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As the impacts of rising temperatures mount and the global transition to clean energy advances only gradually, scientists and policymakers are looking towards carbon dioxide removal (CDR) methods to prevent the worst impacts of climate change. Attention has increasingly focused on ocean CDR techniques, which enhance or restore marine systems to sequester carbon. Ocean CDR research presents the risk of uncertain impacts to human and environmental welfare, yet there are no domestic regulations aimed at ensuring the safety and efficacy of this research. A code of conduct that establishes principles of responsible research, fairness, and equity is needed in this field. This article presents fifteen key components of an ocean CDR research code of conduct.
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Introduction

Industrial development has unequivocally altered the Earth’s climate, unleashing widespread changes in natural systems that have increasingly inequitable outcomes for humans (IPCC, 2021). Limiting global warming to the 1.5° C goal at the heart of the 2015 Paris Agreement — or even to the Agreement’s “avoid at all cost” upper limit of 2° C — requires that drastic and rapid emissions cuts be supplemented with carbon dioxide removal (CDR) to eliminate historically emitted anthropogenic carbon dioxide that continues to warm the planet (Rogelj et al., 2018). However, CDR techniques may have profound adverse social and environmental impacts, such as disruption to ecosystems and food webs, pollution, and high energy costs. To avoid exacerbating the already-inequitable impacts of climate change, climate mitigation must be pursued via methods that maintain biodiversity and support social equity (Pörtner et al., 2021). Research codes of conduct help ensure these goals can be equally upheld throughout the process of developing solutions (Hubert, 2021).

Although attention surrounding CDR has traditionally focused on land-based techniques to reduce atmospheric carbon dioxide levels, interest in various ocean-based CDR solutions is now skyrocketing among policymakers, funders, scientists and entrepreneurs (Boettcher et al., 2021). Ocean CDR approaches differ widely in their potential scales, the ways they aim to manipulate or restore ocean systems, and the degree of human intervention they require. Vast, relatively unpeopled ocean spaces have inspired an array of proposals from political leaders, investors, and marine researchers. Some of these proposals rely on intensive technological manipulations of ocean chemistry or biology, representing a form of climate engineering; these include fertilizing the ocean with iron, redistributing nutrients or organic matter within the ocean to stimulate algal blooms through artificial upwelling, adding minerals to rivers, beaches or ocean water to enhance ocean alkalinity through mineral weathering, and using electrical currents to generate alkalinity in seawater, which can locally induce additional CO2 absorption by the ocean. Other proposed ocean CDR methods, such as the restoration of populations of large marine animals, including epipelagic fishes and whales, and the cultivation of vast quantities of kelp or other seaweeds in the open ocean, could involve less intensive manipulation. Amid this explosion in interest, the National Academies of Sciences, Engineering, and Medicine (NASEM) released a Research Agenda for Ocean Carbon Dioxide Removal and Sequestration in early December 2021, which sets priorities for research and development of several of these CDR pathways (National Academies of Sciences, Engineering, and Medicine, 2021a).

Because many proposed ocean-based CDR approaches share certain features with other types of climate engineering — including potential impacts over vast spatial scales, long timelines, and the risk of unintended planetary-scale effects (National Academies of Sciences, Engineering, and Medicine 2021b)— a code of conduct for ocean CDR research must be developed immediately. Codes of conduct establish sets of norms and best practices, encouraging responsible research among public and private actors (Hubert, 2021). By encouraging researchers to assess, minimize, and publicize the impacts of their experiments, a code of conduct could reduce the harm done by field experiments. And by promoting principles that would encourage the growth of a rigorous body of research — such as rules requiring the disclosure of funding or the peer review and publication of results — a code of conduct could help researchers transparently and honestly determine the efficacy of ocean-based CDR technologies, which they must do if those technologies are to play a meaningful role in climate mitigation. Indeed, the NASEM ocean CDR panel identified as its top immediate priority the development of a code of conduct to prevent “ill-considered” studies: those that would fail to advance scientific knowledge or pose significant social and environmental risks (National Academies of Sciences, Engineering, and Medicine, 2021a). Ultimately, policymakers could use an ocean CDR code of conduct as a starting point for future regulations that are managed by institutions accountable to the public (Hubert, 2021).



A Sea of Risks, Uncertainties, and Opportunities

Existing national and subnational regulatory frameworks do not ensure that ocean CDR research will be carried out in a manner that minimizes harm and transboundary impacts. Jurisdiction over the ocean varies depending on distance from shore: nations, and to a lesser extent, subnational regions (e.g. states or provinces), regulate areas within 200 nautical miles from shore, while the high seas do not fall under the jurisdiction of any one nation (UN General Assembly, 1982). This creates a patchwork of regulation over ocean activities that is both complicated and incomplete. Alarmingly, regulation on ocean CDR research and development — the critical oversight needed to guide relevant research toward demonstrating efficacy, ensuring equity, and reducing environmental and social harm — is lacking domestically and internationally. In the United States, there are no domestic regulations aimed at ensuring that ocean CDR is effective and safe. Some ocean CDR research activities may fall under existing regulatory schemes such as those related to emission of pollutants into water or impacts to protected species, but these regulations have not yet been applied to CDR (Webb et al., 2021).

Further, much of the world’s ocean — including, for example, parts of the Southern Ocean most attractive for deployment of interventions such as ocean iron fertilization — lie beyond national jurisdiction, in zones that are especially vulnerable to ungoverned, independent research. International instruments may govern some of the activities associated with ocean-based CDR, such as discharge of minerals for ocean alkalinization or injection of CO2 into sub-seabed geological formations. However, there are no binding international instruments that expressly regulate these methods (Webb et al., 2021). Much of the existing, non-binding international framework is specific to ocean iron fertilization, reflecting the comparatively longer history of scientific research into the biogeochemistry surrounding that pathway (National Academies of Sciences, Engineering, and Medicine, 2021a).

Moreover, a full appreciation of the risks, tradeoffs, opportunities and potential co-benefits of ocean CDR research — let alone its full deployment at scales large enough to affect the Earth’s climate — cannot be directly obtained from the more mature body of research on land-based CO2 sequestration because of fundamental differences in how marine environments function (Steele et al., 2019; Canadell et al., 2021). The fundamental physical and biogeochemical properties of the ocean — including its vast scale and high degree of connectivity — make it very different from the terrestrial or coastal settings in which CDR has traditionally been deployed. Chief among these is that water is a fluid, allowing the ocean and nearly everything in it to move across political boundaries. Even CDR experiments conducted close to shore within a nation’s exclusive economic zone could plausibly have international or global impacts. In addition, the majority of proposed ocean CDR techniques leverage natural biogeochemical processes, and the likelihood of harmful ocean consequences from these approaches is still unclear. Depending on their scale, field experiments involving these techniques could affect both near and distant marine ecosystems in the same ways as projected for large-scale ocean CDR deployment. Existing literature suggests these consequences could include:

	induction of hypoxic or anoxic water-column conditions due to increased deep-water bacterial activity, possibly as a result of ocean iron fertilization or the intentional sinking of large quantities of macroalgal biomass​​ (Oschlies et al., 2010),

	shifts in phytoplankton diversity and abundances that would have difficult-to-anticipate ecosystem effects (Oschlies et al., 2010; Bach et al., 2019),

	“nutrient robbing,” or depletion of macronutrients by phytoplankton or cultivated macroalgae that starves natural plankton and algae nearby (Oschlies et al., 2010; Bach et al., 2019),

	entanglement of marine life (Campbell et al., 2019),

	potential alteration of weather patterns (National Academies of Sciences, Engineering, and Medicine 2021a), local ocean currents, and/or mesoscale ocean circulation patterns (Campbell et al., 2019),

	toxic effects on marine life, including microbiota, from the release of trace metals associated with silicate minerals applied to enhance alkalinity (Hartmann et al., 2013),

	in the case of certain proposed CDR methods, rapid reversals in ocean chemistry following termination (Feng et al., 2016), and

	poorly understood feedbacks involving climate-active marine trace gases that could erode the climate benefit of an ocean CDR intervention (Law, 2008).





Key Components of an Ocean CDR Code of Conduct

Given the critical need for research coordination amid this sea of risks and uncertainties, we reviewed other codes of conduct to identify crucial responsible research principles that should be included in an ocean CDR research code of conduct. We investigated research fields that have similarly uncertain implications for human or environmental welfare, including nanotechnology, gene editing, and geoengineering. Sixteen research codes of conduct from eight fields reveal fifteen common principles to guide research of new technologies (Figure 1). These principles require researchers to assess and minimize potential environmental harms before, during, and after experiments. They also promote a tiered research structure, requiring researchers to demonstrate the potential efficacy of a technology — in the lab, via modeling, or in small field trials — before scaling up to larger in situ experiments. The principles promote public and stakeholder engagement and consideration of fairness and equity, recognizing researchers’ obligation to involve the full community of people who may be impacted by the research, and the overall need to involve the global community in decisions about climate engineering (Figure 1).




Figure 1 | Key components for inclusion in a research code of conduct for ocean CDR.



Principles for code interpretation, including definitions of the purpose and scope of the code, are likewise important (Figure 1). The scope of a code of conduct can be limited to specific technologies, or the code’s application can depend on the overall purpose or intent of the research. Because new ocean-based CDR techniques continue to be described, the set of available technologies is presently unbounded, and a purpose-focused code of conduct (e.g., Hubert, 2017) would better fit this fast-evolving area of research. A purpose-focused code of conduct will require a definition of CDR, so those applying the code can determine whether a research activity’s purpose is to investigate CDR methods. The code may adopt an existing definition of CDR, such as those used by the Intergovernmental Panel on Climate Change (IPCC) or NASEM. IPCC defines CDR as “[a]nthropogenic activities removing CO2 from the atmosphere and durably storing it in geological, terrestrial, or ocean reservoirs, or in products,” including “anthropogenic enhancement of biological or geochemical sinks” but excluding “natural CO2 uptake not directly caused by human activities” (Rogelj et al., 2018). NASEM similarly defines CDR as methodologies that “remov[e] or captur[e] CO2 from the atmosphere or some reservoir in close contact with the atmosphere” and durably store it (National Academies of Sciences, Engineering, and Medicine, 2021a). In contrast to the IPCC definition, the NASEM definition includes pathways that may require less direct anthropogenic manipulation, such as ecosystem protection (National Academies of Sciences, Engineering, and Medicine, 2021a).

There are already two well-developed research codes relevant to ocean CDR that contain most of these principles: the Geoengineering Research Governance Project’s Code of Conduct for Responsible Geoengineering Research (Hubert, 2017) and NASEM’s Reflecting Sunlight: Recommendations for Solar Geoengineering Research and Research Governance (National Academies of Sciences, Engineering, and Medicine, 2021b). Additionally, the Aspen Institute recently released a report on developing a code of conduct for ocean-based CDR, which raises questions for researchers to consider that are consistent with the principles we identified (Aspen Institute Energy & Environment Program, 2021). These documents indicate the ocean CDR research community is open to implementing an ocean CDR research code of conduct. And until the appropriate groups are assembled to develop a code of conduct for the oceans, researchers and practitioners can voluntarily adopt guidance based on existing codes.



Conclusion

While some ocean CDR solutions may indeed prove to be effective pathways for the sequestration of atmospheric CO2 while safeguarding biodiversity and supporting equitable human development, the outcomes of most of these approaches are not yet fully understood. Many of these proposed interventions may be powerful enough to affect the Earth’s climate, creating the potential for research surrounding ocean CDR to effect tragic or unexpected outcomes. Because codes of conduct help ensure coordination, transparency, and equity of research on technologies with the potential to affect human and environmental welfare, we believe the development of an ocean CDR research code of conduct is a fundamental prerequisite to the design or conduct of any large-scale field experiments of ocean CDR technologies.

A code of conduct will only be effective if it is adopted by the ocean CDR community. Across research disciplines, the most important factor in code uptake is engagement with the parties to whom the code of conduct applies. Code development should involve diverse stakeholders, including researchers, practitioners, funders, environmental NGOs, regulators, and publishers. As ocean CDR research progresses, stakeholders should periodically revisit and update the code of conduct and consider drafting guidelines specific to each type of ocean CDR technology.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

RL, SE, and LS contributed to conception and design of the literature review. RL and SE wrote the first draft of the manuscript. RL, SC, JC, SE, and LS wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

JC acknowledges funding support from Bezos Earth Fund.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2022.872800/full#supplementary-material



References

 Asilomar Scientific Organizing Committee. (2010). The Asilomar Conference Recommendations on Principles for Research Into Climate Engineering Techniques. (Washington, DC: Climate Institute). Available at: http://www.climateresponsefund.org/images/Conference/finalfinalreport.pdf [Accessed 4 February 2022].

 Aspen Institute Energy & Environment Program. (2021). Guidance for Ocean-Based Carbon Dioxide Removal Projects: A Pathway to Developing a Code of Conduct. (Washington, DC: Climate Institute). Available at: https://www.aspeninstitute.org/wp-content/uploads/files/content/docs/pubs/120721_Ocean-Based-CO2-Removal_E.pdf [Accessed 4 February 2022].

 Bach, L. T., Gill, S. J., Rickaby, R. E. M., Gore, S., and Renforth, P. (2019). CO2 Removal With Enhanced Weathering and Ocean Alkalinity Enhancement: Potential Risks and Co-Benefits for Marine Pelagic Ecosystems. Front. Clim. 1. doi: 10.3389/fclim.2019.00007

 Boettcher, M., Brent, K., Buck, H. J., Low, S., McLaren, D., and Mengis, N. (2021). Navigating Potential Hype and Opportunity in Governing Marine Carbon Removal. Front. Clim. 3. doi: 10.3389/fclim.2021.664456

 Campbell, I., Macleod, A., Sahlmann, C., Neves, L., Funderud, J., Øverland, M., et al. (2019). The Environmental Risks Associated With the Development of Seaweed Farming in Europe – Prioritizing Key Knowledge Gaps. Front. Mar. Sci. 6. doi: 10.3389/fmars.2019.00107

 Canadell, J. G., Monteiro, P. M. S., Costa, M. H., Cotrim da Cunha, L., Cox, P. M., Eliseev, A. V., et al. (2021). “Global Carbon and Other Biogeochemical Cycles and Feedbacks,” in Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Eds. , V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, et al. (New York, NY: Cambridge University Press).

 European Commission. (2009). Commission Recommendation on a Code of Conduct for Responsible Nanosciences and Nantotechnologies Research & Council Conclusions on Responsible Nanosciences and Nanotechnologies Research. (Luxembourg: Office for Official Publications of the European Communities). Available at: https://op.europa.eu/en/publication-detail/-/publication/a8b7d91c-a987-4a3d-a7f4-efc864b5cbfd. [Accessed 27 January 2022].

 Feng, E. T., Keller, D. P., Koeve, W., and Oschlies, A. (2016). Could Artificial Ocean Alkalinization Protect Tropical Coral Ecosystems From Ocean Acidification? Environ. Res. Lett. 11, 74008. doi: 10.1088/1748-9326/11/7/074008

 Hartmann, J., West, A. J., Renforth, P., Köhler, P., de la Rocha, C. L., Wolf-gladrow, D., et al. (2013). Enhanced Chemical Weathering as a Geoengineering Strategy to Reduce Atmospheric Carbon Dioxide, Supply Nutrients, and Mitigate Ocean Acidification. Rev. Geophys. 51, 113–149. doi: 10.1002/rog.20004

 Hubert, A. M. (2017). Code of Conduct for Responsible Geoengineering Research. Available at: https://www.ce-conference.org/system/files/documents/revised_code_of_conduct_for_geoengineering_research_2017.pdf [Accessed 4 February 2022].

 Hubert, A. M. (2021). A Code of Conduct for Responsible Geoengineering Research. Glob. Policy 12 (supp.1), 82–96. doi: 10.1111/1758-5899.12845

 Indian Council of Medical Research. (2019). Guidelines on Code of Conduct for Research Scientists Engaged in Field of Life Sciences. (New Delhi, India: Indian Council of Medical Research). Available at: https://www.medbox.org/document/guidelines-on-code-of-conduct-for-research-scientists-engaged-in-field-of-life-sciences#GO. [Accessed 4 February 2022].

 Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., et al. (2018). “Mitigation Pathways Compatible With 1.5°C in the Context of Sustainable Development,” in Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty. Eds.  V. Masson-Delmotte, P. Zhai, H. O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, et al. (New York, NY: Cambridge University Press).

 IPCC (2021). “Climate Change 2021: The Physical Science Basis,” in Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Eds.  V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, et al. (New York, NY: Cambridge University Press).

 Jones, N. (2007). A Code of Ethics for the Life Sciences. Sci. Eng. Ethics 13, 25–43. doi: 10.1007/s11948-006-0007-x

 Kurz, X., Bauchau, V., Mahy, P., Glismann, S., van der Aa, L. M., Simondon, F., et al. (2017). ADVANCE Consortium, the ADVANCE Code of Conduct for Collaborative Vaccine Studies. Vaccine 35, 1844–1855. doi: 10.1016/j.vaccine.2017.02.039

 Law, C. S. (2008). Predicting and Monitoring the Effects of Large-Scale Ocean Iron Fertilization on Marine Trace Gas Emissions. Mar. Ecol. Prog. Ser. 364, 283–288. doi: 10.3354/meps07549

 National Academies of Sciences, Engineering, and Medicine. (2021a). A Research Strategy for Ocean-Based Carbon Dioxide Removal and Sequestration. (Washington, DC: National Academies Press).

 National Academies of Sciences, Engineering, and Medicine. (2021b). Reflecting Sunlight: Recommendations for Solar Geoengineering Research and Research Governance. (Washington, DC: National Academies Press).

 Organisation of Eastern Caribbean States (OECS) (2016). OECS Code of Conduct for Responsible Marine Research. (St. Lucia: OECS Commission). Available at: https://www.oecs.org/en/our-work/knowledge/library/ocean-governance/ogu-code-of-conduct. [Accessed 4 February 2022].

 Oschlies, A., Koeve, W., Rickels, W., and Rehdanz, K. (2010). Side Effects and Accounting Aspects of Hypothetical Large-Scale Southern Ocean Iron Fertilization. Biogeosciences 7, 4017–4035. doi: 10.5194/bg-7-4017-2010

 Oxford Geoengineering Programme. (2009). The Oxford Principles. (London, England: The Stationary Office Limited). Available at: http://www.geoengineering.ox.ac.uk/www.geoengineering.ox.ac.uk/oxford-principles/principles/. [Accessed 4 February 2022].

 Pörtner, H. O., Scholes, R. J., Agard, J., Archer, E., Arneth, A., Bai, X., et al. (2021). IPBES-IPCC Co-Sponsored Workshop Report on Biodiversity and Climate Change. (IPBES & IPCC). Available at: https://ipbes.net/sites/default/files/2021-06/20210609_workshop_report_embargo_3pm_CEST_10_june_0.pdf [Accessed 4 February 2022].

 Rohde, C., Smith, D., Martin, D., Fritze, D., and Stalpers, J. (2013). Code of Conduct on Biosecurity for Biological Resource Centres: Procedural Implementation. Int. J. Syst. Evol. Micr 63, 2374–2382. doi: 10.1099/ijs.0.051961-0

 Society for Marine Mammology. (2013). Code of Professional Ethics for the Society of Marine Mammology. (Yarmouth Port, MA: Society of Marine Mammology). Available at: https://marinemammalscience.org/about-us/ethics/professional-ethics-code/. [Accessed 4 February 2022].

 Steele, J. H., Brink, K. H., and Scott, B. E. (2019). Comparison of Marine and Terrestrial Ecosystems: Suggestions of an Evolutionary Perspective Influenced by Environmental Variation. ICES J. Mar. Sci. 76, 50–59. doi: 10.1093/icesjms/fsy149

 UN General Assembly (1982). Convention on the Law of the Sea. (New York, NY: United Nations) 1833, 397–581.

 Webb, R. M., Silverman-Roati, K., and Gerrard, M. B. (2021). Removing Carbon Dioxide Through Ocean Alkalinity Enhancement and Seaweed Cultivation: Legal Challenges and Opportunities. (New York, NY: Sabin Center for Climate Change Law, Columbia Law School). Available at: https://scholarship.law.columbia.edu/faculty_scholarship/2739/ [Accessed 9 February 2022].




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Loomis, Cooley, Collins, Engler and Suatoni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fmars.2022.872800_cover.jpg
& frontiers | Frontiers in Marine Science

A Code of Conduct Is Imperative
for Ocean Carbon Dioxide
Removal Research





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Marine Science





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A Code of Conduct Is Imperative for Ocean Carbon Dioxide Removal Research

      

        		

          Introduction

        



        		

          A Sea of Risks, Uncertainties, and Opportunities

        



        		

          Key Components of an Ocean CDR Code of Conduct

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fmars-09-872800-g001.jpg
Components of an Ocean CDR
Code of Conduct

Elements for code Principles of responsible Provisions for equity and
interpretation research fairness

Scientific integrity provisions Public or stakeholder engagement

Research justified by a potential benefit

Purpose of code defined

Stopegheode defined Consideration of fairness, equity, and/or

social issues within or beyond direct
impacts of experiment

Assessment of potential adverse impacts

Minimization of potential harms Rules about funding

Assignment of responsibility for adverse
impacts

Principles to guide interpretation of code

Definitions of key terms

Flexibility or adaptability provisions for
updating code

Tiered research structure by scale or
methodology

Publication or dissemination of results





OEBPS/Images/crossmark.jpg
©

2

i

|





