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Ecosystem-based conservation that includes carbon sinks, alongside a linked carbon credit system, as part of a nature-based solution to combating climate change, could help reduce greenhouse gas levels and therefore the impact of their emissions. Blue carbon habitats and pathways can also facilitate biodiversity retention, aiding sustainable fisheries and island economies. However, robust blue carbon research is often limited at the scale of regional governance and management, lacking both incentives and facilitation of policy-integration. The remote and highly biodiverse coastal ecosystems and surrounding continental shelf can be used to better inform long-term ecosystem-based management in the vast South Atlantic Ocean and sub-Antarctic, to synergistically protect both unique biodiversity and inform on the magnitude of nature-based benefits they provide. Understanding key ecosystem information such as their location, extent, and condition of habitat types, will be critical in understanding carbon pathways to sequestration, threats to this, and vulnerability. This paper considers the current status of blue carbon data and information available, and what is still required before blue carbon can be used as a conservation management tool integrated in national Marine Spatial Planning (MSP) initiatives. Our research indicates that the data and information gathered has enabled baselines for a number of different blue carbon ecosystems, and indicated potential threats and vulnerability that need to be managed. However, significant knowledge gaps remain across habitats, such as salt marsh, mudflats and the mesophotic zones, which hinders meaningful progress on the ground where it is needed most.
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Introduction

To synergistically tackle nature loss and climate change, the few remaining intact carbon-rich habitats need to be prioritised in conservation efforts (Smith et al., 2022). By protecting these carbon- and species-rich habitats, there is a reduction in carbon release and subsequent contribution to the climate change crisis (Pörtner et al., 2021). The cumulative consequences of anthropogenic climate change, habitat destruction and marine resource extraction are evident globally, even in the most isolated oceans and coastlines (Halpern et al., 2019; Bergstrom et al., 2021; Ward et al., 2022). The comparative isolation and reduced exposure from human pressures on islands and offshore shelf habitats imparts some level of biodiversity protection, but even these are impacted by climate change, marine debris, and non-native species threats (e.g. Barnes et al., 2018a; Hughes et al., 2020). Isolation does not absolve the need for management, nor does it guarantee the long-term sustainability of ecosystem services such as marine carbon capture to sequestration (‘blue carbon’; Bax et al., 2021; Bayley et al., 2021). Indeed, remote islands present unique physical and economic barriers to conservation planning. These constraints are evident in a lack of governmental capacity and ecosystem-based knowledge (Queirós et al., 2021), due in part to constraints on financial resourcing for science and marine management (Bax et al., 2022). A comparatively high carbon footprint and associated ‘risk footprint’ (e.g., fuel transport, site contamination/remediation and oil spill mitigation), pose additional logistical complexities for carbon off-setting in remote environments (Brooks et al., 2018; Brooks et al., 2019). Overcoming these limitations is particularly pressing as CO2 emissions continue to rise, and biodiversity continues to decline globally (Pörtner et al., 2021). Identifying locations with multiple intact blue carbon ecosystems such as seagrass, saltmarsh, mangrove, macroalgae and deeper seabed habitats is only one part of the challenge. Once these locations are identified, the additional tasks exist of securing adequate resourcing to support their conservation and ensuring this best mitigates threats.

Incorporating blue carbon as a conservation management tool is timely, as the global United Nations Framework Convention on Climate Change (UNFCCC) recommendations for the Conference of the Parties (COP26) in November 2021 noted that ‘marine ecosystems’ are also recognised as ‘carbon sinks’ in Article 21 of the final decision. This UNFCCC recommendation emphasises the importance of the protection, conservation, and restoration of terrestrial and marine ecosystems alongside the urgent and considerable reduction of greenhouse gas (GHG) emissions (UNFCCC, 2021a). Article 6 of the Paris Agreement outlines how governments can assist in achieving their Nationally Determined Contributions (NDCs) to carbon reduction and removal targets. This legislation includes international transactions in carbon reduction credits, and could encourage the private sector to contribute to GHG emissions reductions through “non-market approaches” under the Paris Climate Agreement (UNFCCC, 2021b). If such approaches are embraced, economists predict that the revenue from carbon markets could exceed USD 1 trillion by 2050 (IETA and the University of Maryland, 2021). These economic incentives pave the way for carbon credits linked to blue carbon and marine biodiversity conservation management in the near future. Momentum is therefore growing for robust blue carbon research to facilitate policy-climate-integration and inform accurate carbon accounting across multiple habitats through for example, an understanding of the distribution of carbon sequestering habitat for Marine Spatial Planning (MSP) that addresses ocean climate-driven change (‘climate-smart MSP’) (see Queirós et al., 2021).



A Broader Blue Carbon Definition

Many marine ecosystems are officially recognised as highly efficient carbon sinks. However, when Nellemann et al. (2009) originally defined blue carbon as carbon captured by marine living organisms, they put the spotlight on shallower, relatively accessible mangroves, salt marshes, and seagrasses. Blue carbon research continues to narrowly focus on these coastal ecosystem types because they are actionable; many nearshore systems which remove significant amounts of CO2 and store fixed carbon long-term, are subjected to undesirable anthropogenic impacts, and can be managed to maintain or enhance carbon stocks. Such management aligns with climate change mitigation and adaptation policies (Lovelock and Duarte, 2019). Other potential blue carbon ecosystem types have only been considered recently, such as macroalgae (Krause-Jensen and Duarte, 2016), and seafloor blue carbon (Barnes, 2015; Bax et al., 2021). However, significant knowledge gaps currently preclude them from being considered as actionable blue carbon ecosystems. These important overlooked blue carbon ecosystems should be reassessed as actionable or non-actionable, once knowledge gaps have been filled.

Here we consider the situation in the Falkland Islands (FI), as an exemplar of global challenges faced. In order to identify and fill key knowledge gaps, this paper discusses the major ecosystems, from terrestrial (green carbon) sequestration and fluvial loss in the shallow sea across the water column, until its potential burial in seabed sediment to provide a framework across the carbon cycle (Figure 1). Proposed Marine Management Areas (MMAs) are being consulted upon in 2022 and would encompass 15% of FI marine waters if implemented. This paper provides a foundation for future work on these important ecosystems.




Figure 1 | Overview of blue carbon habitats considered here including tidal marsh, mud flats and terrestrial input, the mesophotic zone (30 - 150 metres) and seafloor (carbon storage and sequestration potential) (see SI for an overview of the habitat data available and limitations of the methodology).





Incorporating ‘Blue Carbon’ Habitats Into Marine Spatial Planning in the Falklands Islands

The FI in the South West Atlantic, are positioned as a unique ecotone between the southern tip of South America and the Sub-Antarctic. The two main islands (East and West Falkland) are surrounded by over 700 smaller outer islands, and the FI coastline represents some of the world’s remaining pristine kelp ecosystems (van Tussenbroek, 1993; Friedlander et al., 2020; Mora-Soto et al., 2021), with higher biodiversity and species richness than neighbouring South America or the Sub-Antarctic island South Georgia (Figuerola et al., 2017; Beaton et al., 2020). The Falklands Interim Conservation and Management Zone (FICZ; established in 1986) and the Falklands Outer Conservation Zone (FOCZ; established in 1990) extending to 200 nautical miles (~370 km), gave the FI sovereignty over its fisheries and marine waters (Harte and Barton, 2007). The total resident human population is 3203 (Census preliminary results, Falkland Islands Government press statement, 2021), and the Falkland Islands Government launched an Environment Strategy 2021 – 2040, recognising ‘‘the central and universal role that the natural environment plays in the sustainable development of our health and wellbeing, our economy and our nation as a whole’’ (Falkland Islands Government, 2021).

To balance the need for regional economic security and biodiversity conservation, a holistic approach to MSP was initiated in 2014 (Brickle et al., 2019). The MSP process in the FI included an Assessment of Fishing Closure Areas as Sites for wider management (Golding et al., 2017). This process prioritised marine wilderness areas as potential MMAs (Brickle et al., 2019). The proposed MMAs represent an ecosystem-based approach to management planning objectives. The proposed MMAs, if designated, will include protection of kelp forests in nearshore waters, where they are recognised as structurally complex habitats, providing important ecosystem services (Bayley et al., 2021). In deeper waters, the proposed MMAs encompass the eastern slope of the Burdwood Bank, which is rich in unique and fragile Vulnerable Marine Ecosystems (VME) indicators (Auster et al., 2011; Brewin et al., 2020). Consequently, the MMAs could help to ensure the long-term resilience of multiple habitats and dependent species, as well as the sustainability of economically important fisheries by protecting connectivity between neighbouring biodiversity refugia (Briggs and Bowen, 2013). However, the data gaps common to highly biodiverse, but funding-limited remote island locations hinder the inclusion of management tools, such as the incorporation of blue carbon into MSP presently.



The First Annual Flux Measurements of Dissolved Organic Carbon in Falklands Rivers

The FI terrestrial ecosystems have amongst the highest proportional peat cover recorded anywhere in the world (Carter et al., 2020), making them extraordinarily carbon rich. It is estimated that its peatlands hold an organic carbon stock of 934 Mt C (Upson et al., 2016), although this is possibly a slight overestimate (SAERI unpublished data). These terrestrial carbon stocks are unlikely to be uniformly distributed, and global soil maps suggest that the South West Atlantic region has variable stocks that are up to 100% peat cover (Poggio et al., 2021 and FAO mapping respectively). Peat run-off impacts neighbouring coastal ecosystems via natural processes of organic carbon (OC), from soils to rivers, and subsequent transport into estuaries and then ocean basins (Dinsmore et al., 2010; Evans et al., 2016). These natural processes are sensitive to climate, seasonality and hydrology, and can also be altered or intensified by land-management impacts, including peatland degradation. Recent data from four East Falkland rivers show very high inputs of dissolved organic carbon (DOC) to estuaries (Evans et al., unpublished data), with DOC concentrations approaching those observed in tropical ‘blackwater’ rivers (Moore et al., 2011). Assuming that measured DOC concentrations in these rivers (which drain a substantial part of the landmass of East FI) are representative of the overall land area, we calculated that the annual flux of DOC carbon in Falkland rivers may be around 0.05 Mt C yr-1 (equivalent to 0.17 Mt CO2 yr-1 if subsequently oxidised). It appears that the majority of DOC exported from the terrestrial ecosystems is exported to the coastal ocean, but its subsequent fate and impact currently remains unclear. Visual observations have also documented the covering of seabed floors with particulate organic matter (POM) from eroded peat areas and peaty runoff discolouring the intertidal zone after rainfall events, but neither have been quantified (SMSG/SAERI unpublished data). The introduction of grazing animals following European settlement in the 1760s has changed the natural peatlands significantly, causing widespread soil erosion and drainage (Wilson et al., 1993; Otley et al., 2008), which climate change could be exacerbating (Upson et al., 2016). This can be devastating as peat fires alter carbon accumulation potential, can burn for months, producing peat-fire derived emissions (Turetsky et al., 2015). These combined impacts could increase dissolved and particulate export of terrestrial OC to the ocean, with implications such as altered biogeochemical cycles and aquatic light regimes. Research into the land-ocean carbon cycle is therefore required to understand the current impact of fluvial OC transport on the near-shore blue carbon cycle.



Undescribed Coastal Blue Carbon Habitats

Globally, salt marshes and mudflats are recognised as important blue carbon habitats (e.g. Newton et al., 2021), and conservation measures for carbon accounting and accreditation can be quantifiably applied in some locations (Burden et al., 2019). In the FI, these habitats are limited in extent for two reasons: 1) the tidal range is generally small – a maximum of 1.90 m during spring tides at Stanley, East Falkland, (National Oceanography Centre, 2022) with lower amplitudes south of East Falkland and higher ones west of West Falkland (Glorioso and Flather, 1995); and 2) coastal areas tend to be steep, so the effect of tides are therefore not visible across large areas. Consequently, salt marsh and mudflat extent is neither mapped nor quantified, limiting any inclusion in conservation management. The application of high-resolution satellite imagery is essential to map these small habitats scattered around the coastline - considering the global loss of these important ecosystems due to ongoing climate change, their disproportionate contribution to blue carbon stocks, and the potential for cross-habitat subsidies in estuaries (Bulmer et al., 2020), baseline information is urgently needed.



The First Sediment Organic Carbon Content Estimates Across the Falklands Conservation Zones

Estimates of organic carbon stocks are required to gauge the importance of a system in the marine organic carbon cycle. Additionally, organic carbon stocks are a measure of the potential vulnerability to human-induced disturbance (Jennerjahn, 2020). Existing seabed sediment maps provide hints to where sizable organic carbon stocks might be expected, as organic carbon content scales with grain size. There are no maps available for this specific geographic region. However, predictive mapping of carbonates and grain size are available (Brewin et al., 2020) and comparative datasets from neighbouring geographies for the Argentinian and FI Island continental shelves do provide insight. For example, Parker et al. (1997) describe most of the continental shelf as either sand or gravel, and open-access seafloor type datasets support this assessment (Petschick et al., 1996; Servicio de Hidrografia Naval 2022). This is clearly an area of much needed future research to inform assessments on organic carbon stocks in surface sediments (upper 10 cm of the sediment column).

A more direct way to estimate organic is to spatially predict them with geostatistical or machine learning methods. This requires observations and suitable predictor variables and has been successfully demonstrated at regional scales (e.g., Diesing et al., 2017; Wilson et al., 2018; Diesing et al., 2021; Pace et al., 2021). The amount of suitable observations within the Falklands Conservation Zones (FCZs) that could be retrieved from relevant databases (PANGAEA, https://www.pangaea.de/, MOSAIC, http://mosaic.ethz.ch/ and dbSEABED http://instaar.colorado.edu/~jenkinsc/dbseabed/) is, however, very limited. To derive a first-order approximation of the size of the organic carbon pool in FCZs surface sediments, we utilise recently published global maps of organic carbon content (Lee et al., 2019) and stock (Atwood et al., 2020).

Atwood et al. (2020) provide a global map of organic carbon stocks, measured in Mg C km-2, that can be clipped to the FCZs which covers close to half a million km2 (SI.1 Table 1). Mean values are then derived for the inner and outer zones with zonal statistics in ESRI ArcGIS, and these are multiplied by the surface area, yielding a pool size of 167 Tg and 138 Tg for the inner and outer zones, respectively. Conversely, using global predictions of organic carbon content and porosity (Lee et al., 2019) gives pool sizes of 98 Tg and 89 Tg for the inner and outer zones, respectively. These differing estimates indicate that dedicated predictive models based on newly collected data will be necessary to narrow down the uncertainty in the organic carbon pool size (see SI for limitations of this methodology).

Seafloor ecosystems store and sequester from external sources across pelagic food chains with important linkages to macroalgal beds onshore (Bayley et al., 2021). In this manner, seafloor biota do not only bury their own carbon, but trap carbon from multiple sources (Laffoley and Grimsditch, 2009). Knowledge on source-to-sink pathways, organic carbon reactivity (Smeaton and Austin, 2022) and burial rates is essential to understand long-term storage and sequestration capacity. Therefore, without the collection and analysis of new sample data and investment, it is difficult to know how vulnerable the FI carbon stores are to depletion, or where additional carbon sequestration might be possible.



Carbon Storage in Falkland Islands Kelp Ecosystems

Kelp forests dominate the FI coastal zone (Beaton et al., 2020), creating habitat for commercially important species and rapidly cycling carbon from the surrounding waters. Existing worldwide, kelps boast high growth rates and productivity (Wernberg et al., 2018). Despite disagreement in the literature on macroalgae’s status as ‘blue carbon’, there is growing evidence for their ability to sequester biomass to surrounding deeper waters by drifting to stable sediment beyond the turbulent mixing layer, and potentially having a substantial role in global carbon cycles (Krause-Jensen and Duarte, 2016; Smale et al., 2018; Froehlich et al., 2019; Filbee-Dexter and Wernberg, 2020).

As knowledge around macroalgal distribution and potential sequestration rates becomes more robust (Queirós et al., 2019; Blain et al., 2021; Pedersen et al., 2021; Smale et al., 2021), kelp’s likely role in global carbon storage becomes evident. Bayley et al. (2021), conservatively estimated that kelp in the FI may sequester in the order of 0.299 Mt of CO2 annually (equating to ~£31.07 million per year at 2020 carbon price). However, a range of assumptions are included in such estimates, particularly relating to total carbon sequestered and the appropriate valuation of carbon credits. The financial value of carbon credits are only eligible for trading if they result from a management activity that illustrates net sequestration gain. For example, through the identification of a degraded location and its restoration. Limiting a nascent area of the blue carbon market, which is not currently accredited.

Due to the large size of blades that extend to the sea surface or sub-surface, it is possible to map the extent of Macrocystis pyrifera presence with good confidence. This is a method which has been applied to FI coasts (Golding et al., 2019; Mora-Soto et al., 2020; Houskeeper et al., 2022). However, this method is still limited by factors such as water clarity, wave action, and water depth. Alongside M. pyrifera, smaller kelp species found around the archipelago include the two ‘tree kelps’, Lessonia vadosa and Lessonia flavicans, and the ‘bull kelp’ Durvillaea antarctica (Beaton et al., 2020; Mora-Soto et al., 2021). Smaller Lessonia species do not raft at the surface and often occur in deeper water or are obscured within the understory, making them difficult to map accurately (Golding et al., 2019). The larger D. antarctica can raft, however, its distribution is restricted to a thin band along exposed coasts, which can be difficult to access. Additionally, kelps undergo changes in extent and biomass according to annual/seasonal cycles and wave exposure, making survey timing important (Graham et al., 2007; Beaton et al., 2020). However, estimates of typical biomass, carbon storage per thali, and average net primary production are currently highly uncertain, and include regional taxonomic uncertainty for the Lessonia species (Bayley et al., 2021).

With these limiting factors in mind, confidence in kelp distribution may be improved through the collection of acoustic data (multibeam bathymetry/backscatter, side-scan sonar) (Golding et al., 2019). These data will help identify presence and type of vegetated benthic habitat, and the environmental factors which drive their distribution (Kenny et al., 2003; Rattray et al., 2013; Rattray et al., 2015). Combining above-water instrumentation with systematic in-water benthic surveys and use of remote-sensing tools will improve species distribution modelling estimates (Jayathilake and Costello, 2020; Mora-Soto et al., 2020). This will be particularly useful for quantifying vertical distribution of kelps, which can extend to ~60 m depth (Graham et al., 2007).

Once kelp source extent and condition are parameterised, mapping of source-to-sink pathways and quantification of carbon already sequestered within deep sea sediments will be necessary. Sediment depth, type, rate of sedimentation, bioturbation and average anthropogenic or natural disturbance will all influence the amount of carbon stored locally, now and in the future (Macreadie et al., 2017; Green et al., 2018; van de Velde et al., 2018; Atwood et al., 2020).



Blue Carbon and Planktonic and Pelagic Organisms

Pelagic ecosystem function is integral to global biogeochemical cycling and plays a major role in modulating atmospheric CO2 concentrations (Howard et al., 2017). The southern Patagonian Shelf, a component of the Patagonian Large Marine Ecosystem, is one of the most productive marine ecosystems globally (Marrari et al., 2017). However, our understanding of regional phytoplankton, zooplankton and bacteria is hampered by a lack of knowledge of the taxa dynamics across the Patagonian Shelf, and particularly within the FCZs (e.g. Sabatini et al., 2004), where there are no oceanographic circulation models available to date. Consequently taxa dynamics are only inferred by proxies such as chlorophyll, which is a measure of phytoplankton biomass in surface waters (NASA satellite data). In contrast, pelagic fish communities in this region are relatively well known (Arkhipkin et al., 2012; Arkhipkin et al., 2013a; Arkhipkin et al., 2013b), due to a long history of fishing pressure across the region. For example, the squid (Illex argentinus) represents the world’s second largest cephalopod fishery, and during peak intensity it is a visible feature from space (NASA Earth Observatory 2022). Illex argentinus is primarily harvested by squid jigging in the FCZs, the high seas of the Southwest Atlantic, and Argentine Exclusive Economic Zone (to a value of $597 million USD; range $301-2,396 million USD based on 2005-2016 data, see Harte et al., 2018). Species at mid to low trophic positions play a key role in the trophodynamics of this ecosystem (e.g. Sprattus fuegensis, Patagonotothen ramsayi, Micromesistius australis, and Munida gregaria) and are considered to be a “wasp waist” structured ecosystem (Laptikhovsky et al., 2013; Riccialdelli et al., 2020). Therefore, there is an increasing awareness of the contribution of these fisheries’ to important large-scale processes, such as carbon storage, and how ecosystem-based management can help sustain them. However, more knowledge and increased fisheries-science collaboration is required to quantify the specific trophic pathways and fate of carbon transferred through passive settlement to deep marine sediments, or transported via active migration of fish to neighbouring regions (Saba et al., 2021; Wing et al., 2021).

Carbon transported to the deep sea through these trophic pathways can remain sequestered for millennia (Howard et al., 2017). However, overfishing and the use of sediment-disturbing bottom trawl nets in particular prevent and reverse blue carbon sequestration over large time scales (van de Velde et al., 2018; Mariani et al., 2020). For example, Mariani et al. (2020) show that through historical extraction and fuel consumption, ocean fisheries have released ≥0.73 billion metric tons of CO2 (GtCO2) into the atmosphere since 1950. Globally, 43.5% of that blue carbon extracted by these fisheries in the high seas comes from areas that would be economically unprofitable without subsidies (not a component in FI Fisheries). Maintaining well managed fisheries will reduce blue carbon loss to the atmosphere by sustaining the natural carbon pump through healthy fish stocks and increase natural carcass deadfall to the deep sea (Higgs et al., 2014; Honjo et al., 2014). Roughly 60% of the FICZ has fishing restrictions in place presently (SI.1 Table 3) and future monitoring could inform on the effectiveness of these restrictions and closures for protecting carbon stores. Whilst, the proposed FI MMAs could preserve existing carbon storage and stock densities through conserving local marine ‘wilderness’ areas.



Blue Carbon Potential of Habitats Extending Into the Mesophotic Zone

Mesophotic ecosystems are largely unexplored in the FI and the lower depth limit of most light-dependent species is unknown (Goodwin et al., 2011; Goodwin et al., 2012; Brewin et al., 2020). These habitats constitute complex biodiversity at depths between 30 m to 150 m (Hinderstein et al., 2010) and we calculate that the projected areal extent of this habitat is over c. 50,000 km2 (SI.1 Table 3). However, despite this substantial area, only incidental nearshore surveys have been conducted to explore these depths to date. For example, surveys in 2020 and 2021 recorded the presence of stylasterid coral (hydrocoral) gardens, rhodolith beds (coralline algae nodules), and reef-like aggregations of parchment worms below 40 m during Remote Operated Vehicle (ROV) and drop cameras surveys (SAERI unpublished data). These observations constitute the discovery of carbon rich taxa in the mesophotic zone. Without investments in time and resources, observational data cannot be meaningfully quantified or included in distribution models and conservation planning at present. For example, a search of the Ocean Biodiversity Information System (OBIS) database for VME indicator taxa (FAO, 2008; CCAMLR, 2009) to identify potential benthic sequesters across the FCZs, showed that 26% of all the OBIS VME records are found in the mesophotic zone (Figure 2). However, the upper mesophotic zone (30 - 60 m) has only 0.5% of these, and 29% (c. 700 records) of OBIS VME records do not include depth information at all. These gaps highlight that there is much to be discovered in the FI marine environment, and much that needs to be done to progress the available information into broader application. Investments in nearshore marine science voyages and technology to survey the seafloor through multibeam echo sounder and backscatter data and sampling by means such as with Remote Operated Vehicles (ROVs) are needed to gain a baseline understanding. This will be an important first step to gain an understanding of undiscovered blue carbon habitats and biodiversity in areas where fisheries do and do not operate. Sampling in areas where fisheries operate could be undertaken in collaboration with existing ship-based data collections, and would aid in validating onshore to offshore carbon pathways and natural fluctuations through time. However, demonstrating permanence (removal of carbon from the biological to the geological carbon cycle), and identifying an intervention to increase carbon drawdown at scale is a substantial research effort, across much of the FCZs and central plateau region of the southern proposed Burdwood Bank MMA to understand mesophotic blue carbon (c. 11% SI.1. Table 3).




Figure 2 | i) The Falkland Islands geographic location in the South West Atlantic ii) Distribution of offshore surveys in FCZs: Broad-scale classification habitat maps and predictive maps of VME taxa as proxies of VMEs have been produced over the spatial extent indicated in dark green. These broad-scale maps have been based upon GEBCO bathymetry. Higher resolution mapping has been undertaken at oil and gas survey point locations shown by white circles (2x2km2). High-resolution bathymetry has been collected at these sites and within the hashed boxes. ii) VME indicator taxa compiled from OBIS, SAERI unpublished data and Brewin et al., 2020 (SI.1 Table 2) for the following taxa grouped by Phylum - Annelida - Serpulidae; Arthropoda - Bathylasmatidae; Brachiopoda; Bryozoa; Chordata- Ascidiacea; Cnidaria- Actiniaria, Alcyonacea, Pennatulacea, Scleractinia, Antipathraia, Hydroidolina, Stylasteridae; Echinodermata- Crinoidea, Ophiurida, Cidaroida; Hemichordata; Porifera.





Benthic Habitats Offshore With Long-Term Carbon Storage and Sequestration Potential

The FI benthic slope habitats share close affinities with the Sub-Antarctic, one of the world’s most important geographic regions for the sequestration of anthropogenic CO2 by marine ecosystems (Thomalla et al., 2011; Swart et al., 2015; Pörtner et al., 2021). Marine organic carbon accumulation is predicted to be primarily on shelf and slope habitats globally (e.g., Muller-Karger et al., 2005), where biodiversity is greatest, and where it is often vulnerable to the impacts of fishing gear and biomass extraction (Mariani et al., 2020). The biota on continental shelves at high southern latitudes are effective at sequestering carbon and unlike other carbon sinks, they are increasing with climate change (for example around Antarctica: Barnes et al., 2018a; Bax et al., 2021; Cavanagh et al., 2021). A better understanding of these potentially rare and sizable (in terms of area) negative feedbacks on climate change, is valuable in social carbon costs. Seabed biomass shallower than 1000 m in some South Atlantic habitats can accumulate carbon of considerable mitigation potential (Barnes et al., 2021). The eastern Burdwood Bank (adjacent to the Namuncurá MPA), is a proposed MMA, and preliminary research suggests it hosts high carbon storage and sequestration potential (Bax and Cairns, 2014). Furthermore, carbon and biodiversity rich habitats including abundant stylasterid and scleractinian coral assemblages add to the conservation significance of this region (Bax et al., 2014; Cairns and Polonio, 2013). Cold water corals are debated as ‘blue carbon’ habitats as they re-emit some CO2 when building their CaCO3 skeletons (Laffoley and Grimsditch, 2009). Much seafloor life has importance as ecosystem engineers and sediment creators, but their vulnerability to climate change (Figuerola et al., 2021, Rogers et al., 2021) and bottom fishing mean a focus on maintaining ecosystem function at the site of sequestration - where it is most crucial to long-term climate mitigation - includes conservation of VME indicator taxa (such as corals) and the ecosystem services a biodiverse seafloor habitat can provide.

If research on ecosystem function at the site of sequestration is prioritised, a quantification and forecasting approach to blue carbon in locations like the Burdwood Bank could potentially lead to future investments in biodiversity conservation offshore, which includes economic gains by sustaining ecosystem services to inform national emission targets. However, there are a number of limitations to ground truthing long term carbon sequestration estimates on the seafloor (100s - 1000s of years), and the climate mitigation potential of benthic ecosystems in a policy-specific context (Bax et al., 2021). Primarily, this ground-truthing relies on seabed mapping technology with the capacity to discriminate between benthic habitats and model species distributions at multiple spatial scales. Investment at this scale is lacking, and large swaths of seafloor have never been sampled, or examined by multibeam echosounder, and in some cases these data are under commercial licence and not openly available for use (Figure 2). The limited spatial extent of ground-truthed data, coupled with the low resolution of environmental data used in these models, is the main limitation of habitat maps (Guisan and Thuiller, 2005; Ross et al., 2015), and we present a synthesis of high resolution bathymetry available to date (Figure 2 limitations outlined in SI).

The wealth of VME indicator taxa recorded from across the FI (Figure 2), including high sponge diversity (Goodwin et al., 2011), scleractinian coral reefs (Cairns and Polonio, 2013; Brewin et al., 2020), sea pen fields, coral gardens (Brewin et al., 2020), chemosynthetic communities (Noble, 2014 unpublished data) and field-like aggregations of deep-sea stylasterid (lace) corals across the plateau (Bax and Cairns, 2014; Bax, 2014); highlight that there is much to discover by investing in seafloor science in the FI. In an attempt to inform protection of these blue carbon habitats, spatial overlap between functional group records and VME indicator taxa were compared (SI.1 Table 2). Considering the proportion of soft sediment on the FCZs (Petschick et al., 1996; Parker et al., 1997; Servicio de Hidrografia Naval 2022; Gerdes and Montiel, 1999), and the areal extent of VME indicator taxa of the FCZs c. 175, 000 km2 (SI.1 Table 2), future work could align these groupings with geographic data sets in the Southern Ocean where core estimates have been contrasted against seabed images to clarify blue carbon gains (Zwerschke et al., 2022). However, whilst an imaging research approach is non-invasive and helps to clarify seafloor community ecology, it can fail to include infaunal species data. These data are often only available based on generalised biomass estimates (e.g., Brey and Gerdes, 1999) and species lists from adjacent regions (e.g., Gerdes and Montiel, 1999; Rios et al., 2003) limiting our capacity to understand basic seafloor biodiversity composition.



Future Seafloor Blue Carbon Priority Research Areas

Future work would be most informative if bathymetric data were ground-truthed with seabed core sampling to clarify carbon content and production estimates, combined with carbon dating technology, through time (Atwood et al., 2020). Data from the Magellan and Beagle Channel region (including shelf estimates) provide comparable carbon content and production estimates to the eastern Weddell Sea (Brey and Gerdes, 1999). Ideally this information can be overlayed with VME and infaunal assemblage mapping, biogeochemistry, and population genetics to estimate blue carbon connectivity from key model sequesters (e.g., corals, sponges and echinoderms). This type of information would validate carbon storage and sequestration estimates based on functional groups at finer temporal and spatial scales (e.g., per population, per area, per year over time) both offshore (e.g., Barnes and Sands, 2017; Barnes et al., 2021) and nearshore (e.g., Morley et al., 2022). However, such estimates also rely on knowledge of a taxon’s traits such as feeding strategy, mobility and lifestyle, which is lacking for most benthic taxa (www.SCAR-MarBIN.be). Therefore, an accurate estimation of carbon storage rates (such as annual increments) across areas for the purpose of carbon accreditation is currently difficult at the scales needed by policy (unless undertaken on a taxon by taxon basis (e.g. bryozoans, see Barnes, 2015).



Forward Look

The preservation of nature as a functional carbon sink, is based upon the long-term burial capacity of seafloor biota and the continued efficiency of external sources of carbon such as macroalgal beds and pelagic ecosystems. This recognition imparts the need for a multi-tiered approach to blue carbon research that includes fisheries management and terrestrial blue carbon pathways. This approach also focuses on ecosystem based preservation, as it is far more efficient and less costly to protect habitats while healthy than to restore once degraded, with compromised carbon storage and sequestration capabilities (Barnes et al., 2021; Bax et al., 2021; Bayley et al., 2021). In the context of blue carbon, understanding key ecosystem information like the location, extent, and condition of broad scale habitat types, will be critical in understanding sequestration pathways and capacity. In turn, blue carbon habitats and pathways can facilitate strategic and adaptive planning aimed at retaining biodiversity, maintaining sustainable fisheries, and preserving ecosystem services and economies for generations to come (Bertram et al., 2021). However, before this utility of blue carbon as a MSP tool can be realised, a substantial knowledge and understanding base is required.

MPAs and spatial management are an important part of sustainable futures, especially if MSP can keep pace with climate change and remain both locally and globally relevant (Queirós et al., 2021). As the UN Ocean Decade for Sustainable Development (2021 - 2030) progresses, there is an increasing emphasis on negotiations for a new UN treaty on Biodiversity Beyond National Jurisdictions (BBNJ), where greater than 50% of earth’s biodiversity resides (FAO, 2020). The total area of fishing footprint determined by Brewin et al. (2020) for both the FCZs and ABNJ is 36 924km2, and the total footprint of actual fished ground in the ABNJ is almost twice as large as the FICZ (23 928km2) and FOCZ (12 997 km2). Therefore, whilst this paper focuses on knowledge gaps within the FCZs, as extractive industries expand globally, the FI also provides a test-case for the necessity of protection and sustainable practice in jurisdictional waters - to mitigate the threat of unregulated fleets in Areas Beyond National Jurisdiction (ABNJ). Furthermore, by filling the common knowledge gaps outlined here, all conservation and monitoring strategies south of 40° would benefit and could potentially replicate multi-tier approaches. In this manner, the inclusion of blue carbon research into MSP must also grapple with a contiguous managed area that includes ABNJ fisheries across a vast area extending into the Scotia arc in the sub-Antarctic. Given the diversity of habitats and high endemism to consider (Morley et al., 2022), a precautionary and informed management approach to conservation will be imperative.
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