

[image: The Promise of Blue Carbon Climate Solutions: Where the Science Supports Ocean-Climate Policy]
The Promise of Blue Carbon Climate Solutions: Where the Science Supports Ocean-Climate Policy





REVIEW

published: 29 April 2022

doi: 10.3389/fmars.2022.851448

[image: image2]


The Promise of Blue Carbon Climate Solutions: Where the Science Supports Ocean-Climate Policy


Anne B. Christianson 1*, Anna Cabré 2, Blanca Bernal 3, Stacy K. Baez 4, Shirley Leung 5, Alicia Pérez-Porro 6 and Elvira Poloczanska 7


1 Energy and Environment Department, Center for American Progress, Washington, DC, United States, 2 Department of Earth and Environmental Science, University of Pennsylvania, Philadelphia, PA, United States, 3 GreenCollar, International Projects, Chicago, IL, United States, 4 Environment Department, The Pew Charitable Trusts, Washington, DC, United States, 5 School of Oceanography, University of Washington, Seattle, WA, United States, 6 Department of Strategy and International Affairs, CREAF (Centre for Research on Ecology and Forestry Applications), Barcelona, Spain, 7 Integrative Ecophysiology, Alfred Wegener Institute, Bremerhaven, Germany




Edited by: 

Kum Fai Yuen, Nanyang Technological University, Singapore

Reviewed by: 

Chester John Sands, British Antarctic Survey (BAS), United Kingdom

Nicholas D. Higgs, Cape Eleuthera Institute, Bahamas

Min Wu, Nanyang Technological University, Singapore

*Correspondence: 

Anne B. Christianson
 Chri1942@umn.edu

Specialty section: 
 This article was submitted to Marine Affairs and Policy, a section of the journal Frontiers in Marine Science


Received: 09 January 2022

Accepted: 30 March 2022

Published: 29 April 2022

Citation:
Christianson AB, Cabré A, Bernal B, Baez SK, Leung S, Pérez-Porro A and Poloczanska E (2022) The Promise of Blue Carbon Climate Solutions: Where the Science Supports Ocean-Climate Policy. Front. Mar. Sci. 9:851448. doi: 10.3389/fmars.2022.851448



The ocean is gaining prominence in climate change policy circles as a tool for addressing the climate crisis. Blue carbon, the carbon captured and stored by marine and coastal ecosystems and species, offers potential as a “nature-based solution” to climate change. The protection and restoration of specific ocean ecosystems can form part of a climate response within climate mitigation policies such as Nationally Determined Contributions under the United Nations Framework Convention on Climate Change. For mitigation policies that seek to implement management actions that drawdown carbon, ecosystem sequestration and emissions must be measurable across temporal and spatial scales, and management must be practical leading to improved sequestration and avoided emissions. However, some blue carbon interventions may not be suitable as a climate mitigation response and better suited for other policy instruments such as those targeted toward biodiversity conservation. This paper gives context to numerous blue carbon sequestration pathways, quantifying their potential to sequester carbon from the atmosphere, and comparing these sequestration pathways to point-source emissions reductions. The applicability of blue carbon is then discussed in terms of multiple international policy frameworks, to help individuals and institutions utilize the appropriate framework to reach ocean conservation and climate mitigation goals.
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Introduction

Climate change is the preeminent policy and scientific challenge of this decade. Increasingly dire warnings are being sounded regarding systemic changes across the planet from rising sea levels, melting glaciers, shrinking sea ice, climate-related weather extremes, and irreversible loss of marine ecosystems such as coral reefs (IPCC, 2019a; DeConto et al., 2021). The urgency to deeply reduce greenhouse gas (GHG) emissions and to adapt to a warmer world is overwhelmingly evident in the most recent Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Reports (IPCC, 2021; IPCC, 2022), which reinforces that humans have unequivocally altered the atmosphere, land, and ocean. Efforts to limit the global temperature increase to 1.5°C above pre-industrial levels – a goal laid out by the Paris Agreement and reinforced by the Glasgow Climate Pact – require a global net anthropogenic CO2 emissions decline of about 45% from the 2010 level by 2030 and to net zero by 2050 (IPCC, 2018). The urgency of the climate crisis situates significant climate mitigation and adaptation actions very squarely within not only our own lifetimes, but within many institutions’ short-term planning horizons.

Long overlooked, the role of the ocean is receiving increasing focus within the climate policy landscape and there is growing interest in bringing ocean-related policy actions forward as climate solutions (Hoegh-Guldberg et al., 2019b). The release of the IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (IPCC, 2019a), followed closely thereafter by the Chilean Presidency’s focus on oceans at the United Nations Framework Convention on Climate Change (UNFCCC) 25th Conference of Parties, which was dubbed the “Blue COP”, has created buzz around utilizing the ocean as a mitigation tool. The ocean and climate change dialogue convened in 2021 also considered how ocean-based climate solutions can strengthen the global climate response (SBSTA, 2021). These discussions include lowering sector-specific emissions from ocean industries like shipping and advancing clean energy options such as offshore wind, wave and tidal energy, and floating solar, providing clear examples of how countries can utilize ocean resources to reduce emissions (Hoegh-Guldberg et al., 2019a).

Employing ‘nature-based solutions’ can also expand our climate response to include natural systems more fully (IUCN, 2020). The management of blue carbon ecosystems – open ocean and coastal ecosystems that capture and measurably store carbon in the long term – has the potential to address both climate mitigation and adaptation challenges. However, these ecosystems are not equal in terms of their mitigation potential or readiness for inclusion within climate mitigation policies. Recent headline-grabbing reports on the promise of blue carbon provide limited context with regards to additionality, a key factor defined as the carbon sequestered and stored, and/or emissions avoided (i.e., net emission reductions), as a result of management or policy intervention beyond what occurs without that intervention. Further context regarding the true climate impact of interventions developed to protect, enhance, or restore marine ecosystems, and the associated timeline to achieve measurable climate benefits, is also needed.

It is our goal within this paper to put these ‘blue carbon solutions’ into the broader climate context, communicating disparate data found across disciplines and providing subsequent policy recommendations in a simplified format. Although review papers exist for some of the processes and ecosystems discussed below, this review fills a gap in the literature, identified by practitioners in the ocean-climate field, for a comprehensive discussion of blue carbon in the present scientific and policy context and clarification of the magnitude and applicability of these ‘solutions’ in climate and conservation frameworks.

We synthesized the recent state of the knowledge for blue carbon and emergent topics, both from a science and policy perspective, and identified challenges regarding measuring, comparing, and communicating blue carbon solutions across the authors’ fields in private, government, academic, and non-governmental organization sectors. The authors used a series of keywords to identify relevant literature; recent articles were prioritized, and where the state of the knowledge was well-established, other review articles were cited. The authors purposely did not cover all the blue carbon scientific literature in depth, as this would be beyond the scope of the review. Additionally, the manuscript was reviewed by practitioners in the ocean-climate field to identify any gaps in the synthesis or points for clarification, and in a second drafting period, information from the IPCC, 2022 report was added.

To compare the mitigation potential across blue carbon solutions, we standardized units of measurement, using multiples of tons of carbon as the main unit of stock throughout the paper. Megatons (MtC) and gigatons (GtC) is used depending on relevant scale, GtC per year and MtC per year were used for fluxes. While petagrams of carbon (PgC) are often used in the scientific literature for global carbon stocks, using GtC and MtC enable comparison to emissions sources and match metrics more commonly used in policy and communications for the public.

In this review, we first give a high-level overview of the biological and solubility pumps that drive carbon sequestration in the ocean, discuss connections between these systems, and provide context to the limiting factors in both processes. We then review the existing data for open ocean and coastal ecosystems and species noted for their potential contribution to climate mitigation. Lastly, we highlight the inclusion criteria for current mitigation policies and identify policy instruments outside of the mitigation context through which scientists, advocates, and policymakers can leverage their findings and deliver tangible climate and conservation gains.



Carbon Storage and Fluxes in the Ocean

Due to anthropogenic-driven emissions, atmospheric CO2 is increasing, influencing the fluxes of carbon among land, ocean, and atmosphere reservoirs. Some processes, whether natural or anthropogenic, remove atmospheric carbon and store it in a pool outside of the atmosphere long enough to be considered ‘sequestration’. Throughout this review, ‘carbon flux’ is used to refer to the movement of carbon from one carbon pool to another (Table 1).


Table 1 | Definition of terms used in ocean carbon literature, as used in this paper.




Biological and Solubility Pumps in the Open Ocean

As the major global carbon reservoir, the ocean stores carbon in four primary pools: dissolved inorganic carbon (38,000 Gt C), organic carbon (700 Gt C, mostly dissolved organic carbon, excluding living marine biota and sediment floor), marine biota (6 Gt C) (Bar-On et al., 2018), and the sediment floor (2,322 Gt C in the top first meter) (Bar-On et al., 2018; Atwood et al., 2020; Friedlingstein et al., 2020) (Table 2 and Figure 2). The first is processed through what is known as the solubility pump, and the latter three through the biological pump, with both pumps interacting with each other.


Table 2 | Open ocean carbon stocks and sequestration through solubility and biological pumps. Resident time refers to the time that carbon stays in the ocean and out of the atmosphere.





The Solubility Pump

Through the solubility pump the ocean physically uptakes atmospheric CO2 and chemically converts it into dissolved inorganic carbon that is transported to the deep ocean via mixing and currents. As part of the natural pre-industrial carbon cycle, the solubility pump was in equilibrium with the atmosphere (the same amount of CO2 enters and goes out). However, anthropogenic emissions beginning in the industrial period have modified this equilibrium; for every 1 part per million (ppm) increase of atmospheric CO2, the ocean uptakes an extra 0.97 ± 0.40 GtC, comparable to the extra induced CO2 uptake by land vegetation via photosynthesis (Arora et al., 2020). Note, however, that this increased carbon sequestration through the anthropogenically-forced solubility pump is not considered additional sequestration as it has occurred naturally with no human intentional mitigation intervention. Without the solubility pump, atmospheric CO2 levels, which reached 414 ppm in 2020, would be 75 ppm higher (Arico et al., 2021). Via the solubility pump, the ocean has thus provided a buffer for human-caused climate change, absorbing 25% of all the human-induced carbon emissions over 1850-2019 (160 ± 20 Gt C) (Friedlingstein et al., 2020) (Table 2). Another 33% of anthropogenic carbon emissions were taken up by land vegetation, while 42% accumulated in the atmosphere (Figure 2). The ocean is thus taking up more carbon now than in the pre-industrial period, but this ocean sink is projected to become less effective with increasing cumulative CO2 emissions (Arora et al., 2020), which effectively translates into greater atmospheric CO2 (Canadell et al., 2021).

The efficiency of the solubility pump varies with physical factors such as pH, temperature, and ocean circulation. As atmospheric CO2 enters the ocean, ocean pH decreases. This causes more dissolved inorganic carbon to exist in the form of aqueous CO2, thus limiting the ocean’s ability to absorb more atmospheric CO2 while simultaneously leading to ocean acidification. It is estimated that ocean acidification has reduced the pH of the ocean by 0.1 units since the pre-industrial period, with negative consequences for corals and calcifying organisms, as well as the wider marine ecosystem (IPCC, 2021). The ocean has also taken up 91% of anthropogenic heat (IPCC, 2021), increasing ocean temperatures and reducing the solubility of CO2, as water’s capacity to hold dissolved gasses decreases with increasing water temperatures (McKinley et al., 2011). Faster warming of the surface ocean has also enhanced water column stratification, hindering the mixing and transport of CO2 from the surface to the deep ocean and therefore limiting solubility pump efficiency. Due to these factors, the solubility pump is decreasing by a rate of 17.2 ± 5.0 Gt C per °C of increased global near surface air temperature since pre-industrial times (Arora et al., 2020).



The Biological Pump

The ocean also absorbs carbon through the biological pump, in which phytoplankton photosynthesis transforms CO2 into organic matter (i.e., biomass) that is then exported from surface waters to the deep ocean. Though phytoplankton (~1 Gt C standing biomass) (Bar-On et al., 2018) account for less than 0.5% of the weight of all photosynthesizing plants of the world, they synthesize organic carbon at a net annual rate similar to that of all terrestrial plants combined (Carr et al., 2006, Table 1) and form the base of the food chain that sustains almost all marine animals (Bar-On et al., 2018).

From a carbon sequestration standpoint, it is critical to understand how much of this transformed organic carbon (also known as net primary production, or NPP) is exported out of the euphotic zone (the top ~100 m of the ocean receiving sunlight, constantly mixing with the atmosphere) and into deeper ocean layers, where it can remain stored for longer timescales away from atmospheric interaction. Exported material consists of both particulate organic carbon (POC) and dissolved organic carbon (DOC) (Table 1).

POC accounts for the majority of the biological carbon pump. The magnitude of the POC export flux out of the euphotic zone has been estimated to be between 8-24% of the annual NPP rate (Laws et al., 2000; Schlitzer, 2002; Dunne et al., 2005; Henson et al., 2011; Siegel et al., 2014; Cabré et al., 2015; DeVries and Weber, 2017). Importantly, this POC flux decreases with depth as particles fragment, decompose, and remineralize through microbial respiration (e.g., Martin et al., 1987). Globally, ~13% and ~5% of the POC exported out of the euphotic zone makes it to 1,000 m depth and 2,000 m depth, respectively (DeVries and Weber, 2017). Therefore, a very small fraction of the organic carbon formed at the surface ultimately sinks to the sea floor, where it can be sequestered for millennia (DeVries et al., 2012) (Table 2 and Figure 2).

Dissolved organic carbon (DOC) globally accounts for about 15% of export flux out of the euphotic zone (Hansell et al., 2009; Emerson, 2014). DOC is especially important in nutrient-depleted waters of the subtropical ocean (oligotrophic areas), which are projected to expand with climate change and where DOC can account for roughly half of total export (Roshan and DeVries, 2017). The open ocean biological pump is an important part of the natural carbon cycle, but unlike the solubility pump, has not played an appreciable role in anthropogenic carbon uptake. Indeed, the current strength of the biological pump is unaffected by direct changes in atmospheric CO2 concentrations because phytoplankton productivity is limited by availability of nutrients and light, rather than CO2 or dissolved inorganic carbon concentrations.

Even so, indirect changes to ocean conditions brought on by increases in atmospheric CO2 concentrations can affect the strength of the biological pump. For example, warmer temperatures will increase both phytoplankton primary productivity and bacterial remineralization rates, but remineralization rates are predicted to increase more quickly due to remineralization’s higher sensitivity to temperature changes, resulting in a net decrease in exported POC fluxes (e.g., Cavan et al., 2019). Moreover, global warming stratifies the water column, hindering the upwelling of nutrients needed by phytoplankton at the surface. This decreases NPP and favors small, slower-sinking phytoplankton that grow better in nutrient-depleted waters, both of which result in less carbon sinking to depth (Leung et al., 2021). At the global scale, POC export flux out of the euphotic zone is expected to decrease under a business-as-usual scenario (Cabré et al., 2015, Table 1), resulting in a relatively small reduction in ocean carbon storage by 2100 (~1 GtC yr-1 below the euphotic zone). These predicted changes in the strength of the biological pump due to climate warming-induced changes in light or nutrient availability will therefore be small compared to atmospheric CO2-induced changes in the solubility pump.

The biological pump would only offer additionality for climate mitigation if it were modified in a significant way that brings it out of its existing natural equilibrium into a new equilibrium where more net carbon is sequestered on long timescales. Carbon Dioxide Removal (CDR) methods to increase the efficiency of the solubility and biological pumps – such as ocean iron fertilization (Ilyina et al., 2013) – have been discussed elsewhere and are out of the scope of this paper. Large uncertainties remain around climate feedbacks and wider social and ecological implications of CDR.



Coastal Ecosystems


Mangroves, Salt Marshes, Seagrass Meadows

The ability of vegetated coastal ecosystems – such as mangroves, salt marshes, and seagrass meadows (Figure 1) – to capture and store large amounts of carbon is due to their high productivity, as well as to the saturated and saline conditions of their soils that slow down organic matter decomposition and limit the production of potent GHGs such as methane (CH4) that freshwater wetland ecosystems typically generate. Mangroves are significant carbon sinks, with a biomass productivity (mass per unit area and time) comparable to that of tropical forests (Alongi, 2009), in addition to typically high soil carbon (SOC) sequestration rates (103 g SOC/m2/y) (Alongi, 2020). Salt marshes are efficient in accumulating carbon in the soil (212 g SOC/m2/y) (Alongi, 2018), with a highly variable biomass productivity depending on climate and dominant species (Duarte and Chiscano, 1999). Seagrass carbon stocks and coverage are less well known than that of mangroves and salt marshes; estimated differences between seagrass productivity (Duarte and Chiscano, 1999) and total carbon stocks (Alongi, 2018), suggest significant export of the biomass produced, potentially into shelf sediments and the deep sea (Table 3).




Figure 1 | Mangrove forest, salt marsh, and seagrass meadow, the three coastal ecosystems currently recognized for measurable blue carbon mitigation potential (photo credits: S. Baez, (B) Bernal, (J) Lefcheck).




Table 3 | Carbon stocks and sequestration rates of coastal ecosystems and shelf sediments.



Due to their ability to sequester carbon in biomass and especially in soils, the preservation, conservation, and restoration of these ecosystems has been recognized as an action to contribute to climate change mitigation with many co-benefits for adaptation (IPCC, 2014; Howard et al., 2017). However, net additional emissions reductions can only be achieved through avoiding coastal ecosystem degradation and destruction – as the annual emissions from their loss were estimated as equivalent to 3–19% of annual GHG emissions from global deforestation (Pendleton et al., 2012) – and enhancing or restoring their carbon sequestration capacity, which varies across regions. Climate change is also impacting the ecosystems themselves, as climate hazards such as sea level rise, increasing temperatures, and extreme weather events can alter productivity and change species composition – thereby altering the extent of coastal ecosystem carbon stocks.

In addition to carbon sequestration, coastal ecosystems also provide numerous adaptation services (Barbier et al., 2011; Nordlund et al., 2016) such as buffering severe coastal storm impacts, mitigating floods, protecting against accelerated sea level rise, and supporting coastal water quality and food security. Effectively managing coastal ecosystems as carbon sinks while preserving their ecological integrity requires robust estimates of ecosystem extent and conditions (Friess et al., 2019). Mangrove mapping has improved in recent years (Hamilton and Casey, 2016), but the extent of seagrass bed coverage remains uncertain (McKenzie et al., 2020). Despite their ecological and climate regulating value, coastal ecosystems continue to disappear at a fast pace, releasing stored carbon into the atmosphere. Barriers to proper preservation, conservation, and restoration, such as habitat unsuitability and lack of community engagement (Lee et al., 2019; Lovelock and Brown, 2019; Ellison et al., 2020), must be addressed for these activities to succeed.



Macroalgae

Macroalgae comprise the most extensive and productive benthic (seafloor) vegetated marine habitats globally; widely distributed across coastal latitudes including kelp forests in cold, coastal waters and sargassum in tropical and temperate coastal areas, they are identified as potentially important carbon sinks (Krause-Jensen and Duarte, 2016; Krause-Jensen et al., 2018). Compared to rooted coastal vegetation, highly productive yet rootless macroalgal communities generate less on-site carbon burial and export more of their carbon away from the site of origination (Queirós et al., 2019; Filbee-Dexter and Wernberg, 2020; Hurd et al., 2022). Kelp and other macroalgae are gaining attention due to their highly recalcitrant (i.e. difficult to decompose) organic matter, and their ability to grow quickly and capture significant amounts of atmospheric carbon in their biomass (Table 3).

The global average stocks of macroalgae are only recently being assessed (Krause-Jensen and Duarte, 2016; Krause-Jensen et al., 2018) and the extent to which they currently exist compared to their potential area with ecosystem restoration and management is not well known. Recent estimates in Australia reveal that thanks to their high productivity, macroalgae account for 10-23 MtC or 30% of national blue carbon stocks (Filbee-Dexter and Wernberg, 2020), demonstrating how significant this carbon pool can be. These systems are not yet adequately managed or protected by current policies as only a portion of macroalgal-carbon is sequestered and stored in ocean sediments through on site burial, thus complicating management (Laffoley, 2020). It is estimated that 80-90% of macroalgal carbon production leaves the original site and is incorporated into the marine food web and eventually buried at depth (Krumhansl and Scheibling, 2012; Krause-Jensen and Duarte, 2016). Furthermore, Ortega et al. (2019) studied vertical macroalgal carbon export and estimated that 69% of the macroalgae carbon at surface will sink below 1,000 m, close to permanent sequestration and storage depths, and 24% will reach deep seafloor sediments (>4000 m). Similarly, Krause-Jensen and Duarte (2016) estimated that 19% of the macroalgae carbon production will stay in the coastal ocean as POC, of which 4.6% will be buried in the coastal and shelf sediments. Lateral carbon export of macroalgae can also be traced from polar to tropical regions (Krause-Jensen and Duarte, 2016). Understanding the linkages between macroalgae and coastal sediments is therefore key to assessing their potential as carbon sequestering systems (Queirós et al., 2019).

While these ecosystems do not yet fit well in current carbon accounting frameworks, as the amount of carbon carried away and buried into ocean sediments is not easily measured and monitored (Krause-Jensen et al., 2018; Queirós et al., 2019; Hurd et al., 2022), their high sequestration rates at depth are promising. Understanding of macroalgal carbon cycling and their potential role in ocean carbon dynamics is growing quickly as well as interest in seaweed farming for climate mitigation. Funding for research should be encouraged to better understand the suitability of macroalgae preservation efforts and farming options in carbon accounting and blue carbon strategies (Krause-Jensen and Duarte, 2016; Ortega et al., 2019).




Shelf Sediments

On a global scale, Luisetti et al. (2020) estimate that offshore or shelf sediments represent a long-term carbon stock comparable to that in tropical forests. However, the precise ability of these sediments to store carbon depends on the type of sediment (Laffoley, 2020), and there is a lack of site-specific knowledge necessary for accounting (Queirós et al., 2019; Hurd et al., 2022) (Table 5). Disturbing shelf sediments leads to sediment resuspension that results in remineralization of the component particles (Pusceddu et al., 2014), thereby releasing soil carbon that had accumulated over centuries to millennia. Sala et al. (2021) estimate that 4.9 million km2 or 1.3% of the global ocean is trawled each year, resulting in 1.47 Gt yr-1 of aqueous CO2 emissions for the first 9 years, which is at least an order of magnitude higher than the simulated global natural carbon accumulation into sediments through export of particulate organic carbon via the biological pump (Table 3). Other estimates note that industrial trawling may lead to sediment erosion comparable to highly deteriorated agricultural fields on land (Pusceddu et al., 2014). Although an unknown fraction of the aqueous CO2 is emitted to the atmosphere, the magnitude of disturbed sediment emissions from trawling is an ongoing threat to sediment carbon that highlights the need to both better quantify the rate of coastal sediment carbon accumulation and to discuss ways to protect these sediments. With clearer quantification of both coastal shelf sediment carbon accumulation rates and atmospheric carbon emissions due to trawling, prevention of further trawling could be considered avoided emissions.



Marine Organisms

Here we briefly summarize the current research on marine organisms’ role in the biological pump, and their blue carbon potential. Organisms such as krill, big fish, and whales are known to have a fertilizing effect on phytoplankton, hence influencing the biological carbon pump. Moreover, their diurnal migrations, fecal pellets, and dead carcasses also add to the downward vertical pump of carbon. Calcifying organisms like coral and oyster reefs have also been investigated to assess their potential to sequester and store carbon. Note that the biological pump is most widely reported as the export flux out of the euphotic zone, but only a fraction of this carbon export is kept out of the atmosphere for timescales relevant to climate mitigation, and even a smaller fraction gets to the seafloor, where carbon can remain for centuries to millennia (see biological pump section, above).


Zooplankton

Zooplankton graze on phytoplankton at the surface, then move down the water column and actively transport carbon via egestion, respiration, and mortality from the surface to depths of 1,000m or more as part of the biological pump, accounting for 16-18% of total carbon export flux (out of the top ~100 m) (Aumont et al., 2018; Archibald et al., 2019). Below 1,000 m, zooplankton active transport increases export by at least 0.44 Gt C/yr (though this includes contributions from migrating micronekton as well) (Hernández-León et al., 2020). Further quantification of the global contribution of total zooplankton active transport to the biological carbon pump is an active area of research.

Antarctic krill, a type of zooplankton and the keystone species of the Southern Ocean, are also an increasing focus of research for their role in the Antarctic biological carbon pump (Cavan et al., 2019). Although researchers theorize that krill carbon export may be significant, its quantification is still highly uncertain (Belcher et al., 2019; Cavan et al., 2019). Antarctic krill, while accounting for the largest krill population globally at 400 Mt, are being impacted by ocean acidification, warming water, and changes in sea ice dynamics (Kawaguchi et al., 2013; Klein et al., 2018; Meredith et al., 2019), which may be negatively impacting the population and shifting it southwards towards the continent (Atkinson et al., 2019; Meredith et al., 2019). Krill are further stressed by increasingly concentrated fishing in the region (Watters et al., 2020).



Fish

Fish also contribute to the biological carbon pump via the same vertical migration-induced active transport mechanisms as zooplankton, as well as passive transport via sinking fecal pellets formed at the surface, a relatively large flux compared to some of the other marine organisms discussed here (Table 4). It is unknown the extent to which protection and rebuilding of fish stocks would change the biological pump. However, the reduction in fish carcass deadfall to the seafloor due to industrial fishing is somewhat better studied. Mariani et al. (2020) estimate that industrial fishing of large, dense fish (including tuna, mackerel, billfish, and sharks) has prevented the sequestration of 21.8 ± 4.4 Mt C through deadfall since 1950 and emitted 0.2 Gt C (primarily through fuel consumption) into the atmosphere. This study estimates that if fishing levels were reduced to zero (taking 2014 levels as a reference), an additional 1.09 MtC/yr would be stored in large fish biomass with ~0.6 MtC/yr sequestered via carcass deadfall (Mariani et al., 2020). In addition to fishing pressures, fish populations are also impacted by climate change, which alters habitable zones and food web structures. Fish biomass is projected to decrease by 10 to 25% by 2011 under the IPCC AR6 high greenhouse gas emissions scenario SSP58.5 (Tittensor et al., 2021). These climate and fishing-driven decreases in fish stocks have serious repercussions for biodiversity, ecosystem resilience, and human well-being for coastal communities (IPCC, 2022). The direct additional impact of restoring fish on blue carbon sequestration is relatively low and is therefore unlikely to be an effective climate mitigation tool. In contrast, a reduction in industrial trawling could preserve significant amounts of carbon stored in the sediment floor (Sala et al., 2021).


Table 4 | Marine organisms noted for carbon sequestration potential.





Whales

Whales contribute to the biological pump through fertilization of the surrounding ocean with iron-rich excrement, which also contributes to fast-sinking particulate organic carbon, and to a lesser extent whale fall, when the carcass of a dead whale sinks to the seafloor and an unknown fraction is buried in ocean sediments. Researchers have estimated the restoration of whale populations to pre-whaling levels could generate additional carbon sequestration of 0.16 - 6.7 MtC yr-1 depending on the population (Lavery et al., 2010; Pershing et al., 2010; Durfort et al., 2020 preprint). However, whales are threatened by climate impacts as well as increased shipping traffic and pollution (Tulloch et al., 2019). Despite their potential importance in the biological carbon pump, whales’ role in marine carbon sequestration is minimal (Maldonado et al., 2016) (Table 4), and the time scale and uncertainties for population recovery, threatened by climate change, further complicates the calculation of additional carbon sequestration that could be attributed to these species (Durfort et al., 2020 preprint).



Calcifying Organisms

Calcifying organisms such as oysters and coral reef systems are also discussed in the context of carbon sequestration. Oysters are filter feeders that excrete organic carbon onto the seabed (Lee et al., 2020), but they also release CO2 through respiration and the shell formation (calcification) process. For this reason, oysters have been kept out of blue carbon frameworks for now, as the balance between calcification and respiration needs further investigation (Ullman et al., 2013).

Recent estimates indicate that coral reefs cover about 52.7 million hectares worldwide (Mora et al., 2006), potentially representing 31 Mt of organic carbon (Crossland et al., 1991). However, coral reefs are generally considered a small net source of CO2 rather than a net sink despite supporting photosynthetic algae, and are excluded from blue carbon frameworks (Howard et al., 2017). Like oysters, reefs undergo continuous calcification and dissolution, and their role as a carbon sink or source depends on the balance between calcification and dissolution. Calcification releases CO2 to the atmosphere, whereas dissolution represents an oceanic carbon sink. The relative rates of calcification and dissolution depend on ocean acidity and the concentration of dissolved inorganic carbon in the water. Under current conditions, the amount of CO2 released to the atmosphere by the reefs is slightly greater than that being captured through dissolution (Howard et al., 2017). This balance may change in the future as ocean acidification alters the biochemistry of the ocean column in favor of dissolution.

Calcification is common in other coastal ecosystems as well, as a restored subtidal habitat (e.g., seagrasses) can favor the proliferation of shelled molluscs. For accurate carbon accounting in all of the above ecosystems, site-specific assessments are necessary to assess the balance between organic and inorganic carbon production and sequestration (Macreadie et al., 2017). While the climate mitigation benefits of these systems might be negligible, oysters and coral reefs provide multiple ecosystem services (e.g., water quality improvement, coastal resilience, and fish habitat, among others) and warrant protections.




Polar Regions

Contrary to decreasing global blue carbon stocks elsewhere, blue carbon storage in Antarctic bottom sediments and benthic ecosystems is likely increasing due to sea ice loss, ice shelf disintegration, and retreat of coastal glaciers (Barnes, 2015; Barnes, 2018; Barnes et al., 2018; Zwerschke et al., 2022), which enlarges shallow areas where phytoplankton can bloom and thus enhances benthic biomass. This supports subsequent highly efficient sequestration and immobilization of additional biomass in sediments (meaning the fraction of NPP that is deposited on the seafloor is very high, as observed by Peck et al., 2010) and the hard skeletal parts of calcifying benthic organisms (particularly sponges and corals).

The potential spatial extent of Antarctic sediments and benthic ecosystems is large and growing, however this trend is regional (Pineda-Metz et al., 2020), and the percentage of global carbon burial occurring in Antarctic blue carbon sinks is currently insignificant compared to mangroves, salt marshes, and seagrass meadows (Bax et al., 2021). The Antarctic benefits from relatively little anthropogenic disturbance, so guaranteeing that it remains undisturbed should be the main priority for protection efforts and climate mitigation policies (Bax et al., 2021); however the criteria of additionality would not be met through preservation unless these ecosystems were under immediate threat (bottom trawling is currently restricted through the Antarctic Treaty System; see Brasier et al., 2021 for an overview of risks to Southern Ocean benthos). Due to its remoteness, accurate large-scale measurement of Antarctic blue carbon is expensive and difficult (Cavanagh et al., 2021).

The Arctic is also typically highly productive (Arrigo and van Dijken, 2015) with fast transfer of organic matter to the seafloor. As the Arctic becomes increasingly ice-free due to climate change, the biological storage of carbon is being altered and this may lead to increased export to the seafloor, though numerous uncertainties remain (Souster et al., 2020; März et al., 2022). Carbon store hotspots are at risk from increasing bottom trawling, as fishing activity and oil exploration expands into previously inaccessible areas (Fauchald et al., 2021; März et al., 2022). Overall, more research is needed to identify and quantify the most significant blue carbon hotspots in polar areas, which may inform how this system can fit within new or existing mitigation frameworks and to incorporate carbon benefits into regional preservation and management decision-making.




Discussion


Challenges to Blue Carbon Accounting

Numerous challenges to coastal and oceanic blue carbon accounting make comprehensive carbon sequestration quantification, and therefore management to maximize the mitigation benefits of nature-based solutions, difficult for certain systems. From a climate mitigation policy perspective, only the management interventions that lead to additional sequestration and long-term storage of carbon out of the atmosphere compared to scenarios without intervention are relevant (Crooks et al., 2018). Carbon storage is assessed in the literature on timescales from short-term (centennial) to long term (millennia). Only the long-term storage provides solutions that are considered permanent for mitigation.

Using shorter time scales for climate mitigation strategies, however, does provide benefits such as avoiding climatic tipping points (Jørgensen and Hauschild, 2013). The ability to continuously measure and monitor carbon and other GHG fluxes and stores over long periods is therefore crucial when considering whether a sequestration process is additional and meaningfully contributes to climate mitigation (Table 5).


Table 5 | Attributes of ecosystems recognized for their carbon sequestration benefits in the context of climate mitigation policies and financing as outlined in Crooks et al. (2018).



Methodologies for estimating national inventories of sinks and sources of GHG from coastal wetlands, and the associated human activities that affect them, such as harvesting, revegetation and draining, are becoming available (IPCC, 2019b). In some cases, conservation and restoration of coastal ecosystems may not be net “carbon positive” when all ecosystem components of management practices are considered, such as coastal regions where calcification outpaces carbonate dissolution (e.g., some seagrass meadows) (Howard et al., 2017; Macreadie et al., 2017). Accounting for all ecosystem synergies and fluxes is even more challenging in the open ocean. Monitoring and continued quantification of these processes and rates over time is needed but can be prohibitively expensive.

Proper spatial accounting of carbon sequestration is also a challenge. Spatially transported carbon can represent a significant portion of ecosystem productivity (e.g., kelp). Indeed, this carbon can be deposited within a few kilometers or as distant as thousands of kilometers from where it was produced, which makes accounting under a local framework difficult (Tzortziou et al., 2011; Duarte and Krause-Jensen, 2017; Huxham et al., 2018). While area-based protections (see below) can be a useful tool to conserve carbon pools, they might result in displacement of effort (fishing, trawling, habitat conversion) outside of spatial protection boundaries. Species such as whales and fish provide additional challenges for accounting, as their ranges can extend across national and other jurisdictional boundaries and whale and fish fall ultimately becomes a component of other carbon pools (such as sediment); both these factors make double counting under existing climate mitigation and carbon valuation frameworks a real possibility.

Lastly, robust temporal accounting can also be challenging. Solutions differ in the amount of time needed for implementation or net sequestration to begin, or the amount of time that carbon remains sequestered away from the atmosphere. For instance, DeVries et al. (2012) predict that only 10-30% of the carbon exported out of the euphotic layer is still in the ocean after 100 years depending on where that export occurred.



Ocean Climate Policy

The global ocean is critical to a stable climate and within the climate policy landscape there is growing interest in bringing ocean related actions forward as climate solutions (Hoegh-Guldberg et al., 2019b).


United Nations Framework Convention on Climate Change

Under the UNFCCC’s global objective of the Paris Agreement to mitigate anthropogenic GHG emissions, Parties can put forward nature-based solutions as part of their emission reduction and climate adaptation pledges known as nationally determined contributions (NDCs) (UNFCCC, 2015). The Agreement does not identify specific ocean-based interventions, but rather emphasizes the reduction of Parties’ GHG emissions as the central tenet to be implemented for mitigating and adapting to climate change.

As of October 2021, 71 countries have mentioned coastal and marine nature-based solutions within their new or updated NDCs. Of these, 45 countries mention the protection, management, and restoration of coastal and marine ecosystems to meet both mitigation and adaptation climate objectives (Lecerf et al., 2021). Costa Rica for example has committed to protecting all their coastal wetlands as recorded in the country’s National Wetland Inventory, while Seychelles has committed to protecting all its coastal wetlands by 2030, and Belize has committed to both protecting and restoring mangroves along with developing a seagrass management plan.

Although most countries have at least one type of coastal wetland, for a handful of countries that have substantial amounts of these ecosystems (Taillardat et al., 2018), proper conservation, restoration, and management of these ecosystems may result in sequestration rates significant enough to reduce overall country emissions (Bindoff et al., 2019). While there is burgeoning interest to include marine protections within climate mitigation policy frameworks, several key criteria must be met to ensure that these protections advance climate objectives (Table 5).

Recent papers have pointed to the potential monetary value of polar blue carbon (Armstrong et al., 2019; Bax et al., 2021), but without clear oversight, double-counting of emission reductions (when two entities claim the same carbon removal), could occur with unfixed blue carbon sources or sequestration that takes place on the high seas (e.g. two nations taking part in the multilateral governing body could both claim reductions from the same source). While deep-sea sediments were not discussed in this manuscript, this risk of double counting also extends to sediments located beyond countries’ exclusive economic zones; while additional data is needed to quantify these stocks, their disturbance could result in the remineralization of this carbon (Atwood et al., 2020). Rules to operationalize Article 6 of the Paris Agreement, the UNFCCC framework to establish a global mechanism for carbon markets to reduce emissions, were established at COP26 in November 2021, but action on the high seas is not included within the UNFCCC (Gallo et al., 2017). Article 6 does however specify that when parties transfer international mitigation outcomes to NDCs, they must avoid double counting (UNFCCC, 2021 see Article 6 paragraph 4). Furthermore, the risk of green-washing (or in this case blue-washing), where entities label environmentally deleterious actions as sustainable, is elevated in the climate space due to the monetization of carbon credits (In and Schumacher, 2021).



Alternative Policy Frameworks, Tools, and Research

While many marine ecosystems may not be suitable for climate mitigation policies at this time, they can be important to building climate adaptation and resilience, protecting biodiversity, and fostering societal well-being (Bindoff et al., 2019; IPBES-IPCC; Sala et al., 2021). The latest IPCC WGII report (IPCC, 2022) underlines the role of resilient biodiversity and ecosystems and their services in mitigation and adaptation and achieving climate resilient development. The effectiveness of ecosystem-based adaptation and approaches to climate change mitigation based on ecosystems are reduced as warming increases and limits to natural adaptation capacity are reached. This underscores that scientists, advocates, and policymakers should not have a singular focus on climate mitigation policies in the blue carbon context, but utilize, or create new, frameworks more appropriate to their conservation, adaptation, and well-being goals, while seeking connections between the frameworks that may strengthen them collectively.

In instances where carbon accounting towards inventories is not suitable, there are a suite of policy frameworks that may be more appropriate to achieve these broader goals. The Convention on Biological Diversity (CBD), which came into force in 1993 and includes 193 Parties to the agreement, sets up an overarching framework to address the underlying causes of biodiversity loss, reduce the direct pressures on biodiversity, and safeguard ecosystems. The CBD also acknowledges the interlinkages between biodiversity and climate change and has adopted voluntary guidelines for the design and implementation of ecosystem-based approaches to climate change adaptation and disaster risk reduction (CBD, 2019).

Other frameworks support the creation of marine protected areas, which can protect carbon capturing marine ecosystems and species, and help build resilience to climate change (Roberts et al., 2017). For example, a recent assessment found that marine World Heritage sites and their immediate surrounding areas comprise at least 21% of the global area of blue carbon ecosystems (UNESCO, 2020). The Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) has agreed to designate a representative network of marine protected areas (MPAs) in the Southern Ocean (Brooks et al., 2020), though progress in recent years towards this goal has stalled. The potential U.N. agreement for the conservation and sustainable use of marine biological diversity of areas beyond national jurisdiction (BBNJ) could lead to widespread protections from shipping, fishing, and deep-sea mining on the little understood high seas (Gjerde and Rulska-Domino, 2012; Visalli et al., 2020), an area covering half of the planet (UN 2017) and managed by over 20 varied governance organizations. Despite political challenges, the discussions within CCAMLR and the U.N. are a testament to the international scientific and diplomatic success that can be found through multilateral frameworks.

In addition to these frameworks, tools to identify and protect vital marine ecosystems for carbon storage have been developed by a number of scholars (see McLeod and Salm, 2006; Di Nitto et al., 2014; Laffoley, 2020). Institutions can further support the restoration and conservation of blue carbon ecosystems through creative carbon financing. Additional funding is needed to better understand the sequestration potential in other marine ecosystems, as noted above. The authors underscore that funding for ocean research remains inadequate (IOC-UNESCO, 2020), even as the percentage for ocean and climate funding grows (Our Shared Seas, 2022). Due to this shortfall, it is important to recognize that it is more cost-effective to preserve, rather than restore, blue carbon ecosystems (Jakovac et al., 2020; Su et al., 2021), and that the ecological integrity of a system supports its ability to store carbon and deliver other co-benefits. With the rapidly closing window for significant climate mitigation (IPCC, 2021) and adaptation action (IPCC, 2022), and continued shortfalls of climate financing, a near-term focus on enhancing current validated blue-carbon ecosystems may be justified (see Macreadie et al., 2019, for a set of blue carbon research priorities).

Lastly, to better enable policymakers to operationalize scientific research, results should be communicated in both the metrics used in the field, as well as put into the greater context of emissions reduction. As described previously, in this article we standardized units of measurements to enable comparisons between potential blue carbon gains and current emissions (Figure 2). Scientists can easily communicate their findings by similarly standardizing measurements, as well as utilizing emissions calculators (such as the one provided by the U.S. Environmental Protection Agency, see EPA, 2022), and including clear messages for policymakers.




Figure 2 | An overview of the annual potential sequestration gains of blue carbon interventions discussed in the manuscript, compared to current annual natural sequestration and emission rates of key greenhouse gas sources. Marine carbon stocks are also displayed in comparison to existing fossil fuel reserves. The values are plotted on logarithmic scales. A more detailed explanation of the processes can be found in Tables 1–3. We have not included the natural carbon sequestration rates for the solubility pump and for photosynthetic land sequestration. These numbers can be found in Friedlingstein et al. (2020). In the open ocean (POC, DOC, zooplankton, fish, krill, whales), the natural sequestration rate (i.e., ‘export flux’) is estimated and reported at the euphotic depth; only a portion of this export will be sequestered for long timescales within the deep ocean and on the sediment floor. The coastal restoration numbers do not include soil carbon, which would represent 75% of the total carbon stock in the ecosystem. The maximum carbon gain potential of afforestation and forest restoration was calculated as the average of tropical and temperate forests, following the CO2 removal rates in Bernal et al. (2018). The area of 950 mill. ha is the estimate of IPCC SR15 needed commitment to keep temperatures at 1.5°C. The forest restoration (1.6 mill. ha, average of tropical and temperate forests) is shown to compare to the potentially restorable mangrove global mangrove area (20% of current area, from Zeng et al., 2021). It is unknown what fraction of the carbon removed from the sediment floor due to trawling eventually leaves the ocean into the atmosphere. Figure illustrated by Stacey McCormack (Visual Knowledge).







Key Messages for Policymakers

	From a climate mitigation policy perspective, only the blue carbon management interventions that lead to additional sequestration and long-term storage of carbon out of the atmosphere compared to scenarios without intervention are relevant to reach the 1.5°C goal of the Paris Agreement, set to avoid the most catastrophic impacts of climate change.

	Coastal wetlands carbon accounting methodologies and management is practical and can lead to improved sequestration and storage, as well as climate adaptation benefits. Macroalgae, marine sediments, and polar benthic ecosystems require further research to determine whether they meet, or to establish new, criteria for inclusion within current mitigation policies.

	Current data does not support the idea that zooplankton, fish, whales, and some calcifying organisms provide significant, readily measurable additionality; therefore, their inclusion at this time in mitigation and carbon credit frameworks would risk greenwashing. However, these organisms are an important part of the natural carbon cycle, and their reduction due to human pressures has serious implications for marine ecosystems and their services.

	Scientists, advocates, and policymakers should not have a singular focus on climate mitigation policies but utilize, or create new, frameworks more appropriate to their conservation, adaptation, and well-being goals, while seeking connections between the frameworks that may strengthen them collectively.

	With the 2030 deadline for significant climate mitigation and adaptation action, and continued shortfalls of climate financing, a near-term focus on protecting and enhancing current validated blue-carbon ecosystems may be justified. As work continues to address climate change after 2030, greater exploration and implementation of scalable ocean-based solutions is needed.





Conclusion

Research clearly shows that the climate crisis must be addressed through immediate and significant point-source greenhouse gas emissions reductions across sectors. The management of blue carbon ecosystems can help meet some climate challenges, although climate change is predicted to decrease open ocean sequestration rates associated with the biological and solubility pumps. However, by maintaining a narrow focus on carbon mitigation, scientists, practitioners, and policymakers can run the risk of overstating the climate benefits of some blue carbon ecosystems, undermining other important marine policy actions.

The ocean and its ecosystems are a major carbon reservoir, but carbon sequestration within and flux across different carbon pools is varied and dynamic, making some marine ecosystems more suitable for climate mitigation policies than others. Protecting and restoring coastal ecosystems including mangroves, salt marshes, and seagrass meadows, which helps avoid emissions and sequester carbon, should be a part of the climate solution toolbox. Protecting and restoring macroalgal communities and polar benthos, and protecting marine sediments, may be promising for additional carbon sequestration and avoided emissions, but currently face challenges for carbon accounting and require further research to prove their carbon mitigation potential. On the other hand, the mitigation benefits zooplankton, fish, whales, and calcifying organisms is less clear, and in many cases the data indicates limited to no additionality.

Despite their lack of carbon mitigation, the protection and restoration of open ocean systems and marine organisms provide clear environmental benefits and climate resilience gains. In these instances, aligning conservation objectives with appropriate policy frameworks outside of the UNFCCC has the potential to preserve these critical marine ecosystems and species without the risk of green-washing or drawing attention away from necessary point-source emissions reductions.

There is an urgent need for actors in the policy, advocacy, and especially scientific community to make the connections between overlapping frameworks, and support biodiversity conservation on its own merits without valuing it solely for carbon sequestration potential. Scientists can play a leading role in facilitating these conversations through improved connections to policy dialogues and communicating their results in terms approachable to non-experts. Importantly, scientists can develop standardized approaches to measure, monitor, and report carbon accounting across ecosystems that can generate transparent and robust data and use comparable metrics to quantify sequestration potential as is used to describe GHG emissions and emission reductions, in order to make appropriate comparisons and put additionality in perspective.

Ultimately, reducing global emissions should remain the top priority. Nature-based solutions cannot replace these actions, but should be seen as a complement to emissions reductions while also supporting adaptation and biodiversity conservation (Seddon et al., 2020; Seddon et al., 2021). Ocean based solutions to climate change must be robust and credible, provide multiple benefits across scales, and demonstrate additionality. Therefore, investing in large, scalable blue carbon preservation, conservation, and restoration interventions is an important step towards comprehensively addressing the climate crisis.
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1Cabré et al., 2015; DeVries and Weber, 2017; Dunne et al., 2005; Henson et al., 2011; Laws et al., 2000; Schlitzer, 2002; Siegel et al., 2014. The most recent estimate puts this rate of export of POC out of the euphotic layer at 9.1 ± 0.2 GtC yr-1 (DeVries and Weber, 2017)
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Carbon type Resident Current Current natural carbon uptake Changes induced by anthropogenic CO, emissions

time carbon stock (GtC yr"
(years) (GtC)

Dissolved inorganic >1-1000 38,000 GtC 90 GtC yr! Ocean anthropogenic carbon uptake (average) 2010-2019/: 2.5 +

carbon (solubility years (Siegel etal.,  (Into and out of the ocean, balanced in 0.6 GtC yr™' (Friedlingstein et al., 2020)

pump) 2021) pre-industrial; (Friedlingstein et al., 2020) Total ocean anthropogenic carbon uptake 1850-20194: 160 + 20
GtC (Friedlingstein et al., 2020)
Anthropogenic uptake efficiency reduction per each degree C
warming: 17.2+5.0GtC (Arora et al., 2020)

Organic carbon >1-1000 700 GtC ~4-12 GtC yr”! 12% POC export decrease by 2100* (Cabré et al., 2015)

(biological pump) (Friedlingstein  (The magnitude of the POC export flux ~ DOC export projected to become more relevant in oligotrophic areas

et al., 2020) out of the euphotic zone') (Roshan and DeVries, 2017)

2.31+0.60 GtC yr'
(DOC export flux at 74m depth;
(Roshan and DeVries, 2017)

Phytoplankton >1 1GtC 50 GtC yr" 8% primary production (PP) decrease by 2100 driven by low-latitude
(Bar-On et al., (Net primary production; decreases, despite a PP increase in polar areas* (Cabré et al., 2015)
2018) (Carr et al., 2006)

Anthropogenic changes include both historical (") and projected (*) as indicated.
Laws et al., 2000; Schiitzer, 2002; Dunne et al., 2005; Henson et al., 2011; Siegel et al., 2014; Cabré et al., 2015; DeVries and Weber, 2017. The most recent estimate puts this rate of
export of POC out of the euphotic layer at 9.1 + 0.2 GtC yr’’ (DeVries and Weber, 2017).
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Organisms Natural current carbon uptake

Whales

900,000 Southern Ocean baleen  0.929 Mt C yr" (via whale carcasses fall out of the photic zone) (Pershing et al., 2010)

whales

12,000 Southern Ocean sperm 0.24 MIC yr* out of the photic zone (via fertilization of phytoplankton growth with iron defecation) (Lavery et al., 2010)

whales

5 species of baleen whales Pre-whaling: 10.6 MtC yr* (via fertilization of phytoplankton growth with iron defecation at 200m); Post-whaling (1965): 2 MtC yr ' (Durfort
etal., 2020 preprint)

Zooplankton

Zooplankton ~0.86 GtC yr" at the euphotic layer (16-18% of total carbon flux) (Aumont et al., 2018; Archibald et al., 2019).
Antarctic krill 39 MtC yr' (at 100 m across the Southern Ocean marginal ice zone) (Belcher et al., 2019)

Fish

1.5 GtC yr'1 (16.1% (+ 13%) of the total carbon flux out of the euphotic zone) (Saba et al., 2021)
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Blue Resident time Stocks(Gt Corg) Average soil stock (Mg Current global carbon uptake Global Area, ha
carbon sink (years) Corg/ha) (Mt C yr™', in soil)
Mangrove 100s - 1000s (soil; 5.9 702.5 93 (Alongi, 2009); 15 (soail; Alongi, 2020). 8.34x1076 (Hamilton and
forests 100s (biomass) (77% soils, 22% (Alongi, 2020) Casey, 2016)
biomass; Alongi, 2020)
Salt marshes 100s — 1000s (soil) 1.75 317.2 < 103 (biomass, Duarte and Chiscano, 5.5x1016 (Davidson and
(soil; Alongi, 2018) (Alongi, 2018) 1999); 12 (soil; Alongi, 2018). Finlayson, 2019)
Seagrass 100s — 1000s (soil) 2.6 163.3 76 (biomass; Duarte and Chiscano, 1999); 16x1016 (McKenzie et al.,
meadows (soil; Alongi, 2018) (Alongi, 2018) 35 (soil; Alongi, 2018) 2020)
Kelp and 1s-10s years 0.06 Not Applicable 1,400 (biomass; Krause-Jensen and Duarte, 3.5x1078 (Krause-Jensen

macroalgae  (biomass)

Sediment 1000s
floor

(Krause-Jensen and
Duarte, 2016)

2322

(Atwood et al., 2020)

Not Applicable

2016; Krause-Jensen et al., 2018)

<1% POC export at euphotic layer (<0.09
GtCyr -1)

and Duarte, 2016)

34.9x10° (Atwood et al.,
2020)

Global area figures are the most recent best estimate, while rates of uptake from the atmosphere are variable, depending on climate and setting, and reported here based on

global averages.





OEBPS/Images/fmars-09-851448-g002.jpg
CARBON STOCKS IN THE OCEAN —

0.01GtC 0.1GtC 1GtC 10GtC 100GtC 1,000GtC 10,000GtC 100,000GtC
Kelp and macroalgae .
Phytoplankton .
Tidal marshes (soil) ()
Seagrass meadows (soil + vegetation .
Marine biota (excl. phytoplankton) .
Mangrove swamps (soil + vegetation) .
Dissolved organic carbon .
Sediment floor .
Dissolved inorganic carbon (DIC) ‘

For comparison, carbon fossil reserves OII-Coar Bes

ANTHROPOGENIC CARBON EMISSIONS RATE _

0.1MtC/yr MtC/yr 10MtC/yr 100MtC/yr 1GtC/yr 10GtC/yr

Fossil fuel CO, emissions .
(2000-2019 average)

Land use change ‘
(2000-2019 average)

Accumulation in the atmosphere '
(2000-2019 average)

Removed from sediment

floors from trawling ‘
US emissions 2019 ()

An average 1,000MW
coal plant '

Emissions of 10 million cars
during 1year .

E O Current natural carbon sequestration rate Response of natural sequestration to changes in CO,(2000-2019 average)
S4-(+) Potential sequestration gains _ Expected decrease due to climate change

0.1MtC/yr MtC/yr 10MtC/yr 100MtC/yr 1GtC/yr 10GtC/yr

Land sequestration
(photosynthesis)

Maximum potential m ________________________________________________________________________________________________________________________
afforestation (950 mill. ha.)

Restoration of
1.6 mill. ha. forest m """"""""""""""""""""""""" O,
Ocean sequestration
(solubility pump) -

Particulate organic carbon
(POC) export 2'OOUmC) O1'000m
POC flux to sediment floor O

Dissolved organic carbon O
(DOC) export at 100m

Tidal marshes O In soil O Photosynthesis

Tidal marshes restoration
(10% of current area) W """""""""""""""""""""""""" @

Mangrove swamps Olnsoil OPhoto synthesis

Mangrove swamps restoration s | @
(20% of current area)

Seagrass meadows In soiIO O Photosynthesis

Seagrass meadows restoration
(10% of current area) /W @

Kelp and macroalgae O In soil O Photosynthesis

Fish O
Restoration, no fishing > --=-=-=--===-=x==---- @
Zooplankton O
Krill O

Whaling O1965(post) O Pre-whaling

Restored whale
population by 2100 28 77T TII T @






OEBPS/Images/fmars.2022.851448_cover.jpg
& frontiers | Frontiers in Marine Science

The Promise of Blue Carbon Climate
Solutions: Where the Science
Supports Ocean-Climate Policy





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





OEBPS/Images/table1.jpg
Term Definition

Additionality Sequestration that is additional to what would otherwise have occurred without a given management intervention or activity. In the context of the
carbon market, additionality refers to the GHG emission reductions that would have not occurred in the absence of a market for carbon offsets. (van
Kooten and de Vries, 2013)

Blue carbon Biologically driven carbon fluxes and storage in marine systems that are amenable to management. Coastal blue carbon focuses on rooted vegetation
in the coastal zone, such as mangroves, salt marshes, and seagrasses.

Carbon flux The process (rate of carbon mass over time) of releasing or losing carbon from a carbon pool to another one, representing an emission when carbon is
released into the atmosphere. (IPCC, 2000)

Carbon pool A carbon reservoir which has the capacity to accumulate or release carbon over time. (IPCC, 2000)

Carbon The process (rate of carbon mass per unit area over time) of capturing and storing carbon in a carbon pool away from the atmosphere. A stricter

sequestration  definition requires carbon to be removed long-term (>1000 yrs) from the carbon cycle.

Carbon stock  The quantity of carbon in a carbon pool. (IPCC, 2022)

Dissolved The combined total of different types of non-organic carbon in (seawater) solution, comprising carbonate (CO3?"), bicarbonate (HCOS3"), carbonic acid

inorganic (H2CO3) and carbon dioxide (COy). (PCC, 2021)

carbon (DIC)

Mitigation (of A human intervention to reduce emissions or enhance the sinks of greenhouse gases. (IPCC, 2021)

climate

change)

Nature-based  Actions to protect, sustainably manage, and restore natural or modified ecosystems that address societal challenges effectively and adaptively,

solution simultaneously providing human well-being and biodiversity benefits. (IUCN, 2016)

Net primary The amount of carbon fixed by photosynthesis minus the amount lost by respiration over a specified time period. (IPCC, 2021)

production

(NPP)

Particulate All combustible organic carbon that can be collected on a filter (typically 0.7, 0.8, or 1.0 pm). (Kharbush et al., 2020)

organic carbon
(POC)

POC export
flux

Solubility pump

Rate of transfer of POC out of the euphotic layer (approx. 100m) into the deeper ocean.

A physicochemical process that transports dissolved inorganic carbon from the ocean’s surface to its interior. The solubility pump is primarily driven by
the solubility of carbon dioxide (CO2) (with more CO2 dissolving in colder water) and the large-scale, thermohaline patterns of ocean circulation. (IPCC,
2021)
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Metric Criteria

Measure/ Carbon stocks, and fluxes within the ecosystem (or species) can be accurately measured both spatially and temporally.

Monitor

Policy Management actions can be achieved through existing or developing policy frameworks to address climate change. Management must also be possible
and practical; for stocks or fluxes that occur in areas beyond jurisdictional boundaries, such as the high seas, management is currently not actionable.

Additionality Management of the ecosystem, or species, is practical and leads to improved sequestration or emission reductions, either through increased
sequestration via restoration or by avoiding and/or reducing anthropogenic divers impacting carbon storage, stock change, or fluxes. Anthropogenic
factors must have a direct impact on carbon storage and fluxes of GHGs within the ecosystem.

Scale Ecosystem, or species, rates of carbon sequestration, or emissions avoided, is cumulatively at scales to influence climate.

Social and Interventions can be achieved without causing social or environmental harm.

Environmental

Integrity





