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The advent of the Anthropocene underscores the need to
develop and implement transformative governance strategies
that safeguard the Earth’s life-support systems, most critically
at the ocean-land interface — the Margin. The seaward realm
of the Margin is the new frontier for resource exploitation and
colonization to meet the needs of coastal nations and humanity
overall. Here, we spotlight the pivotal role of the Margin for
planetary resilience and sustainability, highlight priority issues,
and outline a research strategy which aims to: (a) better
understand Margin social-ecological systems; (b) guide
sustainable development of Margin resources; (c) design
governance regimes to reverse unsustainable practices; (d)
facilitate equitable sharing of Margin resources; and (e)
evaluate alternative research approaches and partnerships that
address major Margin challenges.
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Introduction

Human activities dominate key global processes in a new
era that scientists now call the Anthropocene [1,2]. Envi-
ronmental thresholds are being approached or have al-
ready been transgressed [3], imperiling planetary health
and human well-being. Hence it is imperative to better
understand both the Earth’s resilience and fragility, and
to institutionalize governance strategies that safeguard
foundational life-support systems and unlock opportu-
nities for sustainable development. Nowhere is this un-
dertaking more compelling and urgently needed than at
the ocean—land interface — the Margin — because of the
unprecedented acceleration of demands for space and
resources, and the systemic weaknesses of prevailing
governance regimes. We use a broad definition of the
‘Margin,” comprising coastal lands inward from the sea-
shore that influence and are influenced by the sea and
extending outward to the continental shelf and slope. It is
thus a relatively narrow band within which humans live,
work, recreate and exploit coastal and marine resources
(Figure 1). One well-recognized anthropogenic hazard
unique to the Margin is the threat from warming-induced
sea-level rise and human-induced coastal land subsidence
[4], while other more localized disasters have occurred as
risk increases with intensifying Margin use, as illustrated
in the following examples. The human quest for more
resources is exemplified by the rapid expansion of drilling
to greater depths for oil and gas, for example in the Gulf
of Mexico since the 1970s (Figure 2a), or as planned in
the Arctic Ocean more recently. Disasters, such as the
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The Margin. The ‘Margin’ has a broader definition than ‘continental shelf’ as it includes coastal land down to the seashore extending outwards to the
continental shelf and slope. It is thus a relatively narrow band where humans live, work, recreate and exploit coastal and marine resources. Different
zones of the Margin with schematics showing multiple stressors — NPK: fertilizers; N (NO3), P, Si: nutrient loading in water bodies; O,: consumption
of dissolved oxygen; CO,: production of carbon dioxide, which may cause acidification. [This figure has been modified from Figure 1.3b of [47].]
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The Margin under stress. Anthropogenic stressors on the Margin: (a)
Maximum water depth drilled in the Gulf of Mexico. (b) Total number
of submissions of claims on extended continental shelves to the
United Nations [10]. (c¢) Cumulative offshore wind power generation
across Europe [48]. (d) Global industrial nitrogen fixation, which,
according to FAO, has surpassed the pre-industrial natural level of
nitrogen fixation on land [49]. A significant fraction of the fixed nitrogen
is discharged to the coastal waters via rivers and groundwater
seepages. The dissolved inorganic nitrogen (DIN) load of Changjiang
(aka the Yangtze River) is shown as an example [30]. [See electronic
supplement for more details of data sources used in the plots.].

2010 BP-Deepwater Horizon oil spill [5], are likely to occur
with increasing frequency within the Margin because of
accelerating development pressure in this realm and the
elevated risks associated with ever deeper drilling into the
seafloor and intensified exploitation of remote and fragile
Margin resources. There is also escalating disaster risk
on the landward side of the Margin, viz. the 2011 Tohoku
earthquake and tsunami and Fukushima Daiichi nuclear
disaster [6] or Typhoon Haiyan that devastated the
Philippines in 2013 [7], due in part to increasingly dense
human settlement of coastal lands which are uniquely
susceptible to hazard impacts of oceanic, atmospheric or
terrestrial origin, especially in this era of climate change.

The recent declaration of sovereignty by Russia of the
continental shelf of the Sea of Okhotsk, off Russia’s
southeast coast near Japan — an additional 52,000 square
kilometers that is about the size of Switzerland — illus-
trates another aspect of the Margin which increases its
vulnerability: large areas of it are still unexplored and
unexploited or only lightly so. Sergei Donskoy, Russian
Minister of Natural Resources and Environment, de-
scribed the acquisition as ‘Ali Baba’s cave’ — a treasure
trove of exploitable natural resources that includes miner-
als and more than a billion tons of hydrocarbon reserves
that promises massive economic benefits [8,9]. This ac-
quisition is one step in Russia’s campaign to secure rights
to the entire continental shelf, including the Arctic shelf,
based on the LLomonosov and Mendeleev Ridges being
extensions of the Siberian continental shelf. If this cam-
paign is successful, Russia will secure 1.2 million square
kilometers of Arctic territorial waters. This campaign is
just one of the many international legal manocuvres by
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various nations to secure exclusive rights to explore and
exploit the natural resources of the Margin, especially in
this specific region as Arctic ice recedes. The total num-
ber of submissions of extended shelf claims [10] swelled
in the 21°* century (Figure 2b). This prevailing frontier
mentality does not augur well for Arctic sustainability nor
for the sustainability of the world’s Margin.

Below, we explain the Margin’s essential role in securing
global resilience and sustainability, identify priority
issues, and outline a five-point research strategy to facili-
tate the transition towards sustainability based on re-
search in three engagement arenas: knowledge and
understanding of dynamic Margin processes; develop-
ment, innovation and risk at the Margin; and governance
for sustainability of Margin resources.

The pivotal role of the Margin

Human interests, activities, impacts and future prospects
fuse at the Margin — the slender ocean—land interface
that extends from ¢z 1 to 100 km inland (where human
population centers, ports and industries are concentrated
and growing), and out to continental shelves and slopes
(including the Exclusive Economic Zone and beyond
200 nautical miles where appropriate)'” bordering the
deep ocean. Depending on one’s choice of landward
and seaward boundaries, the Margin comprises only up
to 14% of the earth’s surface [[11], see electronic supple-
ment]. However, Martinez ef /. [12], using a definition of
coastal regions including areas within 100 km landward of
the shore and to a depth of 200 m in offshore waters,
determined that the goods and services of coastal eco-
systems comprise 77% of the total economic value of
global ecosystem goods and services, highlighting their
disproportionately high productivity and value. More
than 40% of humans live within 100 km of the shoreline,
more than 500 million people are concentrated in delta
regions, two-thirds of the world’s megacities are coastal,
and much of the world’s global economic activity occurs
here [12,13]. Exponential human population growth and
associated pollution and resource consumption are out-
stripping the carrying capacity and resilience of Margin
ecosystems [14]. Accelerating efforts to exploit Margin
resources are pushing ever deeper and further seaward to
profit from abundant, previously inaccessible resources on
the continental shelf and slope (Figure 2a). These off-
shore realms of the Margin constitute the new frontier for
resource exploitation, colonization and industrialization
in the Anthropocene, and will play a fundamental role in
sustaining the burgeoning populations of some 150 coastal
nations and humanity as a whole.

13 This broad definition of the Margin enables consideration of an array
of issues, some of which may transcend specific and evolving jurisdic-
tional boundaries as specified for example by the United Nations
Convention on the Law of the Sea. Furthermore, the landward extent
of the Margin may extend more or less than 100 km depending on the
extent to which direct and indirect land-sea interactions occur.

The global expansion of human population, resource
exploitation and economic activity has been described
as “T'he Great Acceleration’ [15]. As human stressors gain
momentum seawards, any transition towards sustainabili-
ty in the Margin must confront a ‘quadruple squeeze’ [16]
that grips coastlines and the seaward domain (Box 1).

Resolution of these issues is hampered by a paucity of
knowledge and understanding about the characteristics
and functioning of social-ecological systems [29°] and of
how to transition from unsustainable to sustainable prac-
tices [34°]. In the face of accelerating efforts to exploit
resources on the Margin, there is a narrow window of
opportunity for innovative research efforts to enable
sustainable Margin development. Key here, firstly, is
mobilization of new, transdisciplinary research that melds
the natural and social sciences. Secondly, effective gov-
ernance arrangements need to be designed and imple-
mented to prevent over-exploitation at the Margin’s
seaward reaches, as has already happened along much
of the landward edge.

Towards a research strategy for the Margin

"This article emerged from discussions of the Continental
Margins Working Group, a joint committee of the Inte-
grated Marine Biogeochemistry and Ecosystem Research
(IMBER) and the Future Earth Coasts [formerly Land-
Ocean Interactions in the Coastal Zone (LOICZ)] inter-
national projects sponsored originally by the International
Geosphere-Biosphere Program, Scientific Committee on
Oceanic Research, and International Human Dimensions
Program (respectively, IGBP, SCOR, and IHDP). It
aligns the research strategies of IMBER and Future Earth
Coasts (formerly LLOICZ) for the Margin, and aims to
contribute to the global sustainability research agenda of
the new Future Earth program (URL htep://www.icsu.
org/future-carth/media-centre/relevant_publications/
future-carth-research-framework). Building upon three
research themes identified by Future Earth (http://
www.futureearth.org/science), we focus on three priority
engagement arenas for research that converge at the
Margin (Figure 3): first, knowledge and understanding
of dynamic Margin processes, including ‘observing,
explaining, understanding and projecting social-ecological
trends, drivers and their interactions’; second, development,
innovation and risk on the Margin to ‘address the most
pressing needs of humanity, including sustainable, secure and
fair stewardship . .., and other ecosystem functions and ser-
vices’; and third, governance for sustainability, including
‘transformations. . .. in values, technologies . . .. (and practices)
across sectors and scales’. More than identifying research
‘themes’, we emphasize the need for engagement in and
coordination between these arenas because the natural
environment of the Margin is being confronted with
imminent, massive human impacts. At the same time,
this environment is characterized by deficits in effective
governance for sustainability [e.g., [35]]. As outlined
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Box 1 Quadruple squeeze at the Margin.

Population growth, development intensification and rising
demands for energy-intensive resources: Activities in the Margin,
including maritime transport, communication infrastructure, fishing
and oil and gas drilling, have long impacted shelf ecosystems down
to a depth of about 200 m. Exploiting and expanding their Exclusive
Economic Zones (EEZ), many nations push into ever deeper and
more remote waters, including the Arctic and other fragile areas
(Figure 2a and b). In addition, the increasing demand for space in the
marine domain of the Margin [17°], such as for wind farming
(Figure 2c), competes directly with traditional uses, such as fisheries.
Landwards, already stressed coastal ‘hotspots’ are subject to
accelerating pressures [4,13,14,18,19] with particular challenges
faced in deltas (where fluxes of water and sediment are depleted,
pollutants are concentrated, impacts are severe, and the need to
safeguard ecosystems and associated dependent livelihoods is
urgent and compelling [20,21]); urbanizing coasts and coastal
megacities (where people are concentrated [22]); low-lying coasts
and small island developing states (which are vulnerable to an array
of coastal hazards compounded by climate change [4,23]); and
Arctic coasts (where climate change is causing systemic change in
the state of social-ecological systems [24]).

Ecosystem degradation and loss: Interacting human stressors
occurring within the Margin, such as habitat destruction and
transformation from building and other development, resource
extraction, over-fishing, pollution, eutrophication and hypoxia, are
profoundly impacting wetland, estuarine, continental shelf and deep
slope ecosystems within the Margin [3,13,25°,26]. Our understanding
of Margin ecosystems, their responses to individual and combined
stressors, and effects on ecosystem goods and services remains
poor, especially in remote and unmonitored regions.

Rising CO,, climate change and alteration of biogeochemistry of
Margin ecosystems: Human activities outside the Margin can also
have significant impacts. Rapidly rising atmospheric greenhouse gas
concentrations are transforming aquatic systems with the prospect
of irreversible impacts on Margin ecosystems (e.g., estuaries, coral
and oyster reefs) and industries which rely on their support (e.g.,
aquaculture and ecotourism), as well as on freshwater and marine
systems beyond its boundaries [27]. Air and surface water
temperatures and sea level are rising, the ocean is acidifying
(particularly in the Arctic Margin [28]) and losing oxygen [26], and
eutrophication/hypoxia [29°,30] is spreading (Figure 2d). Effects may
compromise the continued ability of these ecosystems to sustain
coastal communities and livelihoods, and resilience to global
environmental change on the Margin may be waning.

Ecosystem tipping points and rapid and irreversible changes in
social-ecological systems and societal responses: Complex, non-
linear interactions between physical conditions, biogeochemical
cycles, ecosystem structures and functions, and societal trajectories
create positive and negative feedbacks that elicit cumulative and
synergistic impacts which may transgress system thresholds.
Burgeoning coastal communities face increasing exposure and
vulnerability to coastal hazards exacerbated by climate change
[4,14]. Exploring and nourishing resilience is necessary to reduce
disaster risk [31] and avert potentially catastrophic shifts in state that
imperil the Margin’s interacting systems. The potential long-term
societal and environmental impacts and risks are profound [32], but
the ability of prevailing governance regimes to enable sustainability is
at best variable and precarious [33].

below, the aim of any future research endeavor geared
towards enabling the transition to Margin sustainability
must be to develop robust knowledge and understanding
that can be channeled into practical actions to safeguard

Figure 3

Knowledge,
Understanding

Engagement Arenas
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The Margin — an engagement arena for global sustainability. The
three priority engagement arenas for research on the Margin. (a)
Knowledge and understanding: We know relatively little about the
social-ecological trends of the Margin, especially the vulnerable and
critical Arctic margin; (b) Accompanying development and innovation
are risks, which may strike as surprises often with grave
conseguences, such as the Fukushima nuclear accident [6], which
happened precisely because of its locality on the Margin; (c) The
Margin as a whole lacks comprehensive and effective sustainability
governance, which includes transformations in values, technologies
and practices across sectors and scales.

terrestrial and marine ecosystems of the Margin, to
support economic development and sustainable liveli-
hood opportunities, and to deepen the connections many
people have with their coasts and oceanic environments.

Knowledge and understanding as an engagement arena:
Many of the Margin’s diverse and complex physical,
geological, chemical, biological, ecological, social and
human characteristics, processes and interactions are
scarcely understood [e.g., [29]], especially in deeper
and more remote realms, and in areas of the developing
world with limited resources for monitoring and research
[36], where capacity development is crucial to the success
of the following proposed approach [37]. It is imperative
to improve understanding of Margin ecosystem struc-
tures, functions, dynamics and anticipated changes in
response to anthropogenic forcings, and the goods and
services they vyield, the communities and societies they
sustain, and associated governance challenges, opportu-
nities and risks. Priority topics include: (i) understanding
the range and value of ecosystem goods and services (for
example, storm surge mitigation by coastal wetlands is

www.sciencedirect.com
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a well-defined service, but local specifics are largely
unknown); (i1) improving monitoring of the Margin by
establishing environmental baselines, developing sys-
tems for monitoring trends and changes, and maintaining
and expanding networks of observing systems [29]; (iii)
developing processes and tools to understand and antici-
pate thresholds and tipping points and to predict, manage
and mitigate human impacts; (iv) identifying barriers,
risks, costs and benefits, opportunities and options for
sustainability governance that enable mitigation, adapta-
tion and resilience in the face of uncertainty, change and
surprise; (v) understanding human values and perceptions
that shape behavior; (vi) enhancing public awareness and
understanding, and science-policy dialogue about the
Margin; and (vii) creating practical ways to overcome
cognitive, social, institutional and other barriers for trans-
lating sustainability knowledge into action. Informative
inter-disciplinary programs that explore such issues, and
need to be integrated in order to develop an holistic
understanding of the Margin as a whole, include the
Japanese Satoyama Satoumi Assessment [38] and the
Large Marine Ecosystem program [39].

Development, innovation and risk as an engagement arena:
The Great Acceleration of innovative development un-
derway at the ocean-edge of the Margin is rife with risks
characterized by scientific uncertainty, complexity and
ambiguity [e.g., [29]]. New technological and business
innovations have enabled exploitation of resources in ever
deeper and remoter waters. Globalization and interna-
tional trade extract Margin resources in response to dis-
tant sources of demand and create waste products and
impacts in the Margin from distant sources of supply
[40,41]. Despite innovations in governance, prevailing
governance regimes have not kept pace with these tech-
nological innovations, and have even encouraged unsus-
tainable high risk ventures. The BP Deepwater Horizon
oil spill disaster is a case in point. The US President’s
National Commission created in 2010 to analyze this
disaster recognized that systemic reform is needed in
the structure of arrangements for regulatory oversight
and internal decision-making processes to provide the
requisite political autonomy, technical expertise, and full
consideration of environmental concerns to secure public
safety and sustainability [5]. However, it is questionable
that adequate steps have been taken to this end [42].
T'ransformative change is needed in these technologies,
practices and in the supporting institutional architecture
to enable the transition to sustainability [34,43,44°]. Pri-
ority topics include: first, understanding and addressing
these multi-dimensional risk problems including new
modalities of research and action to deal with ‘unknown
unknowns’ and even ‘unknowable unknowns’; second,
evaluating how risk is created, who bears the risk and how
risk 1s shared, viz. the 2010 BP-Deepwater Horizon oil
spill disaster and emerging risk problems arising from
exploration and exploitation of resources at depth on

continental shelves and slopes, and in fragile systems
like the Arctic; and third, implementing social and gov-
ernance innovations to facilitate risk reduction and sus-
tainability at the Margin.

Governance as an engagement arena: Environmental gov-
ernance consists mainly of issue-based responses to pro-
blems such as the impact of climate change on biodiversity,
over-exploitation of fisheries, and managing the risks facing
coastal communities. There are few interactions between
issue-based governance networks or with other global
governance regimes developed for other societal sectors
such as trade. Governance deficits or mismatches are par-
ticularly pronounced at the ocean-edge of the Margin
where de facto unregulated access and technological inno-
vations facilitate accelerating exploitation of previously
inaccessible continental shelf, slope and seabed resources
[44°]. The prevailing Law of the Sea appears incapable
of resolving the challenges of the Anthropocene because
its historical and ideological foundation has fueled the
exploitative practices that led to the Industrial Revolution
and which characterize contemporary management prac-
tices. Hence the need for reforms that emphasize responsi-
bility and accountability for the seas over simply freedom of the
seas [45]. Priority issues include: first, investment reform to
advance sustainability: currently investors may knowingly
engage in ‘lethal but profitable activities’ with impunity
[46]; second, risk reduction: some coastal states, such as
Pacific Island states, may be exposed to high risk ventures
and many others are actively engaged in the exploration
and exploitation of Margin resources, including the USA,
Canada, Russia, China, Japan, Brazil, New Zealand and
several EU member states. Current governance arrange-
ments — including mostly disconnected, sectoral institu-
tions and networks governing fisheries, conservation,
energy development, and marine transportation — are
ill-suited to deal with the escalating risk and the global
sustainability implications arising from intensifying Margin
use, and this necessitates focused research that enables
effective governance for sustainability; and third, jurisdic-
tion, equity and fiscal responsibility: the cost burden and
equity implications for coastal states versus those lacking
access to the Margin’s bounty need to be better understood,
rationalized and institutionalized. The transition towards
sustainability in the Anthropocene goes beyond business as
usual. It requires a transformational change in human
values emphasizing sustainability, as well as technologies
and practices that integrate and transcend socio-economic
sectors and span multiple geographic and temporal scales.

These three engagement arenas require new research
partnerships and programs that bring together previously
unconnected trajectories of research and associated sci-
ence-society actors and networks.

As intensified development proceeds scawards towards
the ocean-edge of the Margin, we are reminded of the
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unsustainable exploitation of ecosystems that has already
occurred and continues along the landward edge of the
Margin and in shallow seas. A new, pluralistic scientific
agenda is needed as the Great Acceleration unfolds on
this new frontier to prevent repeating mistakes of the
past. Specifically, innovative research in these Margin
engagement arenas is needed to inform policy and prac-
tice and lead to societal actions that foster ocean and
coastal sustainability by:

(a) building knowledge and understanding of the
Margin’s social-ecological systems (including cou-
pled physical, biological, cultural, economic, social,
political and administrative aspects) that spans the
spectrum from ecosystem functioning to exploitable
resources, societal values, institutional frameworks
and governance regimes;

(b) enabling innovative methodologies, strategies, guid-
ance and good practices that identify opportunities to
utilize the resources of the Margin on a risk averse,
sustainable basis, and to determine those areas which
should remain undeveloped and protected;

(¢) designing inclusive, reflexive, adaptive and enforce-
able governance regimes in order to prevent or stop
unsustainable practices occurring within the Margin;

(d) evaluating alternative place-based institutionalized
structures and processes for securing equitable
distribution of costs and benefits from sustainable
use of Margin resources; and

(e) experimenting with and establishing new research
epistemologies, partnerships and practices for the
Margin — the frontier of the sustainability crisis in
the Anthropocene.
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