how these
direct impacts will interact with climate stressors.

WE NEED TO INCREASE OUR
KNOWLEDGE TO BETTER PROTECT
THE DEEP OCEAN
Key adaptations to climate change will require new
knowledge, including the broadening of deep-water
observation programs, to enable the design of marine
protected areas encompassing vulnerable regions in
deep waters, and to inform environmental management
of industrial activities and development of new policies
addressing deep national and international waters.
There is an unprecedented need to integrate the deep
ocean into ocean science and policy. Knowledge of
deep hydrology, hydrography, pelagic and seafloor
ecology is critical to climate predictions and societal
impact assessments (e.g., Mora et al. 2013) because of the
strength of connectivity between the oceans, atmosphere
and the terrestrial realm. New international regulations (e.g.
for mining) and treaties (e.g. for biodiversity), environmental
management, and spatial planning also must incorporate
climate and the role of deep processes.
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KEY ELEMENTS TO UNDERSTAND
THE FUTURE OF THE DEEP OCEAN
We draw attention to the following themes, which
make the case for the significance of the deep ocean.
Ecosystem services of the deep ocean
Life in the deep ocean provides or regulates many
valuable services that sustain the planet (Armstrong
et al. 2012; Thurber et al. 2014); key among these
are CO2 and CH4 sequestration, nutrient cycling,
substrate, food and nursery grounds provisioning
for fisheries by a variety of habitats. The deep
ocean is the largest reservoir of carbon on Earth and
constitutes the ultimate sink for most anthropogenic
carbon. The biogenic deep-sea carbon component
is poorly quantified, but chemosynthetic ecosystems
with high carbon fixation rates and vertical transport
by pelagic species may significantly contribute to
‘blue carbon’ sequestration (Marlow et al. 2014,
Trueman et al. 2014, James et al. 2016).
Thermal energy budgets
The ocean absorbs 90% of the extra heat trapped
by anthropogenic greenhouse gas emissions, with
30 % of this being stored at depths >700 m (IPCC
5th assessment report) and is thus a more accurate
indicator of planetary warming than surface global
mean temperature (Victor and Kennel, 2015). In this
stable and mainly cold environment (except in the
Mediterranean Sea and at bathyal depths in tropical
regions), thermal limits shape species distributions.
The consequences of warming on deep ocean waters
will profoundly influence ecosystems and their
biodiversity. Examples of rapid changes in deepsea benthic ecosystems have been documented
in downwelling, upwelling and polar regions (e.g.
Danovaro et al. 2004, Smith et al. 2012, Soltwedel
et al. 2016), although discriminating natural cycles
from climatic impacts in the deep sea will require
unprecedented time series data (Smith et al. 2013).
Biogeochemical changes
The deep ocean supports major biogeochemical
recycling functions; these are expected to undergo
major changes. Declines in O2, pH and aragonite
saturation have been observed and are predicted
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to strongly impact intermediate water depths
under future emission scenarios (Bopp et al. 2013).
Deep-water oxygenation is tightly coupled to the
overturning circulation and O2 trends inform changes
in global or basin-scale ocean circulation. As a
regulator of the biogeochemical cycling of N, Fe, P,
and S, O2 is key to potential synergistic responses.
N2O production is expected to increase as oxygen
declines (Codispoti, 2010), potentially linking O2
decline and climate through a positive feedback,
though large uncertainties remain (Martinez-Rey et
al. 2015).
Cumulative impacts of changes
There are many climate change-related stressors
affecting deep-sea ecosystem functions (Levin
and Le Bris 2015). Deep-sea ecosystems may
be particularly vulnerable to change due to their
environmental stability or to tight links with surface
productivity or hydrodynamic regime. Deep-sea
diversity patterns are shaped by export production
(Woolley et al. 2016) and CMIP5 models predict
overall decreases in integrated primary productivity
with climate change. Large reductions in the tropics
and the North Atlantic (Bopp et al. 2013), suggest
possible negative impacts for deep-sea diversity.
We need to assess how and where these cumulative
changes, including warming, ocean acidification,
aragonite undersaturation, shifts in nutrient fluxes
and deoxygenation, will challenge ecosystem
stability and species capacity to adapt (Lunden et
al. 2014, Gori et al. 2016). This involves gathering
sufficient knowledge about cumulative impacts of
multiple stressors to build accurate scenarios of
vulnerability.
A need for deep observations
The sparse nature and typically small spatial
resolution of deep-ocean observations, combined
with overly large spatial resolution of models,
results in knowledge gaps and uncertainties. This
includes natural variability, the coupling of climate
to biogeochemical cycles, and the responses of
biodiversity hotspots (e.g., seamounts and canyons).
In addition, multicellular life in the deep pelagic
realm is still largely unexplored, though this realm
represents over 95% of the living space on the
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planet. Seafloor observatories and long-term time
series have started providing insights into how deepsea ecosystems respond to climate perturbations
(Soltweddel et al. 2016; Smith et al. 2013). Longterm integrated ecological studies, covering a
range of deep-sea systems and the most vulnerable
hotspots, are needed to identify threats to critical
ecosystem services and the potential feedbacks to
the climate system and humans.

deep-ocean ecosystems are facing an onslaught
from pollutants, fishing, mining, energy extraction,
and debris (Mengerink et al. 2014), with deep
seabed mining now on the near-term horizon. New
efforts to develop requirements for environmental
impact assessments, environmental indicators,
spatial planning and create marine protected areas
in deep water will need to incorporate the interplay
with climate change.

Synergies of direct human-induced stressors
Beyond the complexity of multiple climate stressors,

Figure from Levin and Le Bris 2015. Winners and losers from exposure to interacting climate stressors. (A) King crabs invading Palmer Deep in Antarctica enabled by warming (9). (B) Cold seep fauna may expand as warming promotes methane
release from the seafloor (12), such as occurs at sites recently discovered along the Atlantic coast. (C) Hypoxia-tolerant
Humboldt squid (Dosidicus gigas) have extended their distribution in concert with expanding oxygen minima along the
East Pacific margin. (D) Cold-water coral reefs vulnerable to warming and acidification in Mediterranean canyons.
[Photo credits: (A) Image courtesy of K. Heirman and C. Smith, NSF LARISSA and Ghent University HOLANT projects. (B) Image courtesy of Deepwater
Canyons 2013–Pathways to the Abyss, National Oceanic and Atmospheric Admin- istration (NOAA)–Office of Exploration and Research, Bureau of Ocean
Energy Management, and U.S. Geological Survey. (C) Image courtesy of N. Le Bris, Laboratoire d'Ecogéochimie des Environnements Benthiques (LECOB),
Fondation Total– UPMC. (D) Image courtesy of R. Starr, NOAA–Cordell Bank National Marine Sanctuary].
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Ecosystem Services
of the Deep Ocean
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and Kirk N. Sato

The concept of ecosystem services (ES) includes the ecological functions and the economic value
of ecosystems which contribute to human well-being. This approach is already applied to coastal
water management, but it is rarely applied to the deep sea although it represents 97% of the
ocean’s volume. Deep-sea ES include provisioning services such as fish catch or industrial agents,
regulation services such as carbon storage, and cultural services such as inspiration for the arts.
However, the deep sea is facing increasing pressures in the form of direct and indirect human
activities. This synergy of impacts is widely unknown and the lack of regulation regarding certain
parts of the ocean requires great caution.

INTRODUCTION TO ECOSYSTEM
SERVICES IN THE DEEP SEA
Ecosystem services (ES) are generally defined as
contributions to human well-being from ecosystems (MEA, 2005; TEEB, 2010; Haines-Young and
Potschin, 2013). The concept integrates ecological
functions and economic values to explain how ecosystem health affects the socio-economic system.
ES can be assigned monetary values for use in decision-making, and incorporated into management
tools such as marine spatial planning and ecosystem-based management (Jobstvogt et al., 2014). An
ES approach has previously been used in terrestrial
and shallow water systems (e.g., Seidl et al., 2016;
Gunderson et al., 2016), but its application to the
deep sea has been extremely limited.

2012; Thurber et al., 2014). There are also cultural
services associated with the deep sea, such as educational benefits, aesthetics and inspiration for the
arts, the value of knowing a resource exists, and the
value of protecting a resource for current and future
generations. Many deep-sea functions (e.g., primary
biodiversity, element cycling) directly and indirectly
contribute to these services, and must also be kept
in mind to continue benefitting from DSES. For example, a deep-sea function that supports fisheries is
nutrient regeneration (Thurber et al., 2014), which
occurs mainly in regions of strong upwelling (e.g.,
eastern boundary currents, Antarctica), but also in
areas where local upwelling can occur (e.g., mesoscale eddies, seamounts). Upwelled nutrients from
the deep-sea fuel photosynthesis, which in turn supports major fisheries such as sardines and anchovies.

Figure 1 illustrates deep-sea ecosystem services
(DSES) that fall into the categories often used to
describe ES: provisioning (outputs gained from
ecosystems), regulating (regulation of environmental processes), and cultural (non-material benefits).
Deep-sea provisioning services include fisheries landings, pharmaceuticals, industrial agents, and biomaterials (Leary, 2004; Mahon et al., 2015). Examples
of regulating services are climate regulation, biological controls, and waste absorption (Armstrong et al.,

Increasing human activity in the deep sea has created
an urgent need for evaluating impacts on ecosystem
health. Anthropogenic carbon dioxide CO2 emissions have resulted in warming, deoxygenation, and
acidification that will change how direct human activity (e.g., fishing, oil and gas drilling, mine tailings
placement) impacts deep-sea habitats. In the midst
of these cumulative impacts on the deep sea, it is
important to consider DSES, how they might be affected, and how to best manage them.
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DSES OF CLIMATE REGULATION
The ocean has absorbed approximately one-third of
emitted CO2 (IPCC, 2014) through physical, chemical
and biological processes. The deep ocean system serves
as a major heat sink and slows down anthropogenic
global warming (IPCC, 2014); thus, CO2 absorbance
by the deep sea is a very important climate-regulating
service (Thurber et al., 2014). Climate regulation, including carbon sequestration, will continue to be a critically
important service provided by the deep sea as CO2 emissions continue to increase. Warming, deoxygenation,
acidification, nutrient changes, and calcium carbonate
undersaturation are major ocean climate drivers that will
interact with human activities in the deep sea, and future
studies need to assess the complex cumulative impacts
on deep-sea biodiversity, functioning, and DSES.
Carbon sequestration by the deep ocean is an important
climate change mitigation pathway that relies on an
efficient “biological pump” (i.e., the physical process of
sinking biologically-produced carbon from the upper
ocean into the deep sea). The burial of upper ocean-produced carbon in deep sediments contributes to carbon
sequestration and climate regulation because it removes
the carbon from the atmosphere for thousands to millions of years (Xiao et al., 2010). In addition, this sinking
carbon is an important food source for many larger organisms that support deep-sea fishery species. How
global climate change affects the biological pump and
consequent export and sequestration of carbon to the
deep sea remains an important topic of ongoing research
(for review, see Turner, 2015), but long-term observations
show that trends will vary depending on the region of
interest (Levin and Le Bris, 2015).

Warming Ocean
Acidification
Deoxygenation

Resource
Extraction

Fish, Oil and Gas,
Minerals

Other Human
Activity

Pollution
Debris

DIRECT HUMAN ACTIVITIES IN
THE DEEP
In addition to impacts related to climate, direct human
activity in the deep sea is also increasing (RamirezLlodra et al., 2011). The deep sea contains a wealth of
natural resources and extracting them can be harmful
to its many, heterogenous habitats. For example, as
global demand and human consumption of fish increase (FAO, 2014), fisheries are moving deeper into
the water column and seabed (Watson and Morato,
2013). Trawling disturbs and removes physical structures and sediment on the seabed which can lead to
loss of both targeted species and those associated
with the seabed (Buhl-Mortensen et al., 2015). In addition, deep-sea fisheries species may take longer to
recover because many have longer life spans relative
to shallow water species (Norse et al., 2012).
Other extractive activities include oil and gas, and
potentially minerals. Oil and gas exploration and drilling are also moving into deeper waters, increasing
the risk of oil spills (e.g., Deepwater Horizon; Merrie
et al., 2014). Deep-seabed mining regulation under
Deep-Sea Ecosystem Services

Ecological Functions

Climate
Stressors

Greenhouse gases such as methane (CH4) and CO2
enter the ocean naturally from deep-seafloor geologic structures such as hydrothermal vents and methane seeps. However, biological fixation of CH4 and
CO2 by micro- and macroorganisms in these deepsea ecosystems prevents these gases from entering
the water column. This biological filtering of CH4
and CO2 at the seafloor is another regulating service
and is an important process that indirectly supports
commercially fished species (Thurber et al., 2014).
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Fig.1 — The relationship among anthropogenic climate change stressors, deep-sea ecosystem services, and human well-being.
© J. T. Le and K. N. Sato.
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commercial exploitation is currently in development
(ISA, 2015). Different mineral deposits of interest are
found on hydrothermal vents, seamounts, and abyssal
plains, which all host different biological communities
that can contribute differentially to DSES. Disturbance
of these ecosystems via direct human impacts such as
mining, trawling, and other extractive activities (e.g.,
oil and gas drilling) will likely disrupt this regulatory
function with high risk for acute and long-term loss
of services.

POTENTIAL IMPACTS
OF SYNERGISMS (CLIMATE
AND HUMAN ACTIVITIES)
The cumulative impact of multiple climate stressors
and extractive activities can lead to additive, antagonistic, or synergistic effects on DSES (Crain et al.,
2008). Deep-sea ecosystem functions are not well
constrained, nor are the interactions and dynamics
between them. This makes it difficult to predict how
the provision of DSES will change due to both direct and indirect human impact. This may invoke the
precautionary principle (Rio Declaration, 1992), and
highlight the need for novel approaches in better understanding the deep sea and the benefits it provides.
The consequences of warming in deep ocean waters
will not only influence the regulatory service the deep
sea provides as a heat sink, but it will profoundly affect
ecosystems and their biodiversity, given the stability
of this cold environment. For example, warming in
South America has induced poleward range shifts in
predatory crab to the Antarctic where communities
have evolved without the presence of crushing predators for millions of years (Smith et al., 2012). The
combination of warming, acidification, and deoxygenation, described as a “triple whammy” of stressors, is
predicted to reduce habitat suitability for habitat-forming calcifiers such as cold-water corals (Gruber,
2011; Lunden et al., 2014). Biodiversity also plays a
key functional role in the provision of most other ES
(Palumbi et al., 2009; Science for Environment Policy,
2015), although the exact relationship remains unclear
(Balvanera et al., 2014). As these impacts continue to
reveal themselves, deep-sea biological communities
grow increasingly vulnerable.

JURISDICTIONAL CHALLENGES OF
DSES IMPLEMENTATION
There exist challenges to the operationalization of an ES
approach in the deep sea. These include how functions
translate into services, recovery potential and times,
and the economic valuation of ES, which are related to
lack of knowledge and data (Le et al., in press). Other
challenges, such as those regarding jurisdiction and
enforcement, are borne out of gaps in a regulatory
framework still in development.
The deep sea is the largest ecosystem on Earth, making up more than 90% of the liveable volume on the
planet (Levin and Le Bris, 2015). However, most of it lies
outside of countries’ exclusive economic zones (EEZs)
and must, therefore, be regulated and managed internationally. A common management tool is marine
spatial planning, which could potentially utilize DSES
in designating marine protected areas (MPAs). For example, an ES-value threshold could be established with
baseline estimates of ES provision, and any areas that
provide ES with value higher than that threshold could
be given spatial protections. The international nature of
many deep-sea resources makes this difficult because
of overlaps and gaps in jurisdiction, and differences in
management tools.
In general, MPAs exhibit higher resilience to and recovery potential after disturbance events (Huvenne et al.,
2016). In Areas Beyond National Jurisdiction (ABNJ),
the Food and Agriculture Organization of the United
Nations (FAO) has designated several deep-water species and habitats as Vulnerable Marine Ecosystems
(VMEs) (e.g., cold-water corals, hydrothermal vents
on Reyjkanes Ridge, C-H seamounts in the Pacific).
Generally, once identified, VMEs are protected from all
human activities, but different management regulations
may allow some fishing activity in certain protected
areas (e.g., MPAs).
The International Seabed Authority (ISA) has jurisdiction
in ABNJ, although only on the seafloor. In addition
to recognizing VMEs, the ISA can designate spatial
protections called areas of particular environmental interest (APEIs) (ISA, 2011). Large sections of the ClarionClipperton Fracture Zone, which is a polymetallic nodule province with multiple mining exploration claims
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within it, have been designated as APEIs (Wedding
et al., 2013). Other protections in international waters
include the recent “biodiversity beyond national jurisdiction” (BBNJ) instrument that the United Nations is
developing (Blasiak and Yagi, 2016).
Marine Reserves (MRVs), another type of MPA where no
resource extraction is allowed, are effective at increasing
the abundance, diversity, and productivity of marine organisms (Lubchenco et al., 2003). Furthermore, larger
networks of MRVs are effective at maintaining connectivity among populations, thereby providing more
protection for marine communities than a single MRV
against climate change. As marine species shift their
ranges from changes in temperature, oxygen, or carbonate chemistry, it is important that networks of MRVs
consider novel conservation planning approaches that
incorporate climate change adaptations in organisms
and humans (Schmitz et al., 2015; Jones et al., 2016).
MPAs are important management tools because they
can protect areas that provide ES and, consequently, significant value to society. Incorporating ES into
spatial protections would associate a value with the
MPA (i.e., the value of a MPA would be equal to the
value of the ES it provides, both directly and indirectly). Estimated values of an MPA may help further
inform decisions regarding enforcement (e.g., how
much to provide, who is responsible). Although economic valuation is currently difficult, it will become
more manageable and accurate as more knowledge
and data regarding DSES accrue.

THE DSES “CHARISMA” GAP
Another challenge to implementing a DSES approach
to management in the face of multiple climate stressors
and human activities is the lack of understanding and
“charisma” about the deep sea by the general public.
Humans are physically and emotionally disconnected
from the deep-sea environment, even more so than
other ES that are out of sight (e.g., Blue Carbon). The
most effective way to fill this “charisma” gap is to
improve scientific understanding, stewardship, and
public education. It is more important than ever to raise
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awareness and promote transparency, accountability,
research, and conservation of DSES. For example,
the Deep Ocean Stewardship Initiative (DOSI) is a
group of international scientists and professionals in
technology, policy, law and economics that advises on
ecosystem-based management of resource use in the
deep sea and potential strategies that maintain the
integrity of deep-sea ecosystems within and beyond
national jurisdiction (http://dosi-project.org/). Live web
broadcasting from the deep sea by the NOAA Office
of Ocean Exploration and Research offers anyone with
an internet connection the experience to witness what
biological and earth processes occur in the deep ocean.
Amid other deep-sea researchers and explorers, these
organizations emphasize the importance of interdisciplinary approaches to better understand how the
deep ocean functions and how the services it provides
will change under future climate change scenarios.

CONCLUSION
The deep sea is the largest ecosystem on Earth and
hosts a diversity of habitats that provide value to society as a result of their functioning. These ecosystem
services can be extractive (e.g., fishing) or non-extractive (e.g., climate regulation), and it is essential
to consider both in environmental management especially in the face of multiple stressors related to
climate and human activity. As CO2 emissions continue to increase, deep-sea climate regulation may
become increasingly important to recognize in order
to continue benefitting from this service, which also
influences other services related to biogeochemical
cycles and biological communities (Fig. 1). Although
there are still challenges to be addressed in the
deep sea (e.g., scientific uncertainty, jurisdictional
gaps, lack of public engagement), development of
protective measures against environmental degradation and emergencies now may help ensure the
environmentally and economically sustainable use
of the deep sea and its many ecosystem services.
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The concept of ecosystem services (ES) refers to the multiple benefits humans gain from maintaining
ecosystem health and functions. This notion has theoretical and practical implications because
it frames scientific findings into economic terms to raise awareness of the value of functional
ecosystems. It follows that environmental management that incorporates the ecosystem service
approach is economically efficient and sustainable. The ES approach is particularly useful for coastal
and marine ecosystems because they traditionally lack spatial planning and protective regulation.
Moreover, the concept of ecosystem services emphasizes the ocean’s function as a climate regulator,
and its crucial role for mitigation and adaptation to climate change. Regional implementation of
integrated management already exists in the European Union. The next step now is to apply the
ES approach to other, threatened regions such as the Mediterranean in order to ensure ecosystem
resilience and service provision.

INTRODUCTION
The term “ecosystem services” emerged in the
1970s to raise public awareness of biodiversity
conservation. It is a utilitarian concept which frames
ecosystem functions as goods and services for the
human population. The Convention on Biological
Diversity (1992) defines ecosystems as “a dynamic
complex of plant, animal, and micro-organism
communities and the non-living environment,
interacting as a functional unit”. Ecosystems are
therefore composed of animals, plants, minerals and
humans living together in a shared space. Interactions
within the ecosystem can produce various important
services for human societies. These services can
be linked to the exploitation of natural resources
(e.g. timber, fish), the regulation of the environment
(e.g. water quality, pollination), and cultural services
(e.g. recreation, natural patrimony). However, many
human lifestyles create significant pressures on
their ecosystems’ natural capital (i.e. resources)
and functions. As a result, human activities such as
overfishing, oil drilling, waste disposal and shipping
impact ecosystems’ ability to provide services both
directly and indirectly (Costanza et al., 2014). The

concept of ES has been developed to assess how
man-made pressures affect ecosystem health and
service provision.
The ES approach aims at evaluating these strains
by integrating ecology and economics. It identifies
ecological functions and translates them into
economic units. As an ecosystem functions using its
natural resources, it produces goods and services
that increase human wellbeing (Van den Belt et al.,
2016). For instance, one coastal ecosystem has a set
amount of natural capital in the form of mangroves.
Mangroves serve as habitat for fish, especially
nurseries for juveniles (Chumra et al., 2003). By
protecting juvenile fish, mangroves maintain and
even increase the quantity of available fish in local
fisheries (Aburto-Oropeza et al., 2008). Hence this
ecosystem provides a valuable service, i.e. supplying
food and livelihoods. The same territory often
provides additional services. Mangroves are among
the most biochemically active natural systems in the
world, and are consequently important carbon sinks
(Chumra et al., 2003; Barbier et al., 2011). Moreover,
mangroves’ intricate root systems mitigate coastal
erosion (Wolanski, 2007). Therefore the concept of
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ecosystem services examines how people depend
on ecosystems, what benefits ecosystems provide in
a utilitarian sense, and how to better manage and
protect ecosystems for the benefit of both nature
and people.

• Regulating services: carbon sequestration

AN ANTHROPOCENTRIC CONCEPT

The ocean – from the coast down to the deep sea –
covers the majority of the planet and provides a host
of services, both extractive and non-extractive, to
society. In many cases, non-extractive benefits are
not considered during the decision-making process
although they may be significant (e.g. the ocean
absorbs approximately one third of emitted carbon
dioxide (IPCC, 2014)). Marine ES are generally taken
for granted. Fish are expected to live in the sea, boats
to be navigating on it, and tourists to freely walk on
the beach. Because these services are considered
a given, they are rarely accounted for when making
planning or investment decisions. The ES approach
aims to highlight the hidden benefits humans gain
from their ecosystem, for instance by giving services
a monetary value (TEEB, 2010). It is difficult to value
the flow of coastal and marine ecosystem services
and goods because the same ecosystem can have
a local, regional, or global impact, and gathering

The concept of ES is essentially human-centered.
Ecosystem functions are only considered to be
services if they improve the life of humans. There have
been several attempts to classify the different kinds of
services ecosystems supply. One common typology
is the Millennium Ecosystem Assessment (Millenium
Ecosystem Assessment, 2005). This framework divides
ES into four groups. Other categorizations such as
The Economics of Ecosystems and Biodiversity (TEEB,
2010) use similar groupings. Typologies commonly
find that coastal and marine ecosystems provide:

• Provisioning services: fisheries, bioprospecting,
•

building materials;
Supporting services: life-cycle maintenance for
both fauna and flora, primary and secondary
production, nutrient cycling;

Ecosystems

ecosystem services

Socio-economic systems

ecosystem use and management
other capital inputs

Functions
Ecological
processes

•

and storage, erosion prevention, waste-water
treatment, moderation of extreme events;
Cultural services: touristic, recreational, aesthetic
and spiritual benefits.

Genetic
diversity

Human well-being

benefits

Functionnal
traits

Biodiversity

Species
richness

value

• nutrition, clean air and water
• health, safety, security
• enjoyment...
• economic value
• health value
• shared (social) value
• other values

drivers of change
Biophysical
structures
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• policies (agriculture, forestry,
fishery, environment...)
• stakeholders and users

Fig.1 – Conceptual framework for EU wide ecosystem assessments. © biodiversity.europa.eu/maes.
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sufficiently precise data is tedious (Pendleton, 2016).
Nevertheless, extensive studies conclude that the
global value of marine and coastal ecosystem services
amounted to 20.9 trillion US dollars in 2011 (Costanza
et al., 2014). In spite of great biodiversity loss, e.g.
the deterioration of coral reefs, ecosystem services
are more greatly valued today than twenty years ago
thanks to greater research in the field.

MARINE ECOSYSTEM SERVICES
AND CLIMATE CHANGE
More data has shown that several ecosystem services
are directly related to climate change policy, either for
mitigation or adaptation. First and foremost, several
coastal and marine ecosystems are important for carbon
sequestration. The potential of coastal ecosystems
such as mangroves seagrasses and marshes, to store
and retain carbon is non-negligible. The destruction
of these ecosystems is estimated to cost $USD 6-42
billion annually in economic damages (Pendleton et
al., 2012). Current projects are attempting to assess if
these ecosystems may be covered by REDD+ (Reducing
Emissions from Deforestation and Forest Degradation)
mechanisms in the future (Herr et al.).
In terms of adaptation, coastal and marine ecosystems
sustain the livelihoods of millions of people worldwide
through fisheries and tourism (Allison et al., 2016).
Mangroves and coral reefs provide coastal protection
to nearby coastal towns and cities, an increasingly
important service due to sea-level rise and the change
in cyclone patterns (Das and Vincent 2009; Gedan et
al., 2010; Pramova et al., 2012). Seagrasses and oyster
beds may also provide coastal protection (Swann, 2008).
It is possible that the adverse effects of climate
change (i.e. increasing sea temperature, ocean
acidification, deoxygenation, sea-level rise, extreme
weather events) will modify or impair the provision
of coastal and marine ecosystem goods and services
in the future (Craft et al., 2009). Assessing current
provisions of ecosystem services from coastal
and marine ecosystems is therefore important to
understand future trade-offs and opportunities to
tackle global issues such as climate change.

MANAGING ECOSYSTEM SERVICES
IN A MARINE ENVIRONMENT
The concept of ecosystem services originated from
terrestrial systems and has since been applied to the
coastal and marine realm, without taking into account
the marine environment’s unique challenges. The
ocean has more fluid boundaries relative to terrestrial
systems, which makes it difficult to map the flow of
services without more scientific data (Jobstvogt et
al., 2014). Marine spatial planning is therefore less
developed and has now only emerged recently
as a mainstream political issue. The ocean is also
tightly linked to the atmosphere (and sometimes
land), which can change its chemistry and mixing
(Screen and Francis, 2016). These complex and
interconnected relationships can make it difficult to
effectively manage coastal and marine systems and
may require innovative strategies to address.
Moreover, implementing regulation is often
complicated by questions of jurisdictions. States
have jurisdiction over their Exclusive Economic Zone
(EEZ), which is usually limited to 200 nautical miles
from the coastline or may at the maximum extend
to the end of the continental shelf. This breakdown
means that a considerable part of the ocean is not
subject to State regulation. To effectively protect
marine ecosystems, the United Nations Convention
on the Law of the Sea (UNCLOS, 1982) defines the
rights and responsibilities that members have to the
global ocean. The agreement also established other
governing bodies, such as the International Seabed
Authority (ISA) which governs the international
seafloor and its resources. But the question of
managing areas beyond national jurisdictions such
as the water column and the seabed still remains.
Collaborative action among States is often the
only way to create a legal framework for protecting
ecosystems.
Human societies have every reason to adopt a
protective and sustainable development approach
to their coastal and marine ecosystems. Although
the translation between ecological processes and
ecosystem services is still unclear in many cases,
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biodiversity is often at the core of service provision
(Palumbi et al. 2008, Cardinale et al., 2012) as well
as resilience and the ability to recover from impacts
(Worm et al., 2006; Lindegren et al., 2016). Healthy
ecosystems can provide greater benefits (both
monetary and non-monetary) relative to disturbed
or degraded ones. Integrating the concept of
ecosystem services into existing management tools,
such as marine spatial planning and ecosystem-based
management, becomes increasingly important as
the human footprint on the ocean continues to grow
(Böhnke-Henrichs et al., 2013). The deep sea in
particular is becoming more and more affected by
human activity (Le and Sato, 2016; Ramirez-Llodra et
al., 2011). Fishing for instance increasingly impacts
deep-sea ecosystems as fisheries are moving deeper
into the water column due to warming waters. Fossil
fuel companies too are showing greater interest in
deep-sea mineral and oil resources, as submerged
deposits are gradually running out.

A USEFUL TOOL FOR SUSTAINABLE
MANAGEMENT OF MARINE AND
COASTAL ECOSYSTEMS
Current programs to assess marine and coastal
ecosystem services are already in place internationally,
at the global, national and local scales. These
assessments serve three purposes: first to
systematically assess the benefits in terms of goods
and services that the ocean or specific ocean and
coastal ecosystems provide; to gather information
to improve management and marine planning,
and lastly to communicate the value of the ocean.
Systematic assessments, like the French national
project “Évaluation Française des Écosystèmes et
Services Écosystémiques”, identify trade-offs and
opportunities to better manage biodiversity (EFESE,
2016). Other types of ES assessments can be used
to improve marine planning and management at
more local scales. The VALMER project for example
attempted to assess ecosystem services in the
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Fig.2 – Indicators of the OHI Index. © Halpern et al., 2012 With permission.
58

Food
provision

Biodiversity

ocean-climate.org

English Channel to inform management and planning
(VALMER, 2016). Ecosystem services assessments
can also be used for communication purposes on
the role of coastal and marine environments. One
often cited example is the value of sharks in Palau,
that is estimated at $1.9 million when alive, 16.6 times
more than the value of shark fin. In addition, a recent
comprehensive study by WWF (Ocean Wealth Report,
2015) aims at advertising the tremendous value of the
marine environment. But these evaluations are often
conducted during State-specific assessments, which
makes it difficult to compare the results with foreign
assessments and agree on the state of biodiversity
in transnational ecosystems.
Since 2012, a new indicator has been developed to
remediate this situation. The Ocean Health Index
(OHI) compiles data from all over the world and
assesses the health of States’ sea waters within their
Exclusive Economic Zone (Halpern et al., 2012). The
OHI rates countries based on a variety of indicators
to identify key points of pressure, improvement and
strength. This innovative index is a standardized and
transparent measure which incorporates competing
public goals (exploitative and preservationist
uses of ocean resources). It is meant “to be used
by scientists, managers, policy makers and the
public“ to evaluate and communicate about results
of integrated management policies (Halpern et
al., 2012). The OHI could be particularly useful to
promote collaboration between States and assess
trends in marine ecosystem health globally, as well
as inform decison makers at the national level.

INTEGRATING THE CONCEPT
OF ECOSYSTEM SERVICES INTO
POLICYMAKING AND POLICY
DESIGN: THE EUROPEAN UNION’S
COLLABORATIVE APPROACH
Integrated policies, which take into account the
ecosystem service approach, are already being put
into practice within the European Union (EU). Since
June 17, 2008, all EU Member States must abide
by the Marine Strategy Framework Directive (MSFD
2008/56/CE), which commits in its article 1.3 to

applying an ecosystem-based approach to enable
the “sustainable use of marine goods and services”
(Europa, 2016). The directive aims at achieving Good
Environmental Status (GSE) for all marine waters by
2020. GSE is assessed using 11 qualitative criteria,
which evaluate an ecosystem’s ability to function
properly and sustainably (MEEM, 2013). The MSFD
follows the ecosystem service approach thanks to
integrated management: marine ecosystems are
protected with the aim of safeguarding ecological
functions. In France for instance, maritime zones
are divided in many subregions, which reflect large
ecosystems and administrative boundaries. Each
subregion elaborates and implements a Marine
Environment Action Plan (MEAP) (Ministère de
l’Ecologie, 2011). Every stakeholder – elected
officials, scientists, and fishermen among others
– is invited to conciliation meetings, and public
consultations are organized to analyze the situation
in terms of physical, biological, economic, and social
characteristics, as well as man-made pressures on
the environment and policy objectives (Direction
Interrégionale de la Mer, 2015). At the EU level, there
are several working groups in charge of coordinating
national policies to ensure that all EU waters are
equally protected throughout the European Union.
Moreover, the ES approach of the directive aims at
making neighboring States collaborate and take
action together to protect common ecosystems in
an attempt to ensure that they will work properly
and provide us with services.

A SUCCESSFUL EXAMPLE OF
INTEGRATED MANAGEMENT
IN THE MEDITERRANEAN:
POSIDONIA MEADOWS
Posidonia meadows (posidonia oceanica) are
underwater flowering plants, which grow slowly
– 1 m in 100 years-on the Mediterranean coasts
(Boudouresque et al., 2010). They are endemic
to the Mediterranean Sea and play an essential
role in marine biodiversity. Up to 50 endemic
species, i.e. species that can only grow in a certain
habitat, dwell there (Campagne et al., 2015). These
meadows have various ecological functions: they
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constitute an important food source for species
like urchins or wrasses; many fish come there to
reproduce and to establish nurseries for their
offspring, giving them a protected place to develop
into adult fish. Moreover, thanks to their rhizomes
and roots, posidonia meadows hold sediments on
friable soil, thus effectively protecting the coastline
against erosion caused by weather events, such
as storms. Similarly, dead posidonia leaves help
protect beaches by preventing currents and winds
from taking sand away during storms. Furthermore,
seagrass meadows are recreational hotspots for
human activities such as snorkeling and diving, while
also supporting traditional fishing, and mitigating
climate change by sequestering carbon.
However, posidonia meadows are vulnerable to high
human disturbance: boat anchors wrench them out,
coastal urbanization, greater infrastructure – ports,
levees – all destroy these habitats (Telesca et al.,
2015). Fewer Posidiona plants means less protection
against erosion, both along the coastline and on the
beach (Vassalolo et al., 2013). Moreover, habitat
destruction and deterioration has adverse impacts
on marine species housed by the seagrass beds,
which leads to biodiversity loss as species leave or
disappear. This in turn results in less fish in the area,
so fishermen suffer, along with recreational activities
that lose their attractiveness.
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CONCLUSION
The concept of ecosystem services is an anthropocentric
notion, which aims at highlighting the benefits humans
receive from living in fully functioning ecosystems.
Economic valuation of such services becomes the
yardstick for all stakeholders to collaboratively decide
on the best policies to protect and sustainably use
multiple ecosystems. The ecosystem service approach
is particularly useful to manage coastal and marine
ecosystems, which are tremendously valuable,
especially with regards to climate change. The concept
is needed to promote integrated management of
natural resources. As ecosystems know no borders,
the notion of ecosystem services is helpful for States
to collaborate on protecting and using common
resources sustainably in order to keep benefiting
from ecosystems. Because a damaged ecosystem
will produce less services, the total costs associated
with non-integrated management will be higher
than with using the ecosystem service approach.
Therefore, taking advantage of the ecosystem service
approach is ecologically and economically smart,
as it substantially saves money while encouraging
sustainable management and the reaping of greater
coastal and marine ecosystem benefits in the long term.
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Marine Protected Areas
Networks and Climate Change:
a Political Advocacy

Christophe Lefebvre

A healthy ocean will allow better ecosystems resilience to climate change, and consequently a
reinforcement of ecosystem services crucial to the planet’s viability. In light of growing pressure on the
ocean, which has to include the development of new human activities, political issues must combine
CO2 emissions reduction with biodiversity conservation issues. Out of 10,000 Marine Protected
Areas worldwide, many only exist on paper. Twenty maritime countries cover 80 % of the surface
of all Marine Protected Areas. Governance and joint management between public stakeholders,
professionals and sea users are major obstacles for MPA networks operations. In order to ensure a
viable climate for humanity, international and governmental policies should acquire an adaptation
and mitigation logic, and include the ocean as a nature-based solution against climate change.

Knowledge on the functioning of marine ecosystems
has greatly improved in the last years, in particular
regarding the knowledge of systemic interrelationships
with climate. This increase in marine ecosystem
knowledge has allowed a raise in awareness among
policymakers and accelerated their decision-making
regarding ocean conservation because of the urgency
of the climate situation and in view of the ocean’s role
as a climate regulator. Decisions taken during the
United Nations Framework Convention on Climate
Change COP21 and the Paris Agreement have led the
way for others. The political development toward a
better consideration of ocean conservation in climate
policy must continue and be carried out via this
knowledge improvement.
Conservation of marine ecosystems may reduce the
effects of climate change; consequently the ocean is
part of the nature-based solutions to climate change.
Healthy marine habitats also allow marine species to
adapt better to climate change.
Based on the scientific evidence that ecosystem
services must be functioning properly in order to
benefit the viability of the planet, including in terms of

climate, governments must adopt new climate policies
built on nature-based solutions. They must link these
policies to the CO2 emissions reduction policy and
merge the biodiversity conservation issue with the
climate issue. Marine biodiversity conservation is part
of this strategy because of Marine Protected Areas.
Marine habitat conservation policies have become
especially vital as blue growth increases anthropogenic
impacts on the ocean. The impacts due to new
maritime activities add to the increase in impacts
on the sea caused by land-based human activities.
These deterioration factors gradually damage marine
ecosystems. Consequently, the acceleration of marine
ecosystem deterioration reduces the ocean’s ability
to reduce climate change. It also jeopardizes coastal
populations’ physical, food and economic safety, in
particular for Small Island Developing States.
An ambitious national strategy implies the
establishment of a national body dedicated to the
good management of maritime activities, capable of
restoring deteriorated marine environment, and acting
for the remediation of the sea. This body is essential
to create, manage efficiently and lead a consistent
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and resilient national network of Marine Protected
Areas and cooperate with countries sharing common
regional seas.
In order to be efficient in relation to a joint biodiversity
and climate policy, the Marine Protected Areas’
policy must prioritize a strict protection of key areas
for biodiversity and ecosystem services. It must
aim at absolute conservation of vulnerable marine
habitats of high ecological and biological value
with high carbon sequestration capacity associated
biomass, including coral reefs, mangroves, seagrass
beds, salt marshes and estuaries. This conservation
must be extended to the High Seas’ deep waters,
canyons and seamounts as part of the policy to be
implemented within the Regional Seas Conventions.
Conservation is not limited to Exclusive Economic
Zones. Ecologically and Biologically Significant Marine
Areas (EBSAs) prove that ecosystems overlap between
waters under national jurisdiction and the High Seas.
Finally, the role of Marine Protected Areas is to ensure
biological and ecological connectivity which reinforces
marine ecosystems’ resilience. Therefore, they must
be representative and consistently distributed to
contribute to climate change resilience.
The concept of establishment of a global resilient
network of Marine Protected Areas requires a wide
range of conservation tools which fall under various
sector-wide approaches. From the smallest community
marine area for local fishery or ecotourism purposes
(LMMA – Locally-Managed Marine Area) to great
marine protected areas (LMA – Large Marine Areas), it
is necessary to cross-reference and connect objectives
which fall under all the ocean conservation sectorial
tools. Particularly, Sensitive Sea Areas acknowledged
and designated by the International Maritime
Organization (IMO PSSAs) or the FAO Vulnerable
Marine Areas (VME) are also part of building a
global resilient network of Marine Protected Areas
for climate. This integration could give consistency
to the global network of Marine Protected Areas in
relation to climate change. This could also facilitate
ocean governance. This cross-sector approach of
ocean conservation for climate can be facilitated with
regional policy practices. The protocols of contracting
parties to the Regional Seas Conventions must adjust
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their biodiversity and ecosystems conservation goals
to those against climate change. In this matter,
regional fisheries organisations must collaborate with
the Regional Seas Conventions to develop common
strategies, for instance the OSPAR Convention, which
enabled the designation and the proposal of marine
protected areas in high seas of the North East Atlantic.
New alliances should be established in particular,
to build cross-sector collaborations in the field of
research on the functioning of marine ecosystems.
The solution to climate change of establishing
networks of Marine Protected Areas will be improved
if the cumulative effects of stress factors are reduced.
The networks of Marine Protected Areas will respond
better to climate change and other stress factors if
they are effectively handled. Management must be
adaptive yet reinforced by regulations. Administrators
must also have access to logistical and technical
means to complete their mission including scientific
monitoring of climate impacts.
Unfortunately, the majority of countries are far from
meeting these requirements. The current global
network of Marine Protected Areas covers only 4%
of oceans. This situation does not tally with the States’
commitments agreed upon at the 2010 Nagoya 10th
Conference of the Convention on Biological Diversity
which set a 10 % goal by 2020. Especially as scientists
and NGOs, gathered in Sydney in 2014 for the World
Parks Congress, advised the strict conservation of 30%
of marine habitats in their full diversity and distribution.
There is a qualitative problem, in addition to this rather
incomplete quantitative assessment. Most Marine
Protected Areas do not have sufficient material and
human resources to implement actual management
and conservation measures; that is research and
scientific follow-up, activity regulations, pollution
reduction, monitoring, hosting and informing the
general public. Out of the 10,000 worldwide Marine
Protected Areas, seldom have a high protection status
where samplings are prohibited. A large number of
Marine Protected Areas around the world are Marine
Protected Areas on paper only. In addition to this
disqualifying situation to acquire legitimacy, there
is spatial disparity. Twenty maritime countries cover
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80% of the entire Marine Protected Areas surface
in the ocean. These areas are geographically and
spatially concentrated. In fact, there is competition
for the title of largest Marine Protected Area in the
Pacific Ocean, where anthropogenic stress is minor.
It represents figures for statistics but doesn’t address
the issue of the creation of a large consistent network
of Marine Protected Areas at a global level, which is
representative and resilient and which involves over
150 maritime countries worldwide.
Government policies for the conservation of marine
habitats must deal with the difficulties linked to the
establishment of Marine Protected Areas, including
governance and joint management of Marine
Protected Areas between public stakeholders,
professional sectors and ocean users. Experiences
and feedback have proven that the most efficient
Marine Protected Areas are those which include
social-economic actors, in particular fisheries, in the
process of defining ocean conservation regulations
and measures. New participatory governance
mechanisms must be implemented and need to
embrace climate issues. This is all the more crucial
as the concept of ocean conservation differs largely
from the notions selected for the conservation of
terrestrial habitats. Sea management based on
ecosystems is an operational scientific approach which
acknowledges the complexity of marine ecosystems
and the existence of interconnections between their
physical and biological elements to connect with very
scattered and heterogeneous human activities at sea.
The use of climate issues to reinforce Marine Protected
Areas establishment and management policies could
enable the consideration of connections between the
major elements of ecosystems and maritime socialeconomics, to outline marine activity spatial planning
on a cross-disciplinary basis. A social-ecological
approach based on knowledge, consultation
and collaboration of stakeholders, policymakers
and stakeholders’ awareness, leads to adaptive
management. Adaptive management addresses
a repetitive process which consists of assessing
the efficiency of management and including new
scientific knowledge to adjust and apply management

regimes. This process could continue to promote the
achievement of ocean conservation goals, as well as
those of climate in the context of blue growth.
Marine habitats conservation governmental policies
have to organize virtuous circles based on maritime
social-ecology and on the ecosystem approach to
sea management. The spatial planning measures
and ecosystem-based management will join these
circles to address the adaptation to climate change
issues. The political answer to ocean conservation for
climate relies on the organisation of ocean governance
systems, allowing a fair balance in marine spatial
planning, which takes into consideration the concerns
of ocean stakeholders and those of a viable climate
for humanity. This marine spatial planning must be, in
this regard, the converging point of “bottom up – top
down” joint approaches of ocean conservation.
States with significant marine heritage and integrated
maritime policies must lead the way. They must act
as an incentive for other States to take governmental
measures for integrated coastal management and
ocean conservation. This also requires that all maritime
States adopt national marine environment policies
based on solid legislative and regulatory clauses and
on governance and integrated management tools
based on marine ecosystem conservation.
Governments must reconsider global, regional and
national marine habitat conservation strategies by
cross-referencing marine biodiversity issues with
those of climate change and they must also address
those of the ocean sustainable development goals
(SDG14). International and governmental marine
habitat conservation policies must join this logic of
adaptation and mitigation of climate change impacts
policies. United Nations environmental programs and
policies must develop in this direction. The Convention
on Climate Change and the Convention on Biological
Diversity have gone separate ways for too long now.
The consideration of a systemic relationship between
marine ecosystems and climate could most certainly
allow these two United Nations Conventions to
converge towards a joint approach of their goals.
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Ocean,
Environment,
Climate Change and
Human Migration

Christine Causse,
Daria Mokhnacheva
and Guigone Camus

The ocean’s role in climate regulation is at the heart of climate change economic and social issues,
especially those related to environmental migrations. Although the ocean curbs global warming, it
is considerably affected by the major disruption that is climate change. Both its regulation role and
the ecosystem services it provides are threatened. Sea-level rise and the increasing frequency of
destructive climate phenomena, such as cyclones or spring tides, impact human communities and
as a result may trigger migration movements. Anticipating these climate phenomena could reduce
the vulnerability of natural environments and the communities relying upon them.

The ocean is crucial to natural equilibriums which
enable life on our planet. The importance of the
ocean in climate regulation places it at the heart of
climate change economic and social issues, and namely environmental migration-related issues. Whilst
the ocean limits global warming, it is also affected
by the latter. It changes when it is hotter, more acidic and less oxygenated. The ocean’s regulation role
and the ecosystem services it provides are threatened. The planet and populations’ capacity to absorb
climate impacts and their modes of adaptation to
disequilibrium are affected.
The modifications it endures also contribute to
sea-level rise and the increase in frequency of destructive climate phenomena such as huge cyclonic
storms or spring tides. These major modifications
of the marine environment have consequences
on safety and vulnerability of human communities
(floods, coastal erosion) but also economic consequences and can cause migrations.
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A KEY ROLE IN CLIMATE
REGULATION
The ocean constantly exchanges gas, water and heat
with the atmosphere and redistributes them around
the globe. These mechanisms are decisive for global
climate. The ocean is also a regulator that limits global
warming. In fact, the sea absorbs over 90 % of excess
heat generated by the greenhouse effect. The ocean
also absorbs a quarter of CO2 emissions generated
by human activity. The global ocean controls climate
fluctuations which would be much more abrupt it they
were only regulated by the atmosphere.
However the ocean’s storage capacity is not indefinite
and its ability to absorb tends to decrease in certain
oceanic regions. The “carbon pump” mechanisms
provided by oceans are biological and physical. If
the distribution of marine biodiversity, including
phytoplankton, or if physical parameters (temperature, salinity, pH) endure abrupt variations, this regu-
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lation role may be affected. The global ocean is experiencing consequences of this warming, even though
impacts vary from one region to another. Scientific
observations show that waters are becoming warmer,
more acidic and less oxygenated. Not only does this
affect the ocean’s ability to keep its regulation role
and resilience to face climate disruptions but this also
has direct and immediate consequences on coasts
and marine ecosystems.
A healthy ocean is a protected climate: State representatives gathered in Paris for COP21 in 2015 have
agreed upon this statement.

A CHANGING OCEAN:
CLIMATE CHANGE IMPACTS
ON HUMAN COMMUNITIES
Climate change-related modifications that affect the
global ocean have direct consequences on island
and coastal populations, but their repercussions go
beyond these regions: the environment, the economy and the social life of many communities can
be affected.

storms for instance) have risen since 1970. The most
recent modeling reports a nearly 2 meters sea-level
rise by the end of the century. If this increase is not
identical in all regions, its pace may accelerate in the
years to come.
This rise of the mean sea-level causes coastal erosion,
which results in loss of arable land and water reserves
due to salinized soil and groundwater. Coastlines have
been receding and floods intensifying during spring
tides or severe storms – these extreme weather events
tend to increase.
Coastal facilities (housing, infrastructures, industries…)
are particularly vulnerable to these weather phenomena
which can cause important loss of human lives and
considerable economic loss. Yet, the majority of world
metropolises are located on the coast – including in
South Asia and South East Asia. Lower coastal areas,
such as delta great plains, are particularly attractive
and the most populated areas in the world because
of the resources they provide and their access to the
sea. Consequently, according to the OECD, 40 million
people living in major cities are threatened by submersion; this figure can only increase with the growing
world population and urbanization.

Sea-level rise
According to the 2014 IPCC Report, the global
mean sea-level rose by nearly 20 cm in the 19012010 period. It is likely that extreme levels (during

Small Island States are also on the frontline against
global warming. Erosion, salinization and loss of land
are already a reality for those nations with limited
habitable and cultivable surface area.

The overpopulated Island of Male, capital of the Maldives, is protected by dikes. Two raised artificial islands were built 2 km
away by filling the lagoon with tons of sand and dead coral. They accommodate buildings, a hospital, a mosque and an airport.
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Affected Marine Biodiversity: what are the impacts on livelihood?
Warming, acidification and deoxygenation of global
waters also affect marine species and disrupt the
ocean food web.
If some species adapt, others migrate to cooler
deeper waters or to the North, or even disappear.
Displacements of marine fauna have an impact
on fisheries and aquaculture. Acidification affects
phytoplankton with calcium based skeletons, fish larva
growth, some mollusks’ shell-building process or even
the development of coral reefs which provide shelter
to millions of marine species.
Deoxygenation (warmer waters contain less oxygen
and increasing stratification due to warming surface
waters which reduces ventilation) affects both coastal
areas and the high seas. It could also have a major
impact on shellfish farming, aquaculture and fisheries.

Developed Countries (LDC) are generally the most
impacted: their coastal infrastructures are more fragile (many are located in areas affected by tropical
storms), and populations’ subsistence is usually highly
linked to fishery. For some countries such as the Small
Island Developing States (SIDS), the entire economy
is threatened. Other countries face increasing coastal
populations migrating inland to find more safety and
alternative livelihoods. Traditional communities may
be confronted to radical change to adapt to major
disruption in their living conditions. This phenomenon
can cause a loss of cultural and identity landmarks,
a feeling of insecurity, and erosion of traditions and
indigenous knowledge. For some communities, migration is the only solution to climate change.
Displacement of vulnerable populations

In addition, marine ecosystems, already threatened
by pollution and a non-sustainable management of
resources and human activities, are overexploited,
which accelerates their degradation.

Since 1990, The IPCC had noticed that climate change
could increase population displacements, in particular
in developing countries and the poorest communities,
and especially in coastal areas and low islands. In fact,
migrations and displacements linked to the impacts of
climate change on the ocean and on the degradation
of marine ecosystems are already a reality in many
regions throughout the world.

Economic activity such as fishery or tourism experience productivity loss in many regions. The Least

Forced displacements due to floods or coastal erosion have already happened in many countries. Some

COP21 and the Paris Agreement
On December 12th, 2015, a historical agreement to combat climate change was adopted in Paris by 195 countries. For
the first time since 1992, the ocean is mentioned in an additional text of the Climate Convention. This reference in the
final text preamble (“Noting the importance of ensuring the integrity of all ecosystems, including oceans…”), shows
global acknowledgement and awareness regarding the importance of the links between Ocean and Climate. In order
to reinforce the consideration of the ocean’s role, the Intergovernmental Panel on Climate Change decided in April
2015 to produce a Special Report dedicated to interactions between Climate, Ocean and the Cryosphere.
The Paris Agreement shows major progress regarding the acknowledgement of connections between human migration and climate change by referring to migrants in the final draft preamble1, for the first time, and by requesting the
establishment of a special task force to “develop recommendations for integrated approaches to avert, minimize and
address displacement related to the adverse impacts of climate change”2.
1 UNFCCC Decision 1/CP.21, preamble p.2: “Acknowledging that climate change is a common concern of humankind, Parties should, when taking
action to address climate change, respect, promote and consider their respective obligations on human rights […] (and) migrants […]”
2 UNFCCC Decision 1/CP.21, Loss and Damage – articles 49 and 50, p. 7
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governments, (for instance in Vietnam, Vanuatu and
Papua-New Guinea) have implemented relocation
strategies for vulnerable populations.

indigenous know-how, can contribute to protecting
the communities who depend upon them, reinforce
their livelihood and prevent forced migrations.

Migration can also be a collective strategy for communities whose livelihood mainly depends on threatened
marine resources. For instance, in Senegal, the loss
of halieutic productivity forces coastal populations
to migrate to cities to find new sources of income.

Conservation, restoration and ecosystem services

Migration and forced displacements due to climate
change impacts on the ocean and on the deterioration
of marine ecosystems are already a reality in many
regions of the world.
The IPCC 5th Assessment Report (2015) highlighted that
populations with insufficient means to plan their migration are more exposed to extreme weather events,
in particular in low incomes developing countries. In
this context, it is important to insist on the fact that
migration is a strategy of reinvention and regeneration
of ways of life and livelihood.

POTENTIAL SOLUTIONS
TO ADAPT
However, some marine ecosystem deteriorations
and population forced displacements scenarios can
be anticipated. A more sustainable management of
natural marine resources, implementation of ecosystem protection and restoration projects, disaster
mitigation initiatives, adaptation policy for climate
change, creation of alternative jobs, or even planned
and facilitated migration, could be propositions dedicated to reducing the vulnerability of natural habitats and communities which depend upon them.
Sustainable management of ecosystem services
and resources
The importance of marine ecosystems for human
populations is measured in terms of services and
resources. They are crucial for mitigation policy (actions to reduce greenhouse effect) as they absorb
CO2 and for adaptation to climate change policy.
Conservation, restoration and sustainable management of these ecosystems, including relying on

For instance, seagrass beds, coastal wetlands, mangroves and coral reefs act as carbon sinks. They also
play a role in coastal conservation by forming a buffer
zone with the sea: they absorb approximately 75 to
90% of waves and swell and reduce considerably
their erosion power. Finally, these ecosystems are
a source of food and materials, and generate economic activity. In December 2015, during COP21,
Secretary General for the Indian Ocean Commission
(IOC), Jean Claude de l’Estrac, co-signed with the
European Union a joint declaration acknowledging
“the importance of threats and challenges created
by climate change, in particular the sea-level rise,
natural risks increase, loss of biodiversity and their
economic and financial impacts“ (source: IOC press
review provided by IOC library). Conservation, sustainable management and restoration of these ecosystems participate in combating climate dangers
and poverty.
The development of Marine Protected Areas could
allow biodiversity conservation while preserving traditional livelihood activities by relying on local populations’ know-how and types of governance. Many
restoration projects have been initiated, including
those by Small Island Developing States and along
coastlines and particularly fragile estuaries around
the world. Reef rehabilitation by developing artificial
reefs (coral transplantation onto a structure), mangrove restoration and wetlands conservation have
an immediate impact. In fact, these actions participate in the protection of land and populations by
providing resources to coastal communities, which
improve their livelihood. For instance, a program for
the replanting of mangrove trees in American Samoa
– funded by UNDP (United Nations Development
Program) - has enabled the development of commercialization channels of mangrove and generated
goods such as crabs, mangrove tree bark tannin extraction for dye used for the production of sarongs
and arts and crafts.
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In 2010, UNDP launched in Bangladesh an important
program to plant mangrove trees along the coastline,
in partnership with national authorities and local communities. In 2012, over 6000 ha of mangrove trees were
replanted. In the Maldives, reef rehabilitation projects
– consisting in coral transplantation onto an artificial
structure – are paired with the development of ecotourism infrastructures.
Support vulnerable populations
Evidently, when facing a risk of extreme events, risk management policies and programs must be reinforced.
They should consider more the needs of the most vulnerable populations, in order to better plan and manage
“forced” population displacements (displacements following floods or extreme storms for instance).
Preparing populations to coastal risks by developing
training program and awareness campaigns appears to
be a priority to help these populations to better address
these disasters, better adapt to climate change and
better manage resources (water, food, etc.).

or less long term, relocating their communities. These
countries now include in their national adaptation to
climate change plan, planned migration and relocation.
Some States are starting to acknowledge the benefits of
migration and migrants’ potential in disaster risk management and adaptation, including through the transfer
of competencies or targeted fund transfers. By removing
transfer fees or even by creating special funds, Samoa
and Indonesia have facilitated fund transfers from their
diaspora. Some of these financial aids are intended to
help rebuild after natural disasters. Other countries innovate in investment mechanisms in order to attract their
diaspora’s capital towards adaptation to climate change
projects (for instance projects which could include marine
ecosystems restoration or the development of sustainable fisheries techniques).
Others, including SIDS, develop bilateral or regional
migration agreements, which could allow populations,
affected by damaging consequences of climate change,
to diversify their resources by working abroad.
Collaborate to move forward

Also these migrations caused by flood risks or soil and
freshwater salinization can be anticipated and guided
by planning relocation zones. Other solutions should be
considered to anticipate a lack of space.
In order to reduce the vulnerability of communities exposed to risks, related to sudden disasters or slow deteriorations (soil and freshwater salinization for example), a
population relocation can be considered as a solution if
it is anticipated and conducted by policy and long term
plans. These plans should take into consideration specific needs of affected populations. They can designate
rehousing areas, or consider other solutions when the
surface area is limited. For example, in the Maldives,
artificial islands have been built by filling the lagoon to
set up an airport, a hospital, housing and schools. Due
to partial submersion and salinization, the Republic of
Kiribati has already purchased some land in Fiji (28 km²)
to grow food crops and provide for part of the population
in case of poor soil fertility and extreme risks.
Other countries such as Tuvalu, Papua-New Guinea,
Tonga and the Cook Islands are considering, in the more
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In April 2016, for the signature of the Climate
Agreement at the United Nations, many heads of States
and heads of Governments shared their hopes and
expectations. Mr. Ahmed Ali Silay, Minister Delegate
in charge of International Cooperation of Djibouti declared: “Desertification, soil depletion, droughts, wells
drying up, floods and sea-level rise are recurring risks
that our populations are combating as best as they
can with their limited resources. Also, we must place
mitigation and adaptation to climate change at the
center of our actions to combat poverty in all of our
countries.“ Representatives from many developing
countries also highlighted the fact that their greenhouse gas emissions are very low but their populations are nevertheless the most exposed to climate
disasters. Consequently, they are unanimously calling
for international solidarity. In fact, international mobilization, establishment of partnership and cooperation for development policies, technology transfers,
releasing international funding to develop mitigation
and adaptation policies are essential to limit climate
change impacts and population displacements.
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As for the Ocean, on June 8th 2016 during the World
Ocean’s Day, UN Secretary General, Mr. Ban Kimoon, stated that ocean health is a priority for implementation measures of the Paris Agreement, to
mitigate and adapt to climate change.
The growing acknowledgment of links between
Ocean, Climate and Human migrations has impelled the International Organization for Migration
(IOM) and the Ocean & Climate Platform to unite in
order to improve comprehension and awareness of
the interactions between these three fields.

The International Organization for Migration (IOM) is
an intergovernmental organization with 165 Member
States. Established in 1951, IOM is the leading intergovernmental organization in the field of migration.
IOM works to help ensure the orderly and humane
management of migration, to promote international
cooperation on migration issues, to assist in the search
for practical solutions to migration problems and to
provide humanitarian assistance to migrants in need,
including refugees and internally displaced people.
For over 20 years, IOM has been exploring the links
between migration, environment and climate change
through research, political relations and fieldwork.
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The Ocean
in National Contributions
of Mediterranean States

Louise Ras

COP21 marked the enshrinement of national contributions in international climate negotiations. The
ocean, presented at COP21 as “the forgotten element”1 of international climate negotiations, has
been put back on the negotiation table. As for all subjects, the ocean had to be fervently defended
to access the international political agenda. What are intended nationally determined contributions
and how do States prepare them? Today, how is the ocean taken into account by Mediterranean
States in their national contributions?
The Mediterranean Sea, cradle of humanity, has been
subjected to many anthropic modifications – namely
on the coastline. The semi-closed sea is often described as an ideal study-zone, a form of miniature
ocean. This region is just as interesting on the political
and economic level, as it is composed of strongly
diverging States. The Mediterranean thus appears
fitting to study how the ocean is taken into account
in Intended Nationally Determined Contributions
(INDC), and to seek a better understanding of what
pushes – or dissuades – a State to integrate the ocean
in their adaptation and mitigation policies.
After a brief historical overview on the development
of national contributions, we will look more in depth
at how States form their interests in the field of environmental protection in order to better understand
why the Mediterranean States are more or less interested in the ocean in said contributions.

NATIONAL CONTRIBUTIONS
For many years, the dominating approach in climate
negotiations was to launch a policy at the international
1
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Policy recommendations of the Ocean and Climate Platform.

level to push action on the national level (top down).
For instance, the majority of ministries of environment
were created after the United Nations Environment
Programme (UNEP), in 1972, which encouraged such a
measure. The 19th session of the Conference of Parties at
the United Nations Framework Convention on Climate
Change (UNFCCC, Warsaw, November 2013) adopted
an opposite logic (bottom-up) by proposing a system of
nationally determined contributions. These are “public
outlines of what individual countries plan to do to deal
with a changing climate, starting in 2020 under a new
international climate agreement.”2 The States first agree
on their objectives in relation to the UNFCCC. Goals
are detailed in a treaty, the Paris Agreement, adopted
at COP21 in December 2015 in Paris. Although they are
not legally binding, INDCs communicate these goals
“in a manner that facilitates the clarity, transparency
and understanding of the intended contributions”3.
These contributions combine ambitious and fair commitments in terms of both adaptation and mitigation with
national priorities that are specific to each country. Year

2 “Decoding Intended Nationally Determined Contributions
(INDCS): A Guide for Understanding Country Commitments”,
World Resources Institute, July 2015.
3 See article 2.b of the decision “Further advancing the Durban
Platform” (1/CP.19).
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of reference, deadline of the political agenda setting,
scope, methodology used, as well as an estimation
of the fairness and the ambition of the contribution
in relation to national circumstances all appear in the
contribution.
No formal obligation is required of INDCs. Some are
rather short, limited to quantified commitments, whereas others can reach up to twenty pages and detail
the country’s ambitions sector by sector. The European
Union’s contribution is only five pages, overviewing its
fairness and ambitiousness, and then making an inventory of the economic sectors it concerns. This contribution
is centred on a quantified reduction of emissions. To
the contrary, the Moroccan contribution – 17 pages –
details at length the country’s national circumstances,
namely strong economic and demographic growth in
context of climate change. The Moroccan INDC proposes a first unconditional and objective reduction of
emission reduction, and a second objective, depending
on international aid received. It then develops policies
both in terms of mitigation and adaptation.
A bottom-up approach should push to a stronger commitment by States. So far, it appears to be a winning
bet: around sixty States made commitments in 2009 and
2010, whereas 177 have signed the Paris Agreement4.

POLITICAL AGENDA SETTING
– GETTING ON TO THE
POLITICAL AGENDA
The political agenda is defined by Garraud (in
Hassenteufel, 2010) as “a set of problems subjected
to treatment of any kind by the political authorities,
and therefore likely to be the object of one or several political decisions”. In other words, the political
agenda is composed of all subjects likely to be object of political decisions.
Tough competition for the political agenda
At both the national and international level, problems face strong competition to get on the politi4 http://www.cop21.gouv.fr/un-record-plus-de-160-pays-attendus-a-new-york-le-22-avril-pour-signer-laccord-de-paris, last
consulted on September 20, 2016.

cal agenda. All subjects cannot be on the agenda.
At their origin, subjects are not public: they must be
constructed as such. For instance, all citizens are not
a priori concerned by sea-level rise, and thus it is
not perceived as a societal or public problem. The
actors concerned by this question (civil society, associations, businesses, political parties, for instance)
may mobilise and reconstruct the perception of
sea-level rise as to make it a public problem. They
can show the impacts of the phenomenon on water and food resources, or the consequences on the
country’s economy and civil society. Sea-level rise
then becomes a problem that is constructed as public. Considering the over-abundance of problems
competing for the political agenda, a choice must
be made. Hilgartner and Bosk (1998) consider that
“public attention is a rare resource […], problems
must strive to occupy space in the public arena”5.
This competition is constant, whether to gain access
to or to stay on the political agenda.
Environmental policy is no exception to this rule.
Competition between subjects, or problems, impacts the topics addressed in States’ INDCs.
The definition of national interest in environmental terms
State delegations are mandated to define and defend their national interest at the international level.
A State’s interest, and thus position during international negotiations, depends mainly on two independent variables according to the principle of rationality of States (Morin and Orsini 2015).
The first variable is the country’s vulnerability, meaning the extent of environmental damage a State, its
population or its territory is subjected to. Logically,
the greater the damage a State is subjected to because of a certain problem, the more it will try to
combat this problem. The second variable is the abatement costs, or the replacement of equipment, the
development of new technologies, the abandonment
of other technologies and old modus operandi. It is
not rational for a State to adopt a solution if the cost
of this solution is excessive in regard to the problem.
5

In Hassenteufel, 2010
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To the contrary, if the cost is low compared to the
consequences of the States’ vulnerability, the country
will have strong incentive to act. States undertake a
cost-benefit analysis of their behavioural change depending on the information available to them. States’
interests vary depending on the given environmental
problem6. This approach to public decision analysis
does not take into account other factors, such as
the existence of a bureaucracy that defends its interests (survival of existing institutions), for instance.
Underlying geopolitical tendencies may influence the
position adopted by a State and the definition of its
interest. The end of the Cold War boosted international cooperation and the proliferation of more global
regimes (Terhalle and Delpledge, 2013). The rational
approach nonetheless helps understand – at least
in part – how a State defines its interest, and thus
its behaviour on the international arena (see Fig. 1).

This is why research should be encouraged. Indeed,
research can enable the identification of a problem,
and can even offer concrete answers on the origins
of said problem. Exploring solutions should also be
a priority for researchers and other mobilised actors,
if they hope to see their problem attain the political agenda. Political will can draw its source from a
strong mobilization of the civil society, election day,
or even a striking event, such as a tropical storm.
Without political will, decision-makers are less likely
to listen to research results.

Windows of opportunity

An (over)exploited resource

John Kingdon considers that “when a problem is
acknowledged/recognized, a solution is developed
and available within the public policy community, a
political change creates the right moment for a policy change and that the potential constraints are not
to strong”7, then a problem constructed as public will
gain access to the political agenda.

For all the Mediterranean States, the ocean is a source
of income. Finding exact data on the percentage of
GDP that comes – either directly or indirectly – from
the ocean proves difficult. Undeniably, seaside tourism, fishing, and maritime transportation amongst
others, are profitable sectors. However, these activities generate stress on their environment: overfishing,
pollution, excessive urbanisation, over-exploitation of
water resources. Yet, in arid and semi-arid countries,
water is a valuable resource, that the ocean can supply
thanks to desalinization. This accentuates stress on
the natural environment. In half of the Mediterranean
States’ INDCs (Egypt, Israel, Morocco, Tunisia), desalinization is mentioned as both a current and future
resource. Israel wishes to use this technique to cope
with a raise in water demand. Morocco hopes to increase its water resources before 2030. Tunisia plans

Having identified a problem, a solution, and political
will are all necessary to have a window of opportunity (a possibility to access the political agenda).

6 For instance, the Moroccan contribution explains that the
country “must focus on minimising the risks of climate change impacts. Certain economic activities, such as agriculture, fisheries,
aquaculture, forestry and tourism are significantly vulnerable, as
are certain ecosystems, such as oases, the coast and mountains.“
7 Translated from English to French by Hassenteufel and from
French to English by the author.

Behaviors expected from States
depending on their interests

Abatement cost

THE OCEAN IN
MEDITERRANEAN STATES’
NATIONAL CONTRIBUTIONS
The ocean: an irreplaceable and precious resource

Degree of Vulnerability
Low

High

Low

Spectator

Promotor

High

Obstructionnist

Intermediate

Fig.1 — Source : Sprinz et Vaahatoranta, 1994 in Morin and Orsini 2015.
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to install small desalination plants to accommodate
local needs in touristic zones8.

the coastline. The Mediterranean basin faces another
pressure: pollution from industries, agriculture, cities
and tourism flows directly into marine ecosystems.

Indirect stress factors
Challenges and solutions in the Mediterranean
The Mediterranean also endures indirect pressure. Due to
desertification and loss of arable lands, certain rural populations are forced into exodus towards urban centres,
often located on the coast. Meanwhile, the population
grows, on average, 1,4% per year in Mediterranean
States (excepted European Union). These countries
are facing strong demographic stress, generally on

8

The ocean as a source of vulnerability
Most of the Mediterranean States undertake a situational
analysis of their national circumstances (political, economic and social context) because the consequences of
climate change are adding onto an already fragile national
context. For instance, Lebanon recalls its regional political
agitation, high poverty levels and the 30% increase of its

INDC Israël, Morocco, Tunisia

GDP
per habitant
2011-2015

Land and
marine protected zones
(percentage
of national
territory)

Annual
population
growth,
percentage

Length of
coastline
(in km)

Land
borders
(in km)

Average
elevation (m)

Percentage
of territory
that is under
5m elevation
(percentage)

Total words
concerning
the ocean

Algeria

5484,1 $

7,5

1,9

998

6734

800

0

6

Egypt

3365,7 $

9,6

2,2

2450

2612

321

1,6

24

Israel

37206,2 $

8,6

1,9

273

1068

508

0,4

5

Lebanon

10057,9 $

0,9

1,2

225

484

125

0,4

14

Morocco

3190,3 $

20,1

1,4

1835

2362,5

909

0,2

17

Monaco

163651,6 $

99,7

0,3

4,1

6

NA

25,3

1

Tunisia

4420,7 $

3,7

1,0

1148

1495

246

1,9

29

Turkey

$10515,0 $

0,2

1,2

7200

2816

1132

0,5

2

Data from the CIA Factbook and the World Bank

To quantify the integration of the ocean in Mediterranean States’ INDCs (excluding the EU, Syria and Libya ), key words in
relation to the ocean were counted. The chosen words are the following: adaptation, acidification, aquaculture, biodiversity,
blue carbon, blue economy, coast, coastline, coastal, coral, deoxygenation, desalinization, ecosystem(s), fishery(ies), marine,
maritime, mangrove, marsh, mitigation, ocean warming, offshore, reef, sea-level rise . These words were essentially chosen in
the Ocean and Climate Platform’s policy reccomendations.
Tunisia is at the top of the rankings, with these words coming up 29 times (excepted adaptation and mitigation), closely followed
by Egypt (24), Morocco (17 and Lebanon (14).
The European Union, Syria and Libya are not taken into account because they do not have a national contribution . The
European Union submitted a group contribution for all its Member States. In regard to their political, economic and social circumstances, Syria and Libya have not written a contribution.
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Fig.2 — Freshwater availability, cubic metres per person and per year, in 2007. Source: FAO, United Nations, World
Resources Institute (WRI), Designer: Philippe Rekacewicz 2008).

population between 2013 and 2015 due, namely, to the
Syrian refugee crisis. According to the Lebanese INDC,
these factors intensify stress on an economy and on natural resources that are already under pressure9.
Yet, Middle Eastern and Southern Mediterranean countries have a distinctive feature: they are located in the
only region in the world that lacks water10 (see Fig. 2).
Climate change will deeply affect coastlines and water
distribution. Sea-level rise will have a direct effect on an
invaluable resource: fresh water. Salt-water intrusion is a
major concern for countries such as Tunisia and Egypt,
where more than 1,5% of national territory is located under 5m of altitude. The Tunisian contribution states that
50% of its water resources in coastal groundwater risks
salinization. The rise of sea-level also salinizes arable land.

9 “To exacerbate matters, the Syrian crisis has led to the arrival
of around 1,13 million registered refugees to the country, increasing Lebanon’s population by 30% in just over 2 years and adding
stress to the already-stretched economy and natural resources“.
INDC Lebanon.
10 According to the Falkenmark index.
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In addition to deteriorating resources as basic as water
and food, sea-level rise damages sea-side infrastructures,
including touristic and port infrastructures, or even power
plants, impairing the countries’ economy. Displacement of
populations is another consequence of this phenomenon.
For instance, in Algeria, over 85% of the population lives
in the North of the country, so on the coast. Major cities
such as Alexandria or Port Saïd in Egypt will eventually
be flooded. These huge population flows would further
destabilise the country11.
Sea-level rise obliges States to adapt their tourist-economy so as to continue to benefit from the sector. Seaside
tourism generates a large income: 90% of tourism in
Tunisia is coastal, 80% in Lebanon, and 80% in Israel.
In 2015, 11,4% of the Egyptian GDP was generated by
11 “Estimations indicate that sea-level rise by 50cm leads to serious impacts on low-level lands in Delta and highly populated cities such as Alexandria and Port Saïd. Consequently, this will result
in a more significant challenge, which is the migration of people
from the affected areas to other areas, thus affecting the efficiency
of different services and increasing the financial cost required for
their development.“ Egyptian Arab Republic INDC.
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tourism, 35% of which was on the seaside. Coral reefs
– Egypt’s 4th touristic sector – are highly vulnerable to
climate changes.
The ocean’s temperature is also rising, disturbing the
distribution of marine species and displacing fish stocks.
This provokes heavy repercussions on the fishing industry.
Touristic destinations can become less attractive due to a
rapid proliferation of harmful algae, which is stimulated by
the increase in temperatures. Economical vulnerability of
coastal regions is a recurring theme in contributions that
mention the ocean.
A tool to be developed
Many countries consider themselves vulnerable to the
ocean. However, the ocean can also be a source of adaptation and mitigation to better cope with climate change.
Planned management of the coast helps avoid excessive
and un-orderly urbanisation while putting a priority on
zones that are less prone to flooding and erosion. Egypt
and Morocco both propose this type of solution12.

Monaco

Turquie
Tunisie

Liban

Maroc
Algérie

Israël
Egypte

Longueur du trait de côte (km)

Nombre de mots liés à l'océan

1-500

1-5

501-1000
1001-1500
1501-2000
>2001

6-10
11-15
>15

Fig.3 — Number of ocean-related words in Mediter-

ranean INDCs compared to the length of their coast, in
2016. © Léa Lebechnech.

In terms of mitigation, marine renewable energies can
help reduce dependency to flared gas or fossil energy.
Reforestation can also help limit coastal erosion at a lower
cost. Morocco plans to reconvert nearly 1 million hectares
of cereal production to fruit tree plantations, which would
protect farmlands from erosion13.
Therefore, it appears that States including the ocean in
their INDCs are those whose economy and society will
be most affected by climate change. Egypt and Tunisia
depend on seaside tourism, and have many farmlands,
cities and aquifers that will potentially be flooded in the
coming decades, affecting the heart of their economies. It
is in these States’ interests to act, taking into account the
ocean in their national contributions.
12 Morocco has already undertaken a « National Strategy for
Integrated Coastal Management ». Egypt is also putting forward
integrated coastal management (« Adaptation options for coastal
zones are highly site-dependent. However, changes in land use,
integrated coastal management, and proactive planning for protecting coastal zones are necessary adaptation policies. » INDC Egypt).
13 The Marrocan contribution mentions a « conversion of nearly
one million hectares of grain crops to fruit plantations that are
likely to protect agriculteral areas from all forms of erosion, especially water erosion ».
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Which
International Law
for Ocean and Climate?

Bleuenn Guilloux
and Romain Schumm

The United Nations Convention on the Law of the Sea (UNCLOS) and the United Nations Framework
Convention on Climate Change (UNFCCC) shape the legal backbone of sea and climate law on the
international level. Framework conventions mark the beginning of specific legal systems that are
destined to evolve. The UNCLOS takes into account only in an incidental manner certain aspects
affecting climate in relation to the ocean. Climate change creates new challenges for the Law of
the Sea, which then must adapt to tackle its impacts and showcase the ocean’s “regulating“ role.
Regulation of GHG emissions in maritime transport, ice-melt in the Arctic, or even sea-level rise has
become the object of international discussions and calls for further legal development. To affirm that
the ocean has been completely left out of international climate negotiations would be at very least
imprecise. The ocean was inderectly mentioned at several occasions during debats and in international
texts. These references are incomplete and the relative legal provisions suffer from a limited legal
scope. The effects of scientific and political mobilization concerning the links between ocean and
climate set conditions for a consolidation of the integration of the ocean in climate law. The inclusion
of the term “ocean“ in the Paris Treaty, the IPCC special report on “Climate change and the oceans
and the cryosphere”, or the existence of an ocean session at COP22 – where the implementation of
the treaty will be discussed – all foretell a strengthening of the ocean in the climate regime.

INTRODUCTION
The United Nations Convention on the Law of the
Sea (UNCLOS) and the United Nations Framework
Convention on Climate Change (UNFCCC)
respectively form the framework of the Law of the
Sea and the Law of Climate at the international level.
As framework agreements, they are the starting point
of new specific legal regimes which are intended to
evolve over time.
The UNCLOS, which was signed on the 10th December
1982, is the result of the codification process of the
Law of the sea, but also of the formation of new legal
rules (e.g., the Exclusive Economic Zone (EEZ ) or the

status of archipelagic States). The “constitution for
the oceans”1, convention which has almost a universal
scope (167 States Parties in 2016), establishes the
general framework within which maritime activities
take place (navigation, exploitation of biological and
mineral resources, conservation and preservation of
the marine environment, marine scientific research,
etc.). It defines the rights and obligations of
States conducting such activities according to the
subdivision of Oceans and Seas in areas under the
sovereignty or jurisdiction (internal waters, territorial
1 Expression formulated by Tommy T.B. KOH (Singapore), President of the third United Nations Conference on the Law of the
Sea: “A constitution for the Oceans”, 11 December 1982, 5 p.; online: http://www.un.org/depts/los/convention_agreements/texts/
koh_english.pdf (last consulted, August 2016).
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sea and contiguous zone, EEZ, continental shelf)
and spaces beyond the limits of national jurisdiction
(High seas, the Area)2.
Since it came into force on the 16th November 1994,
more than ten years after its signature in Montego
Bay (Jamaica), the International Community has
shown a growing concern for many issues related to
the uses of Seas and Oceans and the protection of
the Marine Environment. The topics of major concern
are the decrease in fisheries stocks, the destruction
of marine and coastal habitats, the sustainable use
of biological resources and the conservation of
marine biodiversity, the uncontrolled pressure of
urbanization and tourism, the pollution resulting from
land and sea activities and, for about a decade, the
interrelations between Climate Change and Ocean.
At the end of the 1980s, the threat of global
warming began to preoccupy States in a scientific
context enabling a holistic understanding of the
Environment. This issue requiring cooperation of all
States, meetings of experts (experts of the United
Nations Environment Programme (UNEP) and
the World Meteorological Organization (WMO)),
international conferences (Ottawa and the Hague
(1989)) and resolutions of the General Assembly of
the United Nations (in particular, Resolution 43/53:
Protection of global climate for present and future
generations of mankind, December 6, 1988), the
development of a draft framework convention on
climate change progressed towards the adoption of
the final text on the 9th May 1992 in New York and
its opening for signature the same year at the Earth
summit in Rio de Janeiro3.
Universal in scope (197 States Parties in 2016), the
UNFCCC which came into force the same year as the
UNCLOS in 1994 (21st of March), is the cornerstone of
the climate regime. Its title is misleading because it
suggests that it applies to each “Climate change” as

2 For a mapping of maritime delimitations, see AGENCES DES
AIRES MARINES PROTEGEES: Les délimitations de l’espace maritime francais, November 2014, p. 2; online: http://carto- graphie.aires-marines.fr/sites/default/les/delimitations_espace_maritime_fr.pdf (latest consultation in August 2016)
3 See, BEURIER (J.-P.), KISS (A.†): Droit international de l’environnement, Paris, éd. Pédone, coll. Études internationales, 2010, p. 264 et s.
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it only considers change of climate which is attributed
directly or indirectly to human activity that alters the
composition of the global atmosphere at global
level (art. 1, § 2)4. Its objective is the “stabilization of
greenhouse gas concentrations in the atmosphere at
a level that would prevent dangerous anthropogenic
interference with the climate system”5 (art. 2). It was
complemented by the Kyoto Protocol on Climate
Change of the 11th December 1997 (entered into
force on the 16th February 2005) counting 192 States
Parties and the Paris Agreement on climate signed
on the 22nd of April 2016 by 175 States.
Beyond their goals, their contents and the
context of their negotiation, the UNCLOS and
the UNFCCC differ ideologically and politically, in
their understanding of global environmental issues.
While the UNCLOS considers the Area as a common
Heritage of Mankind (art. 136), the UNFCCC marks
an ideological retreat by making Climate Change
only a Common Concern of Mankind (preamble), a
concept which has no legal force.
For now, and as we will see through the respective
consideration of Ocean and Climate under the Law
of the Sea and the Climate Law, the response of the
international community to global environmental
challenges is still limited in Law and Practice; but
these challenges require urgent and compelling
answers on all scales.

CLIMATE IN THE INTERNATIONAL
LAW OF THE SEA
The UNCLOS makes no explicit reference to Climate
Change. Given its purpose, it takes into account
only incidentally specific aspects of Climate in its
relations with the Ocean. However, in recent years,
Climate Change has emerged as an issue which goes
beyond the framework of the climate regime, leading
4 BEURIER (J.-P.), Kiss (A.†) : Droit international de l’environnement, Paris, éd. Pédone, coll. Etudes internationales, 2010, p. 265.
5 Also, Parties States to the UNFCCC have a shared responsibility to preserve the climate system in the interest of present and
future generations, on the basis of equity and depending on their
common but shared responsibilities. States may take into account
special needs and the specificities of developing countries circumstances, but it is also necessary to take precautionary measures to foresee and mitigate the causes of climate change and
limit their harmful effects (art.3).
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lawyers and policy makers to pay more attention to
this central issue of the Ocean Governance. The Law
of the Sea now faces the challenge of adapting to
fight against Climate Change and to highlight the
“regulating” role of the Ocean.

and pollution from or through the atmosphere (art.
212). If GHG emissions are not specifically mentioned
in the UNCLOS as a source of pollution of the marine
environment, it is quite possible to interpret Part XII
to include this type of pollution.

The incidental consideration of certain aspects
pertaining to climate in the UNCLOS6

Indeed, the UNCLOS provides a broad definition
of marine pollution, i.e. “the introduction by man,
directly or indirectly, of substances or energy
into the marine environment, including estuaries,
which results or is likely to result in such deleterious
effects as harm to living resources and marine
life, hazards to human health, hindrance to marine
activities, including fishing and other legitimate
uses of the sea, impairment of quality for use of
sea water and reduction of amenities” (art. 1. (1) 4.).

Climate change was not discussed at the third UN
Conference on the Law of the Sea (1973-1982),
at a time when it was not on the international
environmental agenda. If the UNCLOS does not
directly address the climate issue, it can be interpreted
and applied so as to grasp climate change, in
particular through its provisions on Protection and
Preservation of the marine environment (Part XII)
and on Marine Scientific Research (Part XIII).
The Protection and the Preservation of the Marine
Environment, including the climate perspective
Although the UNCLOS remains silent about climate
change and Greenhouse Gas emissions (GHG),
the provisions of Part XII entitled “Protection and
preservation of the marine environment” are relevant
to address these issues. Article 192 thus provides that
“States have the obligation to protect and preserve
the marine environment”, including “rare or fragile
ecosystems as well as the habitat of depleted,
threatened or endangered species and other forms
of marine life” (art. 194.5). This general obligation
may well apply to ecosystems such as coral reefs
and species affected by climate change, particularly
global warming and ocean acidification.
The obligation to protect and preserve the marine
environment is supplemented with other provisions to
tackle marine environment pollution, which includes
general measures to prevent, reduce and control
pollution whatever the source (art. 194), and specific
measures such as, measures to combat pollution
from land-based sources (art. 207), pollution by
dumping (Art. 210), pollution from vessels (art. 211)
6 Text of the UNCLOS available online: http://www.un.org/
depts/los/convention_agreements/texts/unclos/unclos_f.pdf (last
consultation in August 2016)

Therefore, the question arises whether the violation
of the general and specific obligations of States to
protect and preserve the marine environment could
be invoked in the light of climate change under the
dispute settlement mechanism provided for in Part
XV of the UNCLOS. Even if the doctrinal debate on
this point is rich, the question remains open. Only
the future will tell whether the UNCLOS is able to
grasp and respond to the new challenges posed
by climate change and above all, all to make any
coercive responses.
The obligation for States and International
Organizations to promote Marine Scientific Research,
including about ocean-climate interactions
The UNCLOS provides in Part XIII on Marine
Scientific Research an innovative legal regime
governing research activities carried out by States
and international organizations such as the WMO
and the UNESCO Intergovernmental Oceanographic
Commission (UNESCO-IOC), anywhere at sea. This
regime includes, inter alia, a focus on the need to
promote marine scientific research (art. 243 et seq.)
and international cooperation in this field (art. 242).
Under these provisions, much research has been
conducted in the marine realm with the aim to
better understand the impacts of climate change
on the ocean and particularly, marine biodiversity.
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For example, scientists of the Tara expeditions are
addressing the role of microscopic marine biodiversity
and its interaction with climate7. But the more research
progresses, the more obvious the lack of knowledge
becomes, requiring urgent strengthening of scientific,
technical and financial capacities.
In recent years, the United Nations General
Assembly has recognized the need to improve the
understanding of the impact of climate change on
the oceans. It encouraged States to enhance their
scientific activity to better understand the effects
of climate change on the marine environment and
marine biodiversity and develop ways and means
of adaptation8. It also stressed the importance of
increasing scientific knowledge of the interrelations
between the oceans and the atmosphere, through
the participation in ocean observing programs and
geographic information systems, such as the Global
Observation Observing System9.
Climate change: a core challenge for ocean governance
The impact of climate change on the marine
environment, unlike forest ecosystems, has belatedly
attracted the attention of the international community
despite the increasingly numerous and reliable
scientific data. Scientists have shown that the ocean
is a regulator of global climate: it is a natural sink and
a GHG reservoir and it receives almost all of the water
released by the melting of continental glaciers and
polar caps10. It was only in the 2000s that this issue
was seen to be crucial, involving the international

7 For more information, see the official website of Tara Expeditions : http://oceans.taraexpeditions.org/ (last consultation in
August 2016).
8 In particular, it has encouraged States and competent International Organizations to urgently pursue further research on ocean
acidification, especially programs of observation and measurement (See. Resolution 64/71, § 113).
9 See Resolution 64/71, § 169.
10 The impacts of climate change on the marine environment were
scientifically proven in the early 1980’s. Scientific data shows important
disruptions in the physical and chemical parameters of the global
ocean: ice-cap, iceberg, glacier, and sea ice melting; sea-level rise;
acidification; deoxygenation; disruption of marine currents; erosion
of biodiversity; release of methane in the water and the atmosphere.
These radical environmental changes combine the ones with the others,
as well as with other anthropogenic stress on the marine environment
(pollution, overexploitation of natural resources, destruction of habitats,
tourism, etc.). They are capable of producing runaway phenomena.
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community as a whole and not only some coastal and
archipelagic States which are particularly vulnerable.
Climate change is a core challenge, at the interface
between a plurality of activities (shipping, fishing,
exploitation of mineral resources, marine scientific
research, etc.), actions (fight against poverty, natural
disasters, pollution, biodiversity erosion, etc.) or
issues (maritime boundaries, access to natural
resources, protection of the marine environment
etc.), already taken into account by international
Law. They also raise new issues such as the
impact of climate change on marine biodiversity,
the regulation of shipping GHG emissions, geoengineering activities in the oceans, issues that may
require the establishment of specific legal rules. We
will consider below some current examples.
Sea-level rise: modification of maritime borders and
likely disappearance of States
Sea-level rise impacts maritime boundaries whose
stable delimitation is still one of the main purposes
of the international Law of the Sea and the UNCLOS.
The lines of maritime boundaries delimitation, as
well as baselines would be called into question,
as well as the principle of sovereignty over land
territory which gives rights to States on adjacent
marine territory (the land dominates the sea). Thus,
“shifting baselines”11 resulting from sea-level rise
will introduce a modification of the marine spaces
of some coastal and archipelagic States (territorial
sea, contiguous zone, EEZ and continental shelf).
That will undoubtedly create tension between
States, especially between neighbouring States, in
delimitation of national maritime boundaries, access
to natural resources and navigation.
In the most extreme cases, sea-level rise will mean
the disappearance of coastal and low-lying islands
which will be submerged or rendered uninhabitable
by lack of access to natural resources, particularly
water, or because of natural disasters becoming

11 ORELLANA (M. A.): Climate change and the international Law of
the Sea, in ABATE (R. S.) (dir.): Climate Change Impacts on Ocean and
Coastal Law: U.S. and International Perspectives, New York (États-Unis),
éd. Oxford University Press, 2015, p. 256 et s.
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more frequent (floods, tsunamis, cyclones, etc.).
The example of the Small Island States of the South
Pacific is the most eloquent. This raises the thorny
legal, political and humanitarian issue of the loss
of Statehood and population migration, climate or
environmental refugees, which it entails.
The melting of arctic ice: the opening of new regular
shipping routes and ways to access natural resources
The end of the Soviet Union and global warming have
changed the perception of States and ship-owners alike
about the three arctic polar routes, namely the Arctic
Bridge between Churchill (Hudson Bay) and Murmansk
(White Sea) and the Northwest and Northeast passages.
If the Arctic bridge is not subject to specific legal
issues, the two passages raise economic, geopolitical,
strategic and environmental concerns related to the
opening of new regular shipping routes and access to
natural resources caused by melting ice which require
binding legal solutions.
The different positions of States on the Northwest
Passage are an example12. Indeed, the riparian and
non-riparian States of this passage already crossed
by icebreakers and submarines remain divided on the
legal status to be granted. The Canadian State thus
considers that this passage is within its internal waters
as it wishes to preserve strategic areas and the marine
environment, while the United States believes that this
passage is an international strait open to navigation
on the principle of free transit passage according to
Part III of the UNCLOS13.
On the 11th January 1988, Canada and the United States
signed an agreement in Ottawa on cooperation in the
12 From a commercial standpoint, this reduces the distance covered by commercial ships going through the Panama Canal by about
1 000 mn, and would significantly reduce the cost of transport. In
September 2013, the MS Nordic Orion, a bulk carrier flying the Panama flag, was the first large cargo ship to take this route. From an
environmental perspective, the risk of mishaps related to navigation
in the fragile Arctic ecosystems are a major source of concern. From
a geopolitical perspective, the transit of pirates, terrorists, or other
unlawful groups, through the Arctic is another source of concern:
ORELLANA (M.A.): Climate change and the international Law of the
Sea, in ABATE (R. S.) (dir.): Climate Change Impacts on Ocean and
Coastal Law: U.S. and International Perspectives, New York (États-Unis),
éd. Oxford University Press, 2015, p. 267.
13 For more information, see BEURIER (J.-P.) (dir.): Droits maritimes, Paris, éd. Dalloz, coll. Dalloz action, 2015-2016, p. 128 et s.

Arctic by which the United States, while refusing to
recognize Canadian claims, agreed that the movements
of their icebreakers crossing in the Northwest will be
subject to the consent of the Canadian authorities.
On the 19th June 1992, in Ottawa, Canada signed
with the Russian Federation a new agreement on
scientific cooperation explicitly considering the Arctic
as a special area. Since then soft law on navigation
and protection of the marine environment has been
added to these binding rules14.
Given the fragile polar ecosystems, the UNCLOS
envisages the possibility for coastal States “to adopt
and enforce non-discriminatory laws and regulations
for the prevention, reduction and control of marine
pollution from vessels in ice-covered areas within
the limits of the exclusive economic zone, where
particularly severe climatic conditions and the presence
of ice covering such areas for most of the year create
obstructions or exceptional hazards to navigation, and
pollution of the marine environment could cause major
harm to or irreversible disturbance of the ecological
balance […]” (art. 234). The impact of climate change
in the Arctic requires the urgent establishment of a
specific binding multilateral agreement. It could follow
the model of the regional seas conventions and the
global-regional approach developed by the UNEP.
The regulation of GHG emissions from ships
GHG emissions from ships are a major challenge for
the Law of the Sea. Considering the importance of this
mode of transport in world trade – more than 80 % of
trade is carried by sea nowadays – the Law of the Sea
must grasp and regulate these emissions in order to
fight in its turn against climate change. In this sense,
the International Maritime Organization (IMO) through
its Marine Environment Protection Committee (MEPC)
has recently laid the groundwork for international
regulation of control and reduction of GHG emissions
from shipping. IMO is the specialized agency of the
United Nations responsible for establishing standards
for safety, security and environmental performance
of international shipping. It ensures a general fight
14 V. BEURIER (J.-P.) (dir.): Droits maritimes, Paris, éd. Dalloz,
coll. Dalloz action, 2015-2016, p. 132.

83

ocean-climate.org

against marine pollution by ships. Its main role is
to create a fair and effective regulatory framework
for the shipping sector, and which is adopted and
implemented universally15.
At its meeting on the 18th and 22nd April 2016, the
MEPC has adopted a regulation requiring all ships
over 5,000 gross tonnage to measure their CO2
emissions and to report to IMO. This regulation is
the cornerstone of a larger edifice aiming at a real
reduction in GHG emissions from merchant ships.
Following this line of thought, IMO stressed the
importance of adopting an international convention
on the reduction of shipping 's CO2 emissions in line
with the Paris Agreement.

OCEAN IN INTERNATIONAL CLIMATE
LAW
It would be inaccurate to assert unconditionally that the
ocean is the great forgotten element in international
climate negotiations. On several occasions in debates
and in international documents, the Ocean was
referred to as one aspect of the fight against climate
change. However, analysis of positive law reveals that
only timid steps have been taken, whereas the seas
and oceans represent 71% of the Earth's surface and
absorb more than 25% of the CO2 emitted annually
by Mankind. However, an analysis of the effects
of scientific and political mobilization around the
interrelationship between ocean and climate indicates
that the ocean will become increasingly integrated
into climate Law in the future and for COP22.
The timid consideration of the Ocean in the climate
regime
The UNFCCC makes no reference to the UNCLOS. It
does not highlight explicitly the relations between the
two conventions. A lack of mutual recognition of the
two legal corpuses may be observed. The synergies
between these two legal corpuses have not been
highlighted, indicating a limited consideration of the
Ocean in the climate regime.

15 Definition from the IMO website: http://www.imo.org/fr/
About/Pages/default.aspx
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A partial recognition
The climate regime refers to the ocean through the
“narrow prism” of natural sinks and reservoirs of
GHG. This almost exclusive approach reflects the
importance that the ocean plays in climate regulation.
It absorbs most of the heat and carbon dioxide that
is accumulated in the atmosphere. It has absorbed
93 % of the excessive heat on Earth since the 1970s
and thus limits the warming of the atmosphere. It
has trapped 28 % of CO2 emissions of anthropogenic
origin since 1750.
The consideration of the ocean within the climate
regime has thus been clearly identified through the
prism of sink as well as of reservoir. Excepted the Paris
Agreement which represents a step forward on this,
as well as quick reference to marine ecosystems in the
UNFCCC text, the ocean has always been approached
from this angle. There have been countless provisions
on the protection and reinforcement “sinks and
greenhouse gas tanks”16. In this way, all the issues
related to the ocean as such have been relegated
to the background or even ignored. Designating the
ocean directly in these texts, as well as provisions
taking into account all the ocean-climate relations, it
would gain greater legal force, like forests that benefit
from a real consideration.
A weak legal recognition
The legal provisions on the ocean, whether they are
explicit or not, enjoy only relative significance. The fact
that the ocean is included residually or conditionally
in the texts relating to climate demonstrates limited
legal force. The ocean has for example been
explicitly named in the Paris Agreement but only in
its preamble which, in the general spirit of the text,
mentions the main objectives of the States Parties. A
16 Art 4 of the UNFCCC on the commitments and §4 of the
preamble make reference to this. The text of the UNFCCC is available online: http://unfccc.int/resource/docs/convkp/ convfr.pdf (last
consultation in August 2016). The Kyoto Protocol makes reference to
“sinks and greenhouse gas tanks“ in articles 2-1.A)ii; 3-3; 3-4; 3-7; 5-1;
5-2; 5-3; 6-1; 7-1; 10-1 a); 10-1 b)ii). The text of the Kyoto Protocol is
available online: http://unfccc.int/resource/docs/convkp/kpfrench.
pdf (last consultation in August 2016). The Paris Agreement makes reference to this in its preamble and in its article 5-1. The text of the Paris
Agreement is available online: http://unfccc.int/ resource/docs/2015/
cop21/fre/l09r01f.pdf (last consultation in August 2016)

ocean-climate.org

preamble, which has less legal value than the Treaty,
contains provisions that are too general to be applied
and does not include any obligation or commitment.
Thus, even when the ocean is apprehended as such,
it does not benefit directly from a binding provision
and its legal recognition is diminished.
Moreover, the provisions for the ocean, whether
they do so explicitly or not, often use a loose
terminology. Thus, the Paris Agreement says that
the parties “should” take protective measures for
sinks or GHG. The use of the conditional implies
that this provision was not highly binding so that its
breach would not result in sanctions. Similarly, if the
Paris Agreement rises to the rank of an international
treaty, such provisions will be difficult to enforce.
Ultimately, the protection of the ocean as sinks or
reservoirs would be only a possibility, one example
of triggering for action on which States can build
to implement treaties. This is surprising since, at
the same time, science proves that the ocean is
a real climate regulator. This hiatus between the
international governance of climate and ocean on
one hand and the scientific findings and the world
reality on the other, shows a “schism with reality”17.
In short, it is not so much the absence of the ocean
in the climate regime which is observed, but the
lack of overall treatment and effectiveness of the
specific legal provisions applicable. This lack could
be explained in particular by a weak mobilization
of political and scientific communities on these
issues. This is no longer the case today. The action
of the Ocean and Climate Platform for example
nourishes the scientific and citizen debate around
the interactions between ocean and climate.

The Paris Agreement on climate
The Paris Agreement adopted on the 12th December
2015 indeed laid the foundation for a stronger
integration of the ocean by the climate regime.
Almost twenty five years after the signing of the
UNFCCC, it allows a renewal of how the ocean is
considered by the climate regime as long as there
is an explicit reference, as such. Certainly, this
agreement does not provide for monitoring or
enforcement mechanisms and too often includes
general provisions to be enforceable by States.
Eschewing a purely binding text, based on clear and
precise measures, complemented by monitoring
mechanisms, the Paris Agreement is based on
voluntary contributions, as well as on the general
objectives. That said, this legal technique has
greater flexibility, adaptability and malleability.
Proponents of this approach defend the idea that
it has the advantage of being more realistic and
therefore more effective. Thus, since the States
referred explicitly to the ocean in an agreement of
such political force, it will surely be more difficult
for them not to take it into account in their national
policies.
The future IPCC special report on climate change
the oceans and the cryosphere

Towards a greater emphasis on the ocean by
climate law?

The lack of consistency of international Law must
not, however, appear to foreshadow a disappointing
legal future. The future Intergovernmental Panel
on Climate Change (IPCC) report and the nebula
of relevant scientific work could influence climate
change Law. The IPCC has decided at its 43rd plenary
session in April 2016, to devote a special report to
the interactions between climate change, the oceans
and the cryosphere18.

The mobilizations of civil society and the scientific
community at COP21 allowed a notable advance of
the consideration of the ocean by the international
climate governance.

The operation of the IPCC and the scope of its
work suggest development in the near future as the
consideration of the ocean in the climate regime. The
IPCC does not primarily intend to conduct research

17 AYKUT (S. C.), DAHAN (A.): Gouverner le climat ? 20 ans de négociations internationales, Chapitre 8 : Paris (France), éd. Presses de la
fondation nationale des sciences politiques (SciencesPo Les Presses),
coll. Références : Développement durable, 2014, p. 399 et s.

18 Presentation of the Special report of the IPCC on the interactions between climate change, the oceans and the cryosphere
and sub-themes available online: https://www.ipcc.ch/report/
srocc (last consultation in August 2016).
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or to produce scientific content, essentially working
to make a synthesis and assessment of the state of
the art science on climate change. Its works are the
basis for an informed policy decision. It allows to
facilitate or to direct the formation of law. If the IPCC
decides to focus part of its work on the ocean, we
may be seeing the beginnings of a better account of
the interactions between ocean and climate in the
climate regime.
The 22nd Conference of Parties to the UNFCCC
The scientific community at large as well as civil society
and citizens also have a proactive and complementary
role to challenge the international community and
policy makers on the pivotal role of the ocean to the
environmental protection and climate globally. Many
initiatives and projects are emerging around the world,
involving multiple stakeholders (NGOs, research
institutions, local communities, private companies,
etc.) and more and more beyond national borders.
Although multiple, this community of interest for the
environmental cause carries with it the hope that at
the next Conference of the Parties to the UNFCCC
to be held in Marrakech ( Morocco ) in November, an
action plan on the ocean will be discussed.

CONCLUSION
The question of whether both the international law
of the sea as well as climate law will be able to face
new challenges posed by climate change will be a
topical issue in the 21st century. In the context of
lack of capacity and the concentration of natural
resources which have become scarce, the responses
of International Public Law are still insufficient. They
focus mostly on proposing responses to mitigate the
impact of climate change on the ocean rather than
considering more ambitious solutions which would
imply the understanding of the ocean at international
level as the global climate regulator.
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GLOSSARY
Framework convention. A framework convention is a legal technique often used by States in order to establish
general rules that commit them to cooperate and to set principles of action related to a specific issue (ex: Antarctica,
regional seas, climate, biodiversity), the specific implementation modalities are ultimately determined by additional
protocols and national implementing measures.
International Public Law. International Public Law is defined by different criteria, the subjects that it governs,
the relations that it governs or, the origin of the norms of which it is composed. According to the first criteria,
International Public Law includes the legal rules, which govern the conduct of international legal subjects
(States, internationals organisations, private person, etc.). According to the second criteria, International
Public Law includes the legal rules governing international relations. Lastly, depending on the origin of norms,
International Public Law refers to the norms from State agreements or from different entities to which States have
granted the ability to establish international rules.
Law of the Sea. All rules of international law pertaining to the determination and the status of maritime areas
and, to the legal regime of maritime activities.
Climate Law. All international rules aiming to foresee, prevent or mitigate the causes of climate changes and, limit
adverse effects (art 3 CCNUCC); or, regulation of human activities with impacts on climate.
Legal regime. All rules that regulate a specific legal institution.
Legal effectiveness. Character that exists in fact. It is the quality of a legal situation corresponding to the reality,
of a competence that is truly exercised. Effectiveness creates legal effects, in conditions determined by the
international legal order itself. It thus plays a role in numerous institutions of international law.
Greenhouse gas sink. Any process, activity or mechanism that removes a greenhouse gas, an aerosol, or a
precursor of a greenhouse gas from the atmosphere.
Greenhouse gas reservoir. A component or components of the climate system store greenhouse gases or
precursors of greenhouse gases.
Common Heritage of Humanity. Areas or goods belonging to all of humanity and, thus excluded from States
exclusive appropriation.
Party State. Quality of a State having expressed its consent to be bound by a treaty once it has entered into force.
Signing. Only the executive power can sign a treaty (head of State, head of government or minister, depending on
the importance of the treaty in question). The signature of a Convention or a Protocol is equivalent to a preliminary
approval. There is no executive obligation. The signature displays a State’s intention to examine a treaty at the
national level and consider its ratification. Although a signature is not a promise of ratification, it does bind the
State to not commit acts contrary to the objectives or the purpose of the treaty.
Ratification. Ratification means that a State accepts to be legally bound by the provisions of a Convention. The
State first signs the treaty, and then ratifies it. A Convention only enters into force after having been ratified by a
minimum number of States (the Convention itself defines the required lower limit for its entry into force).
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