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The deep sea (below 200m depth) is the largest carbon sink on Earth. It

hosts abundant biodiversity that underpins the carbon cycle and provides

provisioning, supporting, regulating and cultural ecosystem services. There is

growing attention to climate-regulating ocean ecosystem services from the

scientific, business and political sectors. In this essay we synthesize the unique

biophysical, socioeconomic and governance characteristics of the deep sea

to critically assess opportunities for deep-sea blue carbon to mitigate climate

change. Deep-sea blue carbon consists of carbon fluxes and storage including

carbon transferred from the atmosphere by the inorganic and organic carbon

pumps to deep water, carbon sequestered in the skeletons and bodies of deep-

sea organisms, carbon buried within sediments or captured in carbonate rock.

However, mitigating climate change through deep-sea blue carbon enhancement

su�ers from lack of scientific knowledge and verification, technological limitations,

potential environmental impacts, a lack of cooperation and collaboration, and

underdeveloped governance. Together, these issues suggest that deep-sea

climate change mitigation is limited. Thus, we suggest that a strong focus on

blue carbon is too limited a framework for managing the deep sea to contribute

to international goals, including the Sustainable Development Goals (SDGs),

the Paris Agreement and the post-2020 Biodiversity Goals. Instead, the deep

sea can be viewed as a more holistic nature-based solution, including many

ecosystem services and biodiversity in addition to climate. Environmental impact

assessments (EIAs), area-based management, pollution reduction, moratoria,

carbon accounting and fisheries management are tools in international treaties

that could help realize benefits from deep-sea, nature-based solutions.
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Introduction

Many international policy instruments, including the Sustainable Development Goals

(SDGs), the Paris Agreement, the post-2020 Biodiversity framework, and the new high seas

treaty on biodiversity and sustainable use (BBNJ Agreement) potentially have an important

role to play in promoting a greater understanding, valuation, and conservation of deep-sea

ecosystems and their services. The ocean contributes to international social, biodiversity and

climate wellbeing, and the deep sea is frequently called out as a major carbon repository.
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Inversely, prioritizing the marine environment in the international

community has increased awareness of actors and guided actions

such as the UN Decade of Ocean Science for Sustainable

Development (Levin, 2022).

A decade ago, the term “blue carbon” was coined to highlight

the disproportionate and substantial contribution of coastal

vegetated ecosystems to global carbon sequestration (Macreadie

et al., 2019). The contribution of blue carbon in climate change

mitigation and adaptation has gained international attention but

also raised many questions about its potential as a solution

in the form of human-induced interventions (Williamson and

Gattuso, 2022). Blue carbon is defined here as all biologically-driven

carbon fluxes and storage in marine systems that are amenable to

management (Intergovernmental Panel on Climate Change, 2019;

Lovelock and Duarte, 2019). There is current debate regarding

the application of the Blue Carbon concept to other coastal and

non-coastal processes and ecosystems, including the open ocean

(Intergovernmental Panel on Climate Change, 2019). Coastal blue

carbon has been widely adopted in international frameworks, most

prominently in the UN Framework Convention on Climate Change

(UNFCCC), to mitigate climate change (Herr and Landis, 2016;

Hilmi et al., 2021). Recent discussions highlight the possibility of

conserving and enhancing carbon sequestration in the open ocean

and deep sea (Hilmi et al., 2021; Oostdijk et al., 2022; Levin et al.,

2023).

The ocean covers almost 71% of the earth surface with an

average depth of 3,688m. It has sequestered more than 25% of

excess carbon dioxide emitted into the atmosphere since the mid-

1990s (Gruber et al., 2019; Watson et al., 2020), significantly

buffering climate change. The deep sea is defined as marine areas

of more than 200m of depth. At this depth, there is little to no

photosynthesis, creating unique conditions (Kaartvedt et al., 2019).

In the context of this article, the deep sea includes waters, ocean

floor and subsurface sediments, rocks, and biota. The deep-sea

environment comprises over 95% of the habitable volume on the

planet (IUCN, 2022).

Our knowledge of the deep sea is still limited. Nevertheless, it

is known that the biophysical processes and biodiversity found in

the deep sea support significant ecosystem services for humanity

and life on Earth (Armstrong et al., 2012; Thurber et al., 2014).

The biological carbon pump refers to organic carbon captured in

the bodies of marine life (Sarmiento and Gruber, 2013). Marine

life also actively transports carbon to deeper ocean layers, thus

contributing to its sequestration in deep water and within the

seafloor (Sarmiento and Gruber, 2013). While sinking occurs,

active transport is conducted primarily by species inhabiting the

mesopelagic zone (200–1,000m) which can migrate vertically

hundreds of meters each day (Boyd et al., 2019). The mesopelagic

zone has been estimated to be the most biomass-rich ecosystem

on our planet (1.8–16 Gt; Proud et al., 2019) and to contain

approximately one million undescribed species (Robison, 2009).

Socioeconomic specificities of the deep ocean impact whether

and how the deep sea is regulated, controlled and therefore

managed. Based on the UN Convention on the Law of the Sea

(UNCLOS), the deep ocean is split in two different legal regimes:

two different legal regimes: areas within national jurisdiction such

as Exclusive Economic Zones (EEZs) (up to 200 nautical miles

from the coastline) and the continental shelf (Food Agriculture

Organization, 2020) and where control and management of

resources and conservation is under international conventions

rather than national legislation of coastal states. Some nations

have entitlements to an outer continental shelf which gives them

access to additional resources on the seafloor beyond 200 nm.

Furthermore, deep-sea ecosystems are not well characterized and

there are great uncertainties regarding the amount and nature of

actual or potential ecosystem services. While international rules

have been agreed by most states under UNCLOS and are applicable

to all different maritime zones, these rules outline minimum

requirements. States that have signed and ratified UNCLOS can

thus decide to develop stricter or more specific frameworks if they

conform to the minimum international standards. Consequently,

the different legal regimes and related rules applicable to the deep

sea have an important impact on the management and control over

its ecosystems, and thus on their socio-economic specificities.

In addition, there are biophysical, economic and governance

factors to consider in assessing whether the management

of deep-sea blue carbon could effectively contribute to the

mitigation of climate change. One key factor is whether

processes are amenable to management. Mitigation as defined

above is reduction or prevention of emissions. This means

that to be accounted for as mitigation action blue carbon

must remove emissions from the atmosphere in the long-

term and beyond natural sequestration rates. A guidance on

such carbon removal has been developed for coastal wetlands

(IPCC, 2013). Recent synthesis of protected areas worldwide

demonstrate that they enhance carbon sequestration and thus

can be considered to contribute to mitigation (Jacquemont et al.,

2022).

This paper first discusses the biophysical foundations of deep-

sea carbon and its changing dynamics. Then it considers the

socioeconomic role the deep sea plays at the moment, as well as

likely changes in the future. It expands on ecosystem services that

play a significant socioeconomic role and values the ecosystem

services provided by the deep sea. Third, it discusses the scientific,

economic and governance factors limiting potential for deep-sea

blue carbon to mitigate climate change. Together, these issues

suggest that deep-sea climate change mitigation is limited. Thus,

we suggest that a strong focus on blue carbon has limited value

for achieving international climate goals. Instead, and in addition

to its climate mitigation contributions, the deep sea can be viewed

as contributory to more holistic nature-based solutions, including

many ecosystem services and biodiversity in addition to climate.

Hereupon, we discuss possible holistic international governance

using common management instruments to realize benefits from

deep-sea nature-based solutions.

Deep-sea capacity to mitigate climate
change

The deep ocean consists of a heterogeneous set of ecosystems

with different geomorphologies, physical and chemical attributes,

and distinct animal and microbial communities (Ramirez-Llodra

et al., 2011). On the sea floor, abyssal nodule provinces, canyons,
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seamounts, trenches, ridges, coral and sponge reefs and oxygen

minimum zones are as varied as the environments on land. But

the ocean encompasses a much larger third dimension that includes

many different water column environments and the subseafloor.

Deep-sea ecosystems interface with climate change and the

carbon emissions responsible for climate change in many ways. In

the non-living (abiotic) realm, density stratification, thermohaline

circulation and chemical interactions drive exchanges of heat,

energy and chemical ions between surface and deep waters with

consequences for atmospheric warming, sea level rise, ocean

oxygen content and ocean acidification.

Living organisms from small plankton to fish in deep waters

play roles in the uptake and fixation, transport, storage and

sequestration of carbon. This is termed the biological pump and is

crucial in transporting anthropogenic carbon from the atmosphere

into the deep sea. Natural sinking of macroalgae (seaweed),

marine mammal, shark and fish carcasses, as well as wood falls

also contribute to the seafloor carbon stock (Krause-Jensen and

Duarte, 2016; Chami et al., 2019). Once organic carbon reaches

the deep ocean it may be remineralized by microbes and animals

or buried. Even as remineralized CO2, it may remain sequestered

for hundreds to thousands of years depending on the water depth

and ocean basin (Siegel et al., 2021). The ubiquitous presence of

relatively fresh, photosynthetically active diatom cells in the deep

sea indicates that fast-sinking mechanisms such as the formation

of aggregates and fecal pellets inject fresh organic carbon into

deep oligotrophic regions globally (Agusti et al., 2015). Microbes

and animals can also sequester carbon by precipitating carbonate.

Animals oxidize methane (e.g., at vents and seeps) and store carbon

in their tissues, carbonate skeletons and shells, and bury carbon

through bioturbation (Le et al., 2022). The vast seafloor storesmuch

of the ocean carbon (Figure 1) (Atwood et al., 2020). There are

2,239–2,391 Pg C in the top 1m of ocean sediments, with 79% at

abyssal depths and just under half the total carbon within EEZs

(Atwood et al., 2021). Ocean sediments hold more than twice the

carbon found in terrestrial soils.

The deep sea is simultaneously under threat from climate

change, contaminants including plastics and from resource

extraction activities (Ramirez-Llodra et al., 2011; Mengerink et al.,

2014). These anthropogenic challenges yield a host of physical,

chemical and mechanical stressors that act on deep-sea ecosystems.

Climate-induced changes in the environment and ocean circulation

patterns can affect many deep-sea organisms at the individual,

population, community and ecosystem level (Levin and Le Bris,

2015; Sweetman et al., 2017; Bindoff et al., 2019; Cheung et al.,

2022), as revealed by both paleo and modern studies across natural

gradients (Sperling et al., 2016; Bindoff et al., 2019; Yasuhara et al.,

2020; Cooley et al., 2022; Yasuhara and Deutsch, 2022). Massive

heat uptake by the ocean has led to warming that alters species

distributions, changes phenology, raises metabolic demand, lowers

the solubility of oxygen, increases stratification—affecting nutrient

upwelling and oxygen mixing—all with effects on productivity,

food supply to the seafloor, biomass production, biodiversity,

body size and more (Sweetman et al., 2017; Bindoff et al., 2019).

Although relatively few direct observations of change over time

in the deep sea exist outside the fossil record, earth system

model projections provide indication of extent of change expected

(Sweetman et al., 2017; Kwiatkowski et al., 2020), time of emergence

from natural variability and velocity of change (Brito-Morales

et al., 2020). Altered ocean circulation change may also occur,

affecting the distribution of heat, oxygen, CO2 and transport of

organisms including propagules/larvae. CO2 uptake leads to ocean

acidification with effects on metabolism, behavior, calcification,

reproduction, and development (Sweetman et al., 2017). Taken

together, there are modeled changes in global biodiversity (Cheung

et al., 2022), population connectivity (Levin et al., 2020) and

habitat suitability (Morato et al., 2020) that could result from

excess carbon emissions. But no one has really examined how

deep-sea systems might respond to climate stressors if they are

simultaneously subject to anthropogenic stressors (e.g., fisheries,

deep-sea mining, oil, and gas exploitation) that result in disruption

or loss of suitable substrate, smothering from sediment plumes,

toxicity from metal contaminant released from sediments or from

hydrocarbons released in an oil spill. Loss of fish biomass by wild

harvest removes carbon from the natural marine food chain and

acts to reduce carbon storage in the deep ocean.

Recent IPCC reports indicate a need for active carbon

removal from the atmosphere to achieve the goals of the Paris

Agreement (IPCC, 2018, 2023). Increasingly, ocean-based climate

interventions are being proposed or investigated that seek to

enhance removal of CO2 from the atmosphere and use the deep

ocean as a carbon repository, based on long residence times

(NASEM, 2022). Many of these also have the potential to threaten

the deep ocean’s functions that transport, store or sequester carbon

(Levin et al., 2023). Ocean warming is expanding low oxygen zones

at bathyal depths and ocean fertilization [enhancing phytoplankton

production through dissolved iron (Fe) and nutrient addition]

and artificial upwelling are likely to exacerbate deoxygenation

and enhance acidification. Some diel vertical migrators have

migration depths set by oxygen tolerance, so this might reduce

the daily vertical transport of carbon. Sinking of seaweed or

crop waste into the deep ocean, proposed to sequester carbon,

may also act to disrupt natural water column processes, smother

benthic communities, create anoxic, low pH conditions and release

additional greenhouse gasses (Boyd et al., 2022; Levin et al., 2023).

The question arises whether humans can co-opt and enhance

the natural climate change mitigation services of the deep sea

and how acceptable will this be to society? We know that the

ocean capacity for heat and carbon dioxide storage is massive, that

without the deep ocean, the planet would already be much hotter,

but that mitigation capacity will diminish and negative feedbacks

will occur over time as the ocean warms and becomes more

acidic and deoxygenated (Laffoley et al., 2020). Additionally, the

earlier discussion reveals that the existing sequestration functions

we rely on may be compromised by stressors associated with

climate change, resource exploitation and other anthropogenic

activities in the deep ocean (e.g., Crain et al., 2008). Restoration

of these services is notably missing from the industrial radar and

in fact may not be possible in the deep sea given the slow growth

and long generation times of many deep-sea organisms. Most

proposals for ocean-based carbon dioxide removal or atmospheric

albedo change will, if employed at the scale necessary to remove

enough carbon to benefit climate, are almost certain to have

negative environmental impacts on deep-sea pelagic or seafloor
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FIGURE 1

Carbon sequestration rates in the ocean sediments (source: Atwood et al., 2020).

ecosystems, but the science is severely lacking (Levin et al., 2023).

There is also minimal governance of these activities at present.

While the London Convention and London Protocol regulate

ocean dumping, among the CO2 removal technologies, only iron

fertilization has been specifically addressed (in Annex 4 which has

not yet gone into force). Addition of particles for ocean alkalinity

enhancement, macroalgae, crop or wood waste sinking, or direct

injection of CO2 are uncertain but could fall under the LC/LP, while

artificial upwelling and downwelling, and OTEC are unregulated.

State regulations for activities within EEZs are highly variable in

terms of procedures and rigor. The new BBNJ Agreement could

affect climate intervention activities beyond national jurisdiction

(e.g., by identifying protected areas to avoid and requiring detailed

EIAs), but states would still have control over their EIA process.

Large-scale efforts to enhance carbon uptake and manipulate

carbon in the ocean remain scientific, economic and legal frontiers.

Ecosystem services of the deep sea

The ecosystem services concept is a tool used to specify and

quantify the link between human welfare and the environment

(Böhnke-Henrichs et al., 2013). The deep sea, covering a vast

area on the planet, provides a diversity of essential ecosystem

regulating, provisioning and cultural services (Armstrong et al.,

2012; Thurber et al., 2014; Ottaviani, 2020). Provisioning services

are the products used by humans that are obtained directly from the

ecosystem such as food, energy, and various chemicals. Regulating

services are the benefits obtained through the natural regulation

of ecosystem processes such as gas and climate regulation,

and carbon sequestration. Cultural services are the non-material

benefits people obtain from ecosystems through recreation,

education, spirituality, aesthetic environment, “inspiration” and

“awe”. Supporting services are those functions and processes that

are necessary to produce all other ecosystem services, i.e., they

feed into provisioning, regulating and cultural services thus feeding

indirectly to human wellbeing. Their impacts on people are usually

indirect, both physically and temporally (MA, 2005; Armstrong

et al., 2010; Ottaviani, 2020). Consideration could also be given to

other supporting services of the deep sea such as archeological sites

and historical significance of the deep sea as trade routes and effects

on civilizations, to name but some examples (Paine, 2015).

Direct uses or exploitation of deep-sea resources include oil

and gas exploitation, fishing of various species, chemicals, minerals,

and pharmaceuticals. Indirect uses of the deep sea underpin

human existence on earth and include critical climate regulation.

The oceans absorb about 90% of solar heat which it stores and

distributes. The ocean holds about fifty times more CO2 than the

atmosphere thus contributes extensively to temperature regulation.

The deep sea is responsible for regeneration of nutrients from

organic matter; as these return to surface waters they enable

primary production that feeds life (including fish) in the ocean.

It is difficult to estimate how much of these ecosystem services

can be directly attributed to the deep sea alone. The deep sea

provides habitat to many species which are of direct use to

humans, including human wellbeing. Apart from these ecosystem

services, the deep sea itself has value related to the advancement

of knowledge and culture. Some parts of it are also recognized

as world’s cultural heritage sites (see further). There is a strong

link between changes in ecosystem services and human wellbeing

(MEA, 2005; Haines-Young and Potschin, 2011; Food Agriculture

Organization, 2017). Because the deep sea is presently one of the

least known and exploited areas of the planet, by learning from

the past, pitfalls from land and shallow water can be avoided.

Ongoing activities such as deep-water oil and gas extraction

and bottom trawling, and emerging activities with direct impacts

such as deep seabed mining, mesopelagic fisheries and offshore

(deep) wind energy can benefit from accumulated knowledge and

additional research.

Microbes underpin many of the deep-sea ecosystem services

described above, in Table 1 and in more detail below, but

these are rarely considered in management and conservation

actions (Orcutt et al., 2020). Through production of biomass,

metabolites, C fixation, oxidation and reduction processes, they

can generate or remineralize organic matter releasing nutrients

and sequestering carbon, transform greenhouse gases like CH4 and

H2S, facilitate C sequestration through precipitation of carbonate,

and detoxify compounds. They also provide food and cues that
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TABLE 1 Key deep-sea ecosystem goods and services.

Categories Components

Provisioning services Carbon capture and storage
Finfish, shellfish, mammals
Oil, gas, minerals
Chemical compounds for industry
Waste disposal sites

Supporting services Nutrient cycling
Water cycling
Habitat
Resilience
Primary productivity
Chemosynthetic

Regulating services Gas and climate regulation
Waste remediation and detoxification zones
Biological regulation

Cultural services Education and Knowledge
Inspirations, aesthetic, and cultural meaning
Existence/bequest

Source: Armstrong et al. (2012).

TABLE 2 Estimates for total economic direct services values of the

world’s deep-sea ecosystems in million USD/year.

Ecosystem services Million USD/year

Oil 216,810

Minerals 29,165

Seafood 9,469

Pharmaceuticals 2,274

Ornamental resources 121

Total 257,839

Adapted from Ottaviani (2020).

enable biodiversity, an array of genetic resources of industrial value,

and have scientific and educational value (Orcutt et al., 2020).

Provisioning services

The deep sea, as the world’s largest biome (Ramirez-Llodra

et al., 2011; Dawson, 2012), supplies us with a variety of ecosystem

goods and services, some of which are tradeable and have a direct

market value. These derive from living resources that support

fisheries, or generate marine-genetic resources, and from non-

living resources such as oil, gas, and potentially minerals.

Fisheries
Connections with surface waters and shallow coastal settings

enable deep offshore environments to support the food web for

a diversity of organisms and the societies that depend on them

(St John et al., 2016). A diversity of fish (e.g., tuna, bill fish, and

sharks), squid and shrimp, marine mammals, and marine reptiles

feed on organisms in the deep sea, and also provide direct benefits

to societies (Martin et al., 2020). Among these, tuna, bill fish,

blue whiting, shrimp, and squid support economically important

industries such as fisheries and/or tourism (St John et al., 2016;

Hidalgo and Browman, 2019; Prellezo, 2019; Martin et al., 2020).

Deep-sea fishing dates back to the late 1960s when factory trawlers

were developed (Ramirez-Llodra et al., 2011). Larkin et al. (2015)

proposed that almost 40% of the world’s fishing beds are located

in the deep sea. Ottaviani (2020) estimates catch volumes of 7.4

million tons with an economic value of 9,469 million USD per

year. Alaska pollock, Atlantic cod, and Argentine shortfin squid

account for 78% of the total catch volume. Deep sea commercial

exploitation has traditionally been limited but recently received

increasing attention in science and policy (Schadeberg et al.,

2023). Fishing moratoria and research funding have been issued in

different parts of the world (Brooks et al., 2022; NOAA, 2022).

Interest to feed the world’s growing population, and a growing

appetite for seafood and luxury fish products, has sparked interest

in harvesting the mesopelagic zone for the development of fishmeal

for aquaculture (Olsen et al., 2020; Dowd et al., 2022). The biomass

of the mesopelagic zone is estimated to range between 1 and 16

GT, which makes it the most biomass-rich ecosystem on the planet

(St John et al., 2016; Proud et al., 2019; Martin et al., 2020). It has

been estimated to contain approximately one million undescribed

species (Robison, 2009) and bristlemouths (Cyclothone), the most

abundant vertebrate genus on Earth (Sutton et al., 2010; Sutton,

2013).

Genetic resources
There is a high level of diversity recognized in the deep sea

althoughmany species remain undescribed (Kendall and Haedrich,

2006; Campbell et al., 2011; Ramirez-Llodra et al., 2011). This

diversity in general contains numerous chemical compounds which

have potential as pharmaceuticals (Mayer et al., 2010; Martins et al.,

2014; Blasiak et al., 2021), neutraceuticals and industrial agents,

or uses in biotechnology or biomimicry (Jobstvogt et al., 2014b;

Prellezo, 2019; Blasiak et al., 2022). How many reside in deep-

sea areas is uncertain. Of the thousands of existing compounds,

only a few have currently been approved by the US FDA

and/or the European EMAEA for pharmaceutical use. Deep-sea

organisms offer the largest pool of genetic resources and biological

components (Armstrong et al., 2012). Marine genetic resources

contain two types of biochemical and genetic substances of

marine organisms (Oldham et al., 2014). Metabolites produced by

microorganisms or bottom-dwelling fauna, such as corals, sponges

and tunicates, can have pharmaceutical properties (Oldham et al.,

2014; Bibi et al., 2017). Today, various initiatives show a rapidly

growing interest in using organisms found in the deep sea to

generate new drugs for diseases such as cancer, Alzheimer’s disease,

asthma, viral infections and for bone grafting (McAllister, 1988;

Witherell and Coon, 2001; Grehan et al., 2003), nutraceuticals,

and industrial products (Larkin et al., 2015). Biotechnological

applications include creating fiber optics, manufacturing glass

along with civil engineering uses, and semiconductor production

(Hogg et al., 2010). Some deep-water sponges and cold-water

corals are even used in designing structures in an ecologically

friendly way, reflecting those found in nature. They are also used as

templates for molecular modeling (Ehrlich et al., 2006). Estimates
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showed a total annual value of USD 2,300 million for marine origin

drugs in pharmaceuticals in 2014.

Oil and gas exploration and exploitation
The exploration for and extraction of oil and gas is now

common in deeper waters (Merrie et al., 2014; Jouffray et al.,

2020). Experts believe that nearly 37% of proven oil reserves (the

amount with a 90% or greater probability of profitable exploitation)

are below the seafloor and one-third are in deep-ocean areas

(OECD, 2016). While just 2% of the oil had been extracted from

the deep sea beyond the continental shelf in 2001, it is estimated

that by 2015, almost 7% of offshore oil—∼2% of the total world

oil production—had been extracted from the deep sea (OECD,

2016). Offshore oil production is now estimated at 30% of global

oil production (Ottaviani, 2020). The US Energy Information

Administration however recognizes that deep-water production

requires more investment, enabling only a few states to venture

to these depths, with currently Brazil, the United States, Angola

and Norway leading the way. (https://www.eia.gov/todayinenergy/

detail.php?id=28552). Considering the exploitation of 6.1 million

barrels/day by these states in 2014 (EIA, 2016), the economic

value of deep-water and ultra-deep-water crude oil production has

been assessed to be nearly USD 217 000 million (Ottaviani, 2020).

Increased demand and higher prices of oil could incite producers

to consider exploration in deeper waters. But there is a growing

movement to leave deep-sea oil and gas in place, spurred by the

recognition that reducing fossil fuel reliance is key to addressing

climate change. Experts at one time believed that the gas-hydrate

deposits found in deep-ocean sediments could be a valuable source

of natural gas for the future (NOAA, 2018) but as concern over

methane contributions to global warming rises, interest in this

potential energy source has waned. Accordingly, there is a growing

demand for investing in offshore renewable energy opportunities

such as floating wind and deep-ocean turbines and Ocean Thermal

Energy Conversion (OTEC) (Larkin et al., 2015; Haugan et al.,

2020).

Ornamental uses
Corals have for a long time been used for ornament in many

ways. Ten species of precious corals have commercial use inmaking

jewelry. Economic data for just two species are available—the

red coral (Corallium rubrum) and the pink coral (Pleurocorallium

elatius). In 2014, 55 tons of red coral and 19 tons of pink coral

traded with estimated values of USD 83 million and USD 38

million, respectively. It is difficult to assess the total economic value

of this industry, but Ottaviani (2020) estimates it to be above 120

million USD per year. The Japanese collect deep-sea hexactinellid

sponges (Euplectella sp.) that host a paired male and female shrimp

inside for life, as wedding gifts to portend good fortune (Saito et al.,

2002).

Deep seabed mining
The deep sea contains many valuable minerals found

within polymetallic nodules, massive sulfides, and cobalt-rich

ferromanganese crusts (Sharma, 2022), as well as nutrients and rare

earth elements in phosphorites (Hein et al., 2016). Polymetallic

nodule mining is being explored as a potential source of copper,

nickel, cobalt, titanium, vanadium, and iron needed for vehicle

electrification and other aspects of the green revolution (Hein et al.,

2013; Le et al., 2017). Cobalt-rich ferromanganese crusts are high

sources of manganese and iron, along with exploitable minerals

such as cobalt, copper, platinum, thallium and tellurium (Hein

et al., 2013). They can provide up to 20% of the global cobalt

demand (Cochonat et al., 2007), though exploitation has not yet

been undertaken or shown to be cost-effective (Levin et al., 2020).

In addition, massive sulfide deposits have high contents of zinc,

copper, lead, cadmium, gold and silver useful in tech industries

(Baker and German, 2008; Le et al., 2017). Notably, vent deposits

represent a very small fraction of land-based reserves for metals

of interest whereas the cobalt in nodule and crust zones host over

300% of land-based reserves (Levin et al., 2020). These estimations

are however, based on deposit estimates. Ottaviani (2020) estimated

the value of deep-sea mining is more than USD 2,900 million

according to 2014 prices. Phosphorite deposits are found in the

deep sea on continental margins and are rich in calcium, flouride

and phosphorous (Le et al., 2017) as well as rare earth elements

and yttrium (Hein et al., 2016) and also hold commercial value for

industry. But no definitive quantity nor bulk volumes of these deep-

sea resources are currently known, making it difficult to develop

of any supply model nor any return-on-investment assessment for

deep-sea contractors.

Supporting services

Services that enable provisioning, regulating and cultural

services are often considered supporting services. These sit at the

heart of the value of biodiversity. The organisms that provide

habitat (substrate), food, refuge, breeding grounds, nurseries or

detoxification benefits for species that comprise fisheries, or hold

spiritual or carbon sequestration value are often overlooked. These

might include ecosystem engineers like cold-water corals, sponges,

mussel and clam beds, tubeworm bushes or xenophyophores (large

agglutinating protozoans).

Regulating services

Climate services
The deep ocean plays an important role in transporting

and storing heat and consequently in regulating our climate

and weather patterns. For example, the Atlantic Meridional

Overturning Circulation transports and exchanges water masses

and heat throughout the world’s oceans from surface to several

kilometers depth (Kuhlbrodt et al., 2007; Thurber et al., 2014). It

also plays an essential role in climate regulation by transporting

carbon to the deep sea where it can be sequestered away from the

atmosphere for decades or even centuries (Sarmiento and Gruber,

2006). Carbon is transported to the deep sea via gravitational

flux/settling of particles and the active injection by living organisms

in the ocean’s biological carbon pump through respiration, fecal

pellets and deadfalls (Boyd et al., 2019).
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Deep midwater/mesopelagic communities represented over

90% of the biosphere (those occurring approximately 200–1,000m

below the surface (Robison, 2009). These mesopelagic communities

connect surface and deep-water ecosystems and facilitate transport

of carbon and nutrients between them (St John et al., 2016).

Daily vertical migrations of mesopelagic organisms accelerate the

injection of carbon to the deep sea; this injection ranges between

1 and 30 mgCm−2day−1, corresponding to 14–18% of the local

passive sinking flux. It has been estimated that atmospheric carbon

levels would be 200 ppm higher without the activity of the

biological carbon pump and the sequestration of carbon to the

deep sea via diel vertical migrations in the mesopelagic (Maier-

Reimer et al., 1996). Using a more recent estimate of two to six

billion metric tons of carbon sequestered by the daily migrations

of mesopelagic organisms each year, and average values of social

cost of carbon, Hoagland et al. (2019) estimated the value of daily

vertical migration to be 300,000–900,000 million USD annually.

Deep-sea hydrothermal vents and seeps play important roles

in biogeochemical cycling of carbon, sulfur, nitrogen, iron and

arsenic, and provide nutrition that supports trophic interactions

amongst benthic and planktonic organisms (Levin et al., 2016).

Moreover, deep-sea microorganisms and animals associated with

hydrothermal vents and methane seeps prevent gasses such as

methane, CO2 and sulfide from entering the hydrosphere where

they could exacerbate the effects of climate change (Jørgensen and

Boetius, 2007; Le et al., 2022).

Cultural and spiritual services

One of the main categories of ecosystem services is cultural

services which are the non-material benefits obtained from

ecosystems (Ottaviani, 2020). They include communication,

recreation, research and education and benefits for physical and

mental health, tourism, aesthetics, cultural heritage, inspiration

for art and design, and spiritual benefits (M. E. A., 2005; TEEB,

2010; Armstrong et al., 2012; Böhnke-Henrichs et al., 2013; Food

Agriculture Organization, 2017; Ottaviani, 2020). The value of

recreation and leisure in the deep sea has been assessed at USD

four million per year (Ottaviani, 2020). This estimate was obtained

through summing up values obtained through literature searches

on number of tourists enjoying recreation and cultural services

related to deep-sea activities multiplied by prices paid to access

these services (Ottaviani, 2020). Given the difficulties in obtaining

reliable data and information, this should be considered to be

an estimate open for revaluation. Aesthetic appreciation and art

inspiration are the contribution of ecosystems to generate an

emotional response to the subsurface landscape, and to inspire

elements of culture, literature, film art, and/or design from

environmental features, respectively. Finally, cultural heritage

refers to the contribution of ecosystems in cultural traditions and

folklore (Böhnke-Henrichs et al., 2013; United Nations Educational

Scientific and Cultural Organization, 2022).

It might not come as a surprise that the possibilities to measure

depths contributed much to exploration of all parts of the ocean.

Bathymetry itself enabled the laying of submarine cables, linking

the first successful executions of these two activities closely in

time halfway into the nineteenth century (Rozwadowski, 2018).

Deep-sea and undersea cables support global telecommunications,

and these can be integrated with sensors that monitor the marine

environment to monitor, e.g., climate and assess earthquake risk

(Sladen et al., 2019). Over the decades, these submarine cables

appear to have become an essential part of the global economy and,

although unseen, one of the more important uses of the ocean (Ash,

2014; Burnett et al., 2014).

Considering the funds for scientific projects in the deep

sea, Ottaviani (2020) calculates an estimated economic value

of USD 5,800 million for research and education. Research

and education are valuable for societies since they can lead to

unexpected discoveries with medical, industrial, or nutritional

applications (Levin et al., 2019). Deep-ocean literacy campaigns

are emerging. For example, the Woods Hole Oceanographic Ocean

Twilight Zone project has promoted ocean literacy by advancing

several international public events, campaigns, and exhibitions

that highlight exploration and discovery in deep-sea ecosystems,

particularly the mesopelagic zone.1

Iconic species such as some marine turtles, marine mammals

and fish that depend on the deep sea may also have cultural,

spiritual or recreational value to many societies (Noble et al., 2016).

The deep sea also has intrinsic value for future generations as its

health is essential for climate stability and food security and for the

other ecosystem services it provides.

Human discovery and increasing use of the ocean over time

tightly connect with its perception and its role in spirituality.

Depending on which ocean—the Indian, the Atlantic or the

Pacific—and the era, marine imaginations encompass both coastal

areas as well as the open ocean including the abyss. Evidently, the

form and significance of this spirituality related to the ocean varies

very much between different regions. For many indigenous people,

the deep ocean features in origin myths, ancestral connections

(where ancestors reside), and in resource custodianship (DOSI,

2021 https://www.dosi-project.org/resources/dosi-policy-briefs/).

Some of the strongest connections occur in local and indigenous

communities on islands, where the ocean is an intrinsic part

of their culture. Whereas, these cultural services of the (deep)

ocean date back millennia, if not to time immemorial, human’s

exploration and use of the deep ocean started at the earliest in the

nineteenth century.

Regulating and climate-regulating services are likely to decrease

with increasing ecosystem pressures. In the coming decades,

provisioning services are expected to rise across most industries,

including pharmaceuticals, mining, and fishing. Cultural services

are likely to increase for education and research, yet spirituality

around the deep sea is still underexplored.

Challenges of valuation of marine
ecosystems

There are several different ways in which we can estimate

the economic value of deep-sea ecosystems and their services.

As Ottaviani (2020) discusses in detail, the measurement of true

1 Dancers From the Deep Sea Shine on the UN for Climate Week, New York

Times, September 2021 https://www.nytimes.com/2021/09/14/arts/design/

video-united-nations-climate-week.html.
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economic values for the different services is not an easy task,

especially when measuring services that are not sold in the market,

such as many of the indirect services discussed above, most notably

carbon sequestration.

One way to assess the economic value of deep-sea ecosystems

is to value their benefits. Various studies have done this by looking

at the “willingness to pay (WTP)” of people living in several states.

For example, Glenn et al. (2010) estimated the willingness to pay

yearly at £0–10 for cold-water coral protection in Ireland using

choice experiments. Jobstvogt et al. (2014a) assessed a yearly WTP

of £70–77 to create new marine protected areas (MPAs) in deep-

sea locations in Scottish waters. Aanesen et al. (2015) determined a

WTP of e235–287 per year to protect cold-water coral in Norway.

O’Connor et al. (2020) concluded that each person would pay

e34.69 annually to restore the Dohrn deep-sea canyon in the Bay

of Naples so that the aggregate value would be approximately e127

million per year. Shen et al. (2015) found that Japanese respondents

had highest WTP for carbon mitigation.

The valuation of deep-sea ecosystems is also complex due the

lack of knowledge and understanding of these ecosystems. While

themethodology of valuation of these unknown ecosystems is being

discussed, it is reasonable to expect that it should imply valuing

direct and indirect services provided by these ecosystems, including

their role in the food chain and climate regulation. It should be

acknowledged that this task is arduous, especially when it comes to

the valuation of social (for example health), cultural and spiritual

services. The social dimension is of particular importance due to

the impact of environmental health on human health (physical and

wellbeing), making the risk of social-environmental conflicts high

for any human activities.

Furthermore, beyond the question of the social acceptability

of the WTP, the remoteness of these ecosystems and the lack

of “bonding” between citizens and the deep sea might hinder

assessment of WTP both for continental shelves and Area

ecosystems. Scientists overall recognize the crucial need to deploy

at a larger scale marine scientific research to strengthen knowledge

and understanding of these ecosystems, which are a prerequisite

for valuing the services they provide to humans. Trust funds

might be established for restoration and for covering residual

damages not compensated by international law (Seabed Dispute

Chamber, Advisory Opinion 2011). But these trust funds, not

yet established for deep-sea ecosystems, are generally funded

by the industry, not citizens. This is actually the case of the

International Oil Pollution Compensation Funds, created following

the Torrey Canyon incident as a way to address the shortcomings

regarding liability and compensation mechanisms for victims of

oil pollution. Restoration of deep-sea ecosystems requires first

and foremost knowledge of ecosystem baselines. Acquisition of

this knowledge and the restoration activities themselves may

involve immense time scales due to slow growth and organism

longevities of hundreds to thousands of years, slow precipitation

of essential substrates like nodules and crusts, and exceedingly

high cost and vast spatial scales of activities (Danovaro et al.,

2021).

In a nutshell the evaluation of deep-sea ecosystem services

is not an obvious and straightforward task. It faces different

challenges, though it is deemed of high importance. To deal with

the challenges, various studies have applied different approaches,

and the next section presents some obtained findings.

Economic valuation of deep-sea ecosystem
services

The deep sea can be studied using a natural capital perspective

(Baker et al., 2020). The terms “natural capital” and “ecosystem

service” are sometimes interchangeably used. These two are linked,

but the most economically distinguishable facet of them is that

natural capital is viewed as a stock or an asset, while ecosystem

services can be considered as flows that occur from natural capitals

(Hoagland et al., 2020).

As cultural ecosystem services, deep-sea research and education

develop a more profound understanding and lead to more

productive usage and preservation of the deep sea’s natural capital

and are considered as the non-material benefits people obtain

from ecosystems (Hoagland et al., 2020). According to a Bayesian

decision framework, Jin et al. (2020) estimated the value of

oceanographic research in reducing the uncertainty concerning the

estimate of ocean carbon sequestration. The results show that the

discounted economic benefit of a putative twenty-year scientific

research program could be about $0.5 trillion (USD) (∼$25,000

million annually).

Pascual et al. (2011) presented a framework that links ecosystem

services to how humans can benefit from them. Accordingly,

provisioning services involve direct uses and have the market.

Thus, we can calculate their economic value. Regulating services

involves indirect uses, and cultural services involve both direct

and passive uses; therefore, evaluating their monetary values is

more complicated (Hoagland et al., 2020). De Groot et al. (2012)

estimated the economic value of the flow of ecosystem services

in a range of 490 int$ per year in a hectare of open ocean to

almost 350,000 int$/year for the potential services of an “average”

hectare of coral reefs. The estimation results for the monetary

value for the “open-oceans” biome by Kubiszewski et al. (2017)—

∼$800/ha in 2019 dollars—is close to the results of De Groot et al.

(2012)—$600/ha± $500/ha in 2019 US dollars.

In a recent report, Ottaviani (2020) has estimated the economic

value of the different services provided by the deep sea. The

following two tables summarize the main results, using market-

based evaluations. Ottaviani (2020) estimated the total economic

value of deep-sea ecosystems at USD 267,000 million per year

under a scenario in which all analyzed ecosystem services are

valued based on traded prices in 2014. This study stated that, from

the total economic value of deep-sea ecosystems, 92% arises from

abiotic resources (oil and minerals), 11% from seabed minerals,

5% from biotic resources (fish, corals, and pharmaceuticals of

marine origin), 2% from cultural services (scientific research and

tourism/recreation), and 1% from carbon sequestration. However,

under another scenario, in which carbon sequestration was valued

by considering the social costs of increased carbon emissions,

the overall total economic value of the deep seas is estimated

to be nearly double and reached USD 423,000 million per

year (Ottaviani, 2020). These estimates are subject to various
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uncertainties, not least when looking into the future, as there are

immature markets for many of those economic services. Therefore,

financial risks are high which probably have deterred investments

in harnessing many of these resources and services.

According to these estimates, as seen in Table 2, the total

economic market value of direct services from the deep sea is

almost 258,000million USD per year. Hoagland et al. (2020) believe

that if the fisheries were managed more appropriately, the natural

capital of the world’s commercial fisheries could be on the order

of $1.7 trillion. Sala et al. (2018) estimated high-seas fishing profits

ranged between $364 million losses and $1,400 million gains.

These calculations are based on market values which can

fluctuate over time.

Considering a “carbon price” of $30 per metric ton of CO2,

Hoagland et al. (2020) estimated the economic value of ocean

carbon sequestration in a range of $400,000–$1,300,000 million per

year. These numbers are notable and undoubtedly increase as the

carbon price grows over time. More importantly, for the indirect

use values, the average market prices for traded EU ETS in 2014

are used to calculate the economic value of carbon sequestration.

As Ottaviani (2020) points out the value of carbon sequestration

can also be estimated using a mixed valuation approach where

the social cost of increased carbon emissions is used to estimate

the value; this increases the value of carbon sequestration by a

factor of 49 resulting in 159 074 million USD per year. Using this

different methodology places carbon sequestration in second place

as the most important economic services of the deep sea, after oil

exploitation. From an economic standpoint neithermethod is more

correct than the other, one must just be sure how to interpret the

different results. All these estimates are uncertain and are sensitive

to changes in assumptions and prices.

How to account for the regulating effect of the deep sea on

climate change is challenging. Comparing the valuation of carbon

sequestration and other ecosystem services demonstrates that other

ecosystem services, such as oil, minerals, seafood, genetic resources,

and research and education, can be more valuable. However, the

carbon sequestration value is highly dependent on the social cost

of carbon used. Using a different valuation method, the carbon

sequestration value comes second after oil. This illustrates that the

numbers contain considerable uncertainty.

Not included in these assessments are the fact that some of

the services described above act to release carbon sequestered in

the deep ocean (e.g., oil and gas extraction, seabed mining, bottom

trawling, and deep-sea fish harvest), and this release will exacerbate

global warming in ways that diminish the regulating (and possibly

provisioning) services of the deep ocean.

Irrespective of the methods used for estimating the economic

value of the deep sea, it is clear that the services of the deep sea are

economically important. Not only are they economically important

for specific states, regions or industries, but also as a decisive driver

in securing the Earth’s capability of fostering life.

Climate change policies and deep seabed
mining

Many countries have put forth policies to decrease the

dependency on fossil fuels in transport with an increased focus

on electrical vehicles. As mineral demand for electrification of

vehicles is currently a primary motivation for deep-seabed mining,

it is discussed in some detail here. Exploration started on the

continental shelf below and beyond 200 nautical miles in states

such as Japan, Canada, Papua New Guinea, France, Norway, Russia

and the United States. However, no states have so far reached the

phase of exploitation, although some of them are close. Papua New

Guinea was indeed planning to start exploitation of hydrothermal

vent minerals (sulfides) under Project Solwara 1, but the company

leading the project, Nautilus (based in Canada), faced important

local opposition, legal challenges regarding the management of

environmental risks and funding difficulties which lead to its

bankruptcy in 2019.

Exploration of minerals in areas beyond national jurisdiction

(ABNJ) has taken place since 2001 (International Seabed Authority,

2004). As of May 2022, there were 31 exploration contracts

managed by the International Seabed Authority Secretariat (ISA)

involving 22 contractors. Out of these 31 contracts, 19 contracts

concern polymetallic nodules, seven concern polymetallic sulfides,

and five concern cobalt-rich ferromanganese crusts (International

Seabed Authority, 2022). Since the signing of these contracts,

Brazil and Vanuatu terminated their sponsorships of exploration

activities in the Area.2 The ISA, consisting of 167 member states,

is now working on a draft Exploitation regulation to enable these

future activities to take place. Recent triggering of the “2-year

rule” by Nauru has accelerated ISA development of regulations

with a July 2023 target date to complete the elaboration of the

mineral exploitation regulations (Singh P., 2022). Despite current

prospects estimating exploitation to take place in the near future,

the exploitation code, and therefore the legal requirements and the

thresholds for approving or denying an exploitation plan of work,

are not yet set out clearly.

Important uncertainties also remain regarding the economic

benefits surrounding the exploitation of these resources and how

they will accrue as the common heritage of mankind, particularly to

developing states (Jaeckel et al., 2016; Armas-Pfirter, 2023). Higher

prices and technical advances in exploration and exploitation

could certainly create huge economic potentials in these untapped

resources. Notably internalization of environmental costs of

exploitation of minerals in the area is only just starting to be

studied.3

Furthermore, the payment mechanism applicable for the

exploitation of resources beyond national jurisdiction is still being

developed by States, either at the national level for exploitation

on the continental shelf beyond 200 nautical miles off shore (or

UNCLOS, Art. 82), or through the ISA for exploitation in the

Area. The financial framework applicable to exploitation activities

in the Area raises many thorny questions. Indeed, the Area being

the common heritage of mankind, exploitation activities shall thus

be carried out for the benefit of mankind as a whole, taking the

needs of developing states into particular consideration (UNCLOS,

Art 140, para 1). Furthermore, distribution of revenues will occur

2 Website of ISA: https://www.isa.org.jm/exploration-contracts (accessed

May 18, 2022).

3 Website of ISA: https://www.isa.org.jm/news/call-proposals-

consultancy-services-undertake-study-internalization-environmental-

costs (accessed January 1, 2023).
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after coverage of the administrative expenses of the International

Seabed Authority Secretatiat in the management of these activities

(Feichtner, 2019). So far, the distribution revenue mechanism is

still under consideration with important pending issues such as the

implementation of the concept of equitable sharing of revenues,

the profit-sharing mechanism and the methodology applicable to

the calculation of royalty payments. Dingwall (2023) highlights

that these questions are central since the nascent deep seabed

industry requires financial conditions able to attract investment

and the development of the market, while at the same time,

achieve meaningful benefit sharing in the long-term due to the

implementation of the common heritage of mankind concept.

A different dimension of deep-seabed mining is its relationship

with sustainable development (Singh P., 2022), biodiversity,

and more specifically blue economy. Mining is increasingly

controversial. A 10-year moratorium has been proposed by a

growing consortium of Pacific and European states, as it could

ultimately be the most disruptive human activity to impact the

deep-sea floor directly (Ramirez-Llodra et al., 2011; Amon et al.,

2022; Smith et al., 2022). While the International Seabed Authority

has engaged in recent years in the promotion of Singh P. A. (2022),

especially with regards to gender equality and marine scientific

research, important questions remain as to how the deep-seabed

mining sector could or could not be considered as contributing

to the objectives of Singh P. A. (2022). The difficulty of this

assessment is in the interconnectedness of sustainable development

goals. Therefore, implementation of some of these goals such as

SDG13 (climate change) or SDG5 (Gender Equality) does not

demonstrate the sustainability of the sector and its activities,

the sustainability lying first and foremost in the global positive

outcomes economically, socially and environmentally, across all

sustainable development goals.

The limitation of deep-sea blue carbon

The oceans are appealing to promote climate change

mitigation. However, mitigating climate change through

deep-sea blue carbon enhancement suffers from a lack of

fundamental knowledge, technological limitations, potential

environmental impacts, and a lack of cooperation, collaboration,

and verification. There are four major barriers that hamper

their role in developing climate change action in the deep sea.

This section discusses scientific, economic, governance and

political limitations.

Sustainable blue economy, a term widely used nowadays,

has been recently defined by the United Nations Environment

Programme Finance Initiative (UNEP FI) as “one that provides

social and economic benefits for current and future generations;

restores, protects and maintain diverse, productive and resilient

ecosystems, and is based on clean technologies, renewable

energy and circular material flows” (United Nations Environment

Programme Finance Initiative, 2022). Taking into consideration the

lack of knowledge regarding the marine environment, the paucity

of data related to the ecological relationships and impact associated

with deep-seabed mining (Amon et al., 2022), the resulting high

level of scientific uncertainty and increasing opposition, UNEP

FI considers that “there is currently no foreseeable way in which

investment into DSM activities can be viewed as consistent with

the Sustainable Blue Economy Finance Principles” (United Nations

Environment Programme Finance Initiative, 2022).

Scientific limitations

A key limitation in promoting nature-based solutions for the

oceans is our lack of understanding of the interactions of different

oceanic eco-subsystems. Interest has grown in exploitation of deep-

sea and high-seas areas. For example, fishing in the mesopelagic

zone (200–1,000m) and deep-seabedmining are not yet established

as industries but have attracted substantial interest. Fishing in

the mesopelagic zone is proposed to add significantly to our

global food resources by providing aquaculture feed, while minerals

sourced from the deep sea are sought to address shortages that

will arise from a quick transition to electrification of individual

transportation and digitalization.

All three zones—the epipelagic, the mesopelagic zone and the

deep ocean below 1,000 m—interact with each other in ways yet to

be fully characterized. Current research estimates that roughly one

third of global CO2 emissions since the start of industrialization

have been absorbed by the oceans through the biological pump.

However, we do not know exactly how anthropogenic activities

that interfere with any of the oceanic zones will impact the

capacity of this carbon sink. Extracting minerals from the seabed

or trawling for fish on the sea floor for instance, could release

significant amounts of CO2 that is currently bound in the sediments

(Levin et al., 2020; Sala et al., 2021). Similarly, extensive fishing

in the mesopelagic zone might limit the amount of carbon that

reaches deeper areas of the ocean and remains sequestered from

the atmosphere.

The upper ocean mixes on time scales of decades whereas

deep-sea water masses are renewed on time scales 10–100 times

longer, creating potential for significantly delayed recovery of

environmental conditions, even under significant CO2 removal

(Heinze et al., 2021). We do not have a full understanding of the

factors that influence howmuch CO2 can be absorbed by the oceans

without dramatically slowing the uptake of CO2 (Chikamoto et al.,

2023) or even creating ecological tipping points associated with

warming, acidification, deoxygenation and changes in circulation

(Heinze et al., 2021). There is also a distinct lack of information

about natural carbon process rates and the specific roles of different

organisms (from microbes to megafauna) in setting these rates.

Proposals to strengthen the ocean uptake and storage of carbon

from the atmosphere via photosynthesis have involved enhancing

phytoplankton production through iron fertilization; and expand

open ocean macroalgal culture with algal sinking to the deep

seafloor (NASEM, 2022). However, relatively little is known about

the efficiency of these processes and about possible negative

interactions with other ecological systems (Yoon et al., 2018; Boyd

et al., 2022) including those in the deep sea (Levin et al., 2023).

Concerns have been raised about unintended side effects on deep-

sea ecosystems from changes in light, turbidity, oxygen, pH and

physical smothering associated with various technologies (Levin

et al., 2023). There is a need to consolidate evidence on climate

intervention approaches and to conduct further research to assess
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ecological and economic efficiency as well as social acceptability

and governance modalities, in particular heeding the call by

Pörtner et al. (2023) to maximize synergies andminimize trade-offs

between climate and biodiversity action.

Economic and financial limitations

Any blue carbon conservation effort needs to link the climate-

regulating services provided by the oceans to an economic

incentive system. As discussed above, the deep sea offers significant

economic potential, but at the cost of further deterioration of its

fragile ecosystems. A simple preservation of interacting deep-sea

ecosystems as a functional unit, therefore, comes with significant

opportunity costs, i.e., costs of maintaining and not exploiting its

full economic potential. Similarly, to the extent that the capacity

of the ocean to absorb CO2 can be enhanced, for instance

through macro-algal culture or iron fertilization, this will require

substantial investment, the development of new technologies,

and extensive science for reporting and verification, all requiring

additional funds. For the moment, however, the economic and

ecological spheres are not fully integrated, which creates significant

frictions in channeling funds to ecological mitigation, preservation

and restoration.

Green taxes
One way of strengthening incentives to reduce carbon emission

has been through different forms of “green taxes”, specifically

carbon taxes that levy taxes on production and consumption

depending on their carbon footprint. Such taxes are typically being

levied by individual jurisdictions and the revenue thus generated

are typically being channeled back into the macro economy, for

instance through a reduction in labor taxes. As such, most of these

green taxation programs are revenue-neutral and only meant to

strengthen incentives for lowering CO2 emissions. These funds

are rarely, if ever, being used to support the restoration and

maintenance of ecosystems outside national borders and beyond

national jurisdiction.

Carbon emission trading systems and related
mechanisms

Instead of using taxes, several jurisdictions have started

using carbon emission trading systems—so-called “cap-and-trade”

systems—whereby a total amount of carbon emissions per year is

fixed for a specific industry or a state as a whole and companies

need to buy and trade emission rights via auctions. Such a system

is deemed more flexible and can react to individual peak emissions

through the trading system in order to adjust the true cost of carbon

in a dynamic manner. But similar to a system based on taxes, the

revenues generated by this system are entering general government

budgets where they can be earmarked for efforts to reduce the

national footprint.

One way by which governments have tried to achieve some

form of global collaboration in order to promote blue carbon

sinks is through debt-for-nature swaps. In this case, selected

highly indebted states see their debt burden decline in exchange

for commitments to restore or protect local ecosystems. Such

a mechanism could be used, for instance, to support maritime

nations in their effort to maintain healthy ocean conditions within

their EEZs. Such a mechanism is, however, limited to states that

have a large external debt burden with creditors that are willing

to forfeit part of their principal in exchange for maintaining local

ecosystem services. Often, this might not be possible as different

creditors cannot be aligned or sovereign debt is owed tomultilateral

organizations that are not ready to engage in such a swap. For

island states, the deep sea is typically a large part of their EEZ

and protection of deep-sea ecosystem services may be possible

through debt-for-nature swap, as was done by Seychelles (Silver and

Campbell, 2018). However, such mechanisms are not available for

deep international waters that are regulated by international treaty

bodies (see below).

An alternative to such bilateral interventions and with more

potential for scale is to use part of the funds levied by carbon

taxes and credits and channel them into dedicated funds, such as

the Social Climate Fund proposed by the European Commission.4

Properly resourced, such a fund can support various global and

local initiatives to complement the national or supra-national

efforts to reduce carbon emissions through specific interventions

enhancing carbon sinks. However, even in the case where such

funds dispose of a significantly enlarged budget, the policy goals

between reduced carbon emissions and enhanced carbon sinks

might not be aligned. In the case of protecting the oceans, for

instance, rising costs for maritime transport among those states

that levy carbon taxes might displace such transport tomore lenient

states, with adverse consequences not only for carbon emissions but

also for carbon sinks. A coordinated effort is, therefore, necessary to

prevent such evasion strategies and support a successful transition

to net zero in which oceans play an important role.

A final challenge in setting up financial mechanisms to support

carbon sinks, especially in the oceans, is the lack of a proper

valuation mechanism. Several attempts have been made to expand

national accounts to integrate social and environmental concerns

(such as the system of environmental economic accounting) but

so far, no agreed standard exists. Recently, Chami et al. (2019)

have proposed a new framework to assess the financial value of

ecological services around carbon sinks, using available carbon

trading prices as benchmarks.5 These estimates yield significant

value even for individual species let alone entire ecosystems.

However, considering the difficulty of an ecological assessment of

the deep sea and the incomplete science around this topic, the

financial valuation thus established can be at best a lower estimate

of the true value of the oceans.

Governance limitations

Besides incomplete knowledge, competing interests concerning

the ocean’s value and lack of proper economic incentive

mechanisms, it is also the fragmented institutional structure that

4 https://ec.europa.eu/clima/eu-action/european-green-deal/

delivering-european-green-deal/social-climate-fund_en

5 https://www.researchgate.net/publication/344251550_On_Valuing_Na

ture-Based_Solutions_to_Climate_Change_A_Framework_with_Applicatio

n_to_Elephants_and_Whales_On_Valuing_Nature-Based_Solutions_to_Cli

mate_Change_A_Framework_with_Application_to_Elephants_a
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prevents the regulation and implementation of deep-ocean carbon

protection. The proliferation of different governance mechanisms,

replying to different needs at the regional or sectoral levels, also

results in different political and economic interests as discussed

above, preventing consistency.

Monitoring climate interventions and climate abuses in the vast

ocean is a challenge in itself. Today’s technological advancements

offer some additional ways of enhancing autonomous surveillance

but would still require substantial effort and investment to carry it

out at scale, as well as stronger states’ cooperation to implement

effectively existing rules. Alternative approaches consist in setting

up regulation and monitoring at specific neuralgic points, for

instance by installing buoys around port areas to prevent whale

ship strikes.

Concerning the governance of the deep ocean, there is a

distinction between the areas where coastal states enjoy sovereign

rights over their natural resources and the part of the ocean

beyond that where all states have rights. Yet the living natural

resources in the high seas, including deep-sea fisheries, will become

property of the person who catches it (Grotius, 1916). Particularly

this characteristic makes the high seas potentially subject to the

tragedy of commons that comes from open access (Hardin, 1968).

Regarding fisheries, this translates into a lack of incentive for

individual fishers to reduce their catch at a certain moment with

the objective to catch more later on. Most fishers will not hesitate to

take the risk that the fish stock might not recover when everyone

lacks this incentive. Long-term objectives are thus often non-

existent in the fisheries industry without governmental regulation

(Hannesson, 2004).6 The international community has tried to

increasingly curb the freedom of fishing on the high seas (Takei,

2013; Harrison, 2017).

Almost half a century ago, the International Court of Justice

already remarked “that the former laissez-faire treatment of the

living resources of the sea in the high seas has been replaced by

a recognition of a duty to have due regard to the rights of other

States and the needs of conservation for the benefit of all.”7 Duties

to conserve marine living resources and to co-operate between not

only flag states but also with coastal states emerged and found

their ways into legally binding agreements.8 States that fish for

identical stocks or different ones but in the same area are obliged

to co-operate in regional or subregional fisheries organizations.9

Flag state duties incorporate, among other things, the establishment

of a national vessel record and compliance with regulation of

licenses and international guidelines for markings, monitoring,

control and surveillance.10 The national rules of the flag states

should of course comply with the measures of regional fisheries

6 Compare this with Grotius (1916): “all that which has been constituted by

nature [...] ought in perpetuity to remain in the same condition as when it was

first created by nature.”

7 International Court of Justice, Fisheries Jurisdiction (United Kingdom of

Great Britain andNorthern Ireland v. Iceland), Merits, Judgment, 25 July 1974,

ICJ Reports 1974, 3, para. 72.

8 United Nations Convention on the Law of the Sea 21 International Legal

Materials 1261 (1982) Artt. 116–119.

9 United Nations Convention on the Law of the Sea 21 International Legal

Materials 1261 (1982) Art. 118.

management organizations.11 Thus, cooperation in a regional

fisheries management organization might be the best way to fulfill

the duty of cooperation (Borg, 2012).

Contrary to fisheries management, the governance regime

for the mining of minerals from the ocean floor beyond the

continental shelf is much more centralized (Jaeckel, 2017). States

that want to engage in the exploration or exploitation of these

minerals have to apply for a contract from the International Seabed

Authority.12 The Authority is also responsible for the compliance

with the regulations for exploration and exploitation, as well as the

protection of the marine environment.13

The UNFCCC itself has limited control over ABNJ. State

climate mitigation and adaptation actions as reflected in their

Nationally Determined Contributions (NDCs) and National

Adaptation Plans focus on their EEZs. There is no NDC for the

ocean beyond national jurisdiction. Although shipping emissions

are regulated by the International Maritime Organization, climate

impacts of other activities in ABNJ would go unregulated. They

could be subsumed under a “cumulative” EIA, however. The latest

draft of the agreement under the UNCLOS on the conservation

and sustainable use of marine biological diversity of ABNJ (BBNJ

Agreement) of March 4th, 2023 defines cumulative impacts as

“combined and incremental impacts resulting from different

activities, including known past and present and reasonably

foreseeable activities, or from the repetition of similar activities over

time, and the consequences of climate change, ocean acidification

and related impacts” [Art. 1(8)]. Cumulative impacts should be

considered throughout the process of conducting an EIA in ABNJ

[Artt. 24(1)(a)(ii) & (2)(e), 30(1)(b) & (c) & 35(2)]. This is one of

the few occasions where the draft explicitly mentions the climate.

There is scope within the BBNJ Agreement for the designation of

protected areas in ABNJ that target biodiversity and habitats that

are vulnerable to climate change and ocean acidification, as well as

those valued for their carbon sequestration services, although this

latter point is not listed among indicative criteria for identification

of areas in Annex I of the Agreement. Capacity development and

technology transfer elements in the Agreement also could address

climate-biodiversity connections.

Political limitations

Conflicting economic interests also clash with political

differences; benefactors and victims of the deep-sea economy

10 Agreement for the Implementation of the Provisions of the United

Nations Convention on the Law of the Sea Relating to the Conservation and

Management of Straddling Fish Stocks and Highly Migratory Fish Stocks 34

International Legal Materials 1542 (1995) Art. 18(3).

11 Agreement for the Implementation of the Provisions of the United

Nations Convention on the Law of the Sea Relating to the Conservation and

Management of Straddling Fish Stocks and Highly Migratory Fish Stocks 34

International Legal Materials 1542 (1995) Art. 18(1)/(4).

12 United Nations Convention on the Law of the Sea 21 International Legal

Materials 1261 (1982) Art. 157.

13 United Nations Convention on the Law of the Sea 21 International Legal

Materials 1261 (1982) Artt. 139(1), 153(4) & (1).
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are likely not the same. Most high-income states promote the

preservation of the ocean’s capacity to absorb CO2 emissions. At

the same time, they continue to pursue economic exploitation

of the deep sea. The deep sea represents substantial economic

opportunities and significant ecosystem services that could be lost.

Small-island states whose livelihoods are often highly intertwined

with the ocean may not have the financial capacity to exploit

the deep sea, but would bear the consequences of lost ecosystem

services. These states also face considerable consequences from

climate change in the form of rising sea water levels, flooding,

intensified cyclones, and redistribution of lucrative fisheries (e.g.,

tuna) to outside their EEZs.

Sometimes, cultural barriers might preclude certain forms of

use of the oceans. For instance, coastal populations might rely on

fishing as their traditional economic activity. Massive macroalgae

cultivation, as discussed in the previous section, would involve a

significant change in the economic and cultural practices of such

populations, which might be deemed unacceptable.

Several high-income nations have expressed interest or are

already exploiting deep-sea resources. There is also a danger that

it is considered a setting of marginal importance, suitable for

waste and CO2 disposal. Finding and pursuing deep-sea solutions

that engage low-income and middle-income nations, incorporate

traditional knowledge, and are just and equitable in their outcomes

remains a considerable challenge.

The deep sea and nature-based
solutions

Climate change is among many contemporary societal

challenges. Nature-based solutions (NBS) have conceptually been

defined in a variety of ways that include the utilization of nature,

or the inspiration of nature, to address contemporary societal

challenges from a sustainability perspective. For example, Cohen-

Shacham et al. (2016) defines NBS as “actions to protect, sustainably

manage, and restore natural or modified ecosystems, that address

societal challenges effectively and adaptively, simultaneously

providing human wellbeing and biodiversity benefits”. This

definition emphasizes the positive exploitation of ecosystem

services from well-managed or restored ecosystems as key to

the solutions. The European Commission (2020) offers a slightly

broader definition of NBS: “Solutions that are inspired and

supported by nature, which are cost-effective, simultaneously

provide environmental, social and economic benefits and help

build resilience. Such solutions bring more, and more diverse,

nature and natural features and processes into cities, landscapes

and seascapes, through locally adapted, resource-efficient and

systemic interventions”.

There are significant differences between blue carbon and

NBS. First, NBS are broader than blue carbon in that they

encompass non-climate benefits and biodiversity in addition

to climate. Regardless of the differences in emphases in the

definitions, NBS is generally understood to reference benefits to

biodiversity while simultaneously delivering beneficial ecosystem

services to support the achievement of societies’ objectives and

to tackle societal challenges. The baseline is that climate change

mitigation is only one of the benefits that can be derived from

the deep sea. Second, NBS have direct implications and benefits

for stakeholders and direct resource users. In contrast, the benefits

of blue carbon manifest at the global scale and the difference any

single intervention or conservation project will make is necessarily

marginal. This can constrain motivation and dilute economic

incentives. Understanding, valuing and protecting the deep sea

for more than its carbon sink and sequestration capacity will help

realize opportunities from various benefits, manage trade-offs, and

mitigate risks and unintended consequences. Consequently, deep-

sea NBS governance will have a significantly different trajectory

compared to deep-sea blue carbon governance.

Yet, NBS have significant relevance in the adaptation and

mitigation to climate change (Kabisch et al., 2016; Seddon

et al., 2021). This is because, as stated by Seddon et al. (2020),

“There is growing awareness that nature-based solutions can

help to protect us from climate change impacts while slowing

further warming, supporting biodiversity and securing ecosystem

services”. The use of NBS in climate change, in whole or in

part as adaptation and mitigation strategies, has received much

contemporary attention. Among other things, climate change-

related NBS have been discussed in relation to urban areas (Kabisch

et al., 2016; Frantzeskaki et al., 2019; Seddon et al., 2020; Bayulken

et al., 2021), land management (Keesstra et al., 2018), coastal

(Cohen-Shacham et al., 2016; Nguyen, 2018; Chausson et al., 2020)

and marine areas (Gattuso et al., 2018; Fullam et al., 2021).

Climate change-related NBS research and reviews linking to

blue carbon include those byMacreadie et al. (2021), Quevedo et al.

(2021), and Wedding et al. (2021). Discussions have referred to,

among other things, blue carbon sequestration via (i) ecosystems

such as seagrass beds (Stankovic et al., 2021), mangroves (Friess

et al., 2020), seaweed aquaculture (Duarte et al., 2017; Kuwae

and Crooks, 2021; Yong et al., 2022) and kelp forests (Wernberg

and Filbee-Dexter, 2018; Seddon et al., 2021); (ii) ocean fauna

such as whales and fish etc. (Mariani et al., 2020); and (iii) bright

spots where climate mitigation and fisheries opportunities overlap

(Queirós et al., 2021).

Ocean zones such as the deep seabed and the high seas have

also been the subject of climate change-related NBS strategies

(Wernberg and Filbee-Dexter, 2018; Chen et al., 2022). However,

knowledge of this environment, both within and outside national

jurisdiction, is currently limited (Ramirez-Llodra et al., 2011;

Danovaro et al., 2017, 2020) and therefore, its use in NBS

requires more rigorous and more extensive scientific research.

Furthermore, some researchers have arrived at the conclusion that

NBS themselves have limits in efficacy and contributions to climate

change (Kabisch et al., 2016; Seddon et al., 2020; Kumar et al., 2021;

Williamson et al., 2021). Notably, in both shallow and deep waters,

microbes and microbial processes have yet to emerge as a focus of

blue carbon initiatives, despite the fact that they play critical roles

in the carbon cycle (Orcutt et al., 2020).

Holistic governance of the deep sea

Does existing deep-sea governance provide opportunities to

manage climate mitigation in addition to ecosystem services and

biodiversity? Several international treaties govern the deep sea in

ABNJ. These include the UNCLOS Part XI, the United Nations
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Fish Stock Agreement of the UNCLOS, Convention on Biological

Diversity (CBD), UNFCCC, Convention on International Trade

in Endangered Species of Wild Fauna and Flora (CITES), the

Convention on the Conservation of Migratory Species of Wild

Animals (CMS), the International Whaling Convention (IWC) and

the London Convention/London Protocol (LC/LP). Most recent

is the newly agreed upon high seas treaty governing biodiversity

conservation and sustainable use in ABNJ. Relatively few deep-

sea species are protected by the species-specific treaties such as

the CMS, IWC and CITES, although cold-water corals and deep-

diving whales are notable exceptions. In addition, development and

technological plans are advanced to protect the deep sea. While

many of these treaties refer to climate change, they rarely focus on

blue carbon and the possibility of mitigating climate change while

protecting biodiversity (Elsler et al., 2022).

Environmental impact assessment

EIAs are required for various deep-sea activities (such as

for mining, oil and gas exploration and exploitation, new deep-

sea fisheries). Ratification of the high seas treaty may see

additional activities subject to EIA including deep-sea cables,

scientific sampling, and genetic resource extraction. The 2021 Draft

Standards and Guidelines for EIA Process of the International

Seabed Authority do not include climate change, but the newest

draft for the regulations on exploitation deal with emissions

(Heinrich et al., 2020). The agreed upon draft of the high seas

treaty remedies some of the gaps by including a broad “cumulative

impact” category.

While climate change and greenhouse gas emissions are

included in certain EIAs, carbon cycle disturbance, carbon release

or inhibition of carbon sequestration are rarely taken into

consideration. Human activities disturbing the seafloor and its

biota may interfere with carbon sequestration or release carbon

(e.g., Luisetti et al., 2019). Removal of fish and whale standing stock

through harvest also reduces carbon sequestration (Mariani et al.,

2020). Bottom trawling, seabed mining, oil spills or drilling anchors

and infrastructure, such as offshore platforms, can create physical

and chemical disturbance or pollution that can affect biodiversity

and alter carbon cycling. The impact of infrastructure, installations

and artificial islands on the marine environment, for the conduct

of seabed activities, is generally overlooked in EIAs and the legal

frameworks applicable to them, both on the continental shelf and

in the EEZ, the high seas and the Area, still poses important

implementation issues, especially when it comes to the protection

of the marine environment (Gautier and Tassin, 2013; Schneider,

2018). Bravo et al. (2023) have suggested inclusion of detection and

monitoring of ecosystem services as needed for impact assessment

and management in the deep ocean.

Area-based management

Marine spatial planning and the design of MPAs have the

primary focus of protection and rebuilding of biomass and

biodiversity, often with positive side effects for fisheries. MPAs can

function as bank capital “from which we will earn interest every

year in the form of a harvestable catch” (Greenberg, 2010; Wood,

2014). MPAs are starting to consider carbon consequences and

carbon conservation, but this is rare in the open ocean or deep

sea (Jacquemont et al., 2022). Introduction of climate change in

the regulation of fisheries appears to be also in its early stages

(Oostdijk et al., 2022); the IWC has recognized the role of whales

for carbon sequestration. Although not primarily declared for that

purpose, the establishment of marine protected areas—not in the

least for the protection of ecosystems that are able to sequester

carbon—remains an additional tool available through the High

Seas Treaty to contribute to the mitigation of climate change

(Jakobsen, 2021). The objective of the treaty to protect, preserve,

restore and maintain biodiversity and ecosystems is, among other

things, meant to strengthen resilience to stressors such as climate

change [Art. 7 (h) and Art. 17(c)]. One of the general approaches

of the agreement is to build “ecosystems resilience, including

to adverse effects of climate change, ocean deoxygenation and

ocean acidification”, and also to maintain and restore “ecosystem

integrity, including the carbon cycling services that underpin

the ocean’s role in climate” [Art. 7(h)]. In addition to classic

MPAs, areas of particular importance are designated by some UN

bodies with jurisdiction over the deep ocean (see Box 1). Although

not a focus at present, these could incorporate protection of

carbon services. Examples include the Ecologically or Biologically

Significant Marine Areas (EBSAs) designated through the CBD

and no-mining Areas of Particular Environmental Importance

designated by the International Seabed Authority. The same is

true for World Heritage Sites (Box 1), some of which include the

deep sea.

Pollution reduction

UNCLOS does not explicitly deal with climate change nor does

it make any reference to climate change in the original treaty since

it was negotiated in the 1970s. Since the ocean plays nonetheless

an important role in both mitigation of, as well as adaptation to,

climate change, the High Seas Treaty has included direct references

to climate change thereby integrating it into the UNCLOS. While

waiting for the signing and entry into force of this new agreement, it

is worth noting that the emission of greenhouse gases would qualify

as pollution of the marine environment under UNCLOS. The

LC/LP regulate ocean dumping and apply to some geoengineered

solutions for enhancing carbon storage in the seabed, although iron

fertilization has been addressed (in new Annex 4 of the 2013 LP

amendment). Reading this together with the 2015 Paris Agreement

emphasizes the aim of greenhouse gas emission reduction rather

than enhanced uptake of carbon by the ocean (Boyle, 2021).

Carbon accounting

Carbon accounting frequently refers to collecting,

summarizing, and measuring carbon emissions data to enable
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emissions comparisons and facilitate independent reviews for

compliance and data accuracy (Tang and Luo, 2014). Carbon

accounting under the UNFCCC has been enabled in wetlands

through the “Supplement to the 2006 IPCC Guidelines for

National Greenhouse Gas Inventories: Wetlands” (IPCC, 2013).

Equivalent guidelines for the deep sea do not exist. Measurability

and attribution are major technical and legal concerns regarding

carbon accounting under the UNFCCC (Oostdijk, 2021). Carbon

emission reductions through the enhancement of the biological

carbon pump, for instance, are notoriously difficult to measure.

Any efforts by a single state would be difficult to attribute due

to currents and movement of marine life. In addition, carbon

accounting has a limited scope on climate-regulating services and

disregards biodiversity and other crucial ecosystem services.

UNFCCC: ocean dialogue, NDCs, and
adaption plan and work programs

Within the UNFCCC Subsidiary Body for Scientific and

Technical Advice there is now mandated an annual Ocean and

Climate Change Dialogue focused on building ocean action into

UNFCCC mitigation and adaptation activities. State and non-

party submission to the first these dialogues in 2020 highlighted

changing ocean impacts, carbon sinks, blue carbon opportunities,

and the need for ecosystem resilience and biodiversity management

(Dobush et al., 2021). While the conceptual joining of climate

and biodiversity is evident, there was limited discussion of the

deep ocean in the Dialogues in 2020 and 2022. The UNFCCC

Ocean Dialogues offers a novel opportunity for ocean stakeholders

to come together to discuss how to incorporate the ocean into

climate negotiations—via NDCs, National Adaptation Plans and

to the Nairobi, Marrakesh and other relevant UNFCCC work

programs. Within these, there are many means to highlight

protection of deep-ocean ecosystem services to enhance climate

resilience. While there were several deep-ocean focused pavilion

and side events at COP 27, they had limited policy impact

due to the sheer size and separation of negotiators from

observers. Because the COP 27 text now mandates that the

Dialogue is reported to the annual UNFCCC COP, the Ocean

Dialogue could become a more effective tool for advancing the

conservation of deep-ocean ecosystem services as a holistic nature-

based solution.

Fisheries management

Most regional fisheries management organizations have not

instigated direct action concerning climate change mitigation

(Rayfuse, 2019; Molenaar, 2021), although several FAO technical

reports have considered the issue for both coastal (FoodAgriculture

Organization et al., 2018) and deep-sea fisheries (Food Agriculture

Organization, 2019). Just recently the South Pacific Regional

Fisheries Management Organization adopted a decision making

climate change a permanent agenda item for the scientific

committee, compliance and technical committee and Commission

in order to include climate change in Commission decisions.

It is possible to use climate model projections and life-history

data to assess species-specific vulnerability to climate changes in

the deep sea in conjunction with fishing vulnerability and to

manage accordingly (Cheung et al., 2022). However, ecosystem-

based approaches to manage fisheries could also encompass carbon

sequestration (Krabbe et al., 2022). The ecosystem approach aims

at the shift from management of particular species to management

of the ecological system as a whole (Charles, 2013; Takei, 2013;

Marauhn and Böhringer, 2014; De Lucia, 2019). Protection of

vulnerable marine ecosystems (VMEs) by RFMOs based on

the presence of indicator taxa such as cold-water corals is an

example of ecosystem-based practice that simultaneously protects

the carbon stored in these systems. The law on straddling and

highly migratory fish stocks contains details on the protection of

BOX 1 Biodiversity governance, world heritage, and deep-sea vents.

The rarity and great biological fragility of deep-sea vents, often described as deep-sea oases, led them to be recognized as “vulnerable

ecosystems”, which is a category enabling specific management protection measures due to environmental concerns. The most significant

recognition came first with the United Nations General Assembly in 2004, which called states to manage the biodiversity risks of these

vents and consider the prohibition of destructive fishing practices around them. States have also acknowledged their fragility through the

Conference of the Parties to the Convention on Biological Diversity highlighting, also in 2004 (Conference of the Parties, 2004), the urgent

need for international cooperation and action to improve the conservation and sustainable use of biodiversity in ABNJ, including through the

establishment of marine protected areas around these vents (Conference of the Parties, 2004). A few years later, in 2008, the same Conference

of Parties (Conference of the Parties, 2008) recognized that ecologically and biologically significant areas requiring enhanced conservation and

management measures could be established for the protection of these vents. The Food and Agricultural Organization (FAO) also recognized

hydrothermal vents as an example of potential vulnerable habitat when adopting, in 2009, the International Guidelines for the Management of

deep-sea fisheries in the High Seas (Food Agriculture Organization, 2009). Considering the concerns of the international community toward

these ecosystems, the International Seabed Authority recognized these ecosystems as vulnerable (International Seabed Authority, 2011). The

International Seabed Authority is currently working, since 2018, on expanding regional management plans for hydrothermal vent systems in

the Mid-Atlantic, including an area known as the “Lost City” (Johnson, 2019), and the Indian Ocean. Notably, Lost City falls within the Poland

exploration contract issued by the International Seabed Authority for massive sulfides.

At the international level, cultural and natural heritage are identified and protected through the 1972 UNESCOWorld Heritage Convention,

which is aiming to avoid “deterioration or disappearance of any item of the cultural or natural heritage [which] constitutes a harmful

impoverishment of the heritage of all the nations of the world” (UNESCOWorld Heritage, Preamble). Since the first incorporation of marine

sites into the UNWorld Heritage site in 1981, 49 marine sites around the world have been added to this list, allowing greater protection and

marine scientific research to be deployed, including in deep-sea areas within national jurisdiction. But at the time of writing this article, none

of these world heritage sites are covering deep-sea ecosystems beyond national jurisdiction.
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dependent species and species within the same ecological system.14

Humans, however, are undeniably part of the ecological system

as well. Thus, any ecosystem approach merely tries to manage

humans’ impact on the ecological system (Murawski, 2007). In this

regard, states have to consider that the same fish stocks live under

both national jurisdiction and the ocean beyond. Compatibility

of measures should be a goal.15 Orrego Vicuña (1999) suggests

that the ecosystem approach was the main driver behind the rules

on compatibility between the exclusive economic zones and the

high seas. A holistic approach to the ecological system not only

emphasizes the interactions between species but between the legal

regimes for the ocean within and beyond national jurisdiction

(Orrego Vicuña, 1999).16

Prohibition of subsidies or other support for the fishing

industry from the government appears to be a prerequisite for a

well-working fisheries management system (Stone, 1999; Sumaila

et al., 2021). State support distorts free competition among

participants in the fishery. Nonetheless, a subsidy can function as

a fee for a service that the fisher delivers to society if the fisher is

seen as the steward of the fish stock. Crucial is then that fishers

lose their right to fish when they fail to fulfill this duty (Greenberg,

2010). This also works on the level of regional fisheriesmanagement

organizations, as trustees of the fish stock—the trust (Rayfuse and

Warner, 2008). Stewardship is then “the ethical companion to

the scientific practice of restoration” (Rayfuse and Warner, 2008;

Telesetsky et al., 2017; Barritt, 2019). A precautionary approach

to fisheries entails that any uncertainty about the value of an

ecosystem should not be an argument against the protection of

it. In fisheries management, one system that tries to incorporate

this is that of individual transferable quota (ITQ) (Nomura, 2014).

Participants in the fishery can buy, sell and lease ITQs, which leads

to the fact that they often come in the possession of the highest

bidder. That, in turn, is likely the person that will make use of

the ITQ in the most effective way. Moreover, this system might

reduce overcapacity when more efficient ITQ holders buy out the

less efficient ones (Hannesson, 2004). In sum, the governance of

the deep sea provides opportunities to mitigate climate change, but

the highly sectoral nature of international agreements has limited

the embrace of climate in many conventions outside the UNFCCC

(Elsler et al., 2022). A key to protection of deep ocean ecosystem

services will be capacity development in the arenas of deep-

sea scientific research and monitoring, representation of youth,

the poor, indigenous voices and a voice for wildlife, widespread

14 Agreement for the Implementation of the Provisions of the United

Nations Convention on the Law of the Sea Relating to the Conservation and

Management of Straddling Fish Stocks and Highly Migratory Fish Stocks 34

International Legal Materials 1542 (1995) Art. 5(d)-(g).

15 Agreement for the Implementation of the Provisions of the United

Nations Convention on the Law of the Sea Relating to the Conservation and

Management of Straddling Fish Stocks and Highly Migratory Fish Stocks 34

International Legal Materials 1542 (1995) Art. 7.

16 Orrego Vicuña (1999): What the Fish Stocks Agreement essentially seeks

to achieve is ’[o]ne area of biological unity and distribution of stocks, subject

to di�erent jurisdictional regimes conceived in a supplementary manner as

to fisheries conservation and management’; ibid., 183.

deep-ocean literacy, andmore integrative governance of deep water

across sectors.

Technological plans: deep sea
conservation/management and
non-fungible tokens

Possible future governance opportunities of the deep sea

might also be found in financial markets. Non-fungible tokens

are burgeoning in nature conservation and are an instrument

that might be applied to deep-sea blue carbon. Presumably, area-

based tokens could occur only within continental shelves given the

commons and common heritage aspects of international waters

described above.

It is very difficult to appraise or give value to many of the

environmental services that the deep sea provides to us. A part of

the problem lies in the fact that many environmental resources,

such as those provided by the deep sea, are non-fungible assets

meaning that they are globally unique and therefore not easily

exchangeable in the marketplace. This makes it very difficult to

estimate their prices, let alone their real values. Technological

innovations such as issuing blockchain- based tokens assigned to

different deep-sea environmental services might provide solutions

to some of the problems related to their non-fungibility. Such

tokens, often referred to as NFTs, are already being issued to tackle

environmental issues, mostly conservation but these also allow for

trade in non-fungible services (Far et al., 2022).

Examples of NFTs encompass biodiversity conservation and

climate-change mitigation projects (Valeri and Baggio, 2021). For

instance, Rewilder (www.rwilder.xyz) is experimenting with issuing

tokens that match donations for land purchases for conservation.

Each donor receives a non-fungible token that matches their

donation and the holder of that token receives regular updates

concerning the land they helped to purchase. The fact that the

tokens are non-fungible assures that donors can attribute their

donation to a specific parcel of land and can easily verify the state

and condition of this specific piece of land. In addition, OceanDrop

(www.oceandrop.art) is a charitable NFT art auction, hosted by the

Opean Earth Foundation (www.openearth.org) which raised funds

for marine conservation. NFTs are used to certify the uniqueness

and authencity of digital artworks that are auctioned to raise

money for marine conservation. Finally, Orb (www.orb.green)

issues verified carbon credits in the form of NFTs, allowing for the

validation, measurement and verification of carbon afforestation

projects. Orb’s project provides transperancy for afforestation

projects, allows companies to buy carbon credits and individuals to

support afforestation while at the same time uses satellite imagery

and other high-tech methods to facilitate planning and registration

of afforestation projects, estimate carbon sequestration and enable

verifiable registration and trading of carbon credits.

These examples indicate that non-fungible tokens and

related technologies can potentially provide opportunities for

strengthening deep-sea conservation. They have also been applied

in blue carbon conservation. Transferring these examples to the

deep sea will heavily depend on the verifiability and transparency

of NFTs and related technologies.
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Conclusions

The fulfillment of the SDGs, the Paris Agreement, and the

post-2020 Biodiversity Goals rely in part on the deep sea. Blue

carbon has emerged as a popular means to include the ocean in the

climate negotiations (Dobush et al., 2021). Blue carbon has been a

potent driver of protection and rebuilding efforts in coastal areas

where it is considered a no-risk action (Gallo et al., 2017; Gattuso

et al., 2018). The international community increasingly recognizes

that open-ocean and deep-sea processes were highly significant

in buffering climate change from anthropogenic emissions in the

past decades. Yet, in the deep sea, a similar trajectory for blue

carbon and effective mitigation of climate change hinges on lack of

scientific knowledge and verification, negative feedbacks limiting

carbon uptake (i.e., no long-term solution), financial limitations,

a lack of cooperation and implementation. The deep sea should

be viewed as a more holistic nature-based solution to achieve

international policy objectives. A suite of management instruments

is available that could enable governance alignment of ecosystem

services and biodiversity in addition to climate mitigation.

Carbon fluxes and storage in the deep ocean are substantial,

yet they are changing fast. In previous decades, these mechanisms

played a key role in mitigating climate change caused by

anthropogenic emissions. Ocean acidification is caused by

increasing carbon absorption in the ocean and has complicated

interactions with marine life, which can alter biophysical processes

connected with carbon fluxes and storage. Other climate change

and anthropogenic impacts are projected to reduce overall future

deep-sea carbon fluxes and, with them, the potential to mitigate

climate change. The long legacy of climate impacts and likely

slow recovery of the deep sea under climate mitigation may

compromise the significant ecosystem services and vast—yet

unknown—biodiversity of the deep ocean. Regulating services

such as biogeochemical cycling, heat and carbon storage will

decrease as anthropogenic pressures increase. During the coming

decades, provisioning services are predicted to grow with novel

and expanding deep-sea industries, including from fisheries,

pharmaceuticals, blue energy and potentially minerals. Cultural

services for education and research are likely to grow, but spiritual

connections to deep water remains underexplored.

The value citizens place on different ecosystem services is vital

to navigating trade-offs in decision-making. The social acceptability

might be low for methods used in the economic valuation of

non-tradeable ecosystem services. The economic value varies with

the chosen valuation approach and does not reflect public care

and concern. A first valuation shows that the value of carbon

sequestration is below that of other ecosystem services, such as oil,

minerals, fisheries, and research and education. The value of carbon

sequestration, on the other hand, is strongly reliant on the social

cost of carbon consumed. Using a different valuation approach,

carbon sequestration comes in second place behind oil. This

demonstrates the variability and uncertainty of the figures. While

for our purposes, valuation is sufficient, a promising alternative

approach for the deep sea is assessing care and concern. Recent

research on care found that people’s care for the deep sea is linked

to the emotions, moods, and meanings that this environment

evokes in them. Deep-sea literacy underpins the extent of caring.

People generally care little about the deep sea, but more than 80%

were highly and very highly concerned about deep-sea mining

(Kaikkonen and van Putten, 2021).

The deep sea can be viewed as a more holistic NBS,

including many ecosystem services and biodiversity in addition

to climate. The valuation highlighted the importance of a

variety of ecosystem services beyond climate. Recent advances in

international discussions on terrestrial ecosystems, exhibit similar

thoughts. The “Not Just Carbon” report from the World Resources

Institute highlights the need for holistic consideration of benefits

from forests (Seymour et al., 2022). First, understanding, valuing,

and protecting the deep sea for more than its carbon sink and

sequestration capacity will help realize opportunities from various

benefits, manage trade-offs, and mitigate risks and unintended

consequences. Second, NBS highlight direct benefits to users

and stakeholders of the deep sea in addition to global climate

benefits. These benefits include public care and concern and

strong industrial interests, which have been traditionally difficult to

balance in international negotiations. Consequently, deep-sea NBS

governance will have a significantly different trajectory compared

to deep-sea blue carbon governance.

The governance of the deep sea provides opportunities

to mitigate climate change but is much richer in its history

to manage impacts such as mining and other important

ecosystem services such as provisioning services. Climate-

regulating services could theoretically be included in treaties under

development or as amendments, but these developments are still in

the future.
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