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The potential for Blue Carbon ecosystems to combat climate change and provide

co-benefits was discussed in the recent and influential Intergovernmental Panel on

Climate Change Special Report on the Ocean and Cryosphere in a Changing Climate.

In terms of Blue Carbon, the report mainly focused on coastal wetlands and did not

address the socio-economic considerations of using natural ocean systems to reduce

the risks of climate disruption. In this paper, we discuss Blue Carbon resources in coastal,

open-ocean and deep-sea ecosystems and highlight the benefits of measures such as

restoration and creation as well as conservation and protection in helping to unleash their

potential for mitigating climate change risks. We also highlight the challenges—such as

valuation and governance—to marshaling their mitigation role and discuss the need for

policy action for natural capital market development, and for global coordination. Efforts

to identify and resolve these challenges could both maintain and harness the potential for

these natural ocean systems to store carbon and help fight climate change. Conserving,

protecting, and restoring Blue Carbon ecosystems should become an integral part of

mitigation and carbon stock conservation plans at the local, national and global levels.

Keywords: ecosystem services, mitigation, carbon services valuation, governance, environmental economics

INTRODUCTION

The ongoing global COVID-19 pandemic and its global human and economic repercussions brings
to the fore the recognition that the sustainability of our economic systems very much depends on
the sustainability of ecosystems and biodiversity. The current climate change crisis is threatening
economies as it is accelerating losses of marine biodiversity and habitats (Bindoff et al., 2019).
There is an increased awareness of the severe impact of damage to the natural world on social and
economic well-being, and a growing urgency in calls to make (or demand) changes that will put
societies on a more sustainable path. To date, conservation appeals have not attracted investment
in natural capital at the level needed, nor have appeals to focus on mitigating the effects of the
climate crisis. There is a dire need for a change in societal mindsets toward those that recognize
nature as invaluable to our economic well-being.
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The pandemic has shaken a number of assumptions
common to modern societies regarding the relationship between
people and the natural world—an extractive view of nature—
exemplifying the high cost and great vulnerability inherent in
this outdated mentality. International lockdowns revealed the
positive effects of reduced anthropogenic disturbance on natural
ecosystems. Governments and industries have been able to adapt
rapidly and radically to mitigate the worldwide pandemic risk
to societies. This has laid bare the old arguments that rapid
adaptation is not possible at the scale needed to reduce the threats
of climate change.

Marine ecosystems require far greater attention than received
thus far as a means of securing humanity’s future health and
well-being (Laffoley, 2020; Laffoley et al., 2020). Those marine
ecosystems that contribute to climate change mitigation by
sequestering excess carbon from the atmosphere are known
as Blue Carbon ecosystems. The Intergovernmental Panel on
Climate Change (IPCC) defines Blue Carbon as “All biologically-
driven carbon fluxes and storage in marine systems that are
amenable to management.” The focus has been on rooted
vegetation in the coastal zone, such as tidal marshes, mangroves
and seagrasses. These ecosystems have high carbon burial rates
on a per unit area basis and accumulate carbon in their
soils and sediments. They provide many non-climatic benefits
and can contribute to ecosystem-based adaptation to climate
change. If degraded or lost, coastal blue carbon ecosystems are
likely to release most of their carbon back to the atmosphere.
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.” (Weyer et al., 2019).

Many natural processes and ecosystem components
contribute to carbon sequestration and burial; when these
are disrupted additional carbon previously stored can be released
into the ocean or atmosphere. We refer to protection of these
processes and stores as carbon stock conservation, an action
that is transitional between mitigation and adaptation. There
is a gradient in anthropogenic influence on natural ocean
carbon stocks and their value ranging from destruction and
degradation (inducing carbon loss) to restoration and creation
(enhancing carbon) with maintenance and protection of existing
carbon storage as neutral (Figure 1). Despite their importance,
these blue carbon concepts are not yet uniformly incorporated
into climate strategies on local, national and global scales.
The reasons for this include variability in ecosystem impacts,
uncertain carbon fluxes and trajectories, valuation methods
and governance strategies. Resolving these challenges would
go a long way in enhancing the efforts to include these natural
solutions to climate change into both mitigation and carbon
stock conservation strategies, where they can be beneficial to a
country’s sustainable development.

The Special Report on the Ocean and Cryosphere in a
Changing Climate (SROCC) (IPCC, 2019) provides policy
makers and other parties with a holistic perspective on
the current state of the ocean in the face of increasing
problematic impacts of climate change. The report identifies
knowledge gaps and uncertainties which limit the design and
implementation of mitigation strategies in the UNFCCC policy

framework. It introduces Blue Carbon-driven ecological and
economic climate change mitigation measures and identifies
two management approaches in Chapter 5 (Bindoff et al.,
2019) (i) Actions to maintain the integrity of natural carbon
stores, decreasing their potential release of greenhouse gasses
and (ii) Actions that enhance the long-term removal of
greenhouse gasses from the atmosphere by marine systems.
SROCC briefly discusses ocean processes such as the biological
and microbial pumps that transform and transport carbon,
and reviews approaches to ocean management for climate
presented in Gattuso et al. (2018). SROCC highlights the
release of carbon due to disturbance to coastal vegetated
habitats, the need for habitat protection, and refers to the
mitigation potential of habitat protection. It also discusses
restoration, creation and maximizing carbon uptake and storage
of coastal ecosystems and highlights complexities in defining
effectiveness of these mitigation actions, concluding that the
overall potential to mitigate climate change is low (0.04 to 0.05
Gt/y) or < 0.5 % of 10 Gt/y of anthropogenic emissions from
all sources.

This paper expands the discussion of the role of Blue Carbon
in climate change mitigation strategies by focusing on the
importance of conserving existing marine pathways of carbon
fixation, transport, burial and sequestration, and highlighting
the challenges associated with the measurement, valuation,
management, and governance of carbon in coastal, open ocean,
and deep-sea ecosystems. Section Ecological and Economic
Aspects of Blue Carbon identifies the carbon sequestration
services provided by these ecosystems. Section Management
of Blue Carbon for Sustainable Economies highlights how
valuing ecosystem services (ES) can support release of financial
resources from the private sector to help develop markets
around the protection and regeneration of blue carbon,
nature-based solutions, and Section Conclusion concludes with
policy recommendations.

ECOLOGICAL AND ECONOMIC ASPECTS
OF BLUE CARBON

As Blue Carbon becomes a center of focus for research and
policymakers, improvement is needed in our ability to measure
rates and permanence of carbon sequestration (Macreadie et al.,
2017). Anthropogenic threats to the integrity of Blue Carbon
stocks, defined here as carbon sequestered in the ocean, were
not fully addressed by the SROCC. These threats, however,
must be identified and weighed against the advantages of
protecting these carbon draw-down systems so as to develop
a sustainable economy. So far, governments, local communities
and private sectors have worked with little cohesion, but once
Blue Carbon ecosystems are clearly defined and their social and
economic vulnerabilities to anthropogenic change are pinpointed
in IPCC reports, they can then be harnessed to work in tandem
toward sustainable goals to mitigate the socio-economic costs
and ecological impacts of a changing climate. The following
sections identify the potential for incorporating Blue Carbon
in mitigation and carbon conservation strategies from both an
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FIGURE 1 | Examples of ecosystems and processes along a gradient of actions that can have negative, neutral or positive effects on carbon storage. (A) Demersal

fishing gear has destroyed many ancient deep-sea coral reefs in the past 30 years, and none have been restored (photo credit JAGO-Team/IfM-GEOMAR). (B) Whale

populations have been decimated by hunting, ship strikes or entanglement in plastic fishing nets, lowering their ability to transfer carbon from the surface ocean to the

deep-sea. (C) Seagrass beds can store large amounts of carbon but have been in decline worldwide, requiring protection for those that remain (credit C Vasapollo).

(D) Pelagic animals such as mesopelagic fish draw carbon down from the shallows to great depths, their populations need to be maintained to protect this ecosystem

service. Coastal developments have removed most saltmarshes (E) and mangrove forests (F) worldwide, requiring efforts to restore or recreate these important

natural carbon stores.

ecological and economic standpoint to help design sustainable
management frameworks.

Blue Carbon Ecosystems and Their
Functions
Coastal Ecosystems
The term Blue Carbon was coined a decade ago to describe
the disproportionately large contribution of coastal vegetated
ecosystems to global carbon sequestration and the need to protect
these resources (Macreadie et al., 2017). Mangrove forests,
saltmarshes and in some cases, seagrasses, build up large stocks
of organic carbon in the coastal zone as they grow in depositional
soils. Carbon storage in the soils of marine angiosperm (higher
plant) habitats can be up to 1,000 tC ha−1, much higher than
most terrestrial ecosystems (IPCC, 2019). Rising atmospheric
CO2 levels are causing ocean acidification, but the increased
amount of CO2 in seawater can stimulate photosynthesis helping
to remove carbon from the seawater (Wada et al., 2021). Hence,
another benefit of conserving submerged Blue Carbon habitats
is that they may ameliorate ocean acidification locally (Su et al.,
2020).

Increasing population densities and urbanization of coastal
areas has damaged vegetated coastal habitats worldwide due to
the impacts of fisheries, aquaculture, pollution and sedimentation
(Gullström et al., 2021). Around 62% of mangroves worldwide
were destroyed between 2000 and 2016 (Goldberg et al., 2020),

there has been about a 90% loss of salt marsh ecosystems (Gedan
and Silliman, 2009) and seagrass carbon stocks are declining in
various regions of the world (Waycott et al., 2009). When these
blue carbon stocks are damaged, they may switch from sinks
to sources of CO2 and of methane (CH4) to the atmosphere,
a much more potent greenhouse gas (Hiraishi et al., 2014;
Macreadie et al., 2017; Vanderklift et al., 2019). Even without
damage, some coastal wetland systems may emit significant
methane and nitrous oxide, thus additional research is needed
on how to manage coastal ecosystems for maximum carbon
sequestration benefits (Rosentreter et al., 2021). Ocean warming
affects the ability of marine systems to remove CO2 from the
atmosphere because warmer waters absorb less CO2 and because
it is a stressor for cool water vegetated marine habitats. For
example, kelp forests in the warmest part of their NE Atlantic
distribution store around 70% less carbon and release 50% less
carbon than populations in the cooler parts of their distribution
(Pessarrodona et al., 2018). Marine forests of kelp and fucoid
seaweeds are being lost globally at their low latitude boundaries
due to marine heatwaves and the gradual warming of surface
seawater temperatures combined with human- induced stressors
(Merzouk and Johnson, 2011; Kletou et al., 2018; Bernal-Ibáñez
et al., 2021).

The SROCC report (IPCC, 2019) made clear that the
maximum mitigation benefits of mangrove, seagrass and
saltmarsh restoration is unlikely to reachmore than 2% of current
total CO2 emissions, but improved protection and management
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of these critical habitats would have multiple benefits. These
include providing storm protection, improving water quality,
benefiting biodiversity and fisheries as well as reducing carbon
emissions from these ecosystems (Windham-Myers et al., 2018).
The SROCC report did not fully address the importance of
Blue Carbon sources and sinks beyond marine angiosperm
habitats. For example, these habitats export carbon into the
open ocean, so measurements of the rate of carbon build up
in angiosperm habitats may underestimate the role they play in
carbon sequestration (Santos et al., 2021).

Beyond Blue Carbon hotspot habitats, carbon is also stored
in marine animals, so fish taken out of the sea contribute to
Blue Carbon release (Mariani et al., 2020). Bottom trawled fishing
gear damages ancient Blue Carbon stores such as rhodolith/maerl
beds in seafloor sediments (Riosmena-Rodriguez et al., 2017)
and is estimated to release a gigaton of CO2 from seabed
sediments each year, equivalent to the entire aviation industry’s
annual emissions to the atmosphere (Sala et al., 2021). In sandy
sediments, bottom fishing kills organisms that regulate carbon
cycling on the seafloor (Hale et al., 2017), whereas inmud habitats
it also releases carbon stored in the sediment itself (Sciberras
et al., 2016). Bottom trawling also decreases the flux of organic
carbon from shallow coastal waters to the deep sea by over 60%
in North Western Mediterranean waters (Pusceddu et al., 2014;
Laffoley, 2020).

Open Ocean Ecosystems
The ocean has dissolved carbon stocks that are at least an
order of magnitude greater than those in global terrestrial soils.
Most of this dissolved carbon is bicarbonate with an ocean
residence time of around 100,000 years (Millero, 2007). Oceanic
dissolved organic carbon is nearly equal to atmospheric CO2

and about 200 times the amount of carbon found in living
marine biomass (Worden et al., 2015). Marine phytoplankton
are responsible for ∼50 % of global primary production (∼50
Gt C/year), these photosynthetic algae and bacteria fix dissolved
inorganic carbon which is then mainly consumed and stored in
the biomass of other organisms. The amount of carbon that is
fixed by phytoplankton and then sequestered varies regionally
and temporally, depending on surface water productivity,
grazing/microbial degradation, and physical processes such as
turbulence (Barnes et al., 2020; Briggs et al., 2020).

Most of the carbon fixed by phytoplankton is grazed by
zooplankton although viral attack can also release their organic
material which is then broken down by other microbes (Breitbart
et al., 2018) generating particulate and dissolved organic matter,
some of which will end up in deep water masses. The microbial
breakdown of organic carbon produced by phytoplankton
sequesters nearly 0.2 Pg C/year into the deep sea (Legendre et al.,
2015) and around 30% of the organic particles from the sunlit
ocean are exported below the mesopelagic zone (Briggs et al.,
2020). The rates of sinking and degradation of carbon from
phytoplankton are affected by cell size, morphology and chemical
composition (Bach et al., 2019; Richardson, 2019). Fecal pellets,
exoskeletons, dead animals and the vertical migrations of open
ocean animals also transport the carbon from phytoplankton into
the deep sea (Barnes and Tarling, 2017; Boyd et al., 2019).

Ocean warming and acidification are projected to slow
sinking of particulate organic carbon to the deep seafloor
by about 10–15% by the end of this century under a high
CO2 emission scenario due to a projected decrease in primary
production (Bindoff et al., 2019) and a community shift toward
phytoplankton with smaller cells (Flombaum et al., 2020). There
is uncertainty in this projection and so research into open ocean
carbon sequestration rates is needed to locate and understand
hotspots of open ocean carbon sinks (Gattuso et al., 2018;
Buesseler et al., 2020; Jin et al., 2020; Martinetto et al., 2020).

Over the past 6 years macroalgae in the genus Sargassum
has bloomed in open ocean areas of the North Atlantic and
Caribbean. This has ended up in massive quantities on beaches
with negative impacts on tourism, human health and coastal
ecology (Van Tussenbroek et al., 2017; Resiere et al., 2018;
Chávez et al., 2020; Gouvêa et al., 2020; Landrigan et al., 2020).
Dealing with this has been expensive, Mexico, for example,
declared a state of emergency and spent $17 million in 2018
to remove 500,000 tons of Sargassum from its Caribbean
beaches (Landrigan et al., 2020). Others have suggested
Sargassum as a source of food or food additives (Amador-Castro
et al., 2021; Choudhary et al., 2021), clean energy (Amador-
Castro et al., 2021) and fertilizer (Thompson et al., 2020),
or a local antidote to ocean acidification in bivalve culture
(Han et al., 2020).

Sargassum (floating and attached to the seafloor) occurs in
such large quantities globally (13.1 PgC) and covers such vast
areas (445.54 × 104 km2) (Gouvêa et al., 2020), that its carbon
sequestration capacity has drawn attention globally (Krause-
Jensen and Duarte, 2016; Hu et al., 2021; Santos et al., 2021)
and regionally (e.g., Korea-Sondak and Chung, 2015), but with
conflicting perspectives. Hu et al. (2021) suggest that the C
fixed and stored in Sargassum in the North Atlantic (6M tons
/mo) represents <0.2% of phytoplankton storage, and is not
globally significant, although itmay have local importance. About
10% of the surface production of Atlantic Sargassum reaches
the deep seafloor as particulate organic matter, but massive
episodic inputs can occur during storms (Krause-Jensen and
Duarte, 2016). Wild Sargassum growth and sinking has been
proposed as a natural analog of basin-scale seaweed farming
(afforestation), one method of enhanced carbon dioxide removal
under consideration, because it involves scales that are orders of
magnitude larger than feasible pilot studies. However, Bach et al.
(2021) suggest that nutrient reallocation (from phytoplankton to
Sargassum) and calcification by encrusting marine life reduce the
net carbon dioxide removal efficiency of Sargassum by 20–100%
and that increased ocean albedo of Sargassum could have a larger
effect on climate radiative forcing than Sargassum removal.

Deep-Sea Ecosystems
Dissolved organic carbon is ∼70% of the total organic carbon
in the ocean, and most of this is found at depths >1, 000m
where this carbon remains out of contact with the atmosphere
for thousands of years (Hansell et al., 2009). Mesopelagic
zooplankton and fish typically migrate large distances each day to
optimize their own feeding and to avoid predators and this plays
a major role in transporting carbon down from surface waters
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(Davison et al., 2013; Steinberg and Landry, 2017; Kiko and
Hauss, 2019). Deeper water fish then transfer carbon into long-
term storage below 1,000m depth (Trueman et al., 2014) where
most of this carbon remains sequestered from the atmosphere
for thousands of years. This has led to suggestions to grow and
deposit macroalgae in deep water (Duarte et al., 2017; Queirós
et al., 2019) as well as rebuild stocks of marine vertebrates
(Martin et al., 2016; Smale et al., 2018). There is also interest in
conserving processes that transport carbon into deep water e.g.,
vertically migrating mesopelagic krill or calcifiers that provide
ballast (Howard et al., 2017b). As in shallow waters, carbon
can be sequestered via passive burial in sediment or by active
bioturbation (Atwood et al., 2020). The carbon stocks in the top
1m of seafloor sediments (3,117 Pg) are more than twice that of
terrestrial soils (Atwood et al., 2020).

Rising bottom temperatures or shifting of warm currents
could increase the release of carbon stored in buried methane
hydrates on continental margins (Ruppel and Kessler, 2017).
Chemosynthetic ecosystems, and methane seeps, in particular,
sequester carbon compounds emitted from within the Earth’s
crust (Thurber et al., 2014). Microbes convert methane into
carbonate on the seafloor and also make this carbon source
available to animals as symbionts. Ocean warmingmay dissociate
more methane, and if this occurs, ensuring it never reaches
the atmosphere takes on added importance. This sequestration
service has never been subject to monitory valuation or even
justified seep conservation, but the potential for novel CO2 and
CH4 removal mechanisms of potential climate remediation value
has been recognized (e.g., Diaz-Torres et al., 2015; Mahon et al.,
2015).

Just as trawling releases carbon from shelf and slope marine
sediments, deep-seabed mining (which has yet to occur) could
release carbon sequestered in sediments, although some of this
material would still be in waters >1,000m deep and not released
to the atmosphere. In the case of mining of polymetallic nodules,
the carbon content of these sediments is very low as they occur
below oligotrophic waters and so the risk of releasing carbon
to the atmosphere is likely to be small (Levin et al., 2020).
This may not be true on organic-rich continental margins (e.g.,
areas targeted for phosphate mining), where remineralization
could stimulate more phytoplankton production (Atwood et al.,
2020).

The ocean plays a critical role in global climate regulation
through uptake and storage of heat and carbon dioxide.
However, this regulating service causes warming, acidification
and deoxygenation and leads to decreased food availability at
the seafloor (Levin and Le Bris, 2015; Sweetman et al., 2017).
These changes are likely to affect the productivity, biodiversity
and distributions of deep-sea fauna, thereby compromising key
ES (Mora et al., 2013; Sweetman et al., 2017; Morato et al.,
2020). Limited information on deep-sea species thresholds,
tolerances and tipping points for various climate drivers means
that predictions of risk, vulnerability and responses are difficult
to make, and confidence is low. To date, the most knowledge
involves projected changes in biomass in response to declining
surface productivity and POC flux (Yool et al., 2017; Jones et al.,
2018; Bindoff et al., 2019).

Policy Implications
Beyond Carbon Benefits
Coastal ecosystems are by definition a highly active interface
between human and natural infrastructures which is exposed
to a number of potentially threatening human activities. These
activities include aquaculture, fisheries, coastal tourism, coastline
development/habitat degradation and waste-water discharges
which accompany growing human density on coastal shelves.
Such impacts have recently been shown to have long-term
deleterious effects such as the decrease of tidal marsh carbon
sediment stocks due to human reclamation (Ewers-Lewis et al.,
2019). While the active integration of Blue Carbon ecosystems
into sustainable policy frameworks supports natural CO2

entrapment, it also could allow for indirect monitoring of these
anthropogenic disturbances.

Coastal Blue Carbon ecosystems also present a key advantage
by supplying multiple ecosystem services (ES) in addition
to carbon sequestration, upon which climate and population
security might rely (Windham-Myers et al., 2018; Duarte et al.,
2020). Key ES provided by coastal carbon ecosystems include
protection of coastal habitats which serve as feeding and nursery
grounds for fish and shellfish, protection of coastal infrastructure
(for transportation, communication, dwelling, energy etc.) from
storm surge and flooding as well as provision of water filtration.
These ES are crucial for vulnerable communities that live
near the shoreline or rely heavily on resources from these
ecosystems1. Connectivity between ecosystem services is a key
challenge to policymakers along with site- and species-specific
requirements. Although providing <1% of global GHG, small
islands are highly exposed to problematic impacts of climate
change: changing temperatures, OA, weather disturbances are
some of the many (Wilson and Forsyth, 2018). Viable policy
frameworks which incorporate Blue Carbon ecosystems can
mitigate climate change conflicts by sustainably using carbon
ecosystems to support vulnerable communities, a method known
as ecosystem-based adaptation (EbA) and a type of nature-
based solution (NbS). Nature-based Solutions contribute to
climate change mitigation on 3 fronts: reduction of GHG
emissions, carbon capture and storage and socio-economic
benefits of mitigation strategies (Raghav et al., 2020). They
can physically shield communities effectively and can be a
key resource for survival: wetlands not only mitigate the
impacts of floods and storms but can also provide water
which is naturally stored for communities in need. Attempts at
replacing this protective service with man-made infrastructures
have met with little success, high costs, and continuous
ecosystem depletion.

Assessing and Quantifying
With the array of carbon ecosystems comes an array of
processes by which carbon is sequestered from the medium
from which it is extracted (let it be air or water). This service
is too often poorly understood as there is both a flow of
carbon passing through this natural machinery (through the

1https://www.worldbank.org/content/dam/Worldbank/document/EAP/Pacific

%20Islands/climate-change-pacific.pdf
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process of sequestration) as well as carbon stocks in relevant
ecosystems (Keith et al., 2021). The real absolute quantity of
carbon trapped in ecosystems can thus be poorly accounted
for if these two phases are not taken into consideration. Often
younger ecosystems are given priority while key older ones
are destroyed along with their carbon storage. In order to
develop effective policies for climate change mitigation, carbon
stock assessments ought to be considered (Gullström et al.,
2021).

Carbon flow through open marine ecosystems is a cycle
in which living components have dynamic movements. Thus,
carbon accounting must also avoid underestimating the transfer
of allochthonous carbon, which has by definition traveled from
its source habitat. Policy has commonly focused on carbon
ecosystems in isolation to facilitate management without taking
this transfer from source habitats into account. A contribution
to sustaining the sequestration of marine carbon is through the
conservation of marine vertebrates who support this cycle by
transferring carbon from surface to deeper waters (Smale et al.,
2018).

Monitoring and Protecting
Once identified, carbon-sequestering ecosystems must be a
point of focus for both mitigation and conservation efforts,
whether on local, national or global scales. For example, with
shorter sea-ice durations and higher surface temperatures, entire
areas of the Antarctic seafloor are offering a new alleyway for
carbon sequestration, currently with very limited anthropogenic
disturbance, causing highly productive benthic communities
(Fillinger et al., 2013). However, human exploitation must
be kept to a minimum through international policy efforts
that should stand firmly in the face of commercial industry
interests which would seek to exploit this newly freed and
somewhat pristine part of the Southern Ocean for living
and non-living resources (Bax et al., 2020). Gogarty et al.
(2020) propose “non-market” approaches to achieve some
Paris Agreement goals in managing this new area. Market
solutions that aim to highlight the value of regenerative natural
systems can also be applied (Chami et al., 2019). Policies
based on a similar thinking ought to also be applied to high-
seas and intertidal areas which are too often cast aside in
MPA design.

While key ecosystems must be identified and protected,
artificial mechanisms can also be used to support their impact
on climate change mitigation. Negative Emissions Technologies
(NET) might offer short-term mitigation, but their climate and
environmental costs and benefits are yet to be ascertained for
projects of sufficient scale to mitigate climate change. Only
ocean fertilization has been reviewed so far and ascertained
as ineffective in the short term (Williamson et al., 2012).
Others include enhanced weathering, reforestation, bioenergy
production with carbon capture and storage (BECCS), carbon
fixing in soils as well as direct air carbon capture and
sequestration (DACCS) which has the advantage of presenting
less adverse impacts (Gambhir and Tavoni, 2019). However,
these systems can be water and energy intensive and even
require vast dedicated land over large timescales (with negative

biodiversity effects), thus theymust be approached with caution2.
Similarly, any negative impact of these systems on key carbon
ecosystems, a process known as “leakage,” must be monitored
and avoided (Ullman et al., 2013). NET are not alternatives for
emission reduction or nature-based carbon conservation: they
must imperatively be paired with strategies that protect carbon-
sequestering ecosystems2.

Preserving and Restoring Carbon Sequestering

Ecosystems
According to Pendleton et al. (2012), emissions from the
degradation of these ecosystems are equivalent to 3–19% of
deforestation worldwide and result in economic damages of
around 6 to 42 billion US$ annually. The degradation of coastal
ecosystems each year releases between 0.15 and 1.02 Pg (one
billion tons) of CO2 into the atmosphere. Policy makers can
shield key carbon cycles which are disturbed by anthropogenic
activity through conservation frameworks. Although Marine
Protected Areas (MPA) are growing at about 8% per year
(Worm, 2017), this protective system remains far too limited with
below 3% of the global ocean being effectively protected. Ocean
protection could yield several benefits alongside securing carbon
stocks at risk from bottom trawling, such as supporting fisheries’
yield and protecting biodiversity (Sala et al., 2021).

Once disturbed, some functions of these ecosystems can still
be restored and maintained. As mentioned above, ES can ensure
climate security for local communities and restoration of carbon
ecosystems has the potential to optimize these benefits. For
nations that are small greenhouse gas emitters, addition of Blue
Carbon habitat may offset their emissions as contributions to the
Paris Agreement, but this cannot substantially address the global
greenhouse gas problem. However, once policy frameworks
incorporate the challenges of restoration program (mainly
continuous funding, site- and species-specific requirements and
extensive time frames (Wilson and Forsyth, 2018), they can
have vast positive impacts on both habitats and populations.
The valuation of protecting and restoring coastal ecosystems not
only creates financial incentives while attracting investor interest
but can also entail long-term investments into community
development. As Cziesielski et al. (2021) explain regarding
Red Sea Blue Carbon ecosystems, policy design must require
the involvement of different fields of expertise (financial,
technological, sociological and ecological) in order to ensure
optimal long-term economic benefits, social support and
ecological conservation. This is the founding principle of a
sustainable Blue Economy4. In the current world, the only way to
design such policy actions is to understand the economic powers
behind the scenes: 47% of factors constraining policymakers have
recently been shown to be financial in nature (Beeston et al.,
2020).

2https://easac.eu/fileadmin/PDF_s/reports_statements/Negative_Carbon/

EASAC_Report_on_Negative_Emission_Technologies.pdf
3https://mpatlas.org
4See https://www.worldbank.org/en/programs/problue.
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MANAGEMENT OF BLUE CARBON FOR
SUSTAINABLE ECONOMIES

Valuing Carbon Services
Coastal Carbon
Coastal marine ecosystems could provide as much as two-
thirds of the ecosystem services that make-up our planet’s
natural capital (Cantral et al., 2012). Nevertheless, these services
have been neglected through inadequate management, misled
governance and gaps in social and scientific knowledge along
with lack of local knowledge. A study reported by Quevedo et al.
(2021) documented that coastal ecosystem services are more
likely to be acknowledged by a society which benefits directly
from them; in other words, clearer pathways between ecosystem
services and societies are key for populations to truly value an
ecosystem as a whole. This explains partly why Pacific Island
nations have been at the forefront of advancing ocean issues in
climate policy. For example, Chami et al. (2020b), provide a value
for the carbon sequestration services of the existing saltmarshes
in England. They use estimates of the carbon sequestration of
the remaining saltmarshes as well as their flood control services
to derive a value of $4.7 billion dollars. Sun and Carson (2020)
quantified the value of storm protection from Gulf of Mexico
wetlands at an average of $1.8 million dollars per year per km2

(carbon sequestration services were not a part of this valuation).
Recent discoveries in Red Sea mangrove forests suggest an
underestimation of carbon sequestering potential due to the
unaccounted-for positive impact of ocean acidification on the
ocean’s capacity to dissolve CO2 (Saderne et al., 2020), a process
likely applicable for a number of key areas around the globe.

The economic value of ecosystem services is either determined
from quantifiable resources directly derived from the ecosystem,
a service which is vulnerable to disturbance or changes over time
(Fisher et al., 2008), or from the cost of restoring these coastal
habitats were destruction to occur (Garrod and Willis, 1999).
Payments for ES aim to incorporate the socio-economic levels
involved in ES valuation but are sensitive to the highly changeable
market of carbon pricing as well as issues of accountability and
governance (Börner et al., 2017). ES valuation has been criticized
as it might overlook the complexity of the connectivity between
services and non-pecuniary services of ecosystems regarding
their aesthetics and importance in local culture (Kosoy and
Corbera, 2010). This might shift the focus of authorities from
long-term social and environmental benefits to mainly financial
returns. This perception of ES value can also change with
different stakeholders and from regional to global scale (Brown
and Adger, 1994).

Open Ocean Carbon
From a welfare point of view, marine systems provide a
regulatory carbon service with global impact. The Exclusive
Economic Zones (EEZs) in the Mediterranean basin have been
used to estimate the wider economic impact of marine carbon
sequestration in this area (Canu et al., 2015). The results
indicate that the Mediterranean Sea is a key global sink of
CO2 with an estimated overall flux of CO2 of 17.8 million-
ton CO2/year. The EEZs of Algeria, Greece, Italy and Spain

represent 84% of the total carbon sequestration flows while
covering only 56% of the total surface of the Mediterranean.
However, heterogeneity and lack of information on carbon
market prices as well as failure to recognize the co-benefits that
these ecosystems generate have limited their integration into
economic valuations. The absence of information on the real
value of these ecosystems can lead to inefficient decision-making,
often causing mismanagement (Canu et al., 2015). In addition,
EEZs form the limit of the UNFCCC jurisdiction, leaving most of
the open ocean and deep sea unconsidered with respect to climate
mitigation and adaptation.

Moreover, the inclusion of social welfare variables in
calculations of climate-change mitigating BCP impacts is now
becoming key in policymaking related to open-ocean measures.
Such regulations can also aim at minimizing the social impacts
of carbon release. Hazards related to poor management of
carbon sequestering ecosystems have both market and non-
market consequences which need to be incorporated into
cost-benefit weighing of Blue Carbon. The social cost of
carbon (SCC) supports such cost-benefit evaluations of carbon
emission mitigation policies. This process might be done using
risk thresholds, independently from market-based economic
impacts (Metcalf and Stock, 2017). Integrated Assessmentmodels
(IAMs), which so far only assess the risk of sea level rise, could
present doubled levels of SCC with the inclusion of carbon-
relevant ocean-related risks (Narita et al., 2020). SCC is included
in the 5 “Shared Socioeconomic Pathways” (SSPs), scenarios
weaved by outcomes of climate change, but needs to be adapted
to SSPs which have a higher probability of occurrence (Yang et al.,
2018).

Deep Sea Carbon
Only a handful of papers have considered the economic value
of changes in ecosystem services in deep waters. The downward
carbon flux at 1,000m in the North Atlantic is projected to
decrease by 27–43% under RCP 8.5 by 2,100; in the North
Atlantic this is estimated to represent a loss of US $170–3,000
billion in abatement (mitigation) costs and US $23–401 billion
in social costs (Barange et al., 2017). Others have highlighted
the declining value of open ocean carbon sequestration in the
eastern tropical Pacific (Martin et al., 2016) and, again, the
Mediterranean (Canu et al., 2015). No economic estimates have
been done in the direct context of ocean acidification in the
deep sea. Surface waters are rapidly transported into the deep
ocean and CO2 is definitely rising, with carbonate saturation state
declining in some deep waters such as in the Arctic and North
Atlantic (Gehlen et al., 2014; Sweetman et al., 2017; Sulpis et al.,
2018; Bindoff et al., 2019; FAO, 2019), but the consequences for
ecosystems and their services are poorly known (Bindoff et al.,
2019). Ocean deoxygenation will likely impair fisheries resources
(Rose et al., 2019) with some of the greatest effects occurring
at bathyal depths where oxygen minimum zones are expanding.
Impacts of climate change are also expected to enhance carbon
sequestration in key areas such as the Arctic and the Antarctic,
where the decrease in ice will provide vast areas for carbon
capture and longer blooms allow increasing sequestration in the
Southern Ocean (Barnes and Tarling, 2017; Bax et al., 2020).
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Shifting Our Markets
The Role of Natural Capital Valuation
Only an estimated 3% of current climate finance is allocated to
nature-based solutions (NbS) (Raghav et al., 2020). Attracting the
attention of the private sector provides opportunities to create
sustainable business models that include social responsibility in
order to invest in current carbon storage to comply with Paris
agreements. Similarly, investment in natural climate solutions
can support local communities and their ecosystems alike.
Within carbon markets, buyers of Blue Carbon credits could
choose to finance projects in areas that support their supply
chain. For example, seafood companies might invest in the
protection or restoration of Blue Carbon ecosystems for reasons
beyond carbon offsets, such as co-benefits like nursery habitat
protection of harvested species, protection from extreme events,
mitigation of erosion and salinization, and improvement of
human livelihoods (Vanderklift et al., 2019). In a situation of
uncertainty, such approaches can be called low- or no-regret, as
their cost is relatively low and they would provide benefits with or
without expected impacts of climate change (Gattuso et al., 2018).
The no-regret approach can be used at different social levels
(households, communities, and local, national and international
institutions) in order to increase resilience of social, economic
and environmental policy benefits. However, these frameworks
and their associated benefits are often poorly quantified, limiting
investment. Providing information on the associated benefits of
Blue Carbon can help increase financing for climate action while
new resources flow in Siegel and Jorgensen (2011) and Ullman
et al. (2013).

Protection and restoration of highly productive Blue Carbon
coastal ecosystems may guarantee first, the integrity of carbon
storage and second, the long-term removal of greenhouse gases
from the atmosphere. It still remains challenging to trace the
carbon sequestered back to its source and enhanced sequestration
at the sink site needs to be assessed using management actions in
source habitats (such as macroalgae). This cost-benefit approach
common in financial investments can be used here to protect,
invest in, and ultimately put these ecosystems on a sustainable
path. But while the cost of conservation is well-understood
and readily quantified, understanding the benefits of a vibrant
natural world to our health and economic well-being depends
on being able to show how natural resources, including species,
habitats, and biodiversity, provide tangible value to humans
(Chami et al., 2020a; Dasgupta, 2021). If we can reliably identify
and measure the market-value of all the services provided by
natural resources—such as carbon sequestration, flood control,
fisheries support and more—we can then compare the present
monetary value of these benefits with the cost of investing in
them, just as we do for other financial assets. An example of such
an approach is provided by Chami et al. (2019, 2020a) who apply
financial valuation methods to value market services provided by
cetaceans such as great whales in Chile and Brazil. Using existing
markets and prices they derive an average lifetime value of $2
million per whale from carbon sequestration, whale tourism as
well as impact on fisheries services. Their financial estimations
use a growth model (logistic model in the case of cetaceans) and
rely on the EU ETS to pin down the carbon price of $24.42 in

2019. By conserving these species, there is a potential to maintain
an ongoing carbon sequestration pathway which is potentially
vast compared to other designated ecosystems. Conservation
efforts targeting these species can thus be fuelled by the carbon
sequestration cycle in each individual along with their natural
market services.

What Does the Valuation of Natural Capital Serve?
The resulting valuations can be quite effective at motivating
environmental investment for several reasons. First, they
show exactly what concrete services society currently receives
from our stock of natural resources, which helps the public
understand the relevance of these resources for its daily life. In
addition, expressing the benefits of preserving natural resources
in monetary terms allows for a dollar-to-dollar cost-benefit
comparison, which is important as people are more comfortable
making decisions when the stakes are expressed in financial
terms. And finally, the value embodied in these natural assets can
be very large—not only justifying the cost of preserving them,
but also causing surprise and capturing the imagination of people
who learn about the valuations. Behavioral economics research
shows that people are more likely to purchase products or make
investments that inspire these feelings (Chami et al., 2020b).

Valuing the benefits of ecosystem services highlights the
cost of doing nothing, or no-action, related to degradation of
ecosystems. In an estimation of global ES, Costanza et al. (2014)
point out that the loss of ES between 1997 and 2011 due to
land change lies between $4.3 and $20.2 trillion/year in 2007
$US. The core of restoration programs lies in our ability to
quantify the value of Blue Carbon sequestration–also considering
large uncertainty about methane emissions (Rosentreter and
Williamson, 2020)–which would lead to the acquisition of carbon
credits by countries investing in the calculated restoration of
specific coastal ecosystems with high carbon potential (Kroeger
et al., 2017; Tang et al., 2018).

Climate change, which jeopardizes the future and well-being
of entire populations (Thiébault and Moatti, 2016), must be
tackled through the combination of several approaches: (1)
having a clear understanding of stakeholders’ responsibilities
for the management and governance of sensible ecosystems
(either local community, industries, governmental institutions
and international frameworks such as Regional Fisheries
Management Organizations and the Convention on Biological
Diversity), and (2) outlining a clear methodology to value
carbon stocks, so as to identify key ecosystems which must
be either restored or sustainably managed (Howard et al.,
2017a,b). Scientific research can fuel those strategies as we enter
the Decade for Ocean Science for Sustainable Development
upon which future mitigation actions are likely to rely (IOC-R,
2021). Sustainable management of carbon sinks (and the local
communities which can benefit from them) will also help nations
meet their climate mitigation commitments. These include
pledges taken under the umbrella of Nationally Appropriate
Mitigations Actions (NAMAS), especially relevant in rapidly
evolving coastal ecosystems that are vulnerable to abiotic
variations such as temperature increase, extreme events (e.g.,
marine heatwaves), and sea-level rise (Laffoley and Grimsditch,
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2009; Kirwan and Mudd, 2012; Gallo et al., 2017; Strydom et al.,
2020). A stricter approach to climate change mitigation using the
full potential of Blue Carbon across a range of ecosystems will
rely on international cooperation, as suggested by the G20 Task
Force 2 Policy Brief by Mansouri et al. (2020).

Governance
Financing
According to OECD (2016), a Blue economy would be able to
create $3 trillion annually in gross value added by 2030. Blue
growth is based on protection, conservation and investment in
Blue natural capital, which, in turn, would lead to economic
growth, but some aspects include highly destructive and climate-
impairing practices like oil and gas extraction, or seabed mining.
Cziesielski et al. (2021), challenged the traditional model of
business-as-usual in which all sectors are interconnected but
mainly related to the environment through exploitation. In their
economic model, the environment (sustainably managed) was
placed as the focal point of strategic development and other
sectors (industry, communication, education, etc.) as secondary
branching points. This method shows that the success and failure
of each sector directly influences and impacts the environment,
along with itself and others; in other words, the environmental
sector is effectively “the core of social and economic wealth.” In
the ocean’s case, the High Level Panel for a Sustainable Ocean
Economy (Ocean Panel) showed that 1 USD invested in actions
linked with a Blue economy could generate 5 USD in global
benefits (Konar and Ding, 2020). Then a key question must be
formulated: How do we find this metaphorical “first” dollar, and
thus initiate a productive and virtuous circle?

Direct and indirect public financing from international and
regional organizations, states and local authorities can take the
form of subsidies, grants, loans and transfers (international
public aid) (Levallois, 2020). However, these modalities are
mainly coming from general fiscal budgets, for which matters
depend on public decision and are highly vulnerable to discretion
and competing priorities of decision-makers. In this regard, the
panorama of specific affected taxes going to ocean conservation
still have extensive margins for improvement. Some examples
exist but would need to be generalized to predict a scaled
impact. For instance, in France, the owners of leisure boats
are paying a yearly tax called “francization,” related to the
“Conservatoire du Littoral, 2020” for protecting coastlands
(buying vulnerable lands, implementing ecologic restoration,
projects against erosion, etc.). This tax is paid by more than 7-
meter long boats, which are relevant targets related to coastal
impacts (i.e., source of disturbance for Posidonia carbon sinks
for instance), with low elasticity and a significant capacity to pay
compared to the general population. This system gathers around
37.5 million euros/year, representing 72% of the institution’s
annual budget (51.7 million in 2020, according to the annual
report of the “Conservatoire du Litoral”).

It might be relevant to replicate these financial mechanisms
for marine carbon conservation (both open ocean and deep
sea) along with other targets. For instance, part of the product
of existing port taxes could be dedicated to Blue economy
investments. Even at low rates, the spectacular increase in sea

traffic in the past decades and its associated impacts present
increasingly important opportunities for financing (cruises,
commercial, transport, tankers, etc.). In other terms, the
reduction of the added value of highly pollutant activities allows
for reinvestment in the Blue economy, “re”-creating sustainable
added value. In any case, this framework would call for
coordination between ports, cities and nations, through a highly
competitive economy. A regional approach would be relevant
to pilot activities before upscaling (for instance European
ports in the Mediterranean Sea). Market-based responses and
private financing (compensation of private companies, financial
markets) can also be incentives to develop private “voluntary”
participation in such investment efforts.

For example, carbon markets have arisen along with carbon
pricing, a global trend triggered by increase in atmospheric
CO2 and in the destruction of carbon sinks. As Boyce (2018)
explains, carbon pricing can be a challenging exercise: “carbon
pricing initiatives around the world today cover approximately
8 gigatons of carbon dioxide emissions, equivalent to about
20% of global fossil energy fuel emissions and 15% of total
CO2 equivalent greenhouse gas emissions.” Moreover, these
markets are highly volatile, which poses a challenge for small-
scale projects relying on coastal carbon returns. Hence, carbon
pricing can either be through Emissions Trading Schemes (ETS),
which facilitate the trade of permits for greenhouse gas emissions
by capping the total level of emissions allowed; or carbon taxes,
which set a price on carbon itself (TheWorld Bank, 2019). Cabon
pricing discourages emissions (Fankhauser and an Jotzo, 2018)
and gives incentives to households, firms and governments to
choose a more cost-effective way to reduce emissions (Boyce,
2018).

Carbon emissions from the degradation of coastal ecosystems
such as mangroves, seagrasses, and saltmarshes, however, are
rarely included in emissions accounting or carbon regular
markets and protocols. In order to promote Blue Carbon
projects in regulated carbon markets, reliable financial analyses
must be taken into account to estimate Blue Carbon offsets,
along with predictions of survival rates of new or restored
vegetation in Blue Carbon ecosystems andmeasures of additional
risks and benefits that could impede or enhance income
flows (positive and negative externalities). In other words, a
reliable scientific analysis of the permanence of these ecosystems
must be carried out in order to guarantee that carbon is
sequestered for long periods of time (from 25 to 100 years),
without ecosystem degradation (Thamo and Pannell, 2016).
These scientific efforts include research on natural sequestration
and degradation of Blue Carbon ecosystems, impacts of human
activity on the carbon cycle, exchanges of carbon between
terrestrial and ocean ecosystems, the development and advocacy
of sustainable policies, the creation of protection protocols
as well as economic analyses of Blue Carbon impacts (IOC-
R, 2021). Such an all-rounded approach can support existing
and emerging carbon markets while calling for key ecosystem
conservation and atmospheric carbon reduction. Limiting loss of
coastal ecosystems may be more beneficial than implementing
extensive restoration efforts in regions with lower carbon
benefits (Pendleton et al., 2012; Vanderklift et al., 2019). This
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is particularly relevant as the carbon sequestration potential of
coastal ecosystems such as mangroves is often underestimated
since it is based on measuring methods used for terrestrial
ecosystems which do not account for root and soil sequestration
potential. A recent valuation project in Cispatá, Colombia, which
covers 29,000 acres of mangroves aims to include the entirety of
the carbon potential of this ecosystem as carbon credits which
would differ from usual forestry credits both in their pricing
potential and their management requirements for a reliable
market (Klein, 2021).

Management
Strategies for sustainable management of Blue Carbon
ecosystems can be based on their potential for adaptation
and/or carbon sequestration. Adaptation plans are based on
other services provided by Blue Carbon ecosystems such as
protection from storm damage and flooding and the provision
of resources, and the co-benefits that arise from them. Nationally
Determined Contributions (NDCs) under the Paris Agreement
provide a framework for declaring climate change mitigation
intent which must be revised and enhanced every 5 years. Ocean
adaptation is seen more clearly in the initial NDCs across the
globe than carbon sequestration (Gallo et al., 2017): adaptation
plans are found in 39% of parties with coastal wetland ecosystems
whereas sequestration specific to coastal ecosystems is currently
incorporated in the NDCs of only 19% of the relevant parties
(Herr and Landis, 2016). Synergy between climate adaptation
and mitigation strategies within NDCs provides an optimal
approach for Blue Carbon ecosystem management. With the
inclusion of carbon sequestration as an economic asset, well-
rounded management planning for marine resources can benefit
both a country’s carbon emission mitigation strategy and its
economic framework.

Recognition of Blue Carbon benefits are growing in the ocean
policy community. Of the 47 submissions to the UNFCCC
Ocean and Climate Change Dialogue held Dec. (2020) 85% of
these referenced Blue Carbon, with an average of 7 mentions
per submission that did, and greater intent among non-state
submissions (89%) than state submissions (80%)5. The Blue
Carbon initiative, coordinated by Conservation International,
the Intergovernmental Oceanographic Commission and IUCN
(and supported by the International Blue Carbon Scientific
Working Group), strives to build Blue Carbon into NDCs,
REDD+ (Reducing Emissions from Deforestation and forest
Degradation), National Management plans and financing
mechanisms such as the Green Climate Fund.

Blue Carbon mitigation efforts benefit from being
incorporated into national strategies. In Madagascar, voluntary
carbon markets, known to be better adapted for smaller-
scale projects, are used across several project sites6. While
legal regulations are being put into place to integrate coastal
area management into national biodiversity plans (Decree
N◦2010-137) (Commission Nationale de Gestion intégrée des

5Dobush, B.-J., Gallo, N. D., Guerra, M., Guilloux, B., Holland, E., Seabrook, S.,

et al. A new way forward for ocean climate policy as reflected in the unfccc ocean

and climate change dialogue submissions. climate policy. (in revision).
6see https://blueventures.org/conservation/blue-forests/.

mangroves) (Herr et al., 2017). International policies such as
REDD+, a program that compensates landowners for evident
reductions in forest-based carbon emissions, incentivize the
integration of coastal ecosystem restoration plans to a country’s
national climate change mitigation strategy. However, the
incorporation of Blue Carbon plans into REDD+ activities will
depend on a country’s definition of forest ecosystems (Herr
and Landis, 2016). Similarly, wetland inclusion is encouraged
but not mandatory in the 2006 IPCC guidelines for National
Greenhouse Gas Inventories despite the advantages of including
coastal ecosystems in a country’s greenhouse gases inventories7.
Thus, heterogeneity in NDC commitments to Blue Carbon
management has made worldwide policymaking challenging
(Laurans et al., 2016). As explained by the Blue Carbon and
NDC Guidelines developed by the Blue Carbon initiative8,
ecosystems can benefit NDCs by adding to the national green
house gas emission mitigation strategies, providing ecosystem
services to benefits local areas and communities, fuelling NDC
achievements during the 5-year period, encouraging cross-
sectorial efforts on the coasts to reach NDC goals (particularly
in NDCs which incorporate Coastal Zone Management) and
supporting Sustainable Blue Economies.

NDC inclusion of coastal ecosystems also encourages external
financial support and climate finance for their sustainable
management2. Coastal ecosystems need to be a part of a
country’s economic framework. A distinction among ecosystems
during valuation calculation is important because certain habitats
(e.g., seagrass meadows) can be expensive systems to restore
(Bayraktarov et al., 2016). On the other hand, some vegetated
coastal habitats have adaptive abilities and restoration capacities
that could be invested in at minimal costs (Gedan et al.,
2011; Duarte et al., 2013). This allows for strategies that
relate to the maintenance of particular ecosystems such as
the removal of anthropogenic nutrients in coastal habitats, the
control of bioperturbator populations and the restoration of
hydrology to increase carbon accumulation (Macreadie et al.,
2017). These strategies include land-management regulations
such as “other effective area-based conservation measures”
(OECMs) which co-benefit biodiversity conservation under the
umbrella of sustainable area management (Kalinina et al., 2021).
Such restoration programs can also offset sequestered carbon
losses due to damages, if properly managed, via processes of
ocean zoning and marine spatial planning (Irving et al., 2011).
Greiner et al. (2013) explain in their evaluation of the role of
seagrass Zostera marina that restoredmeadows could accumulate
quantities of carbon similar to a pristine one, given about
a decade. Their 2011 social cost estimates are ∼7,000$ per
year of carbon storage provided by restored meadows (Greiner
et al., 2013). Hejnowicz et al. (2015) however arrived at higher
estimates, using the cost of planting, monitoring, contracting and
government oversight over the long term.

Despite recent developments in international policies
regarding the protection of marine resources for climate change
mitigation, results will only be achieved if there is ownership by

7https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-

inventories/
8See https://www.thebluecarboninitiative.org.
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local actors. Legal and territorial planning frameworks, including
social responsibility, must be defined on coastal compensation
sites (Thamo and Pannell, 2016). This territorial perspective
on governance might integrate potentially contradictory points
of views but must define joint common responses. Examples
include the 2020 Earth Security report on Mangrove financing,
presenting a case for investment in mangrove restoration using a
network of 40 key cities which can focus on mangrove protection
while carbon markets evolve to reach global importance.
This requires integration of information and data across
institutions (on national levels as well as local representation
of ministries), along with the coordination of local authorities
and participation of communities and economic stakeholders
in public decision. Adequate realistic planning involving local
partners will facilitate measuring benefits and define priorities
for conservation and/or restoration, and implement concrete
activities to achieve results. . . if sustainable financing is available.
On the one hand, financial incentives for carbon compensation
are able to attract short-term funds but are not necessarily
adapted to local expectations and remain lacking in local
knowledge and input. Territorial planning with a community
perspective can be adapted to local needs, becoming an efficient
source of long-term development, but lacking in economic
power. These often-opposing approaches would warrant the
role of public institutions to foster dialogue and guarantee
sustainability, in order to develop complementary practices.
Involving local populations in governance of ecosystem
management plans allows for Blue Carbon to support a steady
resource flow into local communities beyond current fragmented
financing plans.

In open-ocean ecosystems, management of carbon stocks is
also challenged by the movement of carbon across the water
column and national and jurisdictional borders (Luisetti et al.,
2020). Though occurring naturally, these movements can also be
triggered by anthropogenic activities indiscriminately impacting
sediment delivery in the water (Crooks et al., 2018). Little is
known about valuation of carbon as a transboundary resource
and the uncertainty regarding the origin of the carbon makes
its valuation challenging. Carbon frameworks in international
waters (covering about 60% of the oceans) are just beginning
to take form, mostly relying on voluntary commitments for
management. The United Nations Convention on the Law of
the Sea (UNCLOS) of 10th December 1982 mentions that
“No State may validly purport to subject any part of the
high seas to its sovereignty” (article n◦89). Defined by the
parts of the ocean not included in EEZ, territorial, internal or
archipelagic water, this legal criterion of high seas represents
about 64% of the surface of the ocean. This is also the case
for seabed (“area”) and its resources, which are considered as
“common heritage of mankind” (article 136) [United Nations
Convention on the Law of the Sea (UNCLOS), 1982]. Activities
in such areas are under the control of the International Seabed
Authority and shall take into account the principle of protection
and conservation of natural resources. This question calls for
international innovative coordination and joint strategies, in
order to avoid habitat degradation that releases carbon and
ensure the integrity of carbon cycling and sequestration. The
potential international support granted to Blue Carbon rich

countries is one of many incentives arising with cross-sectorial
carbon management (Chan, 2021). Other initiatives include
the UNEP Regional Seas Program which proposes a shared
areas approach based on tackling “ocean grabbing,” an issue
of powerful stakeholders attempting to secure other resources
from the ocean along with carbon rights (Barbesgaard, 2018).
Climate change considerations and carbon conservation could
be addressed by elements of the ongoing Marine Biodiversity of
Areas Beyond National Jurisdiction (BBNJ) treaty negotiations
such as area-based management tools (including MPAs), and
environmental impact assessment, but climate issues have not
risen to a high priority in this historic negotiation (Tessnow-von
Wysocki and Vadrot, 2020).

The modernization of joint coordination strategies among
different states, and for international waters, among different
UN agencies, is necessary in order to define achievable, realistic,
and progressive protocols agreements. These would not be
sectoral but comprehensive, with an integrated management
perspective (involving coastal ecosystems, open water and
deep-sea ecosystems with environmental, social and economic
questions). Even the UN Conference of Parties (COP) has
been shown to benefit from restructuring approaches in order
to adapt to the evolving climate crisis and the stakeholders
impacted by and involved with its outcomes (Ferrer et al., 2021).
Coherency is mandatory to achieve long-term results across
domains of fishery management, biodiversity conservation,
transport and tourism policing. It is indispensable to foster real
management plans from a local level (including methods of
ecosystem engineering, the ecological enhancement of marine
Blue infrastructure) to an international level (development of
MPAs, marine spatial planning (MSP), transnational protected
areas and creation of cross-border online platforms for carbon
and biodiversity offsets). Platform such as the Ocean and Climate
Change dialogue support discussions which can strengthen
a common understanding of the gravity of the situation
across stakeholders and scale of impact (UNFCCC, 2021).
Sustainable management of transboundary marine resources
through integrated approaches presents a unique opportunity
to avoid conflicts and develop cooperation for shared benefits.
Transboundary water pollution and climate change are key areas
for improvement (Giupponi and Gain, 2017). Marine ecosystems
have no borders and acknowledging connectivity between
ecosystems is essential to sustainably manage and develop
marine resources to their maximum potential. Thus, marine
management can be an opportunity to develop cooperation.
Potential approaches include leaders’ training programs with the
goal to increase awareness with clear and precise communication
about the value of Blue Natural Capital, along with clear
transboundary management strategies for marine resources
with a transboundary diagnostic analysis, and pertinent and
achievable strategic action programs (Cziesielski et al., 2021).

Environmental measures should tackle, both, terrestrial and
marine ecosystems, with one as a continuum of the other.
Coral reef restoration can increase coastal resilience to sea
level rise and flooding and provide valuable environmental
services for local populations (Hamerkop, 2021). From the
opposite direction, water pollution in rivers contributes to ocean
ecosystem degradation, via eutrophication and the formation of
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dead zones. River basin management planning (and associated
financial mechanisms) must integrate the relationship between
freshwater resources and marine ecosystems.

Holistic and integrative concepts are key to account
for differences in representation. Implementing natural
based solutions (NbS), for which Blue Carbon is one type,
could support the integration of this continuum between
mitigation/adaptation and terrestrial/marine solutions. NbS
can make impactful changes if built for the long-term and
continuously measured with the right metrics to support a range
of ecosystems and their local communities’ rights and needs
(Girardin et al., 2021). The success of NbS implementation
will depend on close collaboration between a wide range of
stakeholders and polycentric governance structure as well as on
the clarification of values and interests they have in common
(Martin et al., 2021). Outlining specific policy targets for NbS
throughout the project duration can strengthen the effectiveness
of these strategies (OECD, 2021). This collaborative approach
would include citizens, partnerships with environmental
organizations and universities, private and public sector and
community action and engagement (Cohen-Shacham et al.,
2016).

Local Populations
As mentioned above, local actors are key to the long-term
success and development of Blue Carbon ecosystemmanagement
schemes, particularly as 120 million people worldwide now live
near mangroves (UNEP, 2014). According to the International
Federation of the Red Cross and Red Crescent the replanting
of mangroves in Vietnam between 1998 and 2002 has reduced
the cost of dyke maintenance by $7.3 million a year for an
investment of $1.1 million (International Federation of Red
Cross Red Crescent Societies, 2002). Moreover, the Markets and
Mangrove project directly links income for the community and
mangrove ES, as shrimp farmers now have financial incentives
to protect mangroves, with the assurance of higher revenues
from their newly obtained organic certification (McEwin and
McNally, 2014; Wylie et al., 2016). Similarly, the mangrove
restoration program Mikoko Pamoja9 in Kenya uses sales from
carbon credits to support schooling and the provision of piped
water in the community (Wylie et al., 2016). In Indonesia, 13
million metric tons of Blue Carbon have been stopped from
release into the atmosphere between 2000 and 2010 due to
protected coastal areas, amounting to $540 million in social
welfare benefits (as calculated by Pendleton et al., 2012; Miteva
et al., 2015).

Socio Manglar (Ecuador), a program in which communities
receive cash directly for their sustainable management of
mangrove forests (Herr et al., 2017) demonstrates that mitigation
plans ought to aim for local involvement and governance
as an ultimate objective. As previously stated, ES, including
carbon sequestration, have a number of costs and benefits
which are likely better defined by local populations (Bennett,

9program Mikoko Pamoja See https://www.mangrovealliance.org/mikoko-

pamoja/

2014). However, they have been vastly excluded from decision-
making processes so far (Hejnowicz et al., 2015). Ownership
and accountability are often an obstacle to community-led
governance but can be mitigated by introducing external
parties such as research institutes to oversee operations
(Vanderklift et al., 2019). Wider scale policies, however, risk
the exclusion of local communities from decision-making and
governance, a better understanding of the social impact of Blue
Carbon has proven widely successful in specific localizations
so far.

Time presents a challenge for these integrative processes:
ecosystem service assessments must be adapted to the timeline
of policy decision-making (Ruckelshaus et al., 2015). Overall,
successful mitigation plans rely on science to tackle knowledge
gaps with branching approaches such as the Integrated Ocean
Carbon research (IOC-R, 2021), funding from investors
whose interests are well-understood (Vanderklift et al.,
2019), financial processes that support local communities,
transparency in decision-making, cross-sectorial support and
their incorporation in national efforts for climate change
mitigation. The “Livelihoods Carbon Fund” in Senegal presents
a strong example of such a cyclic plan: using funding from
private companies to offset their carbon impact, this initiative
started in 2009 supported the planting of 80 million mangroves,
which are impacting not only the carbon sequestration potential
of the area but also biodiversity (fish, shrimp and oysters
mainly) and farming activities, by counteracting salinization
of rice fields10. These sustainable long-term impacts support
poverty alleviation while protecting key ecosystems and
mitigating climate change. Thus, sustainable biodiversity
and ecosystem management can provide a foundation
upon which to build strategies for poverty alleviation and
sustainable community maintenance and growth (Bawa et al.,
2020).

In order to meet the Paris Agreement and Sustainable
Development Goals 14 (conserve and sustainably use the oceans,
seas and marine resources) and 13 (take urgent measures to
combat climate change and its impacts), Marine Spatial planning
(MSP) not only focuses on reducing carbon emissions but
must also contribute to net zero commitments of a country.
MSP also generates collateral benefits such as the promotion
of gender equality, solid and more sustainable rural livelihoods
and production of new jobs (among others). These systemic
co-benefits promote public participation, information sharing
and dissemination in order to raise awareness of climate justice.
Furthermore, MSP is a platform upon which local populations
can develop a direct line of contact with government institutions,
local authorities and the private sector with the aim to preserve
marine ecosystems and reap economic benefits. This opportunity
empowers communities, which can build their capacity to shift
natural sourcing practices toward more sustainable paradigms
that could be achieved due to increased awareness and education
programs (Cantral et al., 2012; Suzanne et al., 2019).

10The “Livelihoods Carbon Fund” in Senegal See https://livelihoods.eu/portfolio/

oceanium-senegal/

Frontiers in Climate | www.frontiersin.org 12 September 2021 | Volume 3 | Article 710546

https://www.mangrovealliance.org/mikoko-pamoja/
https://www.mangrovealliance.org/mikoko-pamoja/
https://livelihoods.eu/portfolio/oceanium-senegal/
https://livelihoods.eu/portfolio/oceanium-senegal/
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles


Hilmi et al. Blue Carbon Mitigation and Conservation

Marine Protected Areas
The implementation of Marine Protected Areas (MPAs) has
risen over the last decades as a promising option to mitigate
climate change impacts on carbon removal processes, as long
as regulation strategies guaranty the integrity of natural carbon
stores (Jones et al., 2018; Bindoff et al., 2019).MPAs have emerged
as important governance responses to coordinate ecosystem
management, resource utilization and biodiversity conservation,
and they currently represent 5.3 % of the global ocean and 1.2%
of high seas11. MPAs offer more financial stability than carbon
markets by securing resource supply and stable regulations
(Thomas et al., 2010). These are achieved through cross-sectorial
efforts and agreements on jurisdiction and accountability
(Howard et al., 2017a). This reliability makes MPAs sustainably
beneficial to a country’s overall GHG emissions accounting,
providing further incentives for their conservation. Protection of
the carbon services provided by the coastal ecosystems remains
challenged by governance boundaries (such as the UNFCCC)
and competing societal needs. MPA design rarely incorporates
carbon services, and marine MPAs currently cover and fully
protect <3% of the oceans12. However, 50 World Heritage
Sites currently cover 21% of the global area of documented
Blue Carbon ecosystems (29% of seagrass, 7.2% of tidal marsh
and 8–9% of mangrove forest) (UNESCO, 2020). In addition,
some ecosystem services provided by open-ocean ecosystems
are not yet replaceable by human industries, highlighting the
importance of protection. Policymaking has focused on coastal
ecosystems such as mangrove forests, salt marshes and seagrass
meadows, disregarding the potential of open-ocean and deep-
sea ecosystems to provide support to mitigation efforts. Scotland
has begun to view the potential of Blue Carbon as an incentive
in its own right for the implementation of MPAs so it can be
directly considered bymarinemanagement, both on regional and
national scales (Laffoley, 2020).

Incentives for the protection of key areas include other
ecosystem services provided as well as social benefits derived
from ocean protection inclusion in national policies. MPAs
continue to present potential for wider protection of key areas,
facilitating governance issues and financing opportunities; but
there is a need for international frameworks to step in in order
to account for the movement of carbon through national borders
and to facilitate cost-effectiveness and economic accountability of
ocean-based measures. “Other effective area-based conservation
measures” (OECMs) can also serve conservation purposes if
properly managed while their main aim focuses on sustainable
land management (Kalinina et al., 2021). In both cases, Blue
Carbon needs to be an incentive for ecosystem protection in its
own right, both recognized and sustainably considered bymarine
management regulations.

Deep-sea ecosystems offer potential for long-term carbon
storage in stable conditions, offering yet another path toward
climate change mitigation in open waters, along with an
array of other ecosystem services. However, the complexity
of deep-sea carbon storage presents two main challenges: (1)

11See http://www.mpatlas.org.
12https://mpatlas.org

data regarding the level of risk which can be sustained by
these ecosystems and the practical economic valuation of their
carbon services as opposed to emission risks is lacking and
(2) these ecosystems are currently vulnerable to anthropogenic
disturbance but MPAs can alleviate this risk and contribute to
sustainable management practices. There is in any case a need
for innovative legal and governance frameworks in order to
respond to the challenges of Blue Carbon in deep-sea ecosystems,
according to the legal statute of “high sea” and “area” (seabed),
beyond national jurisdictions.

CONCLUSION

The Paris Agreement requires serious commitment at a country
and industry level to achieve carbon neutrality by 2050 if
the world is to avoid breaching the 1.5–2.0 degree ceiling.
This looming deadline places demands onto all stakeholders to
neutralize and offset carbon emissions. Among potential answers
are nature-based solutions, which play a key role in maintaining
active carbon sequestration processes and preventing human
assisted-nature-based emissions (e.g., from habitat loss and
degradation). Because they are both accessible and co-beneficial
for local communities, blue nature-based solutions should be
paired with dramatically increased efforts to reduce GHG
emissions. Similar to terrestrial carbon in forests, the ocean
captures carbon in a range of ecosystems (coastal, deep sea and
open ocean) which often offer other services with shared benefits
across the society.

This paper suggests how these various ocean ecosystems could
support mitigation strategies and carbon stock conservation
when sustainably managed across sectors. Financing from
stakeholders, who would benefit from ecosystem services as
well as from carbon credits, requires a transparent and
credible system for managing such a market. Although “climate
bandwagoning” (Chan, 2021) commonly justifies political
and economic action under a cover of climate mitigation,
it now needs to translate into applicable and fast-paced
governance practices and policies, starting with partnerships
with the private sector as well as the expansion of the tax
base. These conservation efforts can only succeed if local
communities are part of the decision-making process, where
they stand to directly benefit from the meaningful employment
and steady income that would help ensure ownership of
these efforts.

The COVID-19 crisis has clearly demonstrated the
consequences of poor management of the natural world.
Many believe that COP26 in November 2021 is the best last
chance to get the climate change risk under control. We argue
that ocean solutions are a key part of the mix and hope that
the protection and restoration of marine carbon stocks and
sequestration processes will be part of the COP26 discussions
since this will also help address the marine biodiversity crisis
and reduce risks of impacts to critical ocean system functions.
The post-pandemic period presents an opportunity to reboot
our paths to economic development by taking into account the
potential and the value of ocean system services, starting with
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integrated policies tied to economic, social and environmental
recovery strategies. Global partnerships leading to immediate
actions are needed to pair social protection with climate action
and economic recovery, in order to rebuild and transform
economies from an ecological standpoint.
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