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“Blue carbon” refers to carbon sequestration in marine ecosystems. While carbon
a Y Accepted 1 November 2025

uptake in coastal vegetated areas has been well-studied, emerging techniques to
enhance carbon uptake in open ocean environments pose new challenges in terms KEYWORDS

of accounting and monitoring, reporting, and verification (MRV). Establishing baselines Blue carbon; blue carbon
for carbon sequestration is particularly difficult, as the natural ocean sink is influenced enhancement; ocean carbon
by human activities and increased atmospheric CO,. Furthermore, the durability of sink; monitoring, reporting
biogenic oceanic carbon sinks is uncertain, particularly in the face of climate change and_venﬁc.’:)ﬂonéMRL/);
impacts. Legal complexities arise due to the transboundary nature of open ocean :zzg]\falc?r:wcogR)~Kl)))25<eeline
ecosystems, making it difficult to attribute carbon credits to specific nations. Current setting '

MRV methodologies and accounting frameworks do not sufficiently address open

ocean blue carbon enhancement. Without robust frameworks and internationally

accepted standards, integrating these approaches into national climate policy and

carbon markets could lead to overestimating mitigation outcomes. We conclude that

governance to incentivize and regulate blue carbon activities should address both

climate and environmental impacts and benefits and develop financing models

which do not rely on carbon crediting mechanisms.

Introduction

Coastal and open ocean ecosystems have been put under increasing pressure in recent decades because of
both the impacts of climate change and the diversification of human activities at sea, including tourism,
fisheries, shipping, deep sea mining and offshore wind energy production. In addition to existing activities,
recent years have seen the rise of discussions about another type of ocean use: its potential to help mitigate
climate change.

The term “blue carbon” has long been used to refer to greenhouse gas emission reductions and
removals in marine environments, particularly in the context of coastal vegetated areas. Recently, the term
marine carbon dioxide removal (mCDR), which aims to leverage biological and chemical processes in
marine ecosystems, has emerged [1,2]. In this context, “blue carbon enhancement” is now increasingly
being used to describe attempts to deliberately increase the biogenic carbon drawdown potential of both
coastal and open ocean environments (see Figure 1). The concept therefore includes activities that involve
interventions into diverse ecosystems such as coastal mangroves, seagrasses, saltmarshes, as well as open
ocean approaches that focus on either increasing the biological activity at the surface, e.g. microalgal
fertilization and artificial upwelling, or accelerating the sinking of particulate organic carbon while reducing
its remineralization, e.g. macroalgal cultivation and sinking [3].

In international climate policy discussions, a range of carbon dioxide removal approaches, including blue
carbon enhancement proposals, have generated growing interest over the past years, as global greenhouse
gas emissions have continued to increase, and the implementation of policies to reduce emissions from
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Figure 1. Overview of various approaches to enhance the biological carbon uptake in coastal and open ocean
ecosystems ([2], reproduced under the terms of the Creative Commons Attribution License).

fossil fuel use has hit obstacles. This interest applies both to achieving national emission targets under the
Paris Agreement and to the generation of carbon credits for trade in international carbon markets.

Coastal blue carbon protection and restoration activities have been addressed in discussions on carbon
market governance and accounting for many years (see e.g. [4-10]. Activity-based accounting methodolo-
gies are available under different carbon market programs for mangroves [11]. Hasselstrom et al. [12]
suggest a methodology for seagrass; Malerba et al. [13] discuss the role of remote sensing in accounting.
Here, emission reduction has dominated so far, and both methodology development and accounting are
more mature than they are for blue carbon enhancement [14,15].

Literature specifically on deliberate attempts to increase the carbon sequestration potential of both
coastal and open ocean environments is limited, and almost no verification protocols are in place for blue
carbon enhancement in the open ocean environment [2,16-18]. Therefore, in this commentary, we focus on
the emerging literature on open ocean blue carbon enhancement approaches and discuss whether related
activities can be monitored and accounted for in a sufficiently credible manner to become a part of the
international mitigation toolbox.

Monitoring, reporting and verification (MRV) of climate change mitigation activities is crucial both on the
country level and on the activity level. Credible and effective MRV should adhere to several principles,
including accuracy, conservativeness, completeness, consistency, comparability and materiality' [19].
Moreover, leakage (indirect effects) and reversals of removals need to be identified to enable their
prevention and/or compensation. Consistent accounting should avoid double counting and requires
internationally agreed practices and protocols, which are widely lacking for emerging proposals to enhance
the removal potential of both coastal and open ocean ecosystems through blue carbon enhancement
activities. In addition, issues related to the regulatory characteristics of international waters and related
accountability further complicate the integration of open ocean mitigation activities into national climate
policies and international carbon markets.

The “natural” ocean sink and implications for setting the baseline

MRV and accounting of open ocean blue carbon enhancement activities face numerous challenges related
to natural scientific, technical, and legal complexities. This is exacerbated by the fact that anthropogenic
CO, in the atmosphere and seawater increase biomass growth. Therefore, the “natural” ocean sink, i.e.
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marine biomass sequestering CO,, is not purely natural but has inadvertently increased due to human
activities [20]. Conservative accounting for carbon activities, which claim to increase the carbon removal
potential of marine ecosystems, must ensure that only carbon is accounted as removed that exceeds the
passive sequestration triggered by the CO, increase in the atmosphere. Accordingly, if a conservative
baseline is used, marine ecosystem restoration would only reduce emissions, whereas activities that aim to
expand marine biomass or otherwise increase the biogenic carbon sequestration potential of a specific
marine ecosystem may be classified as a type of marine carbon dioxide removal. This is further complicated
by the fact that humans have fundamentally altered marine ecosystems over the last few centuries, and
ecosystems themselves are changing in response to climate change. A “natural” baseline is thus hard or
impossible to establish, which has additional repercussions for activities with the aim of biodiversity
conservation: it is unclear which “baseline” ecosystem state is chosen as the state to be “restored”. The
situation can be simplified somewhat if the baseline is anchored in a business as usual (BAU) concept, which
has been the key approach in voluntary carbon markets (VCM) in recent decades. However, nowadays
baselines are to move away from reflecting BAU, as specified in the regulation of the Paris Agreement
Crediting Mechanism (PACM) finalised at COP29 in 2024. We address the baseline issue in blue carbon
market activities in more detail below.

Reconciling area-based accounting with the transboundary nature of blue carbon

Accounting for national greenhouse gas emissions under the Paris Agreement includes the national
territory and offshore areas over which the country has jurisdiction [21]. The sea area that countries
would theoretically have to report greenhouse gas emissions for is based on jurisdiction as defined
under the United Nations Convention on the Law of the Sea (UNCLOS; UN General assembly [22]).
Under UNCLOS, states' sovereign territory extends only to their territorial sea (up to 12 nautical miles
offshore). Therefore, it could be expected that countries would only have to report emissions from within
their territorial sea (UNCLOS).

However, reporting obligations could also extend to a country's entire exclusive economic zone (EEZ, up
to 200 nautical miles offshore), as this falls within its national jurisdiction. It could also include territorial seas
and the EEZs of islands and overseas territories over which a given country has jurisdiction. Collectively,
EEZs are vast, covering 41% of the Earth's ocean surface and therefore representing a significant portion of
the global ocean carbon sink. The vast areas of EEZs present a range of challenges for carbon accounting,
especially when considering attempts to enhance their blue carbon sequestration potential (e.g. via blue
carbon enhancement forms of mCDR, such as large-scale offshore macroalgae cultivation or artificial
upwelling to increase phytoplankton growth) [2,23].

Areas beyond a country's EEZ are not part of the country's total land area in IPCC greenhouse gas
inventories. Emission sources and sinks beyond the EEZ are therefore not reported, with the exception of
shipping emissions, which are reported as a memo item.

In summary, the IPCC Guidelines for National Inventories provide standards for reporting some activities
related to mCDR in coastal areas, including through its 2013 Supplement on wetlands [24]. While they
currently do not provide such standards for activities in EEZs, future refinements could address this and
expand national reporting standards to EEZs. While the EEZ oceanic carbon sink is currently not accounted
for under the Paris Agreement, it is already considered in estimates of remaining carbon budgets to meet
the goals of the Paris Agreement. Therefore, integrating EEZ blue carbon fluxes into national accounting
inventories could lead to inconsistencies in global carbon budget calculations [23,25]. Areas beyond EEZs
most likely not be covered by national inventories.

Coastal and offshore greenhouse gas emissions, carbon removal, transport and sequestration involve
spatially and temporally dynamic marine carbon fluxes that do not respect the legislative boundaries
described above. Thus, emission reductions, removals and reversals linked to a specific blue carbon enhance-
ment activity may occur in different jurisdictions and/or in international waters, complicating the integration
of related mitigation outcomes into national accounting frameworks. Air-sea fluxes are likely to occur at
locations other than those where carbon is stored in the ocean because of circulation and mixing. Tidal
influences add spatial and temporal complexity to greenhouse gas fluxes in coastal ecosystems [2,23].
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Integrating EEZ carbon fluxes into Nationally Determined Contributions (NDCs) could therefore present
a challenge to fair attribution—given the fluid nature of the oceans, the question as to which nation could
rightfully claim credit for open ocean blue carbon efforts would arise because of large differences between
where uptake initially occurs and where it is subsequently stored. Similar implications arise for proponents
in the VCM. The transboundary nature of oceanic (including “blue”) carbon presents an increased risk of
double counting.

Challenges to national blue carbon reporting

Given the described challenges, so far, only a small share of countries reports on blue carbon fluxes in their
national inventories. According to a recent study [26], only ten out of 44 National Inventory Reports
submitted to the United Nations Framework Convention on Climate Change (UNFCCC) by developed
country parties by the end of 2023 mentioned coastal ecosystems (Australia, Cyprus, France, Iceland, Japan,
Malta, Monaco, New Zealand, United Kingdom, USA?). Cyprus, Iceland and Monaco included only a
reference to coastal ecosystems without reporting any carbon fluxes. Only Australia reports on seagrass
meadows. Most others refer to mangroves, and some refer to tidal marshes. Australia, the UK and France
report on mangroves mainly under terrestrial forests. France and the UK report on mangroves in their
overseas territories. The level of detail on reporting methods and the quality of the data provided is
inconsistent and poorly documented. While the US has comprehensive reporting on tidal marsh habitats
with highly differentiated inventory categories and specific factors, France just equates the mineral soil
carbon stock of tidal marshes with that of grassland and calcualtes all carbon fluxes with a grid stock
variation model, which leads to much lower levels of accuracy and transparency. No country currently
reports on open ocean blue carbon fluxes.

To determine the additionality of national measures to increase the anthropogenic carbon sink in the
open ocean of a country's territorial sea and/or EEZ, a solid calculation of the baseline carbon sink and how
it would have evolved without intervention is needed. However, this is technically extremely difficult and is
made even more difficult by the abovementioned spatially and temporally dynamic nature of carbon fluxes
in the sea [2,23].

In addition to being technically very challenging, the rare reporting on blue carbon fluxes more generally
could be linked to a lack of political will by some countries to include marine ecosystems in their
inventories: As they have degraded their coastal ecosystems so badly that they are currently net sources
of greenhouse gas emissions rather than sinks, including these ecosystems in reporting would fundamen-
tally change their overall inventory balance for the worse. This could pose a further challenge to the
establishment of internationally agreed-upon standards for reporting on coastal and open ocean carbon
fluxes to facilitate their consistent integration into NDCs.

International carbon market challenges: baselines, additionality, durability and attribution

International carbon markets build on the premise that some jurisdictions are unable to mobilize green-
house gas mitigation themselves. Therefore, mitigation activities that would not happen under a BAU
situation can generate emission credits that they can sell to entities outside their jurisdiction. Such baseline
and credit mechanisms have been established over the last 20 years, sometimes thriving, but recently
facing a loss of trust in the wake of “greenwashing” investigations [27]. They include obligatory and
voluntary carbon markets and target both greenhouse gas reduction and removal activities [28]. The Paris
Agreement's Article 6 establishes two types of international carbon markets—one agreed upon between
countries with a limited degree of international oversight (Article 6.2) and a mechanism based on
international rules (Article 6.4). During COP29, held in Baku in 2024, the rules, modalities and procedures
for Article 6.4 were agreed upon after ten years of negotiations. This marked a significant step towards
operationalization of the Paris Agreement Crediting Mechanism (PACM).

The assessment of additionality as well as the application of MRV methodologies for biomass in
international carbon markets has, to date, faced significant challenges [27]. With respect to determining
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additionality for mangrove-related projects, Williamson et al. [9] propose a more stringent approach
compared to the “loose” approach of Houston et al. [4]. This is particularly the case for biomass-based
CDR [29]. Owing to a series of widely mediatized scandals regarding non-additional activities and over-
estimated baselines, the prices and demand for forestry credits in the VCM have plummeted by more than
90% since 2021, and some credit categories cannot be sold anymore at all. Surprisingly, coastal-ecosystem-
based blue carbon projects have so far been widely spared from this crisis, while “novel” mCDR options
have been criticized (see e.g. [30]). The large mangrove restoration Delta Blue Carbon project in Pakistan
has sold emission credits at prices between USD 10 and 50, totaling revenues of USD 40 million [31]. The
fact that blue carbon projects are currently facing fewer issues than biomass-based CDR projects on land
may also be due to the overall lower number of blue carbon (let alone blue carbon enhancement) projects
that are currently generating carbon credits (see [32] for an analysis of the approximately 50 blue carbon
projects in international carbon markets), and these issues may potentially increase once blue carbon
enhancement projects are implemented at a larger scale. Thus, whether this benign situation will continue
when countries try to upscale blue carbon market action, as envisaged, for example, by the government of
the Bahamas in marketing blue carbon from seagrass meadows [33], which are deemed to be the largest
worldwide [34], remains to be seen.

A key question for blue carbon enhancement is to properly specify the baseline, i.e. determine which
level of removal would have happened in the absence of the activity. Houston et al. [4] confound baseline
setting with additionality determination. Their incomplete discussion of how to treat “allochthonous”
carbon, i.e. carbon entering the activity area from outside (see [35] for estimates of the share of
allochthonous carbon in mangrove soils and [36] in seagrass beds), shows that key concepts underlying
international carbon markets have not yet been properly addressed by the blue carbon community.
Accounting for CO, imported into the blue carbon ecosystem from somewhere else, e.g. through soil
carbon from river runoff, would overestimate removal, as this carbon is not from the atmosphere but has
been bound in soil for a long time. In our view, allochthonous carbon should thus not be credited (see
also [9]).

Another risk is non-permanence inherent to biogenic carbon sequestration and further durability issues
given that sea level rise or other impacts of climate change and/or ocean activities (i.e. dredging, trawl
fishing, deep-sea mining) may destroy the biogenic carbon store. While the debate about the minimum
time needed to store carbon is ongoing, many researchers argue that it should exceed 100 years, and many
blue carbon enhancement approaches are unlikely to meet this durability threshold [37].

The likely most difficult aspect of blue carbon enhancement activity crediting is signal attribution:
natural ecosystems have high variability in time and space. This increases the complexity in carbon fluxes
and stocks as well as the uncertainty in the impacts of climate change on carbon fluxes. Carbon enhance-
ment measures that seek to increase the biogenic sequestration potential of marine environments will likely
have small impact compared to this background noise, leading to challenges in signal attribution against
natural variability in diverse ecosystems [2,23].

How to govern blue carbon enhancement for climate change mitigation

Blue carbon enhancement is currently being hyped in international climate policy discussions, and some
scholars are calling for caution regarding its potential [38-40]. While some coastal blue carbon activities are
already being reported in some countries' inventories, there is currently no sufficiently elaborate and
reliable MRV framework for most blue carbon enhancement activities. Governments should be discouraged
from claiming all biological removals in marine ecosystems as mCDR, as the “passive sink” created by
increasing atmospheric CO, concentrations will not be sustained once concentrations are stabilized [20].
Including EEZ blue carbon fluxes in NDCs (currently) would be both conceptually and practically highly
problematic.

Reliable MRV for carbon fluxes in the marine environment currently does not exist. Robust baselines,
attributions of additionality and demonstrable durability of carbon sequestration are currently not achie-
vable for all open ocean blue carbon enhancement methods [41]. As discussed above, the baselines of VCM
projects undertaken to date do not address the question of allochthonous carbon and thus overestimate
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the baseline. If one applies conservative default parameters, the viability of many blue carbon (enhance-
ment) projects under international carbon markets would be doubtful because the revenues from emission
credit sales would be significantly lower than those under current baselines. A key prerequisite for the
robust and credible integration of blue carbon enhancement into accounting and crediting mechanisms is
the development of reliable, internationally standardized MRV protocols, which include baseline assess-
ment and additionality criteria. Several initiatives and organizations currently aim at developing robust
frameworks and methodologies for blue carbon enhancement activities, e.g. the European Marine Board
(EMB) working group on marine CDR.> The recently agreed upon outline for the planned IPCC CDR
methodology report indicates that it will also include an update to the Wetlands Supplement to cover
enhancement of carbon sinks in mangroves, tidal marshes, and seagrass in coastal waters [42].

However, while the MRV capacity is being developed, there is a need to think more broadly and
creatively about how to govern and incentivize blue carbon activities for climate change mitigation,
going beyond carbon crediting mechanisms. Incentivisation mechanisms could include bonds with a
lower coupon than normal bonds, debt-for-climate swaps and private mitigation contributions. “Blue
bonds” fund projects that support ocean conservation, sustainable marine resource management, and
coastal climate resilience, for example, in the Seychelles [43]. They are issued by governments, development
banks, and financial institutions to attract private investors seeking environmental and social returns and
are willing to accept a lower interest rate than normally paid on the market. Debt for climate swaps [44] buy
the sovereign debt of distressed countries well below issuance value and convert it into domestic currency,
which is then earmarked for climate change mitigation and adaptation. The first example of a pure debt for
climate aiming at blue carbon is the Seychelles Conservation and Climate Adaptation Trust.* Mitigation
contributions by private companies are generated by such companies funding mitigation abroad without
claiming emissions credits out of that investment. The Swiss foundation MyClimate® offers mitigation
contribution units but remains rather close to the classic carbon market model.

Beyond the need to generate incentives for blue carbon investments, there is a need to develop
integrative regulatory approaches for blue carbon activities to help overcome the current disconnect
between climate mitigation and marine protection policy [38]. The European Union's Marine Strategy
Framework Directive (MSFD 2008/56/EC) could play a key role in this endeavour. The MSFD takes an
ecosystem-based approach to the management of human activities that have an impact on the marine
environment and thereby offers a framework for the integration of biodiversity protection and climate
change action into EU Member States' marine spatial planning. This type of ecosystem-based management
has emerged as a critical strategy for reconciling marine biodiversity protection objectives with other
activities in marine environments [45], with examples of ecosystem-based approaches to marine govern-
ance in France (SNML) and the Netherlands (the North Sea Agreement) showing that it could help mandate
and regulate blue carbon activities that have synergistic climate and biodiversity effects.

Conclusions

MRV and accounting for blue carbon enhancement activities remain demanding, particularly in the open
ocean. The need for reliable MRV and nationally accountable mitigation outcomes are challenged by the
complexity of natural processes in open systems, which cross jurisdictional boundaries and dynamically
react to increased atmospheric and oceanic greenhouse gas concentrations. Internationally accepted
reporting standards for blue carbon fluxes are yet to be developed and widely implemented. At present,
there is a lack of sufficiently robust, comprehensive MRV to enable credible implementation and accounting
of open ocean blue carbon enhancement activities. Until such capacities can be established, including open
ocean blue carbon fluxes in NDCs or international carbon markets would be highly problematic. Therefore,
priority should be given to further developing internationally accepted reporting standards, robust
regulatory frameworks and funding mechanisms to govern coastal blue carbon activities. As reporting
and accounting methodologies for carbon fluxes in different coastal environments are at varying stages of
development, the near-term focus should be on activities with relatively well-established climate and
environmental benefits, within those coastal environments for which well-differentiated inventory catego-
ries have been established.


https://eur-lex.europa.eu/eli/dir/2008/56/oj/eng
https://www.mer.gouv.fr/sites/default/files/2020-11/17094_National-Strategy-for-the-Sea-and-Coastal_EN_fev2017.pdf
https://www.noordzeeloket.nl/publish/pages/184533/the_north_sea_agreement.pdf
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In developing regulatory frameworks and funding mechanisms for these types of activities, it is key to
avoid repeating mistakes of past baseline and credit carbon market systems, which have raised similar
concerns about the additionality of activities generating credits, overestimation of baselines, ensuring
permanence of carbon stores and preventing leakage of emissions to outside of the activity area. Moreover,
the achievement of sustainable co-benefits has been inconsistent in the past. In addition to thoroughly
reforming international carbon markets, policies to incentivize and regulate blue carbon activities should
prioritize measures that minimize harm to marine environments, provide direct funding support or
mandates for the provision of benefits to local populations, and consider multiple types of climate and
environmental benefits (see e.g. [46]). Given the potential co-benefits of some blue carbon activities, e.g. for
fisheries, increased coastal resilience against storms and sea level rise, a governance system addressing
both climate and environment impacts of blue carbon activities and harnessing multiple sources of finance
seems appropriate, in order to overcome the current disconnect between climate and marine protection

policy.

Endnotes

1. Materiality describes the significance of information in relation to reporting an activity's mitigation outcome [47]

2. For National Inventory Reports see National Inventory Submissions 2023 | UNFCCC National Inventory Submissions
2023 | UNFCCC (accessed February 17th, 2025).

. See Marine carbon dioxide removal | European Marine Board (accessed February 17th, 2025) for more information.

. See SeychellesDebtSwapCaseStudy_webversion.pdf (accessed February 17th, 2025) for more information.

5. See myclimate—your partner for effective climate protection (accessed February 17th, 2025) for more information.
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