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W Check for updates

Novel marine-climate interventions are now being rapidly implemented to
address both the causes and consequences of warming oceans. However,

the governance implications of proposed upscaling of such interventions
are uncertain. We conduct asurvey of 332 intervention practitioners,
revealing five types and 17 sub-types of interventions proposed or
deployedin 37 marine systems globally. Most (71%) report marine-climate
interventions aimed at supporting species and ecosystem adaptation,

with 29% aimed primarily at climate mitigation and societal adaptation.
Perceptions of climate benefits vary widely, with low consensus across
practitioners on the climate goals of specific interventions. Intervention
decision-making also remains focused on technical feasibility to meet
minimum permitting requirements, with limited appraisal and management
of broader ecological, cultural and social risks and benefits of intervention.
Practitioners also warn that many marine-climate interventions are currently
being tested and deployed in an under-regulated pseudo-scientific bubble.

The need to act in response to projected future ocean warming and
ocean change has risen on the global scientific and political agenda'?.
Direct climate-driven changes in marine social-ecological systems
range from ecological effects, such as changesin species distribution,
abundance or community biodiversity?, to social, cultural and eco-
nomicimpacts on marine-dependent societies, such as reduced food
and livelihood security®. These changes (for example, 3% per decade
lossin fisheries replenishment and >US$800 millionin direct economic
loss fromindividual marine heatwave events) are now being observed
atunprecedented scale and intensity in marine systems®”.
Suchrapidly changing conditions forma clear and urgent mandate
for novel interventions to sustain marine ecosystems and dependent
societies>®'°, Marine interventions can be understood as deliber-
ate, planned actions in marine systems to achieve desired outcomes
or goals. Historically, marine interventions have been designed to

conserve and restore species or local ecological communities and the
ecosystem services they generate'""? or improve coastal community
well-being through securing rights and strengthening livelihoods"**.
Interventions to substantively contribute to climate goals such as
mitigation or adaptation have been either secondary or absent.
Today, oceans are on the frontline of new planned climate actions.
These interventions are novel both in their deployment of new and
often untested technologies (for example, genomics, altering ocean
biogeochemistry, rights-based frameworks) and in new oceanic, cli-
matic and social conditions. In pursuing climate mitigation, the ocean
is now a frontier for both clean energy creation (for example, off-
shore wind energy) and carbon removal (for example, ocean alkalinity
enhancement)'®required to meet the Paris Agreement". In enabling
climate adaptation, high-profile interventions include protecting
climate refugia to conserve specific marine ecosystems'®, climate
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Table 1| Governance challenges of marine-climate intervention risks

Intervention risk Outcome

Scale of outcome Illustrative stories

Ineffectiveness
adaptation goal

Failure to achieve stated marine-climate mitigation or

Local/community scale of deployment 30,37,46,91,92

Harm Unintended cultural, social or ecological harm Local/community scale of deployment 93-95
Negligence Further harm due to responsibility gaps in amelioration or Local/community scale of deployment 49,96
restitution of intervention harms
Distrust Public distrust/rejection of intervention Local/community scale of deployment 32
Global/system-wide 33,97
Opportunity cost High opportunity cost/crowding out of other critical collective  Local/community scale of deployment 9,98
actions for marine-climate mitigation or adaptation
Global/system-wide 56,83,84,99

Scale refers to scale at which outcome is directly observable.

adaptation planning for coastal communities (for example, the Samoa
Ocean Strategy 2020-2030 (ref. 19)), adaptation of marine manage-
ment (for example, adaptive fisheries management plans®’) and adap-
tation of specific marine ecosystem processes (for example, breeding
thermally tolerant marine species genotypes?).

However, systematic and comparative understanding of
marine-climate intervention development and deployment remains
critically low?. In particular, there has been limited empirical investi-
gation of the ‘pacing problem’” whereby innovation outpaces govern-
ance preparedness to anticipate and responsibly manage risk across
the range of novel marine-climate interventions currently active or
under consideration®>**?, Governance preparedness involves public
and private institutions and actors engaged in processes of respon-
sible rule, steerage and guidance®. Any lag in the responsiveness of
governanceregimesis problematic because the rapid emergence and
planned upscaling of novel marine-climate interventions® presents
an array of risks for marine ecosystems®*”' and coastal societies and
rightsholders*?*** at local, regional and climate system and climate
policy scales (Table 1). Implicated governance action arenas include
marine and coastal conservation, tenure and rights of local commu-
nities, small-scale fishers and Indigenous peoples, ocean economy
development and decarbonization.

To track the extent to which governance arrangements are keep-
ing pace with novel marine-climate interventions, we surveyed 332
practitioners. We used an online questionnaire to survey the emerging
global community ofintervention practitioners to ascertain what types
ofinterventions are being planned or deployed, how interventions are
being designed, their geographic distribution and stage of develop-
ment, types of climate goals and benefits pursued and arrangements to
responsibly governintervention. On the basis of our results, we devel-
opedatypology of major types and sub-types of novel marine-climate
interventions and cross-referenced them against recent authoritative
studies (for example, reviews by the National Academies of Sciences,
Engineering, and Medicine'***).

In ascertaining the degree to which responsible governance
arrangements were present, we adapted and extended existing frame-
worksforresponsible research andinnovation to the governance realm.
To date, the need for responsible research and innovation (as set out
byrefs.31,35) hasbeen met largely by developing codes of conduct for
specific types of experimental research (for example, scientific codes
of conduct for research on marine carbon dioxide removal**?¢~%),
While such scientific codes are necessary®**, they have limited remit
or powers beyond experimental-scale research on single types of inter-
ventions. The additional governance necessary to facilitate and steer
deployment of innovations at scale—to both ensure no undue harm
anddeliver ecological and social benefits (that is, ‘responsible govern-
ance’)—is less well understood**.

To understand the challenges and opportunities for responsible
governance of interventions, our analysis extended these responsible
researchandinnovation frameworks by matching common operational
marine governance arrangements with intervention risks. Examples
of such governance arrangements include frameworks for assessing
feasibility, risk and impact*®*’, mechanisms for public appraisal*®*’,
operational oversight*>*° and marine-climate policy leadership**~,
Common risks of marine-climate interventions include ineffective-
ness relative to desired goal, social-ecological harm, negligence in
addressing harm, public distrust of interventions and opportunity
costinintervening (Table 1and Supplementary Table1).

Our typology of interventions and framework of governance
preparedness enabled us to identify, compare and synthesize key
challenges and opportunities in ensuring responsible governance
of interventions. In doing so, our intended audiences are policy-
makers, financiers and scientists engaged in intervention design,
decision-making, investment and implementation. Such insights are
urgently needed by these groups to facilitate the strategic selection,
deployment and ongoing oversight of appropriate interventions at
the scale required to sustain marine estates and coastal communities
throughout the changing climate.

Results
From our survey sample of 332, we found that the emerging global
community of intervention practitioners was dominated by interven-
tion scientists (58%), followed by intervention policymakers (14%) and
non-governmental organization (NGO) practitioners (14%). Repre-
sentatives of Traditional Owners and First Nations and of local com-
munity or industry sectors accounted for 1% and 3%, respectively, of
oursample. Respondents’ engagement in marine-climate interventions
ranged from involvement in research development, deployment and
monitoring (63%) to programme design, project management and site
implementation (13%), policy development, regulation and oversight
(10%), funding (4%) and other (9%).

Not-for-profit organizations, government agencies and science
organizations were identified as leaders of intervention best practice
by survey respondents (38%, 31% and 30% respectively, n = 82).

Intervention types and awareness

We found an array of marine-climate interventions being proposed,
trialled and deployed globally (Table 2). Practitioners’ awareness of
novel marine-climate interventions varied substantially across the
types and sub-types identified (Table 2). Overall, practitioners were
most aware of interventions concerned with marine bioengineering
and coastal and marine restoration. Awareness was highest for artificial
habitat manipulation (79%, n = 332), asub-type of marine bioengineer-
ingintervention, followed by regrowing targeted underwater species
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Table 2 | Types and levels of awareness of novel marine-climate interventions (=332 respondents)

Type Detail Sub-type Awareness (%)
Shading and cooling water and habitat 40
Manipulation of the oceanic and atmospheric climate to  Qcean fertilization 3
Marine geoengineering increase uptake and removal of atmospheric carbon or —
mitigate direct heating effects Ocean alkalinity enhancement 2
Artificial upwelling and downwelling 2
Artificial habitat manipulation 79
Assisted evolution of marine species 66
Marine bioengineering Manipulation of marine evolutionary processes and Assisted migration and colonization of marine 34
ecosystem function and condition species
Controlling climate-exacerbated destructive 2
species
Regrowing targeted underwater species 76
) : Repairing a climate-impacted catchment-to-marine Regrowing targeted coastal species 66
Coastal and marine restoration " lati —
ecosystem or population Natural stabilization of reefs and coasts 62
Catchment habitat restoration 1
Anticipatory marine-climate science 1
Climate-resilient marine protected area 1
Marine social-institutional Enabling communities and organizations to make management
capacity building marine-climate decisions and redress climate impacts
Coastal adaptation community planning 1
Climate-adaptive fisheries management 1
Biological marine carbon Creation or restoration of carbon sinks from natural Aquaculture for carbon sequestration 56

dioxide removal marine resources

Five broad intervention types were apparent: marine geoengineering, marine bioengineering, coastal and marine restoration, marine social-institutional capacity building and biological
marine carbon dioxide removal. Within these five broad types, 17 sub-types were apparent on the basis of their treatment and primary goal (that is, restorative in the case of coastal and
marine restoration; adaptive in the case of marine bioengineering) and their focal sub-system (that is, catchment-to-ocean in the case of coastal and marine restoration; air-ocean exchange
processes in the case of marine geoengineering). See Supplementary Table 2, for detailed typology.

(forexample, coraland kelp), a sub-type of coastaland marine restora-
tionintervention (76%). Other sub-types ofinterventions with elevated
levels of awareness included regrowing targeted coastal species (for
example, mangroves), assisted evolution of marine species (for exam-
ple, coral hybridization) and natural stabilization of reefs and coasts
(66%, 66% and 62%, respectively). By contrast, awareness of marine
geoengineering interventions was low, with the notable exception of
interventions toshade and cool water and habitat (40%). Awareness of
marine socio-institutional capacity-building interventions was excep-
tionally low (4%) (Table 2).

Intervention scientists and intervention policymakers had the
greatest breadth of awareness of different types of interventions (5.1
and 5.0 types, respectively, on average), while NGO practitioners,
representatives of Traditional Owners and First Nations and of local
community or industry sectors were aware of relatively fewer (3.9,
4.3,3.3and 4.8 types, respectively). Due to the emergent nature of the
intervention community and likely standard error, the results of our
survey offer aninitial exploratory analysis of the range of intervention
practitioners, types and locations.

Geographical distribution and stage of development
Interventions were occurring in multiple regions globally, noticeably
clusteredinlocations that are warming faster than the global average
(thatis, marine hotspot locations; see ref. 53). Respondents reported
in detail, interventions (n = 309) that are distributed across 37 differ-
ent specific marine or coastal locations and in most oceans and major
seas (Fig.1a).

Oceansand seas wherereported intervention activity was greatest
were Australia’s tropical waters (16%), Australia’s and New Zealand’s
temperate waters (15%), the North Pacific (15%) and the wider Caribbean
(10%). Almost all of the interventions reported as active in Australia’s

tropical waters were occurring in the Great Barrier Reef region (92%).
These interventions were predominantly to support coral reef restora-
tion, for example, through re-seeding coral, breeding of heat-resistant
coralsymbionts and coral reef habitat restoration and creation (6%, 4%
and 2% of all reported interventions). Multiple types of interventions
active within the same ocean region were reported almost without
exception, with 96% of the interventions occurring in the same ocean
region as atleast one other type of intervention (Fig. 1b).

In terms of development, the majority of interventions identi-
fied were at pilot or fullimplementation stage (46% and 38%, respec-
tively, n =207 interventions; Fig. 1c) while 16% were at concept stage.
Development was most progressed for marine bioengineering and
coastaland marine restoration interventions. Specific interventions
reported as having the highest level of technical readiness and devel-
opment included artificial manipulation of habitats and regrowing
of targeted coastal species (53% and 65% at implementation stage,
respectively; Fig. 1c).

Stated climate goals

Climate goals pursued through marine intervention included both
mitigation and adaption, alongside non-climate goals (that is, bio-
diversity protection). The most stated climate goal was to increase
the biophysical adaptation or resilience of local marine ecosystems
to climate-driven changes (57% of interventions, n = 211; Fig. 2). This
climate goal was being pursued across all five intervention types, most
commonly through coastal and marine restoration (for example, kelp
forest and seagrass bed restoration), followed by marine bioengineer-
ing (for example, assisted evolution of coral). Notably, biophysical
adaptation and resilience was also being pursued through marine
socio-institutional capacity building (for example, development of
climate-adaptive fisheries management regimes). However, the goal
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Fig. 1| Global distribution and development of marine-climate interventions. a,b, Global distribution (n=309 interventions) across ocean regions by major types
(a) and sub-types (b). ¢, Stages of development (n = 207 interventions) by marine-climate intervention sub-type. Panel agenerated using rnaturalearth v.1.0.1.9000.

of social adaptation and resilience to climate change was reported
for only 3% of interventions. For 5% of the interventions described, no
climate goal was identified despite the survey design, which focused on
interventionsin the context of climate-driven change inoceans (Fig. 2).

Climate mitigation was also being pursued across all interven-
tion types, with carbon removal (rather than emissions avoidance,
for example) the second-most stated goal (27%; Fig. 2). Mitigation
interventions ranged from those designed to intervene in carbon
cycles via marine geoengineering (for example, ocean alkalinity
enhancement toincrease air-ocean carbon exchange) to those work-
ing on biological mechanisms of carbon sequestration (thatis, aqua-
culture for carbon sequestration). Some respondents also reported
marine bioengineering (for example, heat-resistant kelp breeding

programmes) and coastal and marine restoration (for example, sea-
grass meadow restoration) as aiming for carbon sequestration as a
secondary goal.

For some interventions, there was substantial variation in the
climate goals identified. For example, for artificial habitat manipula-
tion, stated climate goals included increasing biophysical adapta-
tion and resilience (58%), carbon removal (19%), no climate goal (19%)
and increasing social adaptation and resilience (2%; Supplementary
Table 3). Similarly, for regrowing coastal and underwater species, the
variety of stated climate goalsincluded increasing biophysical adapta-
tion and resilience (63%), carbon removal (27%), no climate goal (5%),
increasing social adaptation and resilience (3%) and raising climate
awareness (1%; Supplementary Table 2).
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Fig.2|Climate-related goals of marine interventions identified by survey respondents (n = 211interventions). Width of strand indicates the number of interventions
for which goal was identified. More than one goal could be identified for each intervention described. See Supplementary Table 3 for a detailed list of goals.

Governance of intervention risk

Gaps in the use of available governance arrangements were notable
(Fig.3) andincluded the low use of data co-produced with Indigenous
Peoples and Local Communities (11% of interventions identified,
n=233), ethics assessment (14%), accountability and transparency
mechanisms (15%), social impact mitigation measures (15%) and mecha-
nisms to recognize and address unintended social impact (21%), and
strategic leadership capacity (19% of interventions) (Supplementary
Table 4).

Preparedness to responsibly govern specific intervention risks
(Table 1 and Supplementary Tables 5 and 10) was varied. The risk of
ineffectiveness was the risk most frequently addressed by applying
available government arrangements. Levels of use across the available
arrangements ranged between 57 and 70% of all interventions, from
use of multiple datatypes (70% of interventions) and data sources for
feasibility assessment (65%) to multiple forms of assessing implementa-
tionrisk (59%; Supplementary Table 4).

By contrast, levels of use of available arrangements to govern the
riskof unintended harms ranged between 32 and 50% of interventions.
Levels of use of available arrangements to governrisks of public distrust
ininterventions were even lower (between 28 and 50%), and for risks
of negligence in addressing intervention effects, the range was lower
again (between 28 and 35%). Concerningly, arrangements to govern the
risk of opportunity costin pursuing agivenintervention were present
inonly 19% of interventions, implying that most interventions are not
being assessed against one another (Supplementary Table 4).

Unsurprisingly, marine social-institutional capacity building was
the intervention type where responsible governance arrangements
were most frequently applied across all risks (44% mean level of pres-
ence). Arrangements for governing risks of ineffectiveness, harms,
negligence, distrust and opportunity cost were present at rates of 63%,
50%,50%, 32% and 30%, respectively. By contrast, marine bioengineer-
ing was the type of intervention for which responsible governance
arrangements were least often in place (33% mean level of presence
across all risks; Supplementary Table 6).

In reporting on the risks and opportunities of an intervention,
practitioners (n =130) held divergent positions on the necessity of
further responsible governance arrangements. While 23% of practition-
ers called for increased levels of governmental appraisal, planning,

coordination and regulation, a contrasting 16% called for reduction
of such arrangements, which they perceived to be hindering rates of
implementation and upscaling. Practitioners requesting strengthened
governance asked for increased rigour in technical feasibility, risk and
impact assessment (25%), increased policy and community support,
including funding (22%), reduced scientific uncertainty combined
withincreased science coordination (7%), increased climate mitigation
and mechanisms for addressing other underlying stressors (4%) and
greater inclusion of Indigenous Peoples and Local Communities (3%).

Discussion

An open question in marine-climate research is what the pro-
posed upscaling of novel marine-climate interventions means for
climate action and long-term well-being of marine systems and
marine-dependent people. Most governance arrangements in place
are limited to formal risk assessments and regulatory and permitting
processes”***based on retrospective understandings and technolo-
gies operating under high levels of uncertainty®. The observed low
level of governance preparedness to responsibly governthe risks posed
by novel and experimental marine-climate interventions indicates
that the pacing problem is indeed present. Responsible governance
regimes are needed to avoid risks of maladaptation and the potentially
high opportunity cost of marine-climate interventions. Fortunately,
gapsinresponsible governance constitute aresolvable problem where
public-interest actors have principles to guide themand, increasingly,
the operational arrangements and practices to mandate and use®>*°.
Our analysis of practitioner observations highlights multiple reasons
for and opportunities to address this gap.

First, marine-climate intervention remains science driven with
limited involvement of public institutions or communities and only
14% of practitioners in our sample working within government. By
contrast, the biophysical science sector’s major roleinnovelinterven-
tion development and in standard-setting for intervention research
is likely to explain the emphasis on technical feasibility assessment
as the main form of intervention appraisal. The relative absence of
strong public-interest actors and processes, combined with the lim-
ited competencies of conventional science organizations® *>*’, may
also explain the low levels of use of responsible governance arrange-
ments (Fig. 3). Not surprisingly, organizationsinthe NGO and research
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Fig. 3| Use of responsible governance arrangements to manage anticipated risks of novel marine-climate interventions (n = 233 interventions). See
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sectors were recognized as best-practice leaders of interventions by
68% of the survey respondents. Actors within these networks clearly
wield considerable potential influence and include ‘impact inves-
tors”**’, ocean philanthropic funders®°~®?, speculators attracted by
the establishment of carbon markets® and scientists whose formative
role in experimentation and intervention innovation renders them
de facto governors*°*, Engagement of public actors in the formative
stages of marine-climate intervention developmentis critical because
of risks of sociocultural harms and the potential high opportunity
cost of upscaling. Opportunities to do so include adoption of proven
participatory and deliberative early public engagement frameworks

(seerefs. 65,66) and the use of bioethical assessment frameworks®” by
fundersandregulators.

Second, interventions using bioengineering or restorative
techniques have the highest level of awareness and were the types
of marine-climate interventions with the highest rates of implemen-
tation and widest geographic distribution across our sample of 322
practitioners. While other types of marine-climate interventions were
reported (for example, marine geoengineering, biological marine car-
bon dioxide removal, marine social-institutional capacity building),
awareness was lower, which is likely to be at least partly explained by
their more limited geographical distribution and their development
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being more commonly at the concept or pilot stage. Funders and pub-
lic policy decision-makers charged with large-scale climate action
face choices between available marine-climate interventions. The
information asymmetry between intervention types observed in our
study may limit the possibility of decision-makers being able to make
informed choices among the full range of viable interventions. Increas-
ing marine-climate action literacy among decisions-makers is a criti-
cal means of addressing this challenge, starting with sharing of more
accessible science-based information about climate action options
(forexample, Reef Adapt tool (https://www.reefadapt.org)).

Third, despite the low awareness of interventions to build social
and institutional capacity for climate adaptation and mitigation
detected in our results, these intervention types warrant additional
consideration. Theintervention examples reported by survey respond-
ents highlighted important ways forward, including restitution and
formalization of marine and coastal tenure for Indigenous Peoples
and Local Communities, partnershipsin climate intervention science
programmes and coastal adaptation planning with local communities.
Ourresultsalsorevealed that practitioners areincreasingly recognizing
the need for social-institutional capacity to reduce intervention risks
of sociocultural harms, negligence and distrust. Social-institutional
capacity can bebuilt through rights-based frameworks (see refs. 68-71
and the Turning Tides facility (https://turningtidesfacility.org)) and
regional and community-led programmes for coastal climate adapta-
tion planning (see ref. 72) and by enabling local rule-making for climate
action (see ref. 35). Such institutions support a priori recognition of
equity, cultural rights and interests before conceptualization and
assessment of an intervention. By coupling regional and local-scale
socio-institutional capacity-building interventions with local bioengi-
neering, geoengineering and restorative interventions, suchinitiatives
could be ‘bright spots’ in which social, cultural and biophysical goals
are mutually recognized and pursued (see refs. 14,20,72,73).

Fourth, marine-climate interventions are occurring in all major
oceanregions, and within each of these regions more than one specific
intervention sub-typeis under way. For example, in the North Atlantic
andintropical watersadjacent to Australia, the range of interventions
describedincludesthoseinallintervention types. This co-occurrence
may present additional under-recognized governance challenges for
policy-and decision-makers who are faced with both prioritizing across
interventions and managing their cumulative and synergisticimpacts
within a single marine region. We found that formal consideration of
trade-offs between intervention risks and benefits and assessment of
cumulative impacts are not widely occurring governance practices
(reported as occurring for only 31 and 32% of interventions, respec-
tively). The results suggest that many decision-makers are materially
underprepared for these strategic challenges, which extend beyond
managing the risks posed by single interventions**°*, Tools such as
anticipatory social and cumulative impact assessment frameworks’”
areavailable tosupportdecision-makers tointegrate their assessment
and management of discrete climate actions into broader strategic
assessment and planning at the marine estate or regional communi-
ties’ level (for example, the IPCC’s shared socioeconomic pathways™,
which could be adapted for marine regions).

Fifth, our results highlighted that systematic and comparative
assessment of marine-climate interventions continues to be confounded
byalack of clarity and low consensusinstated climate-related interven-
tion goals. In some cases, interventions such as seaweed afforestation
were reported to be pursuing both climate mitigation and adaptation
goals simultaneously. We observed frequent use of the term ‘resilience’
by many practitioners in self-reporting the ecological and social goals
and benefits of their chosen intervention in lieu of providing more
intervention-specific detail to which they were invited. Resilience has
been widely critiqued for being conceptually vague, ignoring power
and politics, and being operationally weak’”’%. This lack of clarity on
resilience obfuscates efforts to assess effectiveness of interventions

and fails to deal with power asymmetries and inequity in pursing cli-
mate actions’. Rectifying this lack of climate goal precision (and there-
fore accountability) will depend on funders and public-interest actors
demanding uptake of principles and codes of practice (see High-Quality
Blue Carbon Principles®) and, increasingly, standards for monitoring,
reporting and evaluation of specific intervention effects***""%,

Finally, practitioners themselves are among those who query the
rigour of technical feasibility assessment and evaluation of impact of
interventions againstintended and claimed benefits and co-benefits.
One-quarter of survey respondents raised these concerns. Indeed,
emerging social science suggests that entrepreneurial hype com-
bined with an absence of strong monitoring, evaluation and reporting
requirements can produce perverse outcomes whereby speculative
interventions are prioritized over effective ones®****°%, Qur results
underscore that claims of multiple conservation and climate goals and
co-benefits combined with low levels of technical feasibility assessment
(50% of reported interventions) and very low levels of accountability
and oversight (16%) and strategic capacity to steer innovationand man-
age marine-climate intervention risk (18%) increase the likelihood of
poor choices, contributing to both unintended negative consequences
and missed opportunitiesin climate mitigation and adaption. The prac-
titioner concerns are therefore valid, while at the same, itisimportant
to acknowledge that carbon removal and climate adaptation goals
may be feasible in some cases for specific species and ecosystems®.

Inconclusion, our global survey and subsequent statistical analysis
revealed that, broadly, governance of novel marine-climate interven-
tions is occurring in both a ‘scientific bubble’ and an ‘institutional
void’®”®, Future research could incorporate inferential analyses to
explore distinctions across practitioner groups, regions and jurisdic-
tions and interactions among factors affecting practitioner awareness,
intervention impacts and operational governance practices in place.
Such analysis would support further development of responsibly
governed and context-appropriate marine-climate actions.

Overcoming the pacing problem through timely uptake and for-
malization of available or emergent responsible governance practices
(Fig.3) requires continued scientific leadership to ensure that technical
design, assessment and monitoring of marine-climate interventions
isadopted and sufficiently rigorous. At the same time, the bioethical,
anticipatory and reflexive requirements of responsible governance
demand that many other actors are better engaged alongside these
practitioner communities®*—to build legal and institutional capacities
andtoensure that governance of multiple marine-climate interventions
is underpinned by climate action and justice principles®.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-025-02291-4.
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Methods
Survey instrument design
Observations and attitudes towards novel marine-climate interven-
tions were surveyed using an online survey-questionnaire targeting
active practitioners. Questions were designed to capture observational
datadescribing current arrangements for governinginterventions and
positional attitudinal data concerning perceived benefits and costs,
gaps in governance, risks, and missed and emerging opportunities
(see survey—questionnaire in Supplementary Table 8). Types of inter-
ventions used to design response options were identified from recent
authoritative reviews"**%*, The questionnaire used a mix of selected
choice questions, ratings and open-ended text response questions. The
questionnaire was delivered using Qualtrics*™ online survey software.
The survey instrument and specific questions were pre-tested
by members of the research group, revised and then formally piloted
through a soft launch of the survey in October 2022 with members of
the study’s technical advisory committee.

Ethics statement

The study was approved by the James Cook University Human Research
Ethics Committee (approval number H88845) in accordance with the
Australian National Statement on Ethical Conduct in Human Research,
2007 (Updated 2018)"°°, which addresses matters of harm and benefit
to study participants. The recruitment method and survey instrument
were designed to provide participants with information about the
study and obtain informed consent before participation through an
initial screening question.

Participant selection and recruitment

Actors engaged in novel marine-climate interventions constitute an
emerging group. The survey was designed to target participantsin this
broad group viatheir participationin professional networks associated
withinterventions. Participant selection was therefore opportunistic,
and stratified sampling of specific sub-groups, such as Traditional
Ownersand First Nations, was not pursued'”’. Strategies to limit sample
biasincluded translating the survey-questionnaire into six languages:
English, French, Portuguese, Spanish, Japanese and Chinese (Simpli-
fied). The survey was distributed to professional networks engagedin
awide range of marine-climate interventions, including marine and
coastal restoration, marine conservation, community and small-scale
fisher development, marine carbon dioxide removal and other forms of
geoengineering, seafood afforestation, solar radiation management,
and coastal and marine community adaptation planning. Professional
practitioner networks assisting with survey distribution in the later
stages of recruitment also included practitioners from the NGO sec-
tors, local community representatives and Traditional Owners and
First Nations.

Professional communities approached wereinvited to respond on
the basis of their engagement with ‘new and emerging’ marine-climate
interventions. The survey instrument was designed to collect both
descriptive and attitudinal data about the broad array of observed
interventions as well as those specific interventions for which respond-
ents had subject-matter expertise and direct professional experience.
Examples of interventions were provided in recruitment materials to
assist in clarifying the term, and these included assisted evolution,
cloud brightening, seaweed farming, coral propagation and trans-
location. These examples were not exhaustive of a broader range
of interventions and may have had limited recruitment of potential
respondents engaged in other types of interventions.

Practitioners were recruited for survey through professional
open online networks and using published affiliations information.
Recruitment methodsincluded general broadcast emails using profes-
sionalinternational email lists, published professional email addresses
and social media posts in six languages via Twitter using professional
accounts. Multiple phases of recruitment occurred in early October

2022, mid November 2022, late January 2023 and early March 2023.
The same distribution methods were used with revised recruitment
and advertising messages reflecting the stage of the survey and the
time left to participate.

Data collection

The online survey-questionnaire was launched on 31 October 2022
and remained open until 15March 2023. Three hundred and thirty-two
responses met the criteria for level of question completion and were
retained for analysis. These responses included those undertaken in
five non-Englishlanguages—Chinese, Japanese, French, Portuguese and
Spanish—which accounted for18% of the final sample. These responses
were translated into English by native speakers with marine expertise
before analysis.

Survey data were not treated to any weighting to adjust for the
expected population because the survey population was an emerg-
ing specialist group, and population characteristics were not estab-
lished. Response rates to the survey by sub-group are therefore not
reported. Representativeness of the survey data was therefore sub-
ject to sample bias although recruitment methods were adjusted to
target non-English speakersin five other languages and practitioners
in non-scientific networks. A degree of sample bias was accepted as
an expected limitation of the study due to the nature of the emerging
group being surveyed and the online survey-questionnaire instru-
ment used'”. No identifying data were collected from respondents
although in some cases participants provided personal identifying
datain response to open-text questions.

Data analysis

Two units of analysis were used to examine the data. Data on respond-
ents’ role, interaction with interventions and general awareness of
interventions were treated as data about the respondents, while data
inresponse to survey question six onwards were treated as dataabout
theintervention the respondent was asked to identify as the one with
which they were most familiar.

Selected choice data where respondents answered by selecting
froma pre-determined set of options were analysed using basic descrip-
tive statistics (frequency counts). These included questions to identify
awareness of interventions, involvement in active intervention plan-
ning and deployment, the stage of development of the intervention
respondents were most familiar with, the types of actors and organi-
zations engaged in their development and the presence or absence of
specific governance arrangements. Open-ended text responses were
analysed using thematic content analysis''** to code dataand thereby
convert the qualitative datainto quantitative data. To increase coding
reliability'®, first-pass coding frameworks were reviewed and tested by
other members of the project team before finalizing and then under-
taking the thematic analysis. Basic descriptive statistics (frequency
counts) were then used to analyse the coded survey data by theme.

Both selected choice data and open-ended text data describ-
ing the types and sub-types of interventions respondents (n =332
respondents) were aware of and were most familiar with (n =240 inter-
ventions) were initially analysed using a coding framework based on
the initial typology we developed from a review of published studies
(Supplementary Table 2). Inductive thematic coding of open-text
data describing interventions was undertaken using NVivo 20 quali-
tative research software, and initial type and sub-type codes were
subsequently adjusted in response to survey data thematic codes
(Supplementary Table 9). These final codes were checked against the
choiceresponse the respondents selected for verification and against
morerecent authoritative reviews (for example, review by the National
Academies of Sciences, Engineering, and Medicine'®) for salience.

Open-ended text data about the location of the identified inter-
ventions were analysed using a coding framework developed in Nvivo
and organized by oceans and seas described in response data text.
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Frequency analysis was then undertaken by intervention type and
sub-type using the following identified oceans and seas: North Atlantic,
South Atlantic, North Pacific, South Pacific, Red Sea, Mediterranean
Sea, Indian Ocean, Wider Caribbean, Australia (tropical), and Australia
and New Zealand (temperate).

Open-ended text datainwhich respondentsidentified the climate
goals of theinterventionthey were most familiar with were thematically
coded usingacoding framework developed fromthe tenintervention
climate benefitsidentified by review of the literature (Supplementary
Tables 3 and 10). Frequency analysis was then undertaken by climate
benefit code, and data were analysed for distributions of climate goals
byinterventiontype. Open-ended text datain whichrespondentsiden-
tified the major risks and opportunities of the identified intervention
were thematically coded using a coding framework developed induc-
tively from the data (Supplementary Table 7). Frequency analysis was
then undertaken by type of risk or missed opportunity.

To determine the extent of responsible governance of new
marine-climate interventions, we developed a methodological heu-
ristic by extending Stilgoe® and Macnaghten’s* framework for respon-
sible innovation (based on anticipation, inclusion, responsiveness,
reflexivity), which they apply to emerging scientific innovations and in
particular to climate geoengineering innovations. We matched these
four dimensions to the new categories of marine-climate intervention
risk (Table 1), which we developed from theliterature. Inextending the
responsible innovation framework, we defined responsible govern-
ance as rules, guidance and steerage overseen by governing actors
to prevent intervention risk. We identified specific examples of such
governance arrangements through areview of the literature oninstru-
ments and processes for governing technical feasibility, cumulative risk
andimpactassessment, including public deliberationinintervention
development and approval and anticipatory climate governance. These
specific governance arrangements were then matched to relevant
survey response data fields (Supplementary Tables1and 5). Indication
of the specific governance arrangements described in survey ques-
tions was analysed for each intervention type using basic descriptive
statistics (Supplementary Tables 4 and 6).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Theraw dataset generated by the survey research is not available due
torestrictionsto protect study participant privacy and to limit reuse to
studies of asimilar nature, in accordance with the National Statement
on Ethical Conduct in Human Research, 2007 (Updated 2018)'°° (James
Cook University Human Research Ethics Committee approval number
H88845). The processed and de-identified dataset is, however, available
fromthe authors onreasonable request for studies of a similar nature.
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