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The model pathways of the Intergovernmental Panel for Climate Change (IPCC)
for the timely achievement of global climate targets, especially the target of
limiting global warming to 1.5°C compared to pre-industrial levels, suggest the
need for safeguarding and enhancing the global carbon sink. Experts argue that
the deployment of so-called negative emissions technologies for large-scale
carbon dioxide removal holds potential for keeping the temperature in line with
limits set by the Paris Agreement. Ocean-based negative emissions technologies
(ONETSs) intend to enhance carbon sequestration and storage in the ocean, e.g.,
by changing the ocean’s physical or biogeochemical properties. But in addition
to these intended effects, ONETs may also cause unintentional impacts on the
ocean'’s condition and on related coastal and marine ecosystem services that are
relevant for the attainment of a range of global policy goals. This article links
potential direct and indirect, intentional and unintentional impacts of eight
ONETs on the marine environment to the regulations and policy goals of
international environmental agreements of the current global ocean
governance regime. The results thereof outline a direct, implicit and indirect
governance framework of ONETs. Hereby, a broader perspective of the concept
of (global) ocean governance is adopted to outline a wider network that goes
beyond the explicit regulation of ONETs within the realm of ocean governance.
This first-order assessment derives gaps and challenges in the existing
governance framework, as well as needs and opportunities for comprehensive
governance of the technologies. It is determined that while the inclusion of
ONETs in the global climate strategy may be deemed necessary for reaching net
zero emission targets in the future, a range of potential trade-offs with other
policy goals may need to be considered or dealt with when deploying ONETS for
climate mitigation. Further, foresight-oriented and adaptive governance
mechanisms appear imperative to bridge gaps resulting from extensive
uncertainties and unknowns linked to ONET deployment in a changing ocean
and. The identified ONET governance framework reiterates current challenges in
ocean governance, for instance related to fragmentation, but also represents an
opportunity for a synergistic and integrated approach to future governance.
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1 Introduction

During the international climate negotiations in 2015, Parties to
the United Nations Framework Convention on Climate Change
(UNFCCC) finalised the Paris Agreement with the ambition of
limiting global warming to ‘well below 2°C, preferably to 1.5°C’
(UNFCCC, 2015 - Art. 2(a)). Scientific articles on a wide range of
geographical regions, ecosystems, and economic sectors reiterate
the imperative of limiting warming to 1.5°C for a thriving planet,
especially for marine, coastal and island ecosystems and
communities (King et al., 2017; Giardino et al., 2018; McWhorter
et al, 2022). The Intergovernmental Panel on Climate Change
(IPCC) 2018 Special Report on “Global Warming of 1.5°C”, based
on the assessment of 6,000 peer-reviewed publications, put forward
emissions pathways consistent with global ambitions of limiting
global warming to 1.5°C above pre-industrial levels (IPCC, 2018).
All proposed pathways indicate that a global transition towards
carbon neutrality is pertinent by 2050, but that residual greenhouse
gas emissions from hard-to-abate activities would need to be
counterbalanced (IPCC, 2022). Carbon dioxide removal (CDR)
from the atmosphere as additional element in the global strategy
towards reaching carbon neutrality by mid-century and ultimately
limiting global warming, especially to 1.5°C, has been put forward
by many studies, as well as the IPCC, for achieving global climate
ambition agreed upon in the Paris Agreement (IPCC, 2022). The
ocean’s significant role in the earth’s climate system, having
sequestered 26% of total CO, emissions in the last decade
(Friedlingstein et al., 2022), indicates a promising potential for
such approaches.

Human interventions have been suggested for the large-scale
reduction of atmospheric CO, levels in the near-term, to offset
emissions from sources that will likely not achieve carbon-
neutrality by mid-century and to sustain these efforts for the
long-term (IPCC, 2022). Additional CO, sequestered from the
atmosphere and stored long-term via CDR has the opposite effect
to producing emissions, and can be described as achieving ‘negative
emissions’ (IPCC, 2018). So-called ‘negative emissions technologies’
(NETs) can broadly be defined as human interventions in nature
that remove and store greenhouse gases from the atmosphere with
the aim of climate change mitigation. Scientists and private
stakeholders have proposed a wide range of technologies that
intervene in the ocean as part of the global carbon cycle to
increase the ocean’s carbon sequestration potential and storage
capacity (Minx et al., 2018; GESAMP, 2019). Approaches include
chemical enhancement of carbon storing properties of ocean water
(e.g., ocean alkalinisation), a shift in the water column to increase
uptake of carbon (e.g., artificial up- and downwelling), or the
conservation and restoration of coastal and marine ecosystems
with carbon storing properties (e.g., mangroves). These activities
intentionally induce a change in the ocean’s biogeochemical and
physical condition, or in marine ecosystems, for the purpose of
higher carbon uptake and storage.

In comparison to terrestrial NETs, such as bioenergy with
carbon capture and storage (BECCS), ocean-based interventions
are subject to the interconnectedness of the marine environment,
and of the ocean and human society, and consequentially demand
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international coordination in governance (Boucher et al, 2014;
Minx et al, 2018). In addition to mitigating climate change, a
change in the ocean’s condition due to ONET deployment may alter
the marine environment to an extent where ecosystem service
provision within and across jurisdictional boundaries is
compromised (GESAMP, 2019). Governance of ONETs must
consider the trade-offs between climate mitigation and impaired
ecosystem services when assessing the modalities of allowing or
restricting such technologies. The fragmented global governance
framework in place creates additional challenges for a streamlined
approach to governance of emerging ocean uses that potentially
affect multiple areas of international cooperation (Biermann et al.,
2009; Boyes and Elliott, 2014; Haas et al., 2021). Complexity within
the global ocean governance framework is increased by the high
uncertainties and many unknowns related to ocean and climate
change (Payne et al, 2016), and related to the response of the
marine ecosystem to many of such technological interventions
(Renforth and Henderson, 2017).

This paper presents a review of direct, implicit and indirect
linkages between eight selected ONETs and international
environmental agreements (IEAs) including their underlying
policy goals for the ocean, and ultimately outlines a global
governance framework surrounding ONETs. The review builds
on an analysis of potential direct and indirect, intentional and
unintentional impacts of eight ONETSs on the marine environment
and links these to the regulations and policy goals of relevant
international environmental agreements of the current ocean
governance. It highlights main challenges for the comprehensive
governance of ONETSs and identifies synergistic opportunities for
future governance. Building on a first-order assessment of
interactions of ONETs with the ocean, and of potential effects of
ONETs deployment on ocean condition and ecosystem service (ES)
provision, the type and directionality of linkages between ONET's
and relevant IEAs is investigated to identify and map the existing
governance framework relevant for a comprehensive approach to
regulating and managing ONET deployment. Drawing from recent
publications that explore the challenges of ocean governance in light
of rapidly increasing human uses of the ocean and the deteriorating
condition of the marine environment (Brodie Rudolph et al., 2020;
Singh and Ort, 2020; Spalding and de Ycaza, 2020; Stephenson et al.,
2021), a broader perspective of (global) ocean governance is
adopted in this study. This broader perspective attempts to bring
together legal aspects of regulating human activities in the ocean for
environmental protection and conservation (Singh and Jaeckel,
2018; Singh and Ort, 2020) with an understanding of the concept
of environmental governance as it has developed in the social and
political sciences. Pattberg and Widerberg (2015) describe global
environmental governance as the system of institutions, actors,
processes and governing instruments required to address
environmental issues. For the purpose of this study, focus is
placed on IEAs as governing instruments and core components of
the governance system while widening the scope to include
agreements beyond the direct and explicit regulation. Ostrom’s
Institutional Analysis and Development (IAD) Framework
(Ostrom, 1999; McGinnis, 2011; Ostrom, 2011; McGinnis and
Ostrom, 2014) has been instrumental in guiding the study
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towards such a broader understanding of governance in the context
of ONETs and the quest for comprehensive “governance” of ONET
deployment, albeit without applying the IAD framework strictly for
the assessments conducted.

2 Methodology

The research presented here considers eight ocean-based
negative emissions technologies (ONETs), pre-selected as a study
base by the EU-funded Horizon 2020 project OceanNETs" which
the research presented here is part of. Negative emissions
technologies are considered ‘ocean-based’ in that their
deployment interacts with one or more components of the ocean,
such as the seafloor, ocean water or marine biomass (Boucher et al.,
2014). These ONETSs are a non-exhaustive representation of recent
and emerging technological and scientific studies within the field
(Fuss et al., 2018; Gattuso et al., 2018; Keller, 2018; GESAMP, 2019).
The selected ONETS range in their status towards deployment from
theoretical studies (artificial downwelling), to lab-based (direct
electrochemical CO, removal from seawater; terrestrial biomass
dumping) and mesocosm experimentation (ocean alkalinisation),
field testing (artificial upwelling; ocean fertilisation) and fully
operational (blue carbon ecosystems). The presented research is
limited to the assessment of ONETS’ interactions with the ocean
(including coastal zones) during deployment whereby freshwater
and terrestrial impacts, as well as related governance frameworks,
are beyond the scope of this study. Impacts of technologies on the
marine environment during other lifecycle phases, such as initial
implementation (e.g., via shipping of materials, installation of
infrastructure) are acknowledged in this study, but as the
scientific literature currently provides limited information in this
regard, the focus is on impacts linked to the operation of
the technologies.

The identification and analysis of the governance framework
surrounding selected ONETs encompassed four steps (see
Figure 1). As a first step, a knowledge base was created for each
of the eight technologies and captured in overview tables. A short
online questionnaire was developed to gather expert knowledge on
key aspects of ONET deployment that are relevant to the regulation
and governance of ONETSs governance. The questionnaire was
administered with members from the OceanNETs project
consortium and comprised of six questions pertaining to 1) the
interaction between the eight selected ONETSs and the ocean, 2)
potential area and scale of deployment, 3) engaged maritime zone
(coastal waters, exclusive economic zone, high seas) and parts of the
ocean and water column (deep sea, surface waters etc.), 4) possible
co-benefits, 5) possible environmental or socio-economic concerns,
and 6) relevant factors to consider for ocean governance. The
information gathered via the questionnaire served as starting point
for an extensive literature review, which was carried out for each of
the technologies. Both the GESAMP (2019) report of Working
Group 41 “High Level Review of a wide Range of proposed Marine

1 See https://www.oceannets.eu/, last accessed 03 January 2023.

Frontiers in Marine Science

10.3389/fmars.2023.995130

Geoengineering Techniques” and the National Academies of
Sciences, Engineering, and Medicine (2022) report “A Research
Strategy for Ocean-based Carbon Dioxide Removal and
Sequestration” served as primary resources for the literature
review. Variation in availability of scientific publications between
the eight ONETs affected the review, with a more extensive
literature base available for some, e.g., ocean alkalinisation and
fertilisation, and limited available scientific knowledge for
technologies in early research stages, e.g., artificial downwelling
(Fuss et al., 2018; Minx et al., 2018; Nemet et al., 2018;
GESAMP, 2019).

A qualitative description of the impact of each ONET on the
ocean’s condition and its ES was carried out next (step 2). Building
on the data compiled with the initial questionnaire and literature
review in step 1, the potential impacts of the selected ONETs on the
ocean were mapped along Essential Ocean Variables (EOVs), as
defined for the Global Ocean Observing System to provide a
structured framework for coordinating measurements and
describing the ocean condition (Lindstrom et al., 2012;
Miloslavich et al., 2018; Tanhua et al., 2019; Global Ocean
Observing System, 2021; Satterthwaite et al., 2021). EOVs
comprise a list of physical, biochemical and biological/ecosystem
variables (Global Ocean Observing System, 2021). For this first-
order mapping, EOVs were employed as they allow to structure
possible physical, chemical, and biological/ecosystem changes in
ocean condition induced by ONETs. The mapping exercise
produced a qualitative description of each ONET’s effects on the
EOVs. Impacts were differentiated as i) direct intentional impact on
the ocean’s condition for higher carbon uptake and ii) potential
direct unintentional impacts, and further grouped by (potential)
impacts on the ocean’s biochemical, physical, and biological/
ecosystem condition, e.g., an unintentional release of trace metals
into seawater via ocean alkalinization (see Tables S1 to S8, Annex I,
Supplementary Material). The impact assessment of “blue carbon
ecosystems” was limited to coastal ecosystems, specifically to
mangroves, salt marshes and seagrass meadows.

Based on these findings, and to further determine the potential
indirect impact of ONETs on the environment and society, a second
literature review was conducted on potential impact of ONETSs on
coastal and marine ES. For this purpose, the electronic scientific
research database Science Direct was consulted using a key word
search, combining the identified direct effects on the ocean (e.g.,
“coral reef recovery”) with the key words “ecosystem service*”,
“marine”, “coast*” and “ocean”. For this mapping exercise, the
Common International Classification of Ecosystem Services,
Version 5.1 (Haines-Young and Potschin, 2018) was utilised to
select relevant coastal and marine ES and describe the potential
impacts of ONETs on the supply of these, grouped into
provisioning services, regulation and maintenance services, and
cultural services. These findings were determined as either
indirect intentional impact (i.e., climate regulation) or potential
indirect unintentional impact (e.g., enhancing or implicating food
provision). The tables in Annex I of the Supplementary Material
summarize the results of this qualitative first-order mapping of
direct and indirect intentional and potential unintentional impacts
of the assessed ONETS on ocean condition and ES. Table 1 provides
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8 ONETs

Questionnaire
Literature review

1. Knowledge base

Mapping of essential ocean variables
and marine/coastal ecosystem services

2. Qualitative description of impact of
ONETSs on the ocean

Potential direct intentional / unintentional
impact

Potential indirect and intentional /
unintentional impact

Screening of 452 multilateral agreements

3. Identification of ONET governance

10.3389/fmars.2023.995130

framework

Review of legislative texts

framework

4. Analysis of ONET governance

Direct (explicit) governance

Implicit governance

Indirect governance

FIGURE 1
Flowchart of applied research methodology.

an overview of the scheme developed for classifying the
(potential) impacts.

In step 3, an identification of the governance framework relevant
to ONETSs was carried out. Results from step 2 determined that all
ONETs may impact the ocean’s condition in a highly complex and
transboundary manner if deployed, depending on scale and
characteristics. The international environmental governance regime
would function as overarching governance arena, comprised of legal
frameworks and norms as well as the institutional arrangements and
procedures in place to implement the goals set out in the individual
frameworks. Results of the impact assessment determined that
ONETs would further likely indirectly impact a wide range of
global policy goals, such as protection of cultural heritage or food
security. A total of 452 multilateral agreements, provided by the
International Environmental Agreements Database Project (Mitchell,
2002-2022), were screened for relevance to the direct and indirect
governance of ONETSs. International agreements were selected for
further analysis if identified as (explicitly, implicitly or indirectly)
regulating or governing, or being relevant for the governance of
potential impacts of ONETSs on the ocean. Regional agreements (e.g.,
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Antarctic Treaty System) were excluded to limit the scope of the
study. Eight international frameworks were identified to form the
governance framework for ONETSs (see Table 2).

Step 4, the analysis of selected governance frameworks, involved
a review of the legislative text of each agreement including
amendments, decisions, resolutions or supplementary documents.
Table 3 provides an overview of the scheme developed for
classifying and describing the different frameworks in terms of
their relation to ONETS, i.e., whether they provide direct regulation
or explicit guidelines for dealing with ONETs, implicitly establish a
framework for governing ONETSs, or comprise an indirect
governance framework by addressing indirect and unintentional
effects of ONETs on the marine environment. First it was
determined if texts explicitly govern, i.e., regulate or in an explicit
and direct way address, either geoengineering in the ocean or a
specific ONET (e.g., Resolution LC-LP.1, 2008, on the Regulation of
Ocean Fertilization) framed as ‘direct and explicit governance’ of
ONETs. Next, it was determined which frameworks govern the
direct impacts of ONETs on ocean condition (i.e., United Nations
Convention on the Law of the Sea, UNCLOS; Convention on

frontiersin.org
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TABLE 1 Classification of ONET's impact on the ocean and description for each class.

Impact of

Description
ONET on
ocean

Direct All ONETs deployed for CDR intend to change the physical, biochemical, or biological/ecosystem condition of the ocean for the increased uptake and
intentional storage of atmospheric CO,, e.g., via a shift in the water column, dumping of alkaline materials, or restoration of coastal ecosystems.

impact

Potential direct Dependent on the ONET’s approach to enabling an intentional change in ocean condition, unintentional side effects can potentially occur that further
unintentional impact the physical, biogeochemical, or biological condition of the ocean, e.g., release of trace metals, change in nutrient distribution, changes in
impact species composition.

Indirect The indirect intentional impact of all ONETs deployed for CDR is climate regulation. A change in the ocean’s condition to uptake and store more
intentional CO, is thus intended to enhance the ocean’s regulatory ecosystem service of climate regulation.

impact

Potential The identified direct unintentional changes in ocean condition potentially have an indirect unintentional impact on coastal and marine ecosystem
indirect services, e.g., food provision or nutrient cycling. These changes in ecosystem services and their supply could either offer co-benefits or be viewed as
unintentional trade-offs to the intentional impacts of ONETSs.

impact

Direct impact is assessed as a change in the ocean’s condition via Essential Ocean Variables (EOVs). Indirect impact is assessed as a change in marine and coastal ecosystem services.

Biological Diversity, CBD), as well as the indirect intentional impact
of ONETs on the ocean for regulating climate change (i.e.,
UNFCCC), framed as ‘direct implicit governance’ (see Table 2
and Figure 2). Finally, the identified international agreements
were analysed in terms of whether they address governance of the
potential indirect, unintentional impact of ONETSs on the marine
environment, via possible impacts on marine and coastal ES (e.g.,
UN Fish Stocks Agreement).

3 Results

3.1 Impacts of ONETs on ocean condition
and coastal/marine ecosystem services

The assessment of ONETSs’ impact on the ocean’s condition,
conducted along Essential Ocean Variables (EOVs), identified a
range of potential direct and indirect impacts on the ocean for each
of the eight ONETs (see Supplementary Material, Tables S1-8). An
impact of an ONET on the ocean was determined direct if a change
in the ocean’s physical, biogeochemical, or biological condition was
cited in literature. The analysis distinguishes between intentional
(i.e., increase in carbon uptake and storage) and unintentional (e.g.,
increase in trace metals) potential changes in ocean condition.
These findings were further reviewed to identify potential impacts
on marine and coastal ES and to distinguish between the indirect
intentional impact of ONETs on the ES of climate regulation and
indirect unintentional impacts on other marine and coastal ES, such
as food provision. Tables S1-8 of the supplementary material
provides a list of the potential direct and indirect impacts of
ONETSs on ocean condition and coastal/marine ES as determined
from the literature.

3.1.1 Ocean alkalinisation

Ocean alkalinisation, also known as ocean alkalinity
enhancement or enhanced weathering, intends to change the
ocean’s geochemical condition by adding alkaline substances (e.g.,
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olivine) into the ocean to increase carbon uptake from the
atmosphere (Renforth and Henderson, 2017; GESAMP, 2019).
Such a change in seawater geochemistry encourages a range of
impacts on the ocean’s condition, specifically, an increase in ocean
alkalinity and a consequent limitation or reduction in acidification
levels via the change in ocean water pH (Ilyina et al., 2013; Feng
etal., 2016), which could enable a regional improvement in the state
of otherwise deteriorating organisms, such as coral reefs without
implicating the ocean’s primary productivity (Albright et al., 2016;
Feng et al., 2016; Gore et al., 2019; Hall-Spencer and Harvey, 2019).
Ocean alkalinisation could hence indirectly strengthen the range of
ES these habitat-forming coastal organisms provide for society, as
the species richness within coral reefs generates important fishing
grounds (Fisher et al., 2015; Grafeld et al., 2017) as well as many
cultural ES (Motuhi et al., 2016; Spalding et al., 2017; Woodhead
etal., 2019). It has further been assessed that non-calcifying macro-
algae would decline under alkalinisation (Koch et al., 2013) which
could reduce harmful algal blooms in coastal waters (Hartmann
et al,, 2013) and indirectly counter related lost fishing opportunities
for society (Moore et al., 2019) as well as reduce associated negative
impacts on the health of people living in coastal areas (Manganelli
et al., 2012). Further direct impacts of ocean alkalinisation on the
ocean’s biological condition include a potential shift in
phytoplankton species composition (Kohler et al., 2013; Gagern,
2019), the ultimate impact of which is difficult to assess, but could
ultimately impact fish stocks and other ES provided by wild aquatic
animals as phytoplankton make up the base of aquatic food webs
(Naselli-Flores and Padisak, 2023). However, inadvertent effects of
alkalinity enhancement on phytoplankton communities have been
assessed as temporary in nature and deemed as low in relevance in
comparison to the achieved climatic benefits (Ferderer et al., 2022).
The possible release of trace metals from silicate minerals during the
process of ocean alkalinisation (Hartmann et al., 2013) could have a
variety of indirect impacts on ES and potentially cause toxicity in
various marine organisms (Jin et al., 2021). However, a recent paper
by (2022) suggests that dissolved nickel may not have a strong effect
on phytoplankton. Finally, the transport of alkaline materials,
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including for deployment in the ocean, may require an expansion of
the global shipping fleet and traffic (Caserini et al., 2021), which
would potentially augment linked impacts on the ocean, such as
unintentional transport of invasive alien species via ships, enhanced
pollution and noise (Keller et al., 2011).

3.1.2 Ocean fertilisation

Ocean fertilisation for CDR constitutes the addition of either
micronutrients, most prominently iron, or macronutrients such as
nitrogen compounds for the purpose of increasing phytoplankton
stocks in the ocean for enhanced carbon sequestration and potential
long-term carbon storage as phytoplankton sink to the seafloor
(Boyd et al., 2007; Secretariat of the Convention on Biological
Diversity, 2009; Moore et al., 2013; GESAMP, 2019). Temporary
lowering of CO, concentrations in surface waters via fertilisation
allows for a temporary change in surface pH until equilibrium with
atmospheric CO, is re-established. However, sinking of organic
material from the increased productivity and its re-mineralisation
in the waters beneath the surface mixed layer causes an increase of
CO, in deeper waters, which could cause further acidification of the
deep sea and negatively impact related biodiversity (Cao and
Caldeira, 2010). Ocean fertilisation relies on use of limiting
nutrients which thereby may be trapped and become unavailable
for biological production in other regions (“nutrient robbing”)
(Shepherd, 2009; Oschlies et al., 2010a; National Academies of
Sciences, Engineering, and Medicine, 2022). The increase in
phytoplankton caused by iron fertilisation has been proposed as a
measure to enhance fish stocks (GESAMP, 2019) as these could
offer new feeding grounds (Galbraith et al., 2019). Simultaneously,
the intentional elevation of nutrient levels through fertilisation has
been reported to cause a depletion of mid-seawater oxygen levels
and has been linked to an increase in harmful algae blooms
(Lampitt et al., 2008). Such events have, however, not been
reported for the open ocean where ocean fertilisation would likely
take place (Silver et al, 2010). While uncertainty remains with
regards to potential indirect impacts of ocean fertilisation on the
biogeochemical condition of the ocean (Yoon et al., 2018), it has
been deemed near-inevitable that entire ecosystems, from the upper
ocean to the seafloor, will be altered (Williamson et al., 2012).

3.1.3 Direct electrochemical CO, removal from
seawater with carbon capture and storage

In this approach, seawater is physically extracted from the
ocean via pumps and electrochemically processed to remove
dissolved inorganic carbon as CO, gas or calcium carbonate
(Ocean Visions, 2021), after which the extracted carbon is
transported to sites for long-term storage and the basified
seawater can be added back into the ocean (GESAMP, 2019;
Sharifian et al., 2021). The ocean’s alkalinity is enhanced and an
increased uptake of atmospheric CO, in surface waters is achieved
in an effort to restore a carbonate equilibrium between the ocean
and the atmosphere (de Lannoy et al, 2018; GESAMP, 2019;
Sharifian et al, 2021). The intentional impact on the ocean’s
biogeochemical condition is equal to that of ocean alkalinisation,
and consequently, direct and indirect unintentional impacts on
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ocean condition and ES, respectively, are similar (see Section 3.1.1).
However, as the technological approach is still in early stages of
development, impact studies have not been published to date
(GESAMP, 2019) and there remain many unknowns with regards
to the unintentional impact of removing large amounts of dissolved
organic carbon from seawater (Ocean Visions, 2021). In order to
correctly assess the level of potential impacts of ONETs on the
ocean environment, it is necessary to have an understanding of the
scale of deployment, including number of ships needed to achieve
set CO, drawdown targets as well as number of intake structures.
Depending on the scale of deployment, ES provision may be subject
to process and infrastructure-associated disturbances of the seabed
during construction of the intake structure as is the case for other
seawater-pumping technologies (i.e., desalination, power-plant
cooling, material extraction) (Lattemann and Hopner, 2008;
Eisaman et al., 2018).

3.1.4 Artificial upwelling

For artificial upwelling, pipes or wave pumps are utilised to
pump up cold, nutrient-rich water from the deep sea with the
purpose to fertilize surface waters and stimulate phytoplankton
growth (GESAMP, 2019). As with ocean fertilisation, the newly
generated stock of phytoplankton should fix additional CO, in its
biomass and potentially store carbon for a period of at least several
hundred to 1,500 years as phytoplankton sinks to the ocean floor.
Addition of nutrients to the upper ocean similarly causes an
enhancement of biological production (Oschlies et al., 2010b) and
could impact associated ES and industries, such as fishing or mussel
farming (Handa et al., 2014; Casareto et al., 2017; Ortiz et al., 2022).
In addition to an impact on phytoplankton in the upper ocean,
increased carbon drawdown may have an impact on deep-sea
biodiversity and linked ES (Pan et al, 2016; Levin et al., 2023).
Artificial upwelling of ocean water also impacts the ocean’s physical
condition by locally cooling down surface water temperatures,
which could impact ocean circulation and reduce extreme events
such as hurricanes, as well as mitigate thermal stress on vulnerable
ocean ecosystems, e.g., coral reefs (Schneider et al., 2017; Sawall
et al., 2020). Simultaneously, the decrease in pH achieved through
upwelling could aggravate ocean acidification and compromise
marine organisms further (Pan et al., 2016). In terms of
infrastructure for artificial upwelling, Yool et al. (2009) calculated
that a great quantity of pumps, up to several millions, would be
needed to achieve the intentional impact on climate change
regulation. Beyond the ecological implications of initial
installation, the implemented large-scale infrastructure may
interfere with activities such as fishing and shipping, endanger
marine wildlife via risk of entanglement, or cause debris and
pollution as pump material malfunctions and maintenance
services to fix broken pipes may transport invasive alien species
(Barboza et al., 2019; National Academies of Sciences, Engineering,
and Medicine, 2022). In addition, simulations show that the
termination of the technology would likely result in higher global
mean air temperatures as stored heat would be released back to the
surface ocean and atmosphere (Oschlies et al., 2010b).
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3.1.5 Artificial downwelling

The downward transport of carbon-saturated surface waters
into deeper ocean water for long-term carbon storage, termed
artificial downwelling, intends for an alteration of the ocean’s
physical condition via a shift in the water column, e.g., by using
pipes (GESAMP, 2019). Such large-scale shifts in the water column
will change the density structure of the ocean and will likely change
ocean circulation over tens of kilometres (National Academies of
Sciences, Engineering, and Medicine, 2022). Along with the
intentional transport of CO,, installed pipes may transport
surface heat, fertilising nutrients, as well as oxygen into sub-
surface waters (Stigebrandt et al, 2015). Artificial downwelling
may concurrently improve upon ocean cycling and be utilised to
mitigate hypoxia (Liu et al., 2020), but impact assessments have
thus far not been undertaken to conclude the extent of such impacts
for artificial downwelling for the purpose of CO, removal
(GESAMP, 2019). The scale of space and infrastructure needed to
deploy the technology would reflect that of artificial upwelling, and
similar impacts on marine ES can be expected (National Academies
of Sciences, Engineering, and Medicine, 2022). Finally, the likeliness
of deployment of this approach for CDR has been identified as
relatively low as estimated costs for deployment are high while
many uncertainties with regards to enduring effectiveness remain
(Zhou and Flynn, 2005).

3.1.6 Blue carbon ecosystems

A variety of components of marine and coastal ecosystems (e.g.,
mangroves, macroalgae) can sequester carbon (known as ‘blue
carbon’) from the atmosphere and, if left undisturbed, store it in
their biomass and sediments indefinitely (Nellemann et al., 2009).
The restoration and sustainable management, including
conservation and protection, of coastal blue carbon ecosystems
(specifically mangroves, seagrass meadows and saltmarshes) can
have additional benefits such as reduce wave height and coastal
erosion, which can ultimately protect coastal regions against
flooding and storm surges (Krauss et al., 2003; Shepard et al,
2011; Hochard et al., 2019). Moreover, certain coastal blue carbon
ecosystems have the ability to reduce deoxygenation of ocean water,
reduce nutrients and filter trace metals in coastal waters (Sousa
et al.,, 2010; Marques et al., 2011; Laffoley and Baxter, 2019), and
hence have the ability to restore many regulatory ES provided by the
ocean (Unsworth et al., 2012). The new habitat provided for many
marine species by restoring and sustainably managing coastal blue
carbon ecosystems additionally serves the spill-over effect
benefitting provisioning ES via e.g., fisheries and mussel farms
(Cullen-Unsworth and Unsworth, 2013). Coastal blue carbon
ecosystems also provide extensive cultural ES to society, as they
provide opportunities for recreational and tourism uses (Uddin
et al., 2013; Queiroz et al., 2017), educational and scientific value
(Friess et al., 2020), can be part of spiritual interactions of local
communities (Uddin et al, 2013) and embody environmental
heritage for future generations (Mitra, 2020). While a wide range
of co-benefits has been identified for the implementation and
restoration of coastal blue carbon ecosystems, recent publications
highlight that a potential release of methane and nitrous oxide,
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especially linked to the formation of new sites, can offset climate
mitigation benefits attributed to blue carbon (Rosentreter et al.,
2021; Zhang et al, 2022). An assessment of carbon stocks in
previously less studied seagrass meadow regions determined that
for some cases, CO, released via carbonate sediment production
may even offset CO, sequestration and storage benefits of the
coastal blue carbon ecosystem (Howard et al., 2018). In addition,
carbon burial rates may differ greatly across blue carbon sites of the
same ecosystem type, and the cost-effectiveness of blue carbon for
the primary purpose of CDR has thus been determined as highly
uncertain (Williamson and Gattuso, 2022). It should also be noted
that environmental and economic trade-offs may arise when the
safeguarding and expansion of carbon-rich coastal ecosystems
means to forgo obtained ES, such as mangrove forests for local
fuel provision (Wylie et al., 2016).

3.1.7 Marine biomass for biochar or bioenergy
with carbon capture and storage

In this approach, macroalgae are cultivated in coastal and near-
shore areas for uptake of carbon and harvested for later processing
on land to biochar or biofuel in conjunction with carbon capture
and storage (Nellemann et al., 2009; GESAMP, 2019). The ‘ocean-
based’ extent of this ONET constitutes the large-scale
implementation and operation of seaweed farms, which have
been proposed both for the nearshore and offshore environment,
depending on potential conjunctions with already established
industries (e.g., aquaculture, offshore windfarms) (GESAMP,
2019). Extensive macroalgae farms in coastal areas may dampen
wave energy (Mork, 1996) and consequently better protect
shorelines from coastal erosion (Hasselstrom et al., 2018).
Macroalgae have the ability to sequester eutrophying nutrients
(Kim et al,, 2015) and passively remove trace metals from ocean
water (Davis et al., 2003), creating a positive impact on regulation
of ocean water condition (Hasselstrom et al., 2018). Macroalgae
cultivation can also increase release of trace gases that contain
sulphur or halogens (Leedham et al., 2013), impacting the ocean’s
net regulation of atmospheric composition and condition via
emission of halocarbons (Phang et al., 2015). The
implementation of seaweed farms forms new habitats for various
marine species and can provide significant value for food web
dynamics between organisms and ecosystem (Hasselstrom et al.,
2018) as well as catch composition for fisheries, and even increase
catches via spill-over effect in comparison to catches around
vegetation-free seafloors (EkIOf et al., 2013). Seaweed farms may
release particulate or dissolved organic matter into the ocean that
impact microbial production, oxygen consumption and food
supply (Levin et al, 2023). Algae cultivation may additionally
impact physical and experiential interactions with the
environment in cases where seaweed farms replace recreational
areas (Cabral et al., 2016).

3.1.8 Terrestrial biomass dumping

In this approach, carbon-rich terrestrial biomass is dumped into
the ocean via ships, from where it sinks to the ocean floor to be
stored upon marine sediments indefinitely, along with the stored
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carbon (Metzger et al., 2002). During the descent of biomass to the
seafloor, particulate or dissolved organic matter could be released
and alter microbial production, oxygen consumption and food
supply in the mesopelagic realm (Levin et al,, 2023). The physical
impact of biomass onto the seafloor may cause physical
resuspension and disturb deep-sea marine sediments and
organisms (Strand and Benford, 2009; Levin et al, 2023), and
disturb methane reservoirs (Kvenvolden, 1993; Thurber et al.,
2014). Terrestrial biomass as food source on the seafloor may
attract a large number of predators and change species
interactions in the deep sea, and potentially impact commercial
fishing (Levin et al., 2023). Introduction of terrestrial organic matter
may cause reduced oxygen-levels and potential increases in
hydrogen sulphide, methane, nitrous oxide and nitrogen and
phosphorus compounds on the seafloor via decay of by-products
entering ocean water (Metzger and Benford, 2001), further
impacting the deep sea’s processes of bioturbation and
bioremediation (Thurber et al, 2014). Many unknowns remain
with regards to impacts of large-scale terrestrial biomass dumping
on the ocean floor and biodiversity (Metzger et al., 2002; Strand and
Benford, 2009).

10.3389/fmars.2023.995130

3.2 International governance framework
surrounding ONETs

Based on the analysis of ONETS intentional and potential
unintentional impacts on ocean condition and related ES, this
paper outlines a governance framework surrounding the
technologies that encompasses aspects beyond the explicit
regulation of ONETs and marine geoengineering. The analysis
presented here distinguishes between

» direct governance that has explicitly been adopted by the
international community for the purpose of regulating
ONETs (section 3.2.1);

» implicit governance of potential impacts of ONET’s on
ocean condition, including impacts on the ocean for
regulating climate change (section 3.2.2); and

* indirect governance which addresses potential indirect and
unintentional impacts of ONETs on coastal and marine
ecosystem services (section 3.2.3).

TABLE 2 Overview of direct (explicit), implicit and indirect governance of eight ONETSs for reviewed governance frameworks.

Ocean
fertilisation

Ocean
alkalinisation

Governance Frameworks

Convention on the Prevention and
of Marine Pollution by Dumping of
Wastes and Other Matter (London
Convention) and Protocol on the o X o
Prevention of Marine Pollution by
Dumping of Wastes and Other
Matter (London Protocol)

Direct CO,
removal

Biomass
dumping

Biomass for
biochar/
bioenergy

Artificial
downwelling

Artificial
upwelling

Blue carbon

Convention on Biological Diversity
(CBD) X) X) X)
United Nations Convention on the

Law of the Sea (UNCLOS) X) X) X

X) X) X) X) X)

X) X) X) X) X)

United Nations Framework
Convention on Climate Change (X) (X) (X)
(UNFCCC)

Ramsar Convention on Wetlands
(Ramsar Convention)

X) X) X) X) X)

Convention on the Conservation of
Migratory Species of Wild Animals 0 0 o
(CMS)

Convention for the Protection of the
World Cultural and Natural o o o
Heritage (UNESCO)

Agreement for the Implementation
of the Law of the Sea Convention
Relating to the Conservation and
Management of Straddling Fish
Stocks and Highly Migratory Fish
Stocks

X Direct (explicit) governance of ONETs.
(X) Implicit governance of ONETs.
O Indirect governance of ONETs.
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TABLE 3 Classification scheme applied for analysing the governance
framework of ocean-based negative emission technologies (ONETS).

Type of

Description
governance

Direct Direct and explicit regulation of ONETs and “marine

(explicit) geoengineering” (direct intentional impact).

governance

Implicit Frameworks governing the potential impacts of ONET’s on

governance the climate (indirect intentional impact) and on ocean
condition (direct unintentional impact).

Indirect Frameworks addressing potential impacts of ONETSs on

governance coastal and marine ecosystem services (indirect unintentional

impact).

In total, eight international governance frameworks have been
identified to make up the extended governance landscape
surrounding ONETs (see also Table 2 and Figure 2, and Tables
S9 to S16 of the supplementary material).

3.2.1 Direct (explicit) governance of ONETs

Scientific research and potential future deployment of ONETs,
or “marine geoengineering”, is directly and explicitly regulated by
the Convention on the Prevention of Marine Pollution by Dumping
of Wastes and Other Matter and the 1996 Protocol on the
Prevention of Marine Pollution by Dumping of Wastes and Other
Matter. Table S9 of the supplementary material provides a
detailed analysis.

3.2.1.1 Convention and Protocol on the Prevention of

Marine Pollution by Dumping of Wastes and Other Matter
The Convention on the Prevention of Marine Pollution by

Dumping of Wastes and Other Matter (London Convention, LC),

Legend:

Direct (explicit)
governance of ONETs

Implicit governance
of ONETs
Indirect governance
of ONETs

Ramsar
Convention

UN Convention on
the Law of the Sea

Convention on
Migratory Species

FIGURE 2

10.3389/fmars.2023.995130

and the 1996 Protocol on the Prevention of Marine Pollution by
Dumping of Wastes and Other Matter (London Protocol, LP)
meant to modernise and completely replace the Convention in
time, is the only international agreement to explicitly govern
ONETSs, namely marine geoengineering and, for the time being,
specifically ocean fertilisation (see Table 2 and Table S9,
Supplementary Material). The non-binding LC/LP Resolution on
the Regulation of Ocean Fertilisation (2008) acknowledges that “the
scope of the London Convention and Protocol includes ocean
fertilisation activities” and that ocean fertilisation “should be
considered as contrary to the aims of the Convention and
Protocol and not currently qualify for any exemption from the
definition of dumping [ ... ]” (IMO, 2008). The LC sets forth that
Contracting Parties prevent the pollution of the sea by dumping, i.e.
the deliberate disposal, of any wastes or other matters that may
“create hazards to human health, to harm living resources and
marine life, to damage amenities or to interfere with other
legitimate uses of the sea” (IMO, 1972 - Art. 1 and 3). This
indicates that ONETs with harmful impacts to the condition of
the ocean via dumping, such as ocean alkalinisation, by which the
addition of alkaline matter can release trace metals into ocean water
and further impact biogeochemical cycles (Hartmann et al., 2013;
Hauck et al., 2016), are governed by the framework. Further,
dumping of terrestrial biomass on the seafloor is covered by
Annex 1 of the London Protocol via the category of wastes
“Organic material of natural origin”, and by Annex 1 of the
London Convention LP as “Uncontaminated organic material of
natural origin”, which requires therefore permitting under the
national regulations that implement the Convention or Protocol.
An Amendment was made to the London Protocol on marine
geoengineering activities in 2013, which allows for ‘legitimate’
research activities and mandates “Contracting Parties shall not

UN Fish Stocks
Agreement

Convention on
Biological Diversity

UN Convention on
Climate Change

London Convention
and Protocol
UNESCO

ONET governance framework. The “inner” circle represents direct explicit governance of ONETs and implicit governance of potential impacts of
ONETSs on ocean condition and climate regulation. The “outer” circle presents indirect governance of ONETSs via governance of potentially impacted

marine and coastal ecosystem services.
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allow the placement of matter into the sea from vessels, aircraft,
platforms or other man-made structures at sea for marine
geoengineering activities” as listed in the related Annex, but the
Amendment is not yet in force. While the Annex is limited to the
previously addressed ocean fertilisation (IMO, 2013 - Art. 6bis), a
process is underway to add further types of marine geoengineering
approaches to the Annex, which allows for the Amendment to give
regulatory structure for potential future regulation of ONETs that
would otherwise be considered dumping. Additional ONET
activities could accordingly be subject to indirect regulation if
they encompass “placement” of material into the ocean, e.g.,
ocean alkalinisation, terrestrial biomass.

3.2.2 Implicit governance of ONETs

The results of the impact assessment determined that ONET's aim
to directly alter the ocean’s physical, biogeochemical or biological/
ecosystem condition in a variety of ways with the intention to reduce
atmospheric carbon via enhanced sequestration and storage within
the ocean. Three governance frameworks were identified as relevant
for the implicit governing ONETs via these possible impacts on the
marine environment: the Convention on Biological Diversity, the
United Nations Convention on the Law of the Sea, and the United
Nations Framework Convention on Climate Change. Tables S10, S11
and S12 of the supplementary material provide detailed analyses for
these frameworks.

3.2.2.1 Convention on Biological Diversity

The Convention on Biological Diversity (CBD) positioned itself
concurrently to the LC/LP proceedings on ocean fertilisation in
support of the resulting Resolution on the Regulation of Ocean
Fertilisation (LC-LP.1 2008) and urged its own Parties to apply “the
precautionary approach as well as customary international law”
relevant to geoengineering “ (UNEP, 2016) (see also Table 2 and
Table S10, Supplementary Material). In accordance with the
precautionary approach the CBD further urges that risks to the
environment, biodiversity as well as socio-cultural impacts must be
considered. The CBD implicitly promotes coastal blue carbon
ecosystem management by encouraging parties to “implement
ecosystem management activities, including the [ ... ]
conservation of mangroves, salt marshes and seagrass beds” to
support the objectives of the UNFCCC (UNEP, 2010a - para 8(n)).
Further, the global targets for 2030 of the Kunming-Montreal
Global Biodiversity Framework (Convention on Biological
Diversity, 2022), and particularly Targets 8 and 11, are indicative
of implicit support of blue carbon ecosystems, as well as of marine
biomass for biochar or bioenergy with carbon capture and storage.
By urging to increase resilience “through mitigation, adaptation,
and disaster risk reduction actions, including through nature-based
solution and/or ecosystem-based approaches, while minimizing
negative and fostering positive impacts of climate action on
biodiversity” (Convention on Biological Diversity, 2022 - Target
8), the newly adopted framework can also be interpreted as
cautioning that any climate action taken should keep negative
impacts on (marine) biodiversity to a minimum.
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3.2.2.2 United Nations Convention on the Law of the Sea

The United Nations Convention on the Law of the Sea (UNCLOS)
does not explicitly govern ONETs and the initial debates surrounding
ONETs have occurred largely outside of UNCLOS proceedings
(Redgwell, 2012). But UNCLOS governs the direct impacts of
ONETs on the ocean’s condition, which is why it is considered in
this assessment as a component of the implicit governance framework
of ONETs (Table 2 and Figure 2). UNCLOS mandates the general
protection and preservation of the marine environment (United
Nations, 1982 - Art. 192) across the entirety of the ocean, including
the high seas, from its 168 parties and consequentially regulates ONET's
that impact either. UNCLOS requires States that have permitted
activities that could cause harm to the marine environment via
pollution to take adequate measures for monitoring the (potential)
effects of such activities on the marine environment and to keep these
under surveillance (United Nations, 1982 - Art. 204), further
demanding that States assess and report on potential harmful effects
of activities permitted in Article 206 of UNCLOS (United Nations,
1982), and address pollution from seabed activities by e.g. adopting
appropriate regulations (United Nations, 1982 — Article 208). States are
further required to take necessary measures against harmful pollution
to the ocean from the use of technologies under their jurisdiction,
which may be relevant for ONET activities in the future (United
Nations, 1982 — Art. 196), it must be noted however, that the
mentioned provisions are untested in practice.

3.2.2.3 United Nations Framework Convention on Climate
Change

The socio-environmental issue of climate change as “common
concern of humankind” has been regulated on the global scale by
the United Nations Framework Convention on Climate Change
(UNFCCC) since 1992 and includes the ocean within its definition
of the climate system via the hydrosphere. Limiting global warming
as set out by the Paris Agreement in 2015, the IPCC put forward
mitigation pathways compatible with 1.5°C. These pathways
include CO, removal (i.e., CDR) and underline that global efforts
for emissions reductions need to be supplemented by additional
removal of atmospheric CO, (e.g., via NETSs) to stay below 1.5°C
global warming (Rogelj et al., 2018). Further, in its sixth assessment
report chapter on climate change mitigation, the IPCC notes that
“[T]he deployment of CDR to counterbalance hard-to-abate
residual emissions is unavoidable if net zero CO2 or GHG
emissions are to be achieved” (Intergovernmental Panel on
Climate Change, 2022). The UNFCCC convention acts as
governance framework surrounding the indirect intentional
impact of ONETs to reduce atmospheric carbon and accordingly
implicitly governs ONETs. Official UNFCCC negotiations have to
this date not explicitly included geoengineering or negative
emissions technologies. Increasing regulatory attention has been
received for blue carbon ecosystems since the topic was first raised
at COP15 (Nellemann et al., 2009). While the term itself has not
been taken up within the framework, the 2013 Wetlands
Supplement for National GHG Inventories (IPCC, 2014) provides
guidance on specified management activities in coastal areas of
mangroves, tidal marshes and seagrass meadows, which belong to

frontiersin.org


https://doi.org/10.3389/fmars.2023.995130
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Roschel and Neumann

the most prominent coastal blue carbon ecosystems. The UNFCCC
REDD+ mechanism has further provided market funding for
individual coastal blue carbon ecosystems e.g., mangroves. The
UN Ocean and Climate Change Dialogue of 2022, mandated by
COP26, further urged for the ocean to be included in climate
solutions and specifically supported the integration of coastal blue
carbon ecosystems into UNFCCC processes, such as Nationally
Determined Contributions (UNFCCC, 2022).

3.2.3 Indirect governance of ONETs

The results of the impact assessment determined a range of
environmental international agreements to further consider in the
wider context of ONET governance, as their policy objectives may
be indirectly (positively or negatively) impacted by ONET
deployment. Linking the technologies’ identified unintentional
indirect impacts on marine and coastal ES with relevant
international environmental governance frameworks results in an
indirect governance framework for ONETs (see Figure 2). Policy
goals underlying the frameworks identified as relevant in this
section are potentially impacted by such indirect unintentional
impacts of ONETs on the marine environment and should be
taken into consideration for comprehensive future regulation and
management of ONET deployment to ensure policy coherence, to
minimise possible negative effects, and maximise possible
co-benefits.

In total, four IEAs were identified as part of the indirect
governance framework surrounding ONETs (see also Table 2 and
Figure 2, and Tables S13-to S16 of the supplementary material):

* Convention on Wetlands of International Importance
Especially as Waterfowl Habitat (Ramsar Convention)
(Table S13)

+ Convention on the Conservation of Migratory Species of
Wild Animals (CMS) (Table S14)

» Convention for the Protection of the World Cultural and
Natural Heritage (UNESCO) (Table S15)

» Agreement for the Implementation of the Law of the Sea
Convention Relating to the Conservation and Management
of Straddling Fish Stocks and Highly Migratory Fish Stocks
(UN Fish Stocks Agreement) (Table S16)

The results of the analysis presented below are grouped by
Haines-Young and Potschin (2018) ES sections (provisioning ES;
regulation & maintenance ES; cultural ES).

3.2.3.1 Indirect ONET governance relevant for
provisioning ecosystem services

Several ONETSs were identified as potentially impacting wild
and cultivated animals or plants for nutrition, materials or energy
(see Tables S1-S8, supplementary material). For example, ocean
alkalinisation can counter ocean acidification, by which habitat-
forming coastal habitats could be restored and which could enable a
positive spill-over of economically relevant species for global
fisheries (Grafeld et al., 2017). In 2018, global fisheries production
reached highest ever recorded levels, and with nearly 40 million
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people globally employed in the fisheries sector the importance of
fish stocks for the world economy is evident (FAO, 2020). The UN
Agreement for the Implementation of UNCLOS relating to the
Conservation and Management of Straddling Fish Stocks and
Highly Migratory Fish Stocks (UN Fish Stocks Agreement)
regulates fisheries resources within and beyond the EEZ and sets
out principles for the conservation and management of specific fish
stocks based on the precautionary approach and the best available
scientific information. The Agreement has the objective of optimum
utilisation of fisheries resources and additionally mandates a general
protection of biodiversity in the marine environment (UN, 1995 -
Art. 5(g)), offering indirect governance of ONETs impact on fish
stocks. The UN Fish Stocks Agreement mandates States to “adopt,
where necessary, conservation and management measures [ ... ] to
[restore] populations [ ... ] above levels at which their reproduction
may become seriously threatened” and encourages Parties to
“promote and conduct scientific research and develop appropriate
technologies in support of fishery conservation and management”
(UN, 1995 - Art. 5 (e and k)). ONETs with positive impacts on
economically relevant species could be considered as technological
conservation measure to increase stocks of species to ‘support
fishery conservation’ as mandated by Art. 5(k). For example,
growth limitation of marine fish due to low iron availability may
be overcome via iron fertilisation, potentially enhancing catches
(Galbraith et al., 2019). Especially coastal blue carbon ecosystems as
habitats for a wide range of species has been assessed to impact
provisioning ES with positive benefits for fisheries and mussel farms
(Cullen-Unsworth and Unsworth, 2013). Furthermore, the
Convention on Wetlands of International Importance Especially
as Waterfowl Habitat (Ramsar Convention) aims to conserve and
restore wetlands, and specifically promotes the “conservation,
restoration, and sustainable management of coastal blue carbon
ecosystems” for their many benefits to society (Ramsar Convention
on Wetlands, 2018), one of which can be food provision.

3.2.3.2 Indirect ONET governance relevant for regulation
and maintenance ecosystem services

Artificial downwelling has been linked to mitigating hypoxia in
ocean waters (ES: fifecycle maintenance, habitat and gene pool
protection’), supporting the objective of all of the above IEAs
(Ramsar Convention, CMS, UNESCO, UN Fish Stocks
Agreement) to conserve the marine environment. At the same
time, the potential shifts in water temperature via artificial up-
and downwelling may negatively impact species vulnerable to such
changes in ocean condition. The Convention on the Conservation
of Migratory Species of Wild Animals (CMS) provides a list of
migratory endangered species for which Parties to the CMS are
asked “to prevent, remove, compensate for or minimize, as
appropriate, the adverse effects of activities or obstacles that
seriously impede or prevent the migration of the species; and to
the extent feasible and appropriate, to prevent, reduce or control
factors that are endangering or are likely to further endanger the
species, including strictly controlling the introduction of, or
controlling or eliminating, already introduced exotic species”
(CMS, 1979 - Art. 3). Marine migratory species included in
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Appendix I of the CMS may be especially vulnerable to changes in
ocean condition, e.g., temperature shifts via artificial upwelling and
downwelling. The level of uncertainty and persisting knowledge
gaps in ocean connectivity are a key constraint and ONET-related
pressures to individual migratory species would need assessing.

3.2.3.3 Indirect ONET governance relevant for cultural
ecosystem services

Marine and coastal ecosystems offer a wide range of cultural ES,
such as intellectual and representative or physical and experiential
interactions with the environment. Especially restoration of coastal
blue carbon ecosystems can safeguard the cultural value diverse
coastal species for future generations (Mitra, 2020). The
Convention for the Protection of the World Cultural and Natural
Heritage (UNESCO Convention) aims for Parties to avoid any
deliberate measures which might directly or indirectly damage the
cultural and natural heritage (UNESCO, 1972 - Art. 6). In addition,
Convention has recognised coastal blue carbon ecosystems as
‘natural features of outstanding universal value’ and includes 21
marine sites in part for their carbon storing abilities on the
UNESCO World Heritage List (UNESCO, 2020).

4 Discussion

ONETs have been proposed as human response to climate
change, to enhance uptake of atmospheric CO, in the ocean and
mitigate climate-induced pressures on the planet, including e.g.,
ocean acidification (Harvey, 2008; Hartmann et al., 2013; Taylor
et al, 2016). Future international climate change policy based on
IPCC reports is likely set to rely on the inclusion of ONETSs as part of
the portfolio to achieve net zero emission targets (IPCC, 2022),
though the degree to which CDR will be a necessary component to
reach global emission reductions targets is still being debated (Buck
et al,, 2023; Lund et al., 2023). The assumptions made by the IPCC
have generated scientific and economic interest in the topic, which in
turn may promote the streamlining of ocean-based negative
emissions into national climate mitigation strategies (Boettcher
et al, 2021). The results presented in this article emphasise the
need for inclusion of the ocean environment in CDR decision-
making together with potential interconnected impacts to
humanity. The presented review of eight ONETSs highlights the
possible range of biogeochemical, physical and ecosystem changes
they could cause to the ocean. A variety of co-benefits and potential
negative impacts on ES, as well as persisting uncertainties and
unknowns, has been identified and emphasises the complexity of
the challenge that ONETSs pose for comprehensive ocean governance.

Previous studies have detailed the initial international policy
response to ocean fertilisation experiments, and later marine
geoengineering in general, and have reflected that ONET
deployment will place new demands on the international law and
governance system (Galaz, 2012; Williamson et al., 2012; Bodle et al.,
2014; Magnan et al., 2016; Gattuso et al., 2018; McGee et al., 2018;
Boettcher et al,, 2021). This paper builds on this research as it reflects
on how ONETs are situated within the broader global ocean
governance framework when considering the technologies’
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potential intended and unintended impacts on the coastal and
marine environment, as well as linked ES. The results of this study
suggest a comprehensive approach to governing marine CDR that
considers both co-benefits and trade-offs between climate and ocean
protection as well as other policy goals. An ocean-centric perspective
on ONET governance as additional maritime activity rather than
regulation of potential environmental harm, as it is currently
governed under the LC/LP, offers a more holistic entry-point to the
topic, putting potential trade-offs and synergies within the ocean
realm (and beyond) forward for consideration in addition to
significant climate mitigation benefits, rather than directly
compromising between climate action and other goals of the
international community. This approach also reflects propositions
made by Dooley et al. (2021) to navigate decision-making based on
the impacts of CDR activities on the environment rather than
primarily as a contribution to climate mitigation. Careful
consideration of the range of potential impacts of ONETS, in
addition to the intended climate effects, will allow decision-makers
to navigate the pathway towards potential future deployment of the
technologies in a social-ecological system-based manner that is
cognisant of the overall complexity.

The LC/LP, administered by the International Maritime
Organisation (IMO) as a specialised agency of the United Nations,
is the explicit regulatory instrument for ocean fertilisation and other
future endeavours into marine geoengineering. The regulatory
approach includes a detailed “Assessment Framework for Scientific
Research involving Ocean Fertilisation” that demands careful
inspection of proposals for scientific research for e.g., impacts on
the environment. A case-by-case review alone of proposed ONET
activity may, however, be unfit for purpose considering the outlined
demands for comprehensive approaches. Recognising the interaction
of a single ONET with the ocean, though a necessary assessment, will
not provide an adequate knowledge base for comprehensive decision-
making. Effective (and large-scale) ocean-based CDR for limiting
global warming is expected to involve a portfolio of ONETS, rather
than following a single-technology approach (Minx et al., 2018). The
interdependent nature of the ocean (and climate) system with and
between technologies therefore poses an overarching challenge within
which ONET governance must operate. A comprehensive assessment
framework for ONETSs would need to consider the sum of all parts,
i.e, encompass cumulative direct and indirect impacts of each added
ONET activity to the ocean system, and within potential limitations
in availability of ocean data (Moltmann et al,, 2019), which poses
added challenges for decision-making. A comprehensive governance
framework accordingly requires, besides the integration of relevant
frameworks and processes (see Figure 2 for a proposed wider
framework), integration of strategic foresight mechanisms to bridge
gaps resulting from extensive uncertainties and unknowns linked to
ONET deployment in a changing ocean and climate.

Furthermore, ONET governance can be deemed decision-
making under “deep uncertainty” (Constantino and Weber,
2021), and can lead to policy paralysis where inaction can
erroneously appear like the leading way forward (Polasky et al,
2020). While risk characterisation mandated by the LC Assessment
Framework includes an assessment of uncertainty associated with
proposed activities, an integrated foresight-oriented approach of
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anticipatory governance may be better suited to regulating ONET
activities in a holistic manner, especially as the future state of the
world and the ocean environment itself holds many uncertainties.
Governance and decision making with regards to global climate
change mitigation is simultaneously fuelled by an urgency to act
(Orlove et al., 2020), which may impact effective ONET governance
as significant components of “good” governance, such as general
transparency and early stakeholder engagement, may be skipped as
CDR becomes more relevant to the global climate change strategy
(Moon et al., 2017).

The global ocean governance framework is set up in a
fragmented sectoral regime of institutional frameworks that is
often criticised for being in itself unfit for purpose as it does not
match well with the spatial and temporal specificities of the ocean as
a fluid, interconnected realm (Young et al., 2007; Mahon et al., 2015;
Wright et al., 2016; Grip, 2017; Watson-Wright and Luis Valdeés,
2019). These issues also come to a fore in the context of marine
CDR and possible future and large-scale deployment of ONETs. For
instance, the Parties of the CBD have restated the Resolution made
under the LC/LP to limit ocean fertilisation activities to those of a
research character until associated risks are appropriately assessed
and considered. Further, the CBD has positioned itself against
geoengineering activities with potential adverse effects to
biodiversity in general (UNEP, 2010b). The dual approach within
the current global ocean governance framework, directly regulating
ocean fertilisation and potentially further marine CDR technologies
in the sense of avoiding environmental impacts from a specific
source (LC/LP), as well as treating ONETSs as potential threat to
conservation of marine living resources (CBD), indicates the
complexities of ONET governance within a fragmented
framework. These two frameworks have different mandates (LC/
LP: prevention of pollution; CBD: conservation), geographic scope
(LC/LP: the global ocean; CBD: for components of biological
diversity, areas under national jurisdiction; for processes and
activities, both within and beyond national jurisdiction), differing
parties to their convention, a different level of binding force for
relevant decisions and resolutions (LC/LP: binding, CBD: non-
binding), and their processes are not integrated. Besides such
duplicity of efforts, one of several prevailing issues of current
ocean governance (Singh and Ort, 2020), there are also persisting
gaps in the direct governance framework that require attention.
Emerging ONETs that alter ocean condition for higher carbon
uptake by means other than dumping of substances, e.g., artificial
upwelling, are not (yet) explicitly considered within LC/LP. Such
emerging technologies may thus not be adequately addressed by the
existing governance structures, or not addressed at all, unless they
are considered in the Annex of the 2013 Amendment to the London
Protocol which is yet to be further detailed - and yet to enter
into force.

The United Nations’ 2030 Agenda for Sustainable Development
(United Nations, 2015) commits the global community to
transform current trajectories in multiple topical areas, including
climate action (SDG 13) and sustainable use and conservation of the
ocean (SDG 14). The 2030 Agenda now is at the mid-point of its
implementation and, as the High-Level Political Forum on

Frontiers in Marine Science

13

10.3389/fmars.2023.995130

Sustainable Development (HLPF) stressed when calling for the
2023 SDG Summit, “a new phase of accelerated progress towards
the SDGs” appears indispensable to achieve the goals set (ECOSOC,
2023). In the preamble of the ambitious resolution the UN General
Assembly adopted in 2015 (United Nations, 2015), the global
community is reminded that the 17 sustainable development
goals (SDGs) and their individual targets form an indivisible and
integrated whole that seeks to balance all dimensions of sustainable
development. ONETSs offer a promising pathway towards
accelerated progress for climate change mitigation, a field in
which necessary transformative action on the national level is still
greatly lacking. But it must not be forgotten that none of the goals
can be achieved in isolation, which accounts for the climate goals
SDG 13 as well as for the ocean goal SDG 14 (Griggs et al., 2017).
And, furthermore, no goal should be compromised for another one,
unless the global community makes a deliberate and well-informed
decision in such a direction. Healthy oceans are linked to food
security and livelihoods, among other things (Schmidt et al., 2017),
and although climate change has negative effects on ocean “health”,
actions to combat climate change should not compromise other
objectives, including those that concern global ocean governance,
such as the protection and preservation of the marine environment.
The 2030 Agenda, as aspirational as it is with its overarching goal to
leave no one behind, demands consideration of the interests and
needs of humankind as a whole and in an equitable manner.
Steering ONET governance forward under the principles set by
the 2030 Agenda requires a balanced consideration of all of
humanity’s goals and decision-making on the basis of synergies
rather than trade-offs. An added difficulty is provided as global
ocean and climate governance frameworks so far fail to effectively
integrate the overlaps between each other’s regimes (Gallo et al.,
2017; Spalding and de Ycaza, 2020), even though the interlinkages
between the ocean and climate system are fundamental both in
tackling climate change as well as ocean degradation. Further,
international ocean governance is set up in a patchwork approach
and objectives, whether seemingly opposing (e.g., blue growth and
biodiversity conservation) or working in the same direction, are
sometimes regulated by separate agreements and entities that fail to
integrate the other’s provisions to governance (Stephenson et al.,
2021). This disconnection is reflected in the indirect governance
framework developed for ONETs (see Figure 2) as it is made up of
sectoral as well as conservation regulation. Strengthening of policy
coherence and integration within the identified ONET governance
framework for climate mitigation, ocean preservation and other
linked policy goals may pre-emptively alleviate pressure nodes in
future decision-making regarding ONET deployment.

In contrast, blue carbon as a nature-based solution, which in the
past has been considered as a comparatively low-risk or “low-
regret” option for marine CDR (Gattuso et al., 2021), has
successfully mainstreamed the ocean’s ability to store additional
carbon into global climate policy (e.g., REDD+). The identified
governance framework for ONETs is positioned comparatively
favourable towards restoration and management of coastal blue
carbon ecosystems. Blue carbon is sometimes excluded from the
negative emissions technologies discourse altogether and rather
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discussed as nature-based solution of high feasibility (Howard,
2016), with a wide range of local to global co-benefits linked to
implementation (Hilmi et al., 2021). Albeit this universal
understanding has recently been challenged (Williamson and
Gattuso, 2022), and the current governance framework may not
be nuanced enough to appropriately identify potential negative
impacts of activities related to blue carbon.

In addition to lacking comprehensiveness, the current direct
governance framework surrounding ONETs can be described as
largely reactive and lacking foresight. It would be beneficial to
determine how best to approach ONET governance in a manner in
which trade-offs are minimised and benefits are encouraged as well as
distributed fairly across the globe, and in anticipation of future
challenges. Emerging technologies such as ONETs require
consideration as an additional human use of an already exhausted
ocean space (Halpern et al., 2019), for which protective regulation has
failed on multiple scales since the adoption of UNCLOS (Zondervan
et al, 2013). Furthermore, the challenges surrounding ONETSs, and
the identified gaps and open questions of current regulation and
governance, call for a comprehensive approach to governing the
deployment of such technologies in the ocean. Customary
international law in this context offers very relevant elements
(GESAMP, 2019), including through principles such as such as the
precautionary approach and the no harm principle. Equity and
fairness are rightly reflected upon critically in contemporary
discussions on ocean governance (Bennett, 2018; Bennett, 2022),
and with the emerging topic of ONETs lies the opportunity to
integrate such knowledge advances. Codes of conduct have been
put forward to give guidance on how to best govern CDR, such as the
Oxford Principles for geoengineering (Rayner et al, 2013) that
include public participation and transparency as key pillars for
future governance. A comprehensive approach therefore would not
only encompass a wider framework of direct, implicit and indirect
governance elements (Figure 2), key principles of ocean governance
and codes of conduct for marine geoengineering, but also take up
principles of “good” governance such as coherence, equity and
inclusiveness (CEC, 2001; Chang, 2010) in order to establish a
meaningful and widely acceptable framework for navigating the
future deployment of ONETs. The draft agreement on the
conservation of marine biodiversity in areas beyond national
jurisdiction (United Nations, 2023), negotiated under the United
Nations Convention the Law of the Sea, may be critical towards
closing gaps in ocean governance of the high seas and further
addressing concepts such as benefit sharing and the common
heritage for humankind in the ocean realm. Pending final editing,
signing and ratification, the new treaty could be supportive of action
that helps reduce climate change impacts on marine ecosystems. The
exact standards, guidelines, and processes of the treaty, including for
environmental impact assessments and related UN processes,
including LC/LP, are still to be further detailed.

5 Conclusion

The assessment of interactions of ONETS with the marine
environment and subsequent analysis of related international
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environmental agreements, as presented here, rendered a unique
perspective on the direct, implicit and indirect governance
framework that is pertinent for ONETs and potential future
deployment at global scales. A closer look at current regulation
and governance of ocean-based CDR through the lens of ocean
governance reveals a number of challenges and open questions that
must be addressed before the perceived, advocated or mandated
urgency to act and include (marine) CDR in the global climate
mitigation strategy, or interests of individual actors and
stakeholders, become the driving force. The assessment presented
here points to the need for integration and coherence between the
frameworks currently addressing ONETSs, whether directly,
implicitly or indirectly, and to the need for an overall
comprehensive governance approach. There are many examples
where the technological enhancement of activities that engage the
ocean for society’s benefits has in fact led to negative outcomes for
the complex ecosystem, such as offshore oil and gas rigs and
bottom-trawlers that have disrupted the ocean floor for economic
gain (Zacharias, 2014). While strengthening efforts towards limiting
global warming is central for the sustainable development of the
planet (Fuso Nerini et al.,, 2019), global governance of ONETs must
appropriately consider the wide range of impacts on the ocean’s
condition and linked marine and coastal ES. This includes nuanced
assessment of widely endorsed blue carbon ecosystems. On the
other hand, ONET: as a solution to climate change may potentially
equally benefit the marine environment, as it would society in the
long term. A case-by-case assessment of ONETs’ impacts on the
ocean environment, which would be the practice under current
direct regulation through LC/LP, may not be appropriate for good
decision-making. A robust assessment of potential accumulative
unintended impacts of ONETSs on the ocean, and of potential long-
term effects, must be streamlined into governance and decision-
making processes.

Nonetheless, as with trade-offs related to the absence of climate
mitigation measures or mitigation limited to emissions reductions,
the risks associated with deployment of ocean-based NETs must be
assessed and weighed in accordance with their trade-offs and
benefits to humankind, the marine environment, and other goals
set out in the 2030 Agenda for Sustainable Development such as
food security (SDG 1) and conservation and sustainable use of life
below water (SDG 14). Known impacts on ocean condition and
related ES have been presented in this study and reveal a range of
potential trade-offs that the governance framework surrounding
ONETs needs to recognise and consider to potentially decide in
favour of global climate ambitions over other policy goals. A robust
and foresight-oriented governance framework that aims for
integration between the different frameworks in place, or sets up
a new, overarching structure that allows for rigorous oversight and
integration of a suite of principles aligned with “good” governance
seems mandatory. Ocean governance in general, but also existing
(direct) ONET regulation, tend to be reactive. The findings of this
assessment, though, strongly suggest that decision-making needs to
get ahead of the issue instead of lagging behind these emerging
technologies in order to ensure best possible outcomes for people
and planet. The deep uncertainty that surrounds ONETs, their
intended and unintended impacts on the marine environment, and
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their real-world contribution to combatting climate change, should
be cause for precaution - but not for paralysis in policy making, as
the urgency of the climate crisis demands decision-making within
appropriate time frames. Still, robust and “good” governance
approaches should lead the way and future decision-making
should not be rushed in favour of quick fixes. Climate action via
long-term emission reductions has a tendency to be very slow when
economically unappealing.

Global ocean governance presents many complexities and is
further challenged by the climate issue. Spalding and de Ycaza,
2020) like many other authors critically emphasise that there is a
general lack of comprehensiveness in ocean governance in light of
the challenges the ocean, and with it humanity, is facing. New
emerging technologies such as the set of ONETSs discussed in this
paper introduce further challenges and a possibly quickly moving
“target” which policy and decision-making, but also public
deliberation, must keep up with - and, better yet, get ahead of the
debate and technological developments. With regards to
comprehensive governance of ONETs, it may be required to
identify pathways “through” the prescribed ocean governance
framework rather than attempting to eliminate the weaknesses of
the system. Research is needed not only into technical feasibility or
cost-effectiveness of ONETS, but also into what “good” governance
of ONETsS could or should look like - including from an ocean and
environmental perspective. Therefore, the identified ONET
governance framework not only reiterates current challenges in
ocean governance, but also represents an opportunity for a
synergistic and integrated approach to future governance.
Consideration of governance of land-sea interactions of ONETSs
was beyond the scope of research, as well other aspects such as
carbon accounting, but is of course also highly relevant for future
research activities towards good governance of ONETs. Concrete
elements of comprehensive ONET governance based on the
findings presented in this study are subject to follow-up research
and can be used as starting point for developing pathways towards
future ONET governance on the global to regional level.
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