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Abstract 

Marine ecosystems are at risk due to the increasing pressures of climate change and other human activities. Fisheries and 

aquaculture, which employ 61.8 million people worldwide and supply ∼20% of human animal protein demand, are sectors 
that critically rely on healthy marine ecosystems. Marine carbon dioxide removal (mCDR) encompasses a portfolio of novel 
approaches that aim to mimic natural processes to increase the ocean’s uptake and storage of atmospheric carbon dioxide 

through intentional human interventions in the marine environment. Alongside verifying the efficacy of mCDR techniques, 
their environmental and social impact must also be assessed to enable informed decisions about what, if any, research, devel- 
opment, and deployment of mCDR should move forward, accounting for the full spectrum of benefits, costs, and trade-offs and 

in comparison with other CDR interventions. Evaluating the footprint of mCDR requires identifying and understanding positive 

and negative impacts beyond carbon dioxide removal. Here, we provide a multi-stage research framework for mCDR project 
developers to assess these interdisciplinary impacts, specifically in relation to marine ecosystems, fisheries, and aquaculture. 
This framework considers how projects can implement these recommendations across five research phases, using a stage- 
gated approach that focuses on: Stage 0, Planning; Stage 1, Baseline Assessment and Experiments; Stage 2, Pilot Field Trial; 
Stage 3, Scaled-up Field Trial; and Stage 4, Operational Deployment and Long-term Monitoring. As an interdisciplinary team of 
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ackground and framing 

arine ecosystems and associated food production sectors are 

acing ever-increasing challenges from climate change, where a 

arming ocean, ocean acidification, and deoxygenation are shift- 

ng species distributions and altering productivity, ultimately af- 

ecting food provisioning and security (Cooley et al. 2023 ). Marine 

nd freshwater fisheries and aquaculture globally provide impor- 

ant sources of food, supplying 20% of the protein needs of 3.2 bil- 

ion people and livelihoods, employing 61.8 million people (FAO 

024 ), not to mention the strong, long standing socio-cultural ties 

hat link coastal and Indigenous communities to fishing and ma- 

ine life (Khakzad and Griffith 2016 ; Islam and Berkes 2016 ; McMil- 

an and Prosper 2016 ). The productivity of fisheries relies on a 

ealthy ocean; however, as anthropogenic carbon emissions con- 

inue to rise, climate change impacts threaten marine ecosystems. 

or each degree of atmospheric warming with climate change, 

here is an anticipated 4.2%–5% reduction in fish or macrofauna 

iomass within marine ecosystems (Lotze et al. 2019 ; Mariani et al. 

025 ), with projections of > 30% declines for 48 countries and ter- 

itories with warming of 3–4◦C by 2100 (Blanchard and Novaglio 

024 ). Shifts in marine biomass will likely be spatially uneven, and 

heir implications will likely disproportionately be borne by com- 

unities reliant on seafood as a source of protein and/or income 

Bezner Kerr et al. 2022 ). Climate change models that project low- 

missions scenarios and limit warming to below 2◦C suggest ma- 

ine ecosystem biomass losses could remain < 10% (Blanchard 

nd Novaglio 2024 ). However, achieving this target not only re- 

uires drastic reductions in greenhouse gas emissions to meet net- 

ero targets, but also the active removal of legacy carbon dioxide 

rom the atmosphere (IPCC WG III AR6 2023 ). 

The ocean is an important component of Earth’s system that 

an help mitigate climate change. It already plays a vital role in 

he Earth’s climate regulation, having naturally absorbed 90% of 

he excess heat and over 30% of the CO2 emitted since the indus- 

rial revolution (IPCC 2019 ). In addition to its role as a large natu- 

al carbon sink that can store carbon for long periods, its expan- 

ive 71% global coverage makes the ocean a target for exploring 

cean-based climate interventions, such as marine-based carbon 

emoval, to critically assess whether they could play a role as a 

limate solution. Hence, marine carbon dioxide removal (mCDR) 

echnologies ( Box 1 ; NASEM 2022 ) are now being researched to 

ssess their potential to help meet these climate targets. Ma- 

ine CDR technologies are diverse, relying on physical (artificial 

ownwelling), chemical [ocean alkalinity enhancement (OAE) and 

irect ocean carbon capture and storage (DOCCS), and biolog- 

cal (ocean nutrient fertilization (ONF), artificial upwelling, and 

acroalgae cultivation and sinking] processes to remove and 

tore CO2 away from the atmosphere ( Box 1 ). Consequently, their 

ssociated CDR efficiency and durability, upscaling potential, en- 

rgy use and costs, spatial requirements, technological readiness, 

nd their potential environmental footprint are being examined 

nd are likely to vary among and within approaches (Cross et al. 

023 ; NASEM 2022 ). 

Whilst the primary goal of successful mCDR is to provide a cru-

cial benefit to the safekeeping of Earth’s health and ecosystem ser-

vices by reducing the negative impacts of climate change, these

operations involve a novel use of the ocean space that should be

considered alongside existing activities and interests, such as fish-

eries and aquaculture. Importantly, mCDR techniques may have

environmental, socioeconomic, and regulatory impacts, which

can be both positive and negative, in addition to those derived

from mitigating or alleviating climate change ( Box 2 ) (Grabb et al.

2025 ; Roberts et al. 2026 ). In the marine realm, these impacts can

layer onto others stemming from existing (e.g. fishing, shipping,

oil and gas extraction) or emerging (e.g. renewable energy devel-

opment, deep sea mining) uses of the sea, with footprints of pres-

sures realistically overlapping in space and time (Borja et al. 2024 ;

Halpern et al. 2025 ), much like the effects of climate change itself.

This results in cumulative negative impacts, with local or down-

stream effects of different activities interacting in ways that may

be additive, antagonistic, or synergistic. The development of an

mCDR industry may cause a doubling of human-driven cumula-

tive negative impacts on the marine environment by mid-century

(Halpern et al. 2025 ), potentially alleviating climate change pres-

sures while exacerbating or introducing other pressures. As poten-

tial positive and negative impacts of mCDR are being researched

and characterized to enable decision making, a formidable chal-

lenge is thus to not only understand these potential impacts on

the environment and people in isolation but in a cumulative sense

to enable sound and informed management of ocean activities,

meet sustainability goals, and ensure that impacts are not unfairly

distributed (Bennett et al. 2025 ). Assessing both positive and neg-

ative impacts preemptively with communities that may bear the

brunt of these impacts, such as local, fishery, and Indigenous com-

munities, could help capitalize on opportunities for positive im-

pacts, evaluate trade-offs to minimize risks, and/or or halt pro-

posed projects with a net-negative effect (Grabb et al. 2025 ). 

The positive and negative impacts of mCDR interventions re-

main poorly constrained, with some aspects receiving increasing

attention in scientific studies and others purely hypothetical. For

example, positive impacts of mCDR may include the creation of

nursery habitats through macroalgae farming (Corliss et al. 2024 ;

Fulton et al. 2020 ) or the hypothesized alleviation of ocean acidi-

fication and its impacts on marine organisms by OAE (Zhou et al.

2024 ; van de Mortel et al. 2025 ). Negative impacts of mCDR may

include the release of toxic trace elements (e.g. from some min-

erals proposed for OAE), which could accumulate through ma-

rine food webs with implications for food safety (Flipkens et al.

2023 ). Biotic methods that enhance photosynthesis, such as ONF

and macroalgae cultivation, could also result in nutrient robbing

(Tagliabue et al. 2023 ) and deoxygenation (Oschlies et al. 2025 ),

which can impact downstream environments, degrading ecosys-

tems in regions outside of the mCDR perturbation, which could

have implications for climate justice. In such cases, defining eco-

logical thresholds and identifying vulnerable species and habitats

could be key to mitigating risk by mapping the scale and loca-
ations, and fisheries and Indigenous community members, 
 consider impacts through a fisheries and aquaculture lens. 
nal considerations that can be addressed as research scales. 
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Box 1 Brief summary of intended methodology for marine carbon dioxide removal technologies that are currently 
being researched (NASEM 2022 ; Cross et al. 2023 ) 

Ocean process mCDR method’s objective 
Chemical Ocean alkalinity enhancement (OAE) aims to increase the ocean’s capacity to take up and store carbon dioxide at the 

atmosphere–sea–air interface by either adding alkaline chemicals and/or minerals or using an alkaline solution 
produced electrochemically. 

Chemical Direct ocean carbon capture and storage (DOCCS) intends to remove carbon dioxide directly from seawater using 
electrochemical processes, with the resulting decarbonized seawater then returned to the ocean to allow for further 
carbon dioxide uptake from the atmosphere through air–sea carbon dioxide fluxes. 

Biological Ocean nutrient fertilization (ONF) involves adding iron, nitrogen, and/or phosphorus to the ocean, with the goal of 
stimulating phytoplankton production to increase the amount of CO2 incorporated into biomass. The biomass then has 
to be exported to the deep ocean to sequester carbon for long periods, and the CO2 -diminished surface water has to 
equilibrate with the atmosphere to take up more atmospheric CO2 . 

Biological Macroalgae cultivation and sinking seeks to enhance photosynthetic processes within seaweeds, removing CO2 from the 
surface waters by incorporating it into biomass. The seaweed then has to be removed from surface waters (i.e. exposure 
to the atmosphere). For example, this can be done by collecting and processing it for biochar or Bioenergy with Carbon 
Capture and Storage (BECCS) or sinking it to the deep sea, where it could remain sequestered for extended time periods. 
The CO2 -depleted surface water then equilibrates with the atmosphere, taking up more atmospheric CO2 . 

Biological Artificial upwelling proposes to stimulate biological primary production by delivering nutrient-rich deep-seawater to the 
surface, thereby incorporating CO2 into biomass. The organic biomass must then be exported to the deep ocean for 
durable, long-term storage. 

Physical Artificial downwelling has the objective of exporting carbon from the surface to the deep ocean by pumping carbon-rich 
surface waters to depth, allowing the CO2 -diminished surface water to equilibrate with the atmosphere to take up more 
atmospheric CO2 . 

Box 2 Definition of Terms. Working definitions of terms used within this paper, recognizing that some of these 

definitions may evolve with time. 

� Impact (syn: effect): Wide-ranging changes or responses, relative to a baseline condition, exhibited as a consequence of 

a process, such as mCDR, on natural environments and human societies. Impacts implicitly deal with severity, intensity, dura- 

tion, and directionality of an effect (i.e. positive or negative) (Gill et al. 2020 ). This paper focuses on impacts beyond the re- 

moval of atmospheric carbon. The positive, negative and neutral classification of each impact is likely to depend on one’s per- 

spective and it may differ with scale. Some impacts may be positive for some aspects yet negative for others and may be 

hypothesized or scientifically proven. While net costs/benefits are necessary to consider, they are outside the scope of this 

framework. 
� Baseline (syn: reference): The baseline (or reference) is the state against which change is measured. It might be a “current 

baseline,” in which case it represents observable, present-day conditions. It might also be a “future baseline,” which is a projected 

future set of conditions excluding the driving factor of interest. Alternative interpretations of the reference conditions can give rise 

to multiple baselines. 
� Positive impacts: The beneficial effects that a measure aimed at one objective, such as removing carbon for mCDR techniques, 

might have on other objectives, thereby increasing the total net benefits for society or the environment relative to a baseline con- 

dition. Positive impacts are often subject to uncertainty and depend on local circumstances and implementation practices, among 

other factors. Positive impacts are also referred to as co-benefits and ancillary benefits (IPCC AR6 Annex I 2023 ). 
� Negative impacts: Adverse effects on natural and human systems relative to a baseline condition. They can also be referred 

to as negative consequences and/or outcomes. There can also be risk for adverse impacts when the outcome is uncertain (IPCC AR6 

Annex I 2023 ). 
� Neutral impact: When assessing potential effec t s, it is also possible that there is a no and/or null effec t, r esulting in no change 

in the circumstance being analyzed relative to a baseline. 
� Stage-gate process: A management approach that divides an overarching project into a series of distinct stages and gates. 

Each stage is defined by a set of specific research activities that gather information to inform decision-making (e.g. the efficacy 

of mCDR methods, risks, benefits, and uncertainties). Gates are checkpoints where decisions are made based on pre-determined 

criteria (U.S. DOE 2007 ). 
� Research-scale project: Recognizing that this definition is evolving, here we use a working definition to define a research-scale 

project as a project where the primary purpose is to ask research questions and improve scientific or process understanding. For 

mCDR, this includes projects that are focused on understanding the impacts of mCDR, regardless of how the research is funded, yet 

prior to sustained field trials for a commercial purpose. Suggested scales of research projects include removing zero to ∼Mega tons 

of CO2 per year (Fawcett et al. 2025 ; de Baar et al. 2005 ). 
� Fisheries community: A group whose members substantially depend on or engaged in the harvest or processing of fishery 

resources to meet social and economic needs and who reside in a specific location (Magnuson-Stevens Act 2007 ). 
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tion(s) where this particular mCDR activity could be safely and 

responsibly implemented. Although mCDR could play a role in 

reaching net zero emissions as part of the carbon removal portfo- 

lio (i.e. removing legacy emissions), weighing the potential trade- 

offs between its positive and negative impacts of mCDR is impor- 

tant to consider against the costs of climate change without the 

removal of carbon through mCDR pathways (i.e. only emissions re- 

ductions). An additional important difficulty in weighing trade-offs 

is that, even under optimal conditions, positive environmental im- 

pacts of mCDR, stemming from its contributions to climate change 

mitigation, would generally occur over long timescales (years to 

decades). In contrast, environmental impacts of activities may oc- 

cur over the short to medium terms, particularly near the inter- 

vention site, complicating decision-making, particularly near the 

intervention site, as well as on the long-term if sustained mCDR 

deployment leads to sustained pressures on organisms or shifts in 

ecosystems and food webs, complicating decision- making. Much 

like emissions reduction, mCDR will raise the question of weighing 

short-term costs to particular people, ecosystems, ecosystem ser- 

vices, or geographies against long-term global benefits, and vice 

versa. 

Meanwhile, other direct and indirect impacts will largely de- 

pend on the development and implementation pathways fol- 

lowed. For example, physical interactions between mCDR at scale 

and marine fisheries and aquaculture, both in the nearshore and 

offshore, can be anticipated (ICES WKmCDR 2025 ; Grabb et al. 

2025 ; Gurney-Smith et al. In Review ). Such interactions could es- 

tablish new fishing exclusions or hazards, increase noise and con- 

taminant pollution, and interfere with recruitment grounds (Lloret 

et al. 2023 ; Hengstmann et al. 2025 ; Hou et al. 2025 ; Bamber 

and Seaby 2004 ). Meaningful engagement with relevant fisheries 

and aquaculture communities would ideally mitigate potential 

conflicts to achieve more equitable outcomes (Grabb et al. 2025 ; 

Blythe et al. 2026 ). 

While some mCDR techniques are beginning to demonstrate 

potential to remove atmospheric carbon, considerable uncer- 

tainty remains regarding their broader impacts on marine ecosys- 

tems (Roberts et al. 2026 ). This is especially true for fisheries and 

aquaculture-relevant species, for which a very limited number of 

studies have begun assessing their sensitivities and thresholds 

to each technique ( Fig. 1 ; Grabb et al. 2026 ). Dedicated research, 

methodological frameworks, and interdisciplinary collaborations 

will be needed to advance risk-benefit assessments (U.S. White 

House 2024 ; Grabb et al. 2025 ). Provisions for cumulative impacts 

assessment are already integrated into some existing environmen- 

tal policies (e.g. the United States National Environmental Pol- 

icy Act), although operationalizing such assessment remains an 

active area of research with varying degrees of realized success 

(Lundquist et al. 2016 ; Stelzenmüller et al. 2020 ). The incorpo- 

ration of social and economic factors, as well as environmental 

justice considerations, remains a particular area of development 

(Curren et al. 2022 ). Importantly, no coherent framework exists 

for addressing cumulative impacts at the international or global 

scale (Hamman 2025 ). However, the Agreement on Marine Bio- 

logical Diversity of Areas beyond National Jurisdiction (i.e. BBNJ 

Agreement) may present a path forward. It is worth noting that the 

cumulative impacts of mCDR activities and development are not 

constrained to the marine environment, given the strong depen- 

dency of mCDR on energy and raw materials that need to be pro- 

duced, processed, or transported from land to the coast through 

processes that have their own often well-documented social and 

environmental impacts. 

Without dedicated research and a robust understanding of 

potential environmental and ecological impacts, social license 

and public trust would likely diminish. Even with proper recog- 

nition of Indigenous Peoples’ rights, engagement, and inclusion 

of local, fisheries, and aquaculture communities throughout the 

project process (Grabb et al. 2025 ; Paul et al. In Review ), so- 

cial license and public support may not be granted and mCDR 

projects may not be supported. Entities interfacing with com- 

munities and rightsholders in the context of scoping and plan- 

ning field research should consider a right of refusal, which may 

constitute an economic burden on these entities and necessitate 

flexible operations. Work is needed to develop tools and guide- 

lines to include community members as decision-makers within 

the project and establish participatory processes to work toward 

recognitional, procedural, and distributional equity (Blythe et al. 

2026 ). Robust multistage frameworks (i.e. stage-gated approaches 

like this framework) could be useful for steering the substan- 

tial research efforts that lie ahead, which will be key to inform- 

ing larger-scale mCDR operations and aiding in holistic regula- 

tory frameworks (Edwards et al. In Review ) and the transpar- 

ent and responsible implementation of any mCDR technology 

(Doney et al. 2025 ). 

Here, we propose a stage-gated framework (See Box 2) to sup- 

port research-scale (See Box 2) mCDR assessment of impacts on 

fisheries and aquaculture across socio-economic, environmental, 

and regulatory aspects. While social license cannot be guaran- 

teed, this framework aims to provide guidelines to increase the 

inclusivity of fishery and aquaculture community members and 

to support collective decision-making, helping guide projects to- 

ward more just and equitable outcomes (Blythe et al. 2026 ). This 

framework synthesizes existing guidelines ( Table 1 ; Box 3 ) and, 

depending on the particular aims of a given project, points ac- 

tors to the most relevant tools for mapping and evaluating po- 

tential positive impacts and negative impacts. This framework is 

designed to assist research-scale mCDR projects that intend to 

conduct field trials, but does not cover full commercial-scale op- 

erations, where additional risk assessments are likely to be re- 

quired. This multistage framework was designed by an interdisci- 

plinary group of experts, including representatives from academic 

and government science institutions, non-governmental organi- 

zations, and fisheries and Indigenous communities. This paper is 

a product of two workshops, routine online meetings, synthesis 

from published literature, and input drawing on our respective ex- 

pertise and involvement in ongoing mCDR projects across science, 

policy, and community engagement. We present this framework 

to offer guidance for responsible mCDR research to mitigate risks 

and maximize potential community, environmental, and climatic 

benefits. 

Introduction to this framework 

Framework scope 

The purpose of this framework is to provide a high-level 

fisheries- and aquaculture-focused, stage-gated approach that 

can be applied to specific projects and regions to help identify im- 

pacts resulting from carbon removal across disciplines relevant to 
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Figure 1 Summary of the number of papers within the mCDRxFisheries Literature Database (Grabb et al. 2026 ) for: a) relevant fields, and b) those that 

have assessed biological responses associated with different organisms from mCDR techniques. The bars represent the number of papers within the 

database that address biological responses to different organisms (as noted on the left), indicating those that are specific to mCDR techniques (colored 

bars) and those that are from associated fields (grey bars), such as ocean acidification. 

fisheries and aquaculture. Here, we specifically address projects 

at the research stage (See Box 2 ), spanning from planning (Stage 0) 

to laboratory and mesocosm studies (Stage 1) to pilot and longer- 

term, sustained field trials (Stages 2–4). Whilst we focus here on 

research-scale studies, the questions suggested here could also 

apply to commercial operations undertaking research. This frame- 

work is designed to be easily accessible to a broad audience, in- 

cluding scientists, practitioners, decision-makers, verifiers, fish- 

ers, aquaculture farmers, and other interested community mem- 

bers. Contrary to traditional research approaches that academic 

researchers typically drive, the interdisciplinary approach here 

recognizes and suggests that project teams are likely to, and can 

benefit from, including diverse researchers across the public and 

private sectors, subject-matter experts, and community members 

throughout the project stages. Other regulators at the local, na- 

tional, and international levels (e.g. implementers of the London 
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Box 3 mCDR Frameworks relevant to fisheries and aquaculture and/or effects 

Given that frameworks, best practice guides, and codes of conduct related to responsible and ethical mCDR research are emerging 

(i.e. Aspen Institute Code of Conduct 2023 ; AGU Ethical Framework 2024 ; U.S. White House 2024 ; Oschlies et al. 2023 ; Hourglass 

Climate 2025 ; Fawcett et al. 2025 ; etc), this framework points to these previously published recommendations through a fisheries 

and aquaculture lens, which are briefly summarized in Table 1 (expanded in Supplementary Table S1 ). In this framework, we build on 

existing guides and incorporate recommendations from other sectors (e.g. offshore wind, deep-sea mining) to assess the potential 

impacts of mCDR research and identify both positive and negative impacts. This framework builds on international human rights 

standards, including the UN Declaration on the Rights of Indigenous Peoples (UNDRIP 2007 ). It provides actionable steps for projects 

to follow to recognize the governance, knowledge systems, and resource rights of Indigenous peoples in assessing potential impacts. 

While this framework offers a novel perspective through a fisheries and aquaculture lens and crosscutting interdisciplinary themes, 

it lacks the details and specific guidance to implement each recommendation, pointing users to other sources that focus on specific 

subjects and established practices ( Table 1 ). While we recognize that mCDR approaches may have specific impacts that can call for 

dedicated focus and bespoke considerations, we offer this framework as a broad approach to consider all mCDR techniques and 

potential impacts related to fisheries and aquaculture (Grabb et al. 2025 ). 

Convention and London Protocol and/or government agencies re- 

sponsible for managing ecosystems and living marine resources) 

may find this guiding tool useful to advise and adapt for regional 

regulatory processes and/or assessments of projects that are seek- 

ing permits for field trials, especially as project scopes continue 

to scale up. Adapting and incorporating this framework into dif- 

ferent governance regimes, regulatory processes, and/or funding 

mechanisms offers opportunities for oversight by third-party reg- 

ulators and funders to assess project progress and enforce gated 

approaches, which could help ensure that projects comply with 

the framework’s suggestions. 

We recognize that operationalizing this framework will not be 

straightforward, especially given the complexity of each project, 

yet, given that few standards and/or readily implementable plans 

exist for assessing mCDR impacts, we provide this guide as a first 

attempt to outline interdisciplinary considerations for projects in 

an idealized situation, expecting that this guide will need to be it- 

erated with shared learnings of applications across scale, geogra- 

phies, and socio-ecological contexts. Research projects that utilize 

this framework are expected to be conceptualized with defined 

methodologies and goals that apply to researching specific mCDR 

approach(es) and strive to progress to scaled research field trials 

(Stage 3, see below). This framework is designed for use by one 

project at a time, but it can be extrapolated to apply to interdis- 

ciplinary projects, test beds with multiple projects (Cyronak et al. 

2023 ), and/or basins and regions with multiple ongoing projects. 

When considering multiple projects taking place in the same local 

region, cumulative and/or compounding impacts must be evalu- 

ated using an adapted framework. As our understanding of mCDR 

techniques and their interactions with the environment improves 

the stages will likely need refinement. 

Because a major potential benefit of mCDR activities for fish- 

eries and aquaculture is their contribution to reducing long-term 

climate stressors (e.g. warming and ocean acidification), compre- 

hensive assessments must also consider whether a proposed ac- 

tivity is likely to deliver net, durable atmospheric CO2 removal at 

scale. Making this judgment is challenging during early-stage ac- 

tivities, which will not, in themselves, remove meaningful quan- 

tities of CO2 but can set the stage for later deployment. It is ex- 

pected that robust monitoring, reporting, and verification (MRV) 

will occur concurrently with the stages in this framework, not- 

ing that MRV methodology and considerations are not included, 

given the framework’s focus on impacts related to fisheries and 

aquaculture. 

Stage-gate approach 

This framework relies on a stage-gate approach ( Fig. 2 : Overview 

Figure). Although this is the first application focused on mCDR 

and fisheries, this concept is not novel; it is emphasized in several 

mCDR-related guides, such as the OAE Best Practices Guide (Os- 

chlies et al. 2023 ), the Code of Conduct for mCDR (Aspen Institute 

Code of Conduct 2023 ), and the OAE Environmental Impacts Mon- 

itoring Framework (EIMF) (Fawcett et al. 2025 ). The stages utilized 

here were inspired by stages within the EIMF (Fawcett et al. 2025 ): 

� Stage 0: Planning (0 tons CO2 removal per year) 
� Stage 1: Baseline Assessment and Experiments (0 tons CO2 re- 

moval per year) 
� Stage 2: Pilot Field Trial (100 tons CO2 removal per year) 
� Stage 3: Scaled Field Trial (kilo- to mega- tons CO2 removal per 

year) 
� Stage 4: Long-Term Monitoring (Continuously removing mega- 

tons of CO2 per year) 

The suggested tons of CO2 removal per year noted for each 

stage is based on the equivalent tons of CO2 removal expected 

from research projects (Fawcett et al. 2025 ) and previous field tri- 

als (de Baar et al. 2005 ). At each stage, we recommend guidelines 

for the prescribed activities to inform decision-making. At the end 

of each stage, there is a “gate” that serves as a checkpoint for 

decision-making. The gate provides guidelines for projects to as- 

sess outcomes against a set of predetermined standards or indica- 

tors, review implications, and consider necessary improvements, 

ultimately deciding whether activities should move forward, be 

delayed, or require a project off-ramp. These gates also provide 

routine opportunities for stakeholders, rightsholders, and other 

community members to provide input, voice priorities, and/or ex- 

press approval or disapproval of project aspects. If the project 

meets the desired standards and expectations and receives gen- 

eral approval from engaged publics, the project can proceed to 

the next stage, either in the original or a modified form, consid- 

ering the results of activities from the relevant stage. The stage- 

gate approach is designed to be dynamic. This includes modu- 

lar application to project aspects (i.e. project aspects can be as- 
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Figure 2 Overview of Stages: Figure displaying the stages (blue), what actions are suggested to be taken during the stage (yellow), the location of the 

gates (green) with arrows indicating the flow between stages and gates. 
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Figure 3 Stage 0: Figure describing the Stage 0 priorities (green) and gate (orange) for planning. 

sessed independently and progress through stages and gates at 

differ ent speeds); iteration (i.e. projects can repeat stages until all 

parameters are met at the gate); and two-way flow (e.g. a project 

aspect could progress to Stage 2, during which more is learned, 

which raises questions that need to be investigated back in 

Stage 1). 

Framework recommendations 

Stage 0: Planning (0 tons CO2 

removal per 

year) 

Stage 0 ( Fig. 3 : Stage 0) includes considerations for planning, col- 

lating existing baseline measurements, and understanding the ex- 

isting landscape, including sensitive habitats and fisheries oper- 

ating in the project site. Early mCDR projects have demonstrated 

how critical it is to project success to conduct early and mean- 

ingful engagement with local and Indigenous communities (Schu- 

mann 2024 ; Grabb et al. 2025 ), and recommendations for such 

engagement already exist (UNDRIP 2007 ; Aspen Institute Code of 

Conduct 2023 ). 

Stage 0: Community engagement and socio-economic 

impacts 

Recognizing the power imbalance (between communities, indi- 

viduals, and other organisms) and actively prioritizing inclusive- 

ness of people with various knowledge and expertise can help 

work toward community decision-making, reciprocity, and trust. 

While community support cannot be guaranteed and lack of com- 

munity support is not necessarily a failure, actively working to- 

ward community inclusivity, providing decision-making author- 

ity to community members, and recognizing Indigenous People’s 

rights and self-determination are critical steps for projects to work 

toward gaining public support while also contributing to stronger 

project design and outcomes (Aspen Institute Code of Conduct 

2023 ; UNDRIP 2007 ; Paul et al. In Review ). During this initial plan- 

ning stage, projects are recommended to establish a Dissemina- 

tion, Engagement, and Communication (DEC) plan (see Box 4 ). 

While such plans may not currently be required by permitting au- 

thorities, early-stage mCDR research has demonstrated that en- 

gagement activities are critical (Nawaz and Belotti 2025 ), under- 

scoring the need to develop a DEC regardless of regulatory re- 

quirements. This includes identifying key local subject matter ex- 

perts within the fisheries and aquaculture industries, rightshold- 

ers (including Indigenous nations as political entities, not just 

as invested communities), and interested groups to provide gen- 

uine participation, shared decision making, and collaboration on 

project components, such as project design, siting, and monitor- 

ing (Nawaz and Belotti 2025 ). For example, fisheries, aquaculture, 

and Indigenous community members can be included as equal 

partners on the project team, with decision-making power to help 

design and influence project activities (Paul et al. In Review ). These 

engagement practices can also be guided by established consulta- 

tion processes, such as those developed by government agencies 

(i.e. the Environmental Protection Agency, EPA, in the USA), and 

should also be grounded in rights-based approaches, especially 

when potential impacts are likely to influence Indigenous commu- 
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Box 4 Establishing a dissemination, engagement, and communication (DEC) plan 

At the beginning of the project, it is highly recommended to consider a DEC plan, such as through methods presented by the Eu- 

ropean Commission (European Commission 2025 ). To ensure this goes beyond a cursory exercise, best practice is to co-produce 

a dissemination, engagement, and communication (DEC) plan with the community advisory group and third-party oversight (e.g. 

regulatory authorities and/or external ethics committees) that outlines the DEC strategy throughout the project and serves as a liv- 

ing document that is amended as the project progresses. Including input and feedback for the DEC plan from the community and 

third-party members through equitable engagement processes can help reduce biases by project developers and openly commu- 

nicate both potential positive and negative impacts throughout the project stages. In doing so, the project can generate meaningful 

engagement with tangible outcomes by including community members, providing participatory processes that align with commu- 

nity interests, and working toward building trust, which takes time and is not guaranteed (Aspen Institute 2023 ; UNDRIP 2007 ). It 

is expected that developing a DEC plan will require dedicated capacity by experts with knowledge of this process and should be 

implemented as a funded aspect of the project. DEC plans may be strengthened by incorporating into local and regional engage- 

ment processes, such as those recommended by regulatory authorities and permitting processes, including recognition of rights, 

inherent sovereignty, and self-determination of Indigenous Peoples (UNDRIP, 2007 ; Paul et al. In Review ). 
� Definitions: 
� Dissemination is about one-way communication: ensuring that research results and knowledge are shared, publicly available, 

and accessible to those who can use them. Dissemination generally takes the form of publishing research papers, technical reports, 

or presenting at conferences and fishery council meetings. 
� Engagement is an ongoing two-way process of building relationships with stakeholders and rights holders to gain their input 

and facilitate the use of findings. Engagement can range from soliciting feedback on public communication to holding discussion 

groups and workshops to fully integrating stakeholders and rights holders into the project planning and design (full co-design). 
� Communication is the process of raising awareness and generating interest about the project among a broad audience. It 

often takes the form of media coverage, public events, social media, and/or a project website. 

What should a DEC plan include: 
A DEC plan should start with background information, including a project overview, objectives, key issues, relevant stakeholders 

and rights holders, and local context. It should detail, for each DEC aspect, the logistics for undertaking the activities (e.g. meeting 

formats, timelines, budgets, roles, and resource requirements) and the target audience. Finally, the DEC plan should include de- 

tails of how community members will evaluate the DEC activities and how community-based feedback will be incorporated into the 

project. Evaluation can be conducted by developing indicators to assess the effectiveness of DEC activities and by including qual- 

itative and quantitative metrics (e.g. participation rates, knowledge uptake). There should be iterative feedback mechanisms that 

allow this evaluation, as well as stakeholders themselves, to influence the DEC plan over time. 

Additional considerations (Aspen Institute 2023 ; UNDRIP 2007): 
1. Inclusivity and accessibility: Ensure materials and engagement formats are accessible to diverse audiences, including non- 

English speakers, people with disabilities, and those with limited internet access. Use plain language and visual aids to explain 

complex concepts, such as mCDR and its potential impacts. 

2. Cultural sensitivity and ethical considerations: Incorporate cultural protocols and traditional knowledge systems when en- 

gaging with Indigenous and local communities. Include ethical review processes for communication and engagement activities, 

especially when working with vulnerable groups. 

3. Risk communication: Develop clear messaging that addresses both ecological and socio-economic risks and uncertainties. 

4. Adaptive communication: Use adaptive strategies to respond to emerging concerns or changes in stakeholder priorities. 

5. Capacity building: Include training sessions or informational workshops to build stakeholder capacity to engage with mCDR 

research—support community-led monitoring or citizen science initiatives where appropriate. 

6. Integration with policy and governance: Align dissemination, analysis, and engagement effort s with local, regional, and na- 

tional policy frameworks. Identify opportunities to inform marine spatial planning, fisheries management, and climate adaptation 

strategies. 

7. Transparency and accountability: Make project decisions, funding sources, and data openly available where possible. This 

includes information provided to regulatory bodies for the purposes of permit application or subsequent requests for information. 

Provide regular updates and maintain open channels for questions and concerns. 

nities such as Indigenous fishers (Paul et al. In Review ). Identifying 

the most relevant participants and existing forums for interaction 

across interested groups can help leverage established relation- 

ships and decrease engagement fatigue (Grabb et al. 2025 ). Cre- 

ating a compensated, decision-making power, which consists of 

key fisheries, aquaculture, and Indigenous representatives from 

diverse communities that the project may impact, is an important 

mechanism to ensure that community voices are represented in 

the project and project outcomes (Paul et al. In Review ). The com- 

munity advisory group can work with project leads to establish 

and guide decision-making processes for the project, ensuring a 

wide array of perspectives are incorporated. Deciding on the com- 
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position of this group can be guided by community members, and 

compensation for participation is expected. 

To understand the existing landscape within which a project 

is being conducted, it is also important to work directly with the 

fishing and aquaculture communities to understand their needs 

and to inventory general spatial (at sea and in port) overlaps and 

operational interactions (Nawaz and Belotti 2025 ). This can also 

help identify cultural sensitivities toward existing and previous 

practices, potential compounding impacts stemming from exist- 

ing human-caused environmental impacts and sensitivities that 

project activities may exacerbate or be synergistic with, and in- 

form project decisions, such as siting. Through these community 

collaborations, it is also important to discuss and explicitly iden- 

tify whether potential impacts are positive or negative. It should 

also be recognized that many community members may be hear- 

ing about mCDR for the first time, so projects, especially those con- 

ducted by commercial entities, should be sensitive to the grow- 

ing knowledge base concerning moral hazard in carbon removal 

and ensure that operations and external communications do not 

increase the risk of moral hazard (Markusson et al. 2024 ; Lawford- 

Smith and Currie 2017 ). Projects should also be prepared to com- 

municate about the global-scale needs to reduce carbon emis- 

sions in addition to exploring carbon removal techniques, while 

placing mCDR in a broader context within potential climate inter- 

ventions (Lawford-Smith and Currie 2017 ). Note that best prac- 

tices recommend setting aside funding to compensate commu- 

nity members for their participation in project activities, which 

requires budgetary consideration in the project planning stage. 

Engaging with communities and stakeholders would also require 

dedicated capacity on a project team. 

A socioeconomic impact analysis should be conducted at this 

stage to assist in deconflicting site selection issues (or identifying 

areas that should not be used for research) and to understand bet- 

ter the overall impact the project may have on fisheries and aqua- 

culture. Any displacement of fishing effort could have a negative 

economic impact on an individual fishery unless compensatory 

actions are successful. Any benefits from mCDR for Earth’s climate 

system require a long perspective (e.g. timescales on the order of 

tens of thousands of years); however, effects from mCDR projects 

will be felt by affected communities on a much shorter timescale. 

Describing these effec t s at Stage 0 increases transparency with af- 

fected communities. A cumulative impact analysis will enhance 

understanding of the impact on fishing communities, as it includes 

other factors (such as fishery management measures, offshore re- 

newable energy development, and dredging) that also affec t fish- 

ing. It is also recommended to identify the economic drivers within 

a fishing and aquaculture community to outline shared goals and 

to develop a community economic impact plan that includes eco- 

nomic benefits and risks, while considering the fishery’s baseline 

economics. To inform the economic impacts plan, it is useful to 

gather economic data related to the mCDR technique and assess 

the ability to leverage existing opportunities, including activities 

in other sectors. 

Stage 0: Environmental impacts 

Existing environmental data can be collated to inform project deci- 

sions, establish a baseline, and indicate where additional research 

is needed to address gaps in the baseline data (Cyronak et al. 2023 ; 

Oschlies et al. 2023 ). Best practices include conducting an Environ- 

mental Impact Assessment (EIA) or adapting existing EIAs for each 

project to assess environmental impacts relevant to the specific 

technique and region. Reviewing the literature on the ecological 

effec t s of the chosen mCDR technique can also inform about po- 

tential impacts and overlaps with fisheries and aquaculture activ- 

ities. It is also important to identify existing models for the region 

and, if available, assess potential future climate change impacts in 

the absence of climate mitigation techniques to help estimate po- 

tential future impacts of mCDR and project a future environment 

in which mCDR activity will likely take place. Within the region of 

interest, identification of key species and/or habitats, and assess- 

ment of known sensitivities based on the literature, should occur 

during this initial planning stage. It is also recommended to iden- 

tify potential areas of fisheries interactions, including sensitive lo- 

cations, species, and/or times of year. Identifying gaps in existing 

knowledge that are necessary to inform the specific project is rec- 

ommended to guide the collection of additional baseline data dur- 

ing Stage 1. 

While these activities focus on characterizing local biophysical 

conditions and direct interactions with fisheries and aquaculture, 

they do not capture the full set of upstream and downstream en- 

vironmental burdens associated with mCDR deployment (Chlela 

et al. 2025 ; Foteinis et al. 2022 ). Complementary, system-scale as- 

sessment tools are therefore needed at Stage 0 to evaluate how 

material sourcing, logistics, energy use, and end-of-life manage- 

ment may shift pressures across impact categories relevant to ma- 

rine ecosystems (Arvidsson et al. 2018 ; Pelletier et al. 2007 ). In this 

context, life cycle assessment (LCA) provides a structured, quanti- 

tative framework to identify environmental impacts and hotspots 

(the life-cycle stages, processes, or inputs that dominate an im- 

pact category) along the mCDR supply chain, thereby informing 

technology design and site selection before field trials commence 

(ISO 14044: 2006 , Bruijn et al. 2002 ; Chlela et al. 2025 ; Huijbregts 

et al. 2017 ). Box 5 outlines how a Stage 0 screening LCA can be 

integrated into the sequential gated framework to support envi- 

ronmentally robust decisions for mCDR projects interacting with 

fisheries and aquaculture. 

Stage 0: Regulatory considerations 

Understanding the regulatory landscape and the permitting path- 

ways for specific mCDR techniques is vital to prepare for fu- 

ture stages of mCDR projects (Webb et al. 2024 ). Throughout the 

project and permitting process, it is important to practice inclusive 

participatory decision-making with fishers and aquaculture farm- 

ers, especially when considering potential site selection for field 

trials (See Box 6 ). At the start of the project, it is recommended 

to identify relevant regulations and permitting pathways for the 

project approach. In the event of negative environmental impacts, 

remediation plans should be developed before the experiment 

begins. Developing monitoring, reporting, and verification (MRV) 

plans is an important component of the regulatory process at this 

stage. It can be helpful to review analogous projects and processes 

and to map potential permitting pathways within the region of in- 

terest to assess their applicability. During this process, overlaps 

with regulations related to fisheries and aquaculture can be iden- 

tified. Establishing points of contact within regulatory bodies may 

be critical to liaising with them throughout these processes. 
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Box 5 Life cycle assessment 

Early incorporation of LCA results into project design can allow for reformulation of an mCDR project with environmental sustain- 

ability in mind, leading to greater reductions in impacts arising from its implementation (Bergerson et al. 2020 ; Thoneman et al. 

2020 ; Myridinas et al. 2026 ). For example, early LCA results can inform decisions on location, logistics, vessel type, energy sourcing, 

material selection, monitoring priorities, and end–of–life treatments to maximize carbon removal and minimize environmental im- 

pacts due to mCDR activity. Indeed, experts recommend including LCA as an obligatory component at an early stage for R&D projects 

of emerging technologies (Bergerson et al. 2020 ; Myridinas et al. 2026 ). Early integration of LCA helps avoid locking in designs and 

supply chains that later prove environmentally unsustainable or very difficult to change (Moni et al. 2019 ; Wender et al. 2014 ). 

Best practice suggests implementing a screening Environmental LCA in Stage 0 (Bruijn et al. 2002 ; Chela et al. 2025 ). LCA is a 

quantitative method that documents all inputs and outputs of a product/service/project’s lifecycle from the extraction of materials 

and production to use and end-of-life treatment and quantifies its environmental impacts (Bruijn et al. 2002 ). It is designed to fairly 

compare the environmental performance of options that fulfill the same need, identifying environmental trade-offs, environmental 

hotspots, and areas for improvement in a product’s/project’s life cycle (Bruijn et al. 2002 ). Having people on the team with knowledge 

of mining, energy, and water demands will expedite this step. In the case of mCDR projects, a screening LCA would be fundamental 

for identifying environmental impacts, and likely “hotspots” before site selection, the design freeze (the point at which the technical 

design is fixed and major changes become costly or impractical), and field trials (Fuss et al. 2018 ; Chlela et al. 2025 ; Myridinas et al. 

2026 ). 

How can a Stage 0 LCA inform mCDR-relevant decisions? 

A robust “Stag e 0” life cycle assessment goes beyond carbon accounting. It evaluates a range of environmental impact categories, 

ensuring that positive and negative impacts are quantified and identified. Standard LCA methodologies already include multiple 

impact categories, some of them relevant to marine environments (Langlois et al. 2014 ). Below, we align some impact categories 

that can be quantified by LCA and applied to marine ecosystems in the context of mCDR implementation projects. In the following 

table, we refer to characterization factors (CFs), i.e. numerical factors derived from fate–exposure–effect or productivity models used 

in life cycle impact assessment to convert a unit of emission or resource use (e.g. 1 kg CO2 , 1 kg N, 1 m2 of seafloor disturbed) into a 

quantified contribution to a specific impact category (e.g. potential species loss or loss of primary production). 

Impact category What LCA quantifies Why is it important for marine ecosystems relevant to fisheries 

and aquaculture 

Ocean 

acidification 

(biodiversity loss 

in marine 

ecosystems) 

New characterization factors (CFs) link atmospheric emissions of CO2 

(and the CO2 formed by oxidation of CH, CO) to ocean pH change and 

species loss, developed from taxon– and climate–zone–specific 

species sensitivity distributions (Scherer et al. 2022 ). Anderson et al. 

(2025) extend this to a fully operational spatially explicit OA 

characterization model across marine ecoregions (coastal) and FAO 

major fishing areas (open ocean) (Anderson et al. 2025 ). 

LCA gives a defensible, quantitative measure (PDF/species ·yr per 

unit emission) for upstream/downstream emissions along an mCDR 

supply chain that affec t shellfish, coral–reef–associated fisheries, 

and other pH–sensitive species. By applying spatially explicit CFs, the 

impact of ocean acidification can be distinguished across marine 

regions/fishery areas, thereby increasing its relevance to the 

fishery/aquaculture context. ∗
Marine 

eutrophication 

(hypoxia and loss 

of marine animal 

richness) 

LC–IMPACT provides endpoint CFs for hypoxia–driven reductions in 

marine animal species richness caused by dissolved inorganic 

nitrogen (DIN) reaching coastal/marine waters; factors are spatially 

differ entiated (Cosme and Hauschild 2017 ). LCI—Marine Ecotoxicity 

(Cosme et al. 2015 ) 

The assessment can capture risks of dead–zone formation from 

nutrient additions (e.g. fertilization concepts), NOx /NH3 deposition 

from shipping, and coastal effluents, yielding a direct biodiversity 

proxy for nursery function and stock resilience. 

Marine 

ecotoxicity (toxic 

stress on fish and 

shellfish) 

ReCiPe’s toxicity modeling (with USEtox data) provides marine 

ecotoxicity CFs for thousands of chemicals, including dissociating 

organics, with explicit fate/exposure modeling (Rosenbaum et al. 

2008 ). 

Links material choices and discharges to toxic pressure, e.g. trace 

metals accompanying alkaline minerals, antifouling biocides, or 

electrolytic by–products, so that pilots can set discharge limits and 

sourcing criteria ex ante (Dong et al. 2018 ). 

Microplastics 

(physical impacts 

on biota), 

entangle- 

ment/ingestion 

impacts. 

The MarILCA method supplies CFs for physical impacts on biota from 

microplastics emitted to aquatic systems, combining 

polymer/size/shape–specific fate factors with an updated 

exposure–effect factor of 1067.5 PAF ·m3 /kg; inventories can include 

losses from fishing devices and marine coatings (Corella-Puertas et 

al. 2023 ; Lavoie et al. 2022 ). Complementary LCIA methods 

characterize additional impacts (ingestion/entanglement) but 

remain less harmonized (Woods et al. 2021 ) (Marhoon et al. 2026 ; 

Hoiberg et al. 2025 ). Newly developed methods also include Schwarz 

et al. (2024) . 

Could be used to quantify, i.e. harm from gear, ropes, nets, lines, and 

coatings used in seaweed farms and test rigs that may shed 

microfibres/fragments affecting fish, invertebrates, and their prey 

(Hoiberg et al. 2025 ). Early LCA screening can identify hotspots 

driven by rope, abrasion rate, and coating type, serving as a potential 

procurement guideline and operational design before pilot 

implementation. 

Sea–use 

(occupation and 

transformation), 

life–support 

functions (LSF) of 

marine 

ecosystems 

A dedicated sea–use category expresses how shading, biomass 

removal, seafloor destruction, and artificial habitat creation change 

the free net primary production (fNPPe q) available to the food web. 

Reported CFs span 0.1 kgCe q/kg (seaweed removal) to 

111.1 kgCe q/kg (tunas/billfishes) and 0.164–0.342 kgCe q/m2 for 

seafloor destruction, by ecosystem type (Langlois et al. 2015 ). 

This quantifies how macroalgae farms (shading/structure), 

anchors/pipelines (benthic disturbance), or biomass extraction alter 

the bottom–up energy supporting local fish populations. 

∗Current OA CFs are emissions–driven; they do not directly credit local buffering alkalinity-based mCDR (e.g. OAE), nor do they capture local-scale risks from deliberately 

altering carbonate chemistry (e.g. transient over-alkalinization, mineral precipitation, changes in trace metal speciation, and biological responses). These local impacts 

must be evaluated through dedicated monitoring, process-based modeling, and, where relevant, other LCA impact categories (e.g. ecotoxicity, sea-use), rather than 

relying solely on OA CFs(de Castro et al. 2025 ). These OA characterization factors capture the pH-driven pathway by which atmospheric CO2 emissions affect marine 

biodiversity and are therefore complementary to climate-change impact categories in LCA, which represent temperature-driven impacts of greenhouse gases on marine 

and terrestrial ecosystems. 
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Another essential aspect to consider in Stage 0 is indirect value-chain emissions, often referred to as scope 3 emissions in 

greenhouse-gas accounting frameworks. These include upstream and downstream emissions outside the project’s direct operations 

(e.g. extraction and processing of alkaline materials, manufacture of equipment and vessels, and transport logistics) and are criti- 

cal for determining the net carbon removal following mCDR implementation. In LCA, the same processes are represented through 

inventory flows (e.g. CO2 , NOx , dissolved inorganic nitrogen, metals, plastics) that are translated into impact categories such as cli- 

mate change, ocean acidification, marine eutrophication, marine ecotoxicity, microplastic impacts, and sea-use. For example, if an 

OAE project requires mining large quantities of rock, the associated fuel use in mining and transportation may become a significant 

source of CO2 (Foteinis et al. 2023 ). In contrast, the management of mining waste and tailings can have additional impacts, such as 

freshwater and marine ecotoxicity (Foteinis et al. 2023 ; Rosenbaum et al. 2018 ; Myridinas et al. 2026 ). By quantifying these contri- 

butions, a Stage 0 LCA informs developers which components dominate overall climate and environmental impacts, highlighting 

where, for example, cleaner fuels, alternative materials, or different sourcing strategies are needed (Foteinis et al. 2022 ; Myridinas 

et al. 2026 , Katish et al. 2026 ). In this way, early-life-cycle assessment guides projects to mitigate indirect emissions and impacts at 

a stage when changes to project design and supply chains are still most feasible. 

Because LCA is an inherently iterative process, this initial Stage 0 screening should be revisited and progressively refined 

as mCDR projects move through subsequent stages and more site-and technology-specific data become available. This al- 

lows uncertainties to be reduced, impact estimates to be updated, and design choices to be adjusted accordingly (Nurdiawati 

et al. 2025 ). 

Stage 0 Gate—Evaluate prior to moving to 

Stage 1 

Prior to passing through the Stage 0 Gate and proceeding to 

Stage 1 ( Fig. 3 : Stage 0 Figure), considerations discussed above 

should be addressed and the following check-points are recom- 

mended to be met: (1) Establish a community advisory group of 

key representatives from diverse groups across fisheries, aqua- 

culture, and Indigenous communities to help work with project 

leads and regulators to guide project decision-making processes; 

(2) Establish a DEC plan with oversight from the community 

advisory committee and third-party key actors (See Box 5 ); 

(3) map potential regulatory pathways and incorporate regulatory 

requirements into the project plan, including permits for field trial; 

(4) identify gaps in existing baseline data; (5) complete an initial 

list of relevant fisheries and aquaculture issues; and (6) initiate 

site selection process in collaboration with fisheries and aquacul- 

ture communities as well as regional spatial planning agencies; (7) 

conduct LCA to assess potential impacts throughout life cycle and 

show how results are incorporated into site selection and project 

design (See Box 6 ). If any of these steps have not yet been com- 

pleted, it is recommended to remain in Stage 0. 

Stage 1: Baseline assessment and 

experiments (0 tons CO2 

removal per year) 

After the initial planning in Stage 0, Stage 1 recommends collect- 

ing new baseline data and conducting experiments to address 

the identified gaps and inform field-trial planning ( Fig. 4 : Stage 

1 Figure). Baseline assessments are expected to occur before the 

project commences and should collect data on the project loca- 

tion, design, operation, and mitigation measures relevant to com- 

munities, socio-economic considerations, and environmental and 

ecological aspects (EXIM 2025 ). It is best for these assessments to 

also consider current and proposed development activities within 

the project area that are not directly connected to the project. To 

contribute to baseline data collection, laboratory experiments and 

mesocosm studies should be conducted on key species and/or 

habitats relevant to the project area. Modeling studies, includ- 

ing those focused on socio-economic analysis and environmental 

aspects, can also inform project design and future experiments. 

Informed by experiments and models, this stage includes plan- 

ning field trials, applying for permits, and identifying off-ramps for 

small-scale trials. 

Stage 1: Community engagement and socio-economic 

impacts 

During Stage 1, understanding the baseline conditions for socio- 

economic aspects is important. Baseline data on people, commu- 

nities, and societal issues should be prioritized during this stage 

to inform the project’s progression. Meaningful engagement with 

interested groups, including members of the fishery and aqua- 

culture community, can yield information, guidance, and feed- 

back that benefits project plans (Nawaz and Belloti 2025 ). The best 

mechanisms for engagement (e.g. workshops, town hall meetings, 

asynchronous opportunities) will be determined by the commu- 

nity to align with their preferred and/or ongoing activities (Nawaz 

and Belotti 2025 ). Through this engagement, it is important to 

build on the relationships established during Stage 0 with fish- 

eries and aquaculture communities to ensure that priorities align 

with project planning, such as choosing key species for exper- 

iments, prioritizing research on the most concerning impacts, 

and/or assessing potential agreed-upon sites. Discussing poten- 

tial off-ramps and societal, environmental, and ecological thresh- 

olds that trigger them with community members can help agree 

on predetermined off-ramps before field trials commence. This 

engagement is central to implementing the DEC plan created in 

Stage 0, such as by practicing inclusive participation for fisheries 

and aquaculture communities and/or through monitoring, sam- 

ple collection, collaborations, advisors, and/or partnerships. At 

this stage, the project can also consider and work with commu- 

nity members to design direct economic benefits and opportuni- 

ties, such as co-ownership or co-PI status, hiring fishers for ship 

time, and/or contracting consultants for experiments and aqua- 

culture rearing. Engagement of fishers and farmers throughout 

these processes is expected to be compensated for their time, and 

the capacity to guide these engagement processes is included in 

the project design and funding. 
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Box 6 Recommendations for site selection 

Site selection is a critical aspect to consider during Stage 0, the project conception. It requires close collaboration with fisheries 

and aquaculture communities and crosscuts socio-economic, regulatory, and environmental elements. Starting the site selection 

process by including communities and considering the priorities and concerns of other ocean users, such as fishers and aquacul- 

ture farmers, is important in addition to evaluating environmental parameters (Guo et al. 2025 ). This should happen before sub- 

mitting the permitting application and undergoing official consultations with other interested groups, regardless of permitting 

requirements. Permit applications require an understanding of essential fish habitats, fisheries survey methods, protection acts, 

and/or affected species that the field trial will interact with or overlap. Starting the site selection process during the project’s plan- 

ning stages will also inform baseline measurements, environmental parameters, and key species of interest to evaluate through 

experiments, mesocosms, and modelling studies in Stage 1. Reaching out and establishing open communication with potential 

permitting agencies can also ensure that regulatory considerations are being integrated alongside other spatial planning activi- 

ties, such as conservation targets and renewable energy planning, and therefore ensuring compliance with expected permitting 

requirements. 

Other ocean-based sectors have developed site-selection processes that can inform the mCDR community. For example, re- 

flections on offshore wind site selection processes, including previous mistakes, offer insights for tools and practices that can 

enhance the opportunity for inclusive site selection for mCDR projects that balance environmental, techno-economic, and so- 

cial considerations (Spyridonidou and Vagiona 2020 ; Abdel-Bassett et al. 2021 ; Diaz et al. 2022 ). Processes that help narrow 

down potential sites can include phases that first identify exclusion areas based on ocean-use and community input, then 

assess potential suitable areas against agreed-upon criteria, and finally optimize to maximize beneficial attributes and min- 

imize risks (Spyridonidou and Vagiona 2020 ). Throughout the planning process, spatial planning tools, such as GIS, can be 

powerful to precisely integrate interdisciplinary considerations that contribute to site selection and marine spatial planning, 

including existing marine protected areas, environmental factors, fishing grounds, and other ocean uses (Spyridonidou and 

Vagiona, 2020 ). 

To enhance participatory practices, a number of methods have been tested and assessed in offshore wind processes, which can 

be selected based on their suitability for the project at hand and/or used in combination. Some of these techniques include Ana- 

lytic Hierarchy Process, Multiple Attribute Decision Analysis, multi-criteria decision-making, Evidential Reasoning, and Preference 

Ranking Organization Method for Enrichment Evaluations (Abdel-Bassett et al. 2021 ; Diaz et al. 2022 ). These techniques can be pre- 

ceded by a comprehensive index system of evaluation criteria specific to the proposed region and aligning with community priori- 

ties (Abdel-Bassett et al. 2021 ). For example, in the US, spatial modeling was done by NOAA at the request of the Bureau of Ocean 

Energy Management (BOEM) to narrow down wind energy sites according to other uses, including fish species presence and fish- 

ing activity; benthic characterization, national security uses, etc. (O’Brien et al. 2025 ). By considering spatial planning techniques 

and practices recommended by other sectors, ocean users, and interdisciplinary experts, the mCDR community can promote site- 

selection processes that are inclusive and optimized to maximize co-benefits and minimize adverse impacts across environmental, 

socio-economic, and regulatory aspects. 

Stage 1: Environmental impacts 

Based on the gaps in the existing data identified during Stage 0, in- 

cluding community- and locally relevant concerns, Stage 1 recom- 

mends conducting additional experiments and collecting baseline 

data under natural environmental conditions to inform project 

decisions (Oschilles et al. 2023 ; Cyronak et al. 2023 ). To ensure 

these assessments are unbiased and trustworthy, analyses could 

be conducted or reviewed by independent, third-party actors 

(non-project-specific, including reviewers from public and/or pri- 

vate entities) to evaluate the mCDR methodologies and potential 

impacts, with results published openly and transparently and/or 

reviewed by regulatory agencies. With paid guidance from fish- 

eries and aquaculture farmers, experiments can be tailored to ad- 

dress community priorities to yield open-source data to assist lo- 

cal decision-making. 

Laboratory and mesocosm experiments that emulate perturba- 

tions expected from mCDR techniques can be designed to com- 

plement each other and investigate potential environmental and 

ecological impacts on key species. (Dupont and Metian 2023 ; 

Iglesias-Rodriguez et al. 2023 ; Riebesell et al. 2023 ). Experiments 

should be conducted following best practices, such as those es- 

tablished in related fields, such as ocean acidification (Findlay et 

al. 2025 ), recognizing that methodologies may need to be mod- 

ified to more effectively simulate mCDR perturbations (Hooper 

et al. 2025 ). These experiments can help collect data on species’ 

sensitivity to proposed mCDR conditions, which can also be used 

to produce curves for modeling. There is value in assessing a 

range of conditions and concentrations to implement response 

curves into models and evaluate impacts at different locations 

and scales. This can help consider the impacts of potential acci- 

dents that may generate conditions outside of normal planned 

operations. 

More specifically, for models, at this stage it is important to 

develop and verify regional-scale biogeochemical models for the 

sites of interest so they can be used before, during, and after field 

trials for MRV and EIA (Fennel et al. 2025 ). Assessing potential nu- 

trient dynamics (i.e. nitrogen and phosphorus processes) and cas- 

cading biogeochemical changes, in addition to the carbon cycle, is 

important to feed into ecosystem-based models and extrapolate 

potential impacts to multiple species and across higher and lower 

trophic levels. Assessing biogeochemical and ecosystem changes 

can also be a critical component of carbon accounting, since nu- 
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Figure 4 Stage 1: Figure describing the Stage 1 priorities (blue) and gate (red) for baseline assessment and experiments. 

trient cycles can have feedbacks on greenhouse gas emissions be- 

yond carbon dioxide (e.g. nitrous oxide, which is 300 times more 

potent than carbon dioxide). Models can also help provide a ref- 

erence for future baselines without mCDR techniques, accounting 

for potential climate impacts that may occur without climate in- 

tervention. Enhancing existing ecosystem and fisheries models to 

incorporate mCDR efforts is a possibility; the suitability of these 

models for mCDR work can be evaluated in Stage 0. Collaboration 

between experimentalists and modelers can inform experimental 

parameters and modeling variables, ensuring experimental find- 

ings and baseline data can be incorporated into model scenarios. 

While comparing models and developing standards remains an ac- 

tive research area (Fennel et al. 2025 ; Ward et al. 2025 ), model sce- 

narios can be co-developed with fishers and aquaculture farmers 

to investigate specific questions aligned with their priorities, such 

as key species, areas of interest, and potential co-benefits. Collab- 

oration with local researchers and research centers across pub- 

lic and private entities may help expedite model development by 

leveraging regional knowledge and capacity to develop targeted, 

robust models for mCDR purposes. 

As projects collect laboratory, mesocosm, and modeling results 

throughout this stage, it is expected that the data will be evalu- 

ated and synthesized to inform field trial planning. Providing re- 

sults to the broader community can be done not only through aca- 

demic publishing pathways but also by reaching relevant commu- 

nities through public communications and presentations. These 

practices should follow modern data-management practices, in- 

cluding opportunities for the community to provide feedback and 

input (FAIR Data, U.S. White House 2024 ; AGU Ethical Framework 

2024 ). Considering input from fisheries and aquaculture practi- 

tioners alongside experimental results can help identify biological 

and ecological thresholds that inform the field trials’ stop points. 

To support field trial plans, these stop-points are essential for pre- 

determined off-ramps. Best practices suggest that stop-points be 

co-developed with community members and decided upon be- 

fore commencing field trials (Ocean Visions 2025 ). Input from ex- 

perts across sectors can also inform the experimental and model- 

ing tools used in this stage to develop long-term monitoring plans 

and strategies, including methodologies, metrics, and/or indica- 

tors that can be deployed and/or innovated upon to enhance MRV 

and EIA during field trials. 

Stage 1: Regulatory considerations 

At this stage, alignment with regulatory processes relevant to the 

project type and jurisdiction is important to inform initial experi- 

ments and baseline measurements. Given that this framework is 

designed for projects aiming to progress to field trials, this stage 

should focus on obtaining and applying for the necessary permits 

for the field trial site and conducting the required preliminary ex- 

periments that assess potential impacts, inform risk, and address 

community priorities. It is important for projects to consider cur- 

rent ecosystem-based management practices and regional spatial 

planning to determine how the project may complement and inte- 

grate with existing ocean-based activities. At this stage, the project 

should include consultations with decision-makers (e.g. regula- 

tory and rights holders) regarding the project and proposed re- 

search, to ensure the project is prepared to comply with current 

and future permitting requirements. Throughout these processes, 

it is essential to recognize the rights of Indigenous Peoples, includ- 

ing Traditional Fishers, and include Indigenous representatives as 

decision-makers, not just as invested communities. 
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Figure 5 Stage 2: Figure describing the Stage 2 priorities (gray) and gate (yellow) for pilot field trials. 

Stage 1 gate—Evaluate prior to moving to 

Stage 2 

Prior to passing through the Stage 1 Gate and proceeding to Stage 

2, all projects are expected to adhere to the considerations out- 

lined above and obtain the appropriate permit to conduct small- 

scale field trials ( Fig. 4 : Stage 1). Additionally, the project should 

comply with the following check-points: (1) Obtain the appropri- 

ate permits for Stage 2 and support for community advisory group; 

(2) share results with fisheries, aquaculture, and interested com- 

munities from laboratory, mesocosm, and modeling experiments, 

alongside plans for potential field trials, noting that this stage 

should consider the time required to conduct experiments. This 

should include transparent data presentations and honest report- 

ing of uncertainties. By applying the precautionary principle, an 

absence of knowledge does not necessarily preclude projects to 

proceed (AGU Ethical Framework 2024 ); (3) inform communities 

about the regulatory process to encourage participation and gain 

feedback to incorporate into in future processes, including open 

access to information and communication with co-design fea- 

tures; (4) incorporate findings from Stage 1 into ecosystems-based 

models to ensure projected impacts during Stage 2 are net posi- 

tive; (5) invite partnerships with communities/fishers/aquaculture 

for projects, including planning for participation in field trials; 

and (6) present and discuss any thresholds observed during lab- 

oratory, mesocosm, and modeling experiments with community 

members to collectively agree on limits and off-ramps tha t can be 

applied to future field trials. 

If the following conditions are encountered, the project is rec- 

ommended to remain in Stage 1 until they have been resolved 

or consider alternative project plans (1) Community support out- 

weighs negative community feedback (i.e. through engagement 

and/or public comments), especially from major fisheries associ- 

ations within the region and/or community engagement suggest 

additional research is needed to address community concerns or 

incorporate mitigating protocols in the design; (2) regulatory path- 

ways restrict the progression of the project to field trials; (3) if 

societal, environmental, and ecosystem thresholds determined 

through this stage, especially those associated with key species, 

are projected to be surpassed in Stage 2, the project developer 

should consider project alterations, such as modifying plans to re- 

duce or eliminate the risk and/or scaling down the research and 

sharing results of the decision to ramp down. 

Stage 2: Pilot field trial (100s tons CO2 

removal per year) 

After p assing through the Stage 1 Gate, Stage 2 suggests small- 

scale pilot field trials. While the MRV of carbon removal is not ad- 

dressed in this framework, projects progressing through Stage 2 

and subsequent stages are assumed to have tested and verified 

the effec tiveness of c arbon r emoval at each field-trial stage. Here, 

we assess whether there are any effects beyond carbon removal 

( Fig. 5 : Stage 2). While the mCDR community does not have con- 

sensus on what constitutes a small-scale field trial, leaning on the 

suggested addition of 10s of tons of alkalinity during OAE within 

the EIMF (Fawcett et al. 2025 ), and recommends that this stage 

supports projects that assess their initial field research, which in- 

cludes a small perturbation, while considering temporal and spa- 

tial scales. While this framework does not focus on monitoring, 

reporting, and verification (MRV) of carbon removal, moving be- 

yond Stage 2 will depend on additional research confirming that 
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the mCDR technique can viably and durably remove and store car- 

bon at scale (Fennel et al. 2025 ). It is, however, worth noting that 

numerical tools used for carbon removal MRV can also provide in- 

sights into non-carbon responses, given their reliance on biogeo- 

chemical models. Although a primary goal of many initial mCDR 

field trials may be to assess effec tiveness in c arbon dioxide re- 

moval, we also recommend maximizing data collection on socio- 

economic, environmental, and regulatory impacts as they relate to 

fisheries and aquaculture, which can provide critical information 

needed before a project can scale up. 

Stage 2: Community engagement and socio-economic 

impacts 

Engagement should continue during Stage 2 by providing op- 

portunities for interested groups (especially fishers, aquaculture 

farmers, and resource managers) to participate in ongoing work 

and prepare for future stages. Projects are encouraged to con- 

tinue expanding partnerships and collaborations with fishers 

and aquaculture farmers as relevant. By seeking opportunities 

for community-based science and inclusive public participation, 

fisheries and aquaculture communities can be involved in the 

projects, such as by collecting data for monitoring and/or access- 

ing ship time during the pilot field trials. Fisheries and aquacul- 

ture observers can be invited to observe the field trials and en- 

couraged to report back to their communities. Including observers 

in planning for future field trials, discussions, and reassessments 

about critical aspects as new information is generated provides 

fishers an opportunity to participate and learn first-hand about 

the project, enabling them to form their own opinions (Schumann 

2025 ). Essential topics to actively discuss include site evaluation, 

societal, environmental, and ecological thresholds, and potential 

off-ramps. By assessing these aspects after they were agreed upon 

in Stage 1 and tested during the field trial in Stage 2, they can be 

re-evaluated with the new information to agree upon decisions 

for Stage 3. To continue increasing the number of actors engaged 

in these conversations and mCDR literacy, projects are encour- 

aged to disseminate knowledge widely before, during, and after 

the pilot field trials, including through publications and fora com- 

monly used by fishers and farmers. To continue evaluating eco- 

nomic impacts for fishers and aquaculture farmers, projects are 

encouraged to assess the potential financial implications at larger 

field trials and climate-relevant scales. For example, assessments 

could investigate potential economic effects on the commercial 

fishing industry, such as spatial competition between shoreside 

and ocean (e.g. displacements, limited port space for all vessels, 

support businesses forced to leave a port), environmental im- 

pacts, and seafood quality (Hogan et al. 2023 ). Through robust and 

meaningful engagement pathways, fishers and aquaculture farm- 

ers can actively influence opportunities to benefit economically as 

the projects progress and create employment opportunities that 

align with their interests. 

Stage 2: Environmental impacts 

Evaluation of potential environmental impacts is an important 

component of conducting small-scale field trials (Riebesell et al. 

2023 ). However, since Stage 2 is limited to small-scale trials, small 

perturbations may make it difficult to measure or observe envi- 

ronmental changes, so it is useful to pair observations with mod- 

eling effort s. This Stage pr ovides an opportunity to test the in situ 

methods proposed in Stage 1 and to align measurements of en- 

vironmental and biological metrics/indicators between the field 

and laboratory/mesocosms. Then mCDR trials can be designed as 

ecological perturbation experiments using before-after-control- 

impact (BACI), before-after-gradient (BAG), or other methodolo- 

gies using captive organisms deployed in the zone of mCDR activ- 

ity or by measuring aspects of the native ecosystem (Jankowska 

et al. 2025 ; Methratta 2020 ). Designing these experiments requires 

careful collaboration with biogeochemical and oceanographic 

modelers who can estimate exposure patterns around mCDR test 

deployments (Dupont and Metian 2023 ). Depending on the scale 

of the mCDR test, ecosystem-based models, designed to examine 

food-web interactions, may be informative. However, most pilot- 

scale tests of abiotic methods (OAE and DOCCS) are likely to be of 

such limited spatial or temporal extent that ecosystem or fisheries 

models may not be very sensitive in estimating project impact. Bi- 

otic mCDR methods (i.e. ONF, macroalgae, upwelling) involve ex- 

plicit ecosystem manipulation, and therefore ecosystem-based or 

fisheries models may generate useful projections that can be eval- 

uated at the pilot study scale. It is also recommended that envi- 

ronmental conditions are monitored for potential breach of the 

agreed thresholds (McElhany et al. 2026 ). Informed by these learn- 

ings, an environmental monitoring plan can be drafted with fish- 

eries and aquaculture farmers to prepare for larger field trials. 

Stage 2: Regulatory considerations 

Complying with regulatory processes and associated permits is a 

priority in this stage. A key part of this is to follow best practices for 

FAIR data (i.e. Aspen Institute Code of Conduct 2023 ; AGU Ethical 

Framework 2024 ; U.S. White House 2024 ) to promote data trans- 

parency, including compliance with academic and government 

requirements for open access and unbiased data. Further work 

can also be done at this stage to communicate with regulators 

about the knowledge generated from trials to inform future per- 

mitting applications or regulatory processes for larger-scale field 

trials (Webb et al. 2024 ). To prepare for Stage 3, it is also impor- 

tant to apply for any additional permits required to move from a 

small-scale to a larger-scale field trial. 

Stage 2 gate—Evaluate prior larger-scale 

field trial 

Before passing through the Stage 2 Gate and proceeding to larger 

field trials in Stage 3, the considerations mentioned above should 

be implemented. The project should show ( Fig. 5 : Stage 2) that 

there is evidence (MRV assessments, not discussed in this frame- 

work) that confirms that the technology being investigated has 

the potential to remove carbon at scale and/or any other poten- 

tial benefits at scale (i.e. a project may provide local ocean acidi- 

fication mitigation or provide habitats even if it is not effective for 

global carbon reduction). It is also beneficial to cross-evaluate all 

conclusions from Stage 1 and Stage 2, based on laboratory, meso- 

cosm, modeling, and small-scale field trial data, to ensure that 

predictions for scaling up the project to Stage 3 demonstrate that 

the expected benefits outweigh the projected risks. Before pro- 

ceeding to Stage 3, the project is recommended to have any ap- 

propriate permits and agreement from the community advisory 

group. 
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Figure 6 Stage 3: Figure describing the Stage 3 priorities (pink) and gate (green) for scaled field trials. 

The following check-points are also recommended before pro- 

ceeding to Stage 3: (1) continued overall positive support from 

critical communities, open communication with communities and 

decision-makers, and transparent sharing of information and 

data; (2) ensure that future field trial plans (developed in collab- 

oration with communities and regulatory bodies) are compliant 

with permitting regulations and community priorities, especially 

relating to site selection; (3) establish agreed upon risk mitigation 

actions (i.e. monitor for passing thresholds; only discharge cer- 

tain concentrations; only conduct technique in certain locations), 

based on results from Stages 1 and 2, to minimize risk of adverse 

impacts; (4) model the carbon removal and potential impacts as 

the project scales to inform a risk assessment that establishes risk 

mitigation actions; and (5) develop contingency plans that allow 

for halt in operations if a threshold is reached for larger field trials 

in Stage 3. 

Stage 3: Scaled up field trial (kilo- to mega- 

tons CO2 

removal per year) 

Stage 3 recommends similar actions and assessments to those in 

Stage 2, except that it includes larger-scale field trials ( Fig. 6 : Stage 

3). The goal of this stage is to investigate whether observations 

from Stage 2 scale with deployment size and to assess whether 

compounding impacts become present at these larger scales. 

This stage also allows fisheries and aquaculture communities 

to determine whether larger deployments interfere with and/or 

benefit their communities in disproportionate ways as mCDR 

scales up. 

Stage 3: Socio-economic impacts 

Projects in Stage 3 are recommended to continue focusing on 

many of the Stage 2 priorities. For example, projects are recom- 

mended to continue meaningful engagement with identified key 

groups and communicate findings to explore additional avenues 

for collaboration, partnership, and co-design. This stage should 

also continue to incorporate new knowledge into key discussions 

around assessing and adjusting societal, environmental, and eco- 

logical thresholds that inform potential off-ramps and/or deci- 

sions to modify or cease operations. Collaborative assessments 

with fishers and aquaculture farmers, community members, and 

decision-makers should also continue to coordinate spatial plan- 

ning assessments and to consider ethical choices for site selec- 

tion (See Box 6 ) as information is learned throughout the project. 

As the project scales, potential economic opportunities for fish- 

eries and aquaculture communities should also continue to be 

created through employment, co-ownership, and future invest- 

ments. Mapping socio-economic risks and opportunities and iden- 

tifying aspects unique to larger-scale field trials and/or more sus- 
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tained operations are also critical considerations before proceed- 

ing to the next stage. 

Stage 3: Environmental impacts 

To assess potential adverse impacts and co-benefits at larger 

scales, Stage 3 is recommended to honor Stage 2 practices, such as 

monitoring ecological and environmental metrics/indicators be- 

fore, during, and after the trial to detect changes relative to the 

background state. Projects are also encouraged to continue using 

models to project potential effects at scale and consider potential 

cross-boundary and cumulative impacts of multiple mCDR oper- 

ations that could co-exist in each area as well as those stemming 

from other human ocean uses and associated pressures on the lo- 

cal or regional marine environment and ecosystems (e.g. other in- 

dustrial uses of the ocean or cumulative impacts stemming from 

land-ocean interactions). By cross-evaluating findings from Stages 

0–3, projects at this stage should assess the impacts and uncer- 

tainties to determine if observed carbon removal and co-benefits 

outweigh potential adverse impacts. 

Stage 3: Regulatory considerations 

With larger field trials in Stage 3, it is important to remain trans- 

parent, make ethical choices, and partner with independent third 

parties for unbiased evaluation of the potential impacts of mCDR 

techniques. Projects are expected to continue to conduct envi- 

ronmental and species-related impact monitoring to comply with 

regulatory requirements. Projects in Stage 3 should establish reg- 

ulatory compliance requirements for larger field trials and apply 

for any additional permits required to continue for sustained peri- 

ods of time during Stage 4. At this Stage, project leads should also 

work with regulatory bodies to assess the implications of spatial- 

temporal overlap between CDR projects and other ocean uses. The 

project should continue collaborating with communities and reg- 

ulatory bodies to establish mechanisms for grievance redress, in- 

cluding formal reporting, third-party review, and integration into 

permitting infrastructure (UNDRIP). 

Stage 3 gate—Evaluate prior to 

pre-commercialization 

Prior to passing through the Stage 3 Gate and proceeding to Stage 

4, it is recommended to obtain support from the community ad- 

visory group ( Fig. 6 : Stage 3). Remaining uncertainties should be 

communicated to acknowledge the unknowns, including, but not 

limited to, the magnitude of carbon removal. In addition to this, 

before proceeding to long-term field trials, the following check- 

points must be met: (1) obtain any relevant permits for Stage 4; (2) 

demonstrate ability to execute contingency plans if agreed upon 

thresholds are reached; (3) confirm no negative impacts or im- 

pacts which cannot be mitigated have been observed on key con- 

cerns identified during previous engagement; (4) ensure space use 

considerations still comply with fishers, aquaculture farmers, and 

other ocean users’ priorities; (5) confirm model scenarios of mCDR 

technique extrapolated temporally and spatially to the next scale, 

indicate that carbon removal and other benefits still outweigh any 

adverse impacts in Stage 4 across societal, economic, environ- 

mental, and ecological impacts. 

Stage 4: Long-term monitoring 

(continuously removing mega-tons of CO2 

per year) 

Long-term monitoring 

At the pre-commercialization stage, projects are expected to de- 

ploy for near-continuous periods on the same scale as Stage 3 ( Fig. 

7 : Stage 4). At this scale, projects will implement methods and 

impact assessments aligned with practices in previous stages but 

will cover wider geographic regions and longer timeframes. Given 

the extended timeframe, it is expected that projects continue to 

engage fisheries and aquaculture communities actively, routinely 

share findings, and reassess priorities periodically. Co-developed 

socio-economic, regulatory, and environmental thresholds estab- 

lished with fisheries, aquaculture, and other invested communi- 

ties can be compared to baseline values to determine if impacts 

are adverse or beneficial. Most recommendations from Stage 2 

and Stage 3 apply here, with specific recommendations to: (1) con- 

tinue to collect data and use data in models to extrapolate poten- 

tial impacts spatially and temporally; (2) communicate routinely 

with fisheries and aquaculture communities, including by sharing 

all data and making it available to community members, and it- 

erate on project design to incorporate feedback and increase in- 

volvement in project; (3) train additional fishers and aquaculture 

farmers on monitoring techniques and other relevant skills to en- 

hance opportunities for co-ownership/partnership and commu- 

nity monitoring for long-term deployments and future opportu- 

nities, (4) provide recommendations to regulatory pathways for 

fisheries and aquaculture participation based on learnings; and 

(5) empower fishers and aquaculture farmers to explore additional 

opportunities in related mCDR projects. 

To keep the gate open for Stage 4 

To keep the gate open and continue conducting a pre-commercial 

stage field trial, it is essential that the community advisory group 

continues to support the project. The following considerations are 

also recommended ( Fig. 7 : Stage 4): (1) continuously conduct long 

term monitoring and assess chronic and cumulative adverse im- 

pacts and co-benefits; and (2) have established clear off-ramps 

and stop research deployment if: (a) agreed thresholds are ex- 

ceeded, (b) iterative reassessment within the Stages shows that 

adverse impacts outweigh the benefits (both carbon removal and 

additional co-benefits), (c) regulatory pathways suggest the re- 

search is not compliant, and/or (d) communities are impacted 

negatively more than they are benefited. 

Recommendations to improve 

impact assessment capacity 

This framework outlines a holistic approach to scaling mCDR 

projects, including assessing socio-economic, regulatory, and en- 

vironmental co-benefits and adverse impacts through a fisheries 

and aquaculture lens. However, the authors recognize gaps in 

foundational knowledge needed to conduct this research at scale, 

which may complicate the framework’s implementation. There- 

fore, some recommendations to enhance the effective research on 

impact include: 
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Figure 7 Stage 4: Figure describing the Stage 4 priorities (blue) and gate (yellow) for long-term monitoring. 

� Create interdisciplinary test-bed sites to assess potential im- 

pacts in collaboration with fishers and aquaculture farmers to 

encourage partnerships across natural and social science, en- 

able community engagement, and assist with navigating reg- 

ulatory pathways; 
� Consider selecting sites for projects where sufficient baseline 

ecological/environmental information exists to constrain nat- 

ural variability, thereby facilitating evaluation of departures 

from the natural state; 
� Assess potential economic impacts associated with co- 

benefits and adverse impacts to incorporate into carbon 

markets and economic analysis of mCDR pathways; 
� Continue to improve methodologies and technologies to mon- 

itor and observe environmental perturbations associated with 

mCDR and develop methodologies that fisheries and aquacul- 

ture farmers can conduct. 
� Critically test models’ capability to reliably forecast environ- 

mental conditions temporally and spatially to understand 

environmental and ecological perturbations associated with 

mCDR techniques and co-design model scenarios with fishers 

and aquaculture farmers’ input; 
� Increase support for fisheries and aquaculture farmers’ en- 

gagement from boundary organizations and other unbiased 

third-party organizations to assess and communicate widely 

community priorities related to impacts; 

� Co-develop, with fisheries and aquaculture representatives, 

research on regulatory pathways to encourage environmen- 

tal and ecological impact assessments associated with mCDR 

projects; 
� Develop pathways to enable information sharing on appli- 

cation of this framework to field settings between activities 

mCDR entities to enable iterative improvement, which would 

enable more effective and streamlined research on this topic; 
� Bring capacity to bear to data transparency and data man- 

agement issues that could enable broader dissemination of 

knowledge gained through mCDR activities and application of 

this framework; 
� Support capacity building on the topic of mCDR to enable 

more informed engagement and participation in activities and 

decision-making processes. 

Holistic approaches that consider the co-benefits and risks 

across sectors will require collaboration, with private and pub- 

lic research funds dedicated to conducting experiments to de- 

termine whether each mCDR technique has positive or negative 

impacts on commercially and recreationally important fish and 

shellfish species. With emerging frameworks on environmental 

impacts (i.e. Fawcett et al. 2025 ; funded Fugro EIA) and social 

and ethical best practices (i.e. Aspen Institute Code of Conduct 

2023 ), groups pursuing mCDR projects are beginning to recognize 

D
ow

nloaded from
 academ

ic.oup.com
/icesjm

s/article/83/6/fsag076/8719403 by U
niversidade do Algarve user on 11 Septem

ber 2026



22 ICES Journal of Marine Science, 2026, Volume 83, Issue 6

the need to improve our understanding of the impacts of mCDR. 

Here, we present the first framework to assess the potential socio- 

economic, regulatory, and environmental impacts on fisheries and 

aquaculture communities. We envision this framework remain- 

ing a living document in association with the official ICES Work- 

ing Group on Marine carbon dioxide removal (mCDR) and interac- 

tions with ecosystems, fisheries and aquaculture (WGmCDRFISH), 

so that it can evolve to address fishers and aquaculture farmers’ 

priorities as the sector develops and as information is learned, 

and mCDR projects continue to develop. By presenting this frame- 

work, we encourage all mCDR projects to consider the benefits of 

enhancing collaboration and interactions with the fisheries and 

aquaculture communities. 
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