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ABSTRACT

Carbon sequestration is defined as the secure storage of carbon-containing molecules for >100 y,
and in the context of Carbon Dioxide Removal for climate mitigation, the origin of this CO, is
from the atmosphere. On land, trees globally sequester substantial amounts of carbon in woody
biomass, and an analogous role for seaweeds in ocean carbon sequestration has been suggested.
The purposeful expansion of natural seaweed beds and aquaculture systems, including into the
open ocean (ocean afforestation), has been proposed as a method of increasing carbon
sequestration and use in carbon trading and offset schemes. However, to verify whether CO, fixed
by seaweeds through photosynthesis leads to carbon sequestration is extremely complex in the
marine environment compared to terrestrial systems, because of the need to jointly consider: the
comparatively rapid turn-over of seaweed biomass, tracing the fate of carbon via particulate and
dissolved organic carbon pathways in dynamic coastal waters, and the key role of atmosphere-
ocean CO, exchange. We propose a Forensic Carbon Accounting approach, in which a thorough
analysis of carbon flows between the atmosphere and ocean, and into and out of seaweeds would
be undertaken, for assessing the magnitude of CO, removal and robust attribution of carbon

sequestration to seaweeds.

Keywords: Carbon cycling; carbon dioxide removal; carbon sequestration; dissolved organic
carbon; ocean afforestation; ocean-atmosphere equilibrium; particulate organic carbon; seawater

carbonate system; seaweed aquaculture

Abbreviations

CDR, Carbon Dioxide Removal; FCA, forensic carbon accounting

INTRODUCTION

Seaweeds (marine macroalgae) are primary producers from three phyla (Ochrophyta, Chlorophyta
and Rhodophyta) that grow in coastal systems worldwide and provide food and habitats for
invertebrates and fish (Hurd et al. 2014). In Asia, seaweeds are farmed in coastal waters on large
scales for human food, alginates, agar and carrageenan, and can provide important ecosystem
services (Chung et al. 2017, Hu et al. 2021). Seaweed aquaculture is being trialled by an

increasing number of ‘non-traditional’ seaweed-producing countries within the Americas, Africa,
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Europe, and Australasia (Buschmann et al. 2008, Barbier et al. 2019, Kim et al. 2019, Kelly 2020,
Msuya et al. 2022). One imperative driver of expanding seaweed aquaculture, including into the
open ocean, is to increase the removal of atmospheric carbon dioxide (CO;) and sequester carbon,
to help mitigate ongoing global warming (e.g., Chung et al. 2011, 2013, Ahmed et al. 2017, Duarte
etal. 2017, Sondak et al. 2017, Hossain et al. 2021, UN Global Compact 2021). Carbon Dioxide
Removal (CDR) from the atmosphere by seaweeds is a marine climate intervention approach that,
if feasible, would remove atmospheric CO, that has been released by human activities (GESAMP
2019). This idea of growing seaweeds for CDR is attracting interest in the scientific literature
(N‘Yeurt et al. 2012, Duarte et al. 2017, 2021, Froehlich et al. 2019, UN Global Compact 2021),
TV documentaries and the media (Gameau 2017; Figs. S1-S13 in the Supporting Information),
and popular science books (Flannery 2017, Gameau, 2019, Bate 2021). However, the
sequestration potential of seaweeds has also been questioned, due to logistical challenges and
financial feasibility of expanding seaweed cultivation, particularly into the open ocean, efficacy
and the permanence of carbon storage (Orr and Sarmiento 1992, Ritschard 1992, Howard et al.
2017, Bach et al. 2021, Gallagher et al. 2022), and the idea is considered contentious (Macreadie
et al. 2019).

Sequestration is defined as the ‘secure storage of a substance’ and to demonstrate carbon
sequestration requires proof that CO, is being removed from the atmosphere and ‘locked up’ in a
stable form for a significant time scale, usually >100 years (GESAMP 2019, and also see Table 1
for a glossary of terms used in this manuscript). Carbon can be sequestered as living biomass such
as terrestrial trees, or in an inert form such as organic carbon that has been accreted within an
anoxic environment (e.g., soil). Examples of natural coastal systems known to sequester carbon
are seagrass beds and mangroves: these are angiosperms with roots and rhizomes that anchor them
in soft-sediment coastal systems where they create a carbon-rich soil capable of locking carbon up
for millennia (Duarte et al. 2013). In the open ocean, the biological and solubility pumps are key
examples of mechanisms that underpin sequestration in deep open waters or sediments. The
biological pump, for example, is the vertical export into deep water of a small but significant
proportion of carbon fixed photosynthetically by phytoplankton. This removal of atmospheric
CO, over millennia has contributed to steady-state atmospheric CO, concentrations of ~280 ppmv
during the pre-industrial Holocene epoch (Volk and Hoffert 1985). In contrast, we have relatively
little understanding of the extent to which natural seaweed beds sequester carbon (Macreadie et al.

2019).
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In terrestrial forests, the amount of carbon removed from the atmosphere and stored as
living biomass (forests) and soil are relatively easily quantified (e.g., Hoover et al. 2000, Pan et al.
2013, Scharlemann et al. 2014, Kochy et al. 2015, Harris et al. 2021). These carbon stores are
being used for carbon credits which businesses purchase to offset their carbon use and become
‘carbon neutral’ (Jansson et al. 2021). Similar carbon credit/offset schemes have been proposed
for coastal marine systems including natural seaweed beds and aquaculture (Collins et al. 2021;
Figs. S1-S3). There is also interest in growing seaweeds in the open ocean and sinking the
resulting biomass to the deep ocean for carbon sequestration (D. Keller pers. comm.; Figs. S3, S4,
S7, S10). In order to demonstrate CDR by seaweeds for use in carbon credit/offset schemes, the
amount of CO; being removed from the atmosphere and the duration of its storage must be
quantified robustly and attributed to seaweeds (GESAMP, 2019). However, demonstrating CDR
and carbon sequestration by seaweeds in marine systems is much more complex than in terrestrial
forests due to 1) the rapid turnover times of seaweed biomass compared to trees, 2) difficulties in
tracking the fate of seaweed biomass and quantifying where and for how long it is stored, and 3)
time scales of re-equilibration of CO, between the atmosphere and the low-CO, seawater that
results from photosynthetic uptake of CO, by the seaweed. To unravel these complexities requires
an understanding of biogeochemical cycling in a 4D context that incorporates ocean circulation
and timescales of atmosphere/ocean interactions (Orr and Sarmiento 1992, Bach et al. 2021).
Forensic accounting is an investigative process used by auditors to examine business finances, to
ensure that they are legitimate (Silverstone et al. 2012). As seaweeds are being proposed as a
method for CDR and carbon sequestration with the potential for carbon credits, we propose an
analogous approach of Forensic Carbon Accounting (FCA). In this approach, a thorough analysis
of carbon flows between the atmosphere and ocean, and into and out of seaweeds would be
undertaken, using a closed carbon budget adapted to the sequence of processes over relevant time
scales to ensure verifiable CDR. FCA would be required for businesses that plan to use seaweeds
for ‘carbon credits’ or ‘carbon offsets’ so that they can adequately account and attribute CDR and
sequestration to seaweeds (Bellamy and Geden 2019). The sequence of processes centres on
assessing the ocean/atmosphere carbon budget (quantification of all pools and fluxes at a single
time point) in conjunction with a life cycle analysis in which all budgetary terms have annotated
timescales, to provide the rigour required to demonstrate CDR and carbon sequestration. As FCA

could be applied to other proposed methods for CDR, and carbon storage in the marine
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environment for example shelf sediments (Luisetti et al. 2020), we use the term FCA-Seaweed
(FCA-S) hereafter.

We begin our analysis of the potential of seaweeds for CDR and carbon sequestration by
using the example of carbon sequestration in terrestrial forests as a counterpoint to the relative
complexities of carbon accounting for seaweed beds. Next, as a baseline for discussion, we
consider current knowledge of seaweed standing stocks, and the rate and fate of seaweed primary
production. We then outline the physics and chemistry of CO, atmosphere-ocean interactions, and
time scales of CO, influx into CO, deficient seawater (termed re-equilibration), which is critical to
quantifying CDR. Finally we use FCA-S to examine three scenarios that have been proposed by
which seaweeds might be used for CDR: 1) Natural seaweed beds (incorporated into Blue Carbon
budgets, see later), 2) Coastal seaweed aquaculture, and 3) Ocean afforestation which is the

purposeful introduction of seaweeds into the open ocean.

Carbon dioxide uptake and time scales of storage by terrestrial forests compared to seaweed beds
Terrestrial forests are a critical part of the Earth’s carbon cycle and are responsible for the
assimilation and sequestration of a significant fraction of anthropogenically-emitted CO, (IPCC
2021; Fig. 1). Globally, terrestrial forests store around 400 Gt C in biomass (Pan et al. 2013) and
~1000 Gt C in soils (Scharlemann et al. 2014). Plant leaves take up CO, directly from the
atmosphere, mostly via diffusion through stomata. In the chloroplast, CO, is fixed into organic
carbon by the enzyme RuBisCO. Approximately half of the carbon assimilated by plants is
rapidly re-emitted through respiration, but the remainder is stored, for various time periods, as
organic carbon in above-ground biomass (woody trunks, branches, and leaves) or roots. Trees
also create substantial quantities of litter, which is incorporated into soil organic matter. This soil
organic matter is complex and is classified into various soil carbon pools on the basis of turn-over
times (Fig. 1). Globally, soils store approximately three times as much carbon in the upper 1 m as
is present in the atmosphere (FAO 2015).

The substantial capacity of forests for CDR and sequestration to offset anthropogenic
emissions is due to a combination of the longevity of woody tissues and the incorporation of
forest-derived soil organic matter into long-lived soil carbon pools. Individual trees can live for
centuries, storing substantial quantities of carbon in timber. Fallen logs can survive for decades or
centuries further extending the period of carbon storage. Harvested trees also contribute to

relatively long-lived stores, particularly as structural timber in buildings (Churkina et al. 2020).
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Litter and organic matter from roots (rhizodeposition) are processed by soil invertebrates and
micro-heterotrophs on various timescales from days to decades but the longest-lived soil carbon
stores are physically and/or chemically protected from decomposition (Dynarski et al. 2020).
These organic carbon pools can persist in soils for thousands of years and are considered
refractory, accumulating deep within the soil profile and contributing substantially to the
sequestration potential of terrestrial ecosystems. Protecting existing forests, ‘planting more trees’
through restoring de-forested areas and afforestation, and managing tree plantations, can help in
slowing the ongoing rise in atmospheric CO, (Waring et al. 2020).

Similar to terrestrial plants, seaweeds take up CO, via leaf-like structures called blades,
and fix CO, via the enzyme RuBisCO at equivalent rates (Mann 1973; Fig. 2). However,
seaweeds take up CO, from seawater, not from the atmosphere; this additional step adds
complexity and is crucial for assessing CDR, as discussed later. Seaweeds additionally take up
dissolved HCOj3- from seawater, which is converted to CO, prior to fixation (Raven and Hurd
2012; Fig. 2). Rates of net primary production (NPP) by seaweeds are similar to those of
terrestrial plants (Mann 1973). Large (1-~40 m tall) brown seaweeds (Orders Laminariales ‘kelps’
and Fucales ‘wracks’) form dense beds, often called ‘forests’, in coastal temperate regions
(Wernberg and Filbee-Dexter 2019). The idea that growing more seaweeds in the coastal and
open oceans will sequester more carbon is compelling in its simplicity (e.g., Flannery 2017; Figs.
S4, S6, S7). However, this analogy is misplaced because of some critical differences between
terrestrial forests and seaweed beds.

Most seaweeds do not have roots but instead are attached to rock surfaces with a holdfast
and consequently do not accumulate organic material as soil (Duarte et al. 2013, Hill et al. 2015).
Seaweeds also have no woody structures, and the many have an annual life cycle and are small
(<50 cm tall) with a rapid turnover of biomass (<0.5-7 y depending on species and location;
Muraoka, 2004, Howard et al. 2017). Kelp beds, however, form significant biomass in temperate
coastal systems, covering ~1,469,900 m? globally (Jayathilake and Costello 2020). However,
most kelps lose a substantial proportion of their biomass each year through blade erosion, being
ripped off rocks in storms or through their natural life cycle that includes shedding blades, and the
biomass within a kelp forest can vary substantially between years (e.g., Buschmann et al. 2006,
Queirds et al. 2019, Pedersen et al. 2021). It is interesting that for terrestrial forests, carbon

storage estimates largely ignore the fraction contained in leaves because of the short residence
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time (months to years) and their relatively small amounts of carbon compared to that stored in
timber and soil (Pilli et al. 2006, table 2d-2f of Poorter et al. 2012).

'Blue carbon is “organic carbon that is captured and stored by the oceans and coastal
ecosystems” and the term is used to distinguish carbon sequestered in marine systems from that of
terrestrial ‘green carbon’ systems (Macreadie et al. 2019, and see Mcleod et al. 2011). Many
countries, for example China, Australia, UK, and the European Union are developing blue carbon
strategies involving enhancing blue carbon stocks to assist in CDR (Zhang et al. 2017, Wu et al.
2020, Bertram et al. 2021, Frigstad et al. 2021; Fig. S12). Seaweed beds around the world have
been assessed in terms of biomass, and standing stocks of carbon (e.g., Muraoka 2004, Hill et al.
2015, Aller-Rojas et al. 2020, Filbee-Dexter and Wernberg 2020, Frigstad et al 2021). Global
estimates of the amount of carbon stored as living biomass in seaweed beds are 0.0075 to 2.55 Gt
C (Bar-On and Milo 2019b), 0.012 Gt C (Howard et al. 2017) and 0.4 Gt C (Bar-On and Milo
2019a), values that are orders of magnitude smaller than those of terrestrial forests and terrestrial
soil (400 Gt C and 1,000 Gt C, respectively). The potential of seaweed carbon storage is therefore

much lower than that of terrestrial trees, but they may contribute to the blue carbon inventory.

Natural seaweed beds: Carbon fluxes and fate in food webs

Seaweed beds are highly dynamic and the CO, that has been fixed into organic matter has many
fates in the coastal carbon cycle and food webs (Fig. 2). The flux of carbon that is best quantified
for seaweeds is rates of photosynthesis/NPP of both individuals and beds (e.g., Gao and McKinley
1994, Chung et al. 2011, Krause-Jensen and Duarte 2016, 2017, Raven 2017, 2018, Pessarrodona
etal. 2021). Seaweed biomass enters coastal food webs as particulate and dissolved organic
carbon (POC and DOC respectively; e.g., Branch and Griffiths 1988, Pedersen et al. 2020, and see
review of Smith and Fox 2021). POC is lost constantly from individual seaweeds via erosion due
to the large drag forces exerted by waves (Hurd et al. 2014). Seaweeds that become detached and
stranded on beaches are ground down by waves and sand to progressively smaller detrital particles
(Hurd et al. 2014). The resulting detrital POC ‘flakes’ support coastal filter feeders (e.g., oysters,
mussels, barnacles, ascidians; Duggins et al. 1989, Elliott Smith and Fox 2021). Larger pieces of
seaweed tissue (debris) are eaten by macro-invertebrates such as abalone and sea urchins (Elliott
Smith and Fox 2021). DOC is defined as organic carbon molecules which pass through a filter
pore size 0.22-0.7 pm (GF/F) and provide substrate for heterotrophic bacteria and micro-

heterotrophic eukaryotes, which in turn support progressively higher trophic levels (Paine et al.
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2021). Seaweed beds support substantial numbers of sessile and mobile invertebrates (Bu¢ et al.
2020, Taylor and Cole 1994, Hepburn and Hurd 2005, Poore et al. 2012, Sudrez-Jiménez et al.
2017), which respire — release CO, — continuously (Ry; Fig. 2). The cumulative effect of
heterotrophic and autotrophic respiration is that in some cases, there is net release of CO, from a
seaweed bed rather than a net uptake (Fig. 2; Gallagher et al. 2022). Elliott Smith and Fox (2021)
highlight the need for a better understanding of the flows of seaweed ‘energy’ throughout food
webs, because in many systems they are poorly quantified at present.

A large proportion of seaweed DOC and POC is exported laterally out of seaweed beds via
currents and can ‘subsidize’ (add to) the carbon available for consumption by higher trophic levels
in other coastal systems such as sandy beaches, seagrass beds, soft sediments and offshore deep-
water habitats (Hyndes et al. 2014, Smale et al. 2018, Pedersen et al. 2020, Cartraud et al. 2021).
Seaweed beds are therefore termed ‘carbon donors’, and the export of carbon from a seaweed bed
has been termed ‘carbon leakage’ and ‘carbon out-welling’ (Hill et al. 2015, Queirds et al. 2019,
Santos et al. 2021). Seaweeds that have been beach stranded can enter the food webs of sandy
beaches and also terrestrial systems (Mellbrand et al. 2011, Suarez-Jiménez et al. 2017).

Similarly, the carbon contained in the faeces of urchins that have consumed seaweeds can be
transported via currents to neighbouring areas (Poore et al. 2012, Filbee-Dexter et al. 2020).
Tracking the fate of seaweed carbon from the system in which it was original fixed
photosynthetically is therefore challenging (Filbee-Dexter and Wernberg 2020, Watanabe et al.
2020).

One of the least understood, but crucial, aspects of seaweed’s role in CDR is the biogeochemistry
of its long term (>100 y) storage. In China, preserved fragments of red seaweed were identified in
oil shale ‘vitrine macerals’, although the vast majority of macerals were formed from freshwater
green algae Botryococcus sp. and diatoms (Xie et al. 2014). A proportion of the POC derived
from seaweed tissues is refractory, including alginates, xylans and sulphated polysaccharides, and
relatively resistant to microbial degradation and so is most likely to form long-term carbon
deposits in sediments (Trevathan-Tackett et al. 2015, Pedersen et al. 2021). Using eDNA,
seaweed material has been detected throughout water columns of the world’s oceans to 4,000 m
depth, and buried in marine sediments (Zaborska et al. 2018, Ortega et al. 2019, 2020). eDNA and
stable isotopes have been used to track seaweed material from temperate coastal seaweed beds into
offshore (13 km) coastal sediments (45 m depth; Queirds et al. 2019). A “preliminary,

quantitative estimation’ of seaweed carbon buried in sediments was obtained in Norway using
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eDNA from Laminaria hypoborea and Saccharina latissima in sediments estimated at 2,000 years
old (Frigstad et al. 2021). Their measurements reveal that kelp eDNA forms 0.2 to 1.6 ng - g'!
sediment compared to ‘unspecified DNA’ that forms 2- 8 pug - g'! sediment, indicating that these
kelps comprise < 1.0% eDNA in sediments. It is important to note that eDNA can be derived
from either DOC or POC, and detection of eDNA does not directly translate into the magnitude of
stored seaweed carbon although methods are being developed to use eDNA as a proxy for carbon
(Reef et al. 2017). These examples indicate that sediments contain proportions of seaweed carbon,
but further research is needed to quantify their contribution (Orgeta et al. 2019).

Another potential storage route for seaweed carbon is via DOC, with up to 40% of gross
primary production (GPP) released into the surrounding water column in this form (Khailov and
Burlakova 1969, Sieburth 1969, Brylinsky 1977, Johnston et al. 1977). DOC ranges from labile to
ultra-refractory and is classified by water column residence time (Hansell 2013). Labile DOC
(labile, semi-labile) is readily bioavailable to micro-heterotrophs and rapidly re-mineralised to
DIC through respiration, and thus has a short life span (days, weeks) in the water column (Carlson
et al. 1994, 2002). Refractory DOC (semi-refractory, refractory, ultra-refractory) consists of
molecules which are comparatively resistant to micro-heterotrophic utilisation and can be
transformed from labile DOC through bacterial consumption via the microbial carbon pump
(Ogawa et al. 2001, Jiao et al. 2014). Refractory DOC is a route for carbon sequestration as the
molecules have a long residence time (years, thousands of years) and can contribute to the deep
ocean carbon pool (estimated to be 4,000-6,000 y old; Hansell 2013, Krause-Jensen et al. 2018,
Watanabe et al. 2020). However, a fraction of the deep ocean refractory DOC can be upwelled
and broken down photochemically into more labile forms resulting in micro-heterotrophic
remineralisation to DIC (Shen and Benner 2018, Paine et al. 2021). The fate of seaweed-derived
DOC in biogeochemical carbon cycles is thought to be extremely important, but we have only a
rudimentary understanding of its bioavailability and fate in the oceanic food webs (Paine et al.

2021).

Atmosphere-ocean equilibrium of CO,

The critical, often overlooked, step for demonstrating CDR by seaweeds is to understand the
timescales for the transfer of atmospheric CO, into the surface ocean to rebalance the atmosphere-
ocean concentration gradient in CO, caused by the uptake of dissolved CO, from seawater by

seaweeds during photosynthesis, which is termed re-equilibration (Bach et al. 2021). In terrestrial
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plants and trees, CO, is absorbed directly from the atmosphere making assessments of CDR
relatively straightforward (Fig. 1). In marine systems, however, photosynthesis is the first in a
two-step process that can lead to CO, removal from the atmosphere (Fig. 2). When a seaweed
takes up CO,, it results in a CO, deficit in the seawater surrounding the seaweed. This deficit
alters the equilibrium of CO, between the atmosphere and ocean and may result in CO, entering
the surface ocean to re-equilibrate with the seawater carbonate system. The time-scale of this re-
equilibration ranges from weeks to > 12 months (Wanninkhof et al. 2009, Jones et al. 2014).
Therefore, the CO, fixed by seaweed photosynthesis from seawater will not necessarily equate to
the removal of CO, from the atmosphere, because the processes of photosynthesis (seconds-
minutes) and the re-equilibrium of seawater CO, (weeks-months) operate at different temporal
scales i.e. they are decoupled. Therefore, understanding the role of seaweed beds in CDR requires
an understanding, and quantification, of atmosphere-ocean dynamics (Fig. 3). Accounting for the
re-equilibration of the dissolved CO, deficit in seawater with atmospheric CO, is an essential step
in assessing the role of seaweeds in CDR.

The CO, equilibrium between air and water is driven by multi-faceted factors including
physical (wind stirring and tidal mixing, wave-breaking, temperature and solubility), chemical
processes (sea-water carbonate chemistry), and biological processes (photosynthesis [CO, uptake],
respiration [CO, release], production of organic surfactants; Wanninkhof et al. 2009; Fig. 3). The
sum of these processes will determine whether a system is a net CO, source or sink; a system that
is net autotrophic is likely to cause an influx of CO, from the atmosphere but a heterotrophic
system will result in CO, being released back into the atmosphere (Gallagher et al. 2022). Several
studies have investigated the atmosphere-ocean gas exchange in shallow nearshore environments
(Edson et al. 2008, Skadberg 2008, Ikawa 2012) each using sophisticated techniques including
eddy co-variance. Each study reported complex controls on atmosphere-ocean gas exchange, with
the dominant drivers varying with locale (Ikawa 2012), and across temporal scales from diurnal to
seasonal (Skadberg 2008). Controls in coastal systems are much more variable than in the open
ocean (Edson et al. 2008, Ikawa 2012), and therefore require a comprehensive suite of detailed
measurements (Edson et al. 2008). Such complex dynamics present a major challenge to
interpreting signals at a single site and also in providing a baseline over longer-timescales.
Furthermore, due to the long timescales of CO, equilibration (weeks to months), CO, can be

exchanged between seawater and the atmosphere some distance ‘downstream’ from where it was
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originally taken up by seaweeds, because of stirring and lateral advection by ocean currents and

tides (Watanabe et al. 2020).

Forensic Carbon Accounting

In Table 2, we provide an illustrative list of the factors that must be considered in FCA-S of
natural seaweed beds (including the expansion of natural beds, e.g., Chung et al. 2013), coastal
aquaculture and open ocean aquaculture systems. For each of these three scenarios, a forensic
assessment needs to take into account NPP, CO, equilibration of seawater that carries the
signature of carbon fixation including subsequent transport in ocean currents, the fate of organic
carbon within the seaweed bed and lateral transfer of fixed carbon to the open ocean and
sediments, and, finally, biological and physical processes that remineralise organic carbon into
CO; and return it to the atmosphere (Figs. 2, 3; Table 2). For the purpose of this assessment, we
focus mostly on the Order Laminariales and Fucales which, we collectively term ‘kelps’, as they
are major habitat formers creating underwater ‘forests’ with a relatively high biomass per unit

area, are extensively cultivated in Asia, and kelps have been proposed for ocean afforestation.

FCA-S for natural seaweed beds
If a kelp bed is well established and has a constant annually-averaged biomass over >100 y (steady
state), and the flux of CO, between the air and seawater is in equilibrium, then CO, may be
considered sequestered as a living carbon store (assuming a net autotrophic kelp system).
However, to demonstrate CDR, the time scales over which a seaweed bed is in a long-term steady
state need to be accounted for. For many kelp beds, the standing stock varies seasonally as
substantial proportions of biomass are lost each year leading to the partial or complete removal of
that bed which can take months or longer to re-establish (e.g., Zimmerman and Robertson 1985,
Graham et al. 2007, Reed et al. 2008, 2009, Schiel and Foster 2015). These variations in seaweed
standing stocks have implications for atmosphere-ocean CO, fluxes, because the influx of
atmospheric CO, into seawater will occur only when the seaweed biomass is present and
photosynthesising.

Importantly, the fate of the seawater that carries the CO, deficit that resulted from photosynthesis
needs to be tracked as the parcel of seawater may be rapidly transferred laterally in the tidally
stirred, dynamic coastal system adjacent ecosystems, where it will mix with other water parcels

that bear the signature of the resident ecosystem (Watanabe et al. 2020; Fig. 4). For example, if
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the seafloor which the transported water parcel overlies is net heterotrophic (e.g., an mussel or
oyster bed), then respiratory production of CO, may reduce the CO, deficit and so the net influx of
CO, from the atmosphere (Fig. 4). Further, if the seawater parcel remains in a highly-dynamic
wave impacted region, physical processes will lead to the seawater CO, rapidly re-equilibrating
with the atmosphere (Fig. 4). As highlighted by Siegel et al. (2021) for marine carbon
sequestration, there are also myriad pathways regulated by complex interactions of biology and
physics that will determine the CO, deficit at any point in time and space. The complexities of
tracking the fate of the seawater are also discussed by Watanabe et al. (2020), and Figure 4 shows
a conceptualization of how different dynamic and biological factors may alter CO, re-equilibration
with the atmosphere.

The CO, deficit in seawater that results from seaweed photosynthesis has been measured in
several diverse systems, using changes in the seawater carbonate system and estimates of the
resulting CO, flux (e.g., Delille et al. 2000, Chung et al. 2013, Han et al. 2021), but there are fewer
studies directly measuring the effects of coastal seaweed beds on atmosphere-ocean CO, fluxes
(Ikawa and Oechel 2014, Watanabe et al. 2020). Each study demonstrated that photosynthesis
resulted in a sustained dissolved CO, deficit and so a flux of CO, from the atmosphere into the
seawater, but there was substantial flux variation over time related to seaweed biomass per unit
area, and other factors such as seasonal rates of photosynthesis and growth. For Macrocystis in La
Jolla, California, a 7-y time series (2006-2011) revealed a correlation between canopy cover and
annual CO, flux: the flux ranged from zero (i.e., no influx of atmospheric CO,), during 2006 when
an El Nifio event led to a temporary loss of the kelp bed, to -600 g C - m= - y-! in 2008, at which
time the surface area of this Macrocystis bed was maximal at 4.2 km? (Ikawa and Oechel 2014).
Similarly, for Ecklonia cava and E. stolonifera beds in Korea, the seawater CO, deficit was
evident only during the growth period of the seaweeds, in this case for ~ 1 y (Chung et al. 2013).
Both studies illustrate the impermanence of seaweed canopies over time and the need for steady
state for long term CDR and carbon sequestration as living biomass (Fig. 4). The importance of
including atmosphere-ocean CO, fluxes in estimations of carbon sequestration is also highlighted
for seagrass systems, which are considered to be important blue carbon stocks: Measurements of
atmosphere-ocean CO, fluxes indicate that seagrasses may sequester much less CO, than previous
estimates based on sediment accretion rates alone (Van Dam et al. 2021). In summary, natural
kelp beds are probably not in steady state for timescales relevant to CDR and carbon sequestration,

and this needs to be carefully accounted for when calculating carbon offsets or credits.
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FCA-S for coastal aquaculture

The expansion of kelp aquaculture in coastal systems has been considered for carbon
sequestration, with an example being the ‘CO, removal belt’ in Korea (Chung et al. 2013). The
rates of growth and NPP for kelps in aquaculture are likely to be comparable to those growing in a
natural seaweed bed, but there will be a much more rapid turnover of biomass, because all biomass
is harvested every 3-6 months, depending on species (e.g., Redmond et al. 2015, Hwang and Park
2020). Also, for aquaculture there will be a comparatively low standing stock for much of the
cultivation cycle as the seaweeds are typically out-planted from nurseries as small (< 2 cm)
juveniles with a low biomass per unit area, then harvested at maximum biomass (Hwang and Park
2020). The shorter time-scales of seaweed cultivation in aquaculture compared to natural seaweed
beds will reduce loss and recycling of carbon via grazing, blade erosion and storm damage.
However, the rapid turnover of an aquaculture system, and the relatively short time frame of
maximum biomass prior to harvesting, means that it may not reach the necessary equilibrium
between atmosphere and water required for observable CDR.

In seaweed aquaculture, seaweeds farmed on fabricated structures in monocultures in
surface waters up to ~5 m depth in regions that are naturally occupied by diverse assemblages of
phytoplankton (primary producers that support natural coastal food webs including zooplankton;
e,g., Utto et al. 1997). Seaweed and phytoplankton compete for the same limiting resources of
light, nitrogen and phosophorous (Hurd et al. 2014). Intensive seaweed aquaculture could
therefore alter the trophodynamics of the coastal food web. For FCA-S, there is a need to
demonstrate that CDR by cultivated seaweeds would be of a greater magnitude than that of the
existing phytoplankton system, which means that a baseline assessment of the natural ecosystem is
required. This comparison was undertaken by Jiang et al. (2013) who used seawater carbonate
system parameters and constant values of atmospheric pCO, to estimate the flux of CO;, in a
seaweed farm consisting of either Laminaria japonica or Gracilaria lemaneiformis and a nearby
phytoplankton system. Primary production by phytoplankton, based on Chl a, was similar in both
systems. In spring and summer the CO, influx to seawater where seaweeds were grown was over
twice that of the phytoplankton system, but there was no difference in CO, influx between the two
systems in autumn, and the influx was ~30% higher for the seaweed system in winter. This study
illustrates that the natural phytoplankton are a CO, sink that can be as effective as seaweeds, at

some times of year, at generating a CO, deficit in surface waters and an influx of atmospheric
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CO,. Further, growing more macroalgae in coastal waters could increase resource competition
with phytoplankton which may result in less phytoplankton carbon fixation (Boyd et al. 2022).
Additionally, the cultured seaweeds provide a substrate for ‘fouling’ heterotrophs such as
bryozoans which would not otherwise grow in surface waters with associated CO, losses due to
respiration and calcification (DeLille et al. 2000, Bach et al. 2021): each of these factors need to
be accounted for.

In aquaculture scenarios (coastal and open ocean), all ‘carbon costs’ in a balance sheet
must be accounted for, such as those for fabricating, deploying and maintaining infrastructure
needed to grow seaweeds, in the nearshore or open ocean, and using automated machinery and
vessels to harvest seaweeds (Viser and Obi 2020). Seaweed biomass may be used for various
products that have been considered as carbon off-sets such as biochar (e.g., Gao and McKinley
1994, Bird et al. 2010, Hughes et al. 2012, Duarte et al. 2013, Singh et al. 2021) and the carbon
costs of processing and transport also need to be accounted. In cases where seaweeds are
harvested for human food or animal feed, the seaweed-carbon is transformed into another form
and this is does not equate to sequestration since both human and animal carbon cycles ultimately
return seaweed-carbon to the atmosphere as a mix of gases including CO, and methane (CHy)
which must be accounted for, particularly as CHy4 is a much more potent greenhouse gas than CO,

(C2ES).

FCA-S for ocean afforestation

Ocean afforestation for CDR and sequestration is receiving substantial interest from scientists,
governments and businesses interested in blue carbon, carbon offsetting or carbon credits (Figs.
S1-S4, S6, S13). It has been suggested that ‘planting’ ~9% of the global ocean surface, an area of
~36 million km? equivalent to a land area of China + USA + Canada + Brazil, with floating or
underwater seaweed farms would assist in CDR (N“Yeurt et al. 2012). Based on a seawater
dissolved inorganic nitrogen concentration threshold, Froehlich et al. (2019) further suggest that
48 million km? of the global ocean is suitable for growing seaweeds. Melara et al.’s (2020) life
cycle analysis of a Bioenergy with Carbon Capture and Storage (BECCS) open ocean cultivation
system suggested by Hughes et al. (2012) indicates that 17% of the global ocean would need to be
cultivated with seaweeds for carbon sequestration on a global scale. These values are orders of
magnitude greater than those of 1,600 km? estimated for current seaweed farming (Duarte et al.

2017). At such expanded and vast scales, seaweeds will interact with the Earth System in various
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ways, many of which are not understood or even considered (Bach et al. 2021). The Earth System
is multi-faceted and finely balanced, with many feedbacks between atmosphere, land and oceans
that are not fully understood (IPCC 2021), which makes projecting the cumulative effects of
seaweeds on the climate system very challenging (Bach et al. 2021).

As for coastal aquaculture, FCA-S in the open ocean would need to demonstrate that CDR
and sequestration by seaweeds is greater than that of the existing natural system. The open ocean
is not an unproductive ‘desert’ as has been claimed (see Maruyama et al. 2004), but a highly-
complex functioning ecosystem with phytoplankton forming the base of food webs that underpin
food security from the open ocean (UN SDGs; Boyd et al. 2022). Furthermore, each ocean basin
is different biogeochemically, and in some regions NPP is limited by nitrogen, in others iron
(Moore et al. 2013). Nutrient limitation of seaweed growth is a critical factor that needs to be
considered in assessing the feasibility of macroalgal occupation of the open ocean (Orr and
Sarmiento 1992, Bach et al. 2021). A discussion of how seaweeds, purposefully released on rafts,
may fare in the open ocean, and their potential interactions with the natural phytoplankton
community, including nutrient competition, macroalgal DOC release, and allelopathy, are detailed
in an accompanying perspective paper (Boyd et al. 2022).

NPP in the subtropical North Atlantic is naturally limited by nitrogen (Moore et al. 2013)
and pelagic Sargassum spp. has been resident in this area (Sargasso Sea) for centuries (Wang et al.
2019). Seemingly, inadvertent fertilization since the early 2000’s from riverine transport of excess
fertilisers from the Amazon (soyabean crops) has resulted in a massive increase in the extent of
floating Sargassum biomass, termed the Great Atlantic Sargassum Belt (Wang et al. 2019).
Pelagic Sargassum spp. has extended and created substantial environmental problems as tonnes of
seaweed wash onto beaches as far north as Florida (Wang et al. 2019). It has been suggested for
the GASB that rates of sequestration via the export of refractory DOC to the deep ocean will be
greater than that of the biological pump of the natural phytoplankton community (Hu et al. 2021).
However, neither study considers key elements of the FCA-S approach we advocate in terms of
atmosphere-ocean exchange and consideration of time scales of equilibrium influenced by
transport. Provisional estimates indicate that, following CO,-fixation by Sargassum, the influx of
atmospheric CO, would take 2.5-18 times longer than the CO,-deficient seawater remains in
contact with the atmosphere (Bach et al. 2021), potentially hindering CDR verification.

It has been proposed that seaweeds growing on (biodegradable) structures in the open

ocean could be sunk, which would sequester seaweed carbon at depth beneath the seasonally or
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permanently stratified density layer and out of communication with the atmosphere for time
periods (up to millennia) dependent on the depth to which the carbon penetrates (Fig. S3, a and b):
the open ocean contrasts with the coastal ocean as there is strong seawater density stratification
between the upper ocean and deep and abyssal waters below (Fig. 3). However, the long time-
scales of re-equilibration in the open ocean (3-4 months global average; Jones et al. 2014) may
decouple the processes of seaweed NPP and CDR; for example, in the event that the surrounding
surface water is subducted and isolated from the atmosphere, the CO,-deficit will not be
replenished by influx from the atmosphere (Fig. 4). The sequestration potential of sinking
seaweeds will also depend on the density (i.e., rafts - km) of the aquaculture system. If seaweeds
are free-floating in small scale patches, as has been proposed (Fig. S3b), the scale cannot be
sufficient for a substantial CO, influx from the atmosphere (Boyd et al. 2022).

The idea of ocean afforestation for climate mitigation has been considered since 1974, focussing
on growing Macrocystis pyrifera offshore (see Ritschard 1992), and more recently as Ocean
Macroalgal Afforestation (N‘Yeurt et al. 2012). Early ocean modelling illustrated that ocean
afforestation led to limited enhancement of CDR, and the efficacy of such offshore systems has
been questioned (Orr and Sarmiento, 1992). In contrast, others project that ocean afforestation
would result in significant CDR across the global ocean (D. Keller, pers. comm.). Further,
artificial upwelling of nutrient-rich seawater from below the thermocline has been proposed as a
method to overcome nutrient limitation of seaweed growth in the open ocean, and hence to
increase seaweed NPP and potentially CDR and carbon sequestration (Ritschard 1992, GESAMP
2019). This idea has gained popularity as ‘marine permaculture’ (Flannery 2017, Gameau 2017,
2019; Figs. S5, S9). A factor sometimes neglected in the analyses of marine permaculture is that
artificially upwelled seawater needed to fuel seaweed growth offshore is not only rich in inorganic
nitrogen, but also has high dissolved CO, concentrations (see Karl and Letelier 2008, Oschlies et
al. 2010). Moving CO,-rich seawater to the ocean surface will affect the atmosphere-ocean CO,
equilibrium which may result in the out-gassing of CO, to the atmosphere (GESAMP 2019), and
this needs to be accounted for within the concept of FCA-S. There are additional challenges for
undertaking FCA-S in the open ocean which include the financial and energy costs of verifying
that seaweed carbon is sequestered in the deep ocean and tracking the lateral transport or

subduction of the seawater that carries the CO, deficit.

CONCLUSIONS
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Natural seaweed beds are without doubt extremely important for the health and well-being of
coastal systems, marine biodiversity, and the people who rely on them for fisheries, aquaculture,
and recreational activities (Smale et al. 2013). Terrestrial systems are extremely important in
global carbon sequestration, and rates and fates of CO, assimilated directly from the atmosphere
and sequestrated in woody biomass and soil are well quantified and can therefore be used reliably
for carbon credits and offsets (Mappin et al. 2021). In contrast, the complexities of atmosphere-
ocean CO; interactions, the rapid turnover of seaweed biomass, and potential for lateral export to
other systems of POC and DOC, means that quantifying CDR and carbon sequestration will be
very challenging. A thorough FCA-S of natural seaweed beds, coastal and open ocean aquaculture
in various biogeographic regions system will require multi-disciplinary teams of biogeochemists,
algal physiologists and ecologists, chemical and physical oceanographers, modellers and expertise
on atmosphere-ocean interactions and ocean dynamics (Table 2). As seaweed eDNA has been
detected in various global locations such as the deep ocean and marine sediments, it is likely that
on a geological time scales (millennia) they have contributed to sedimentary carbon stores,
although this contribution is yet to be quantified. However, the time scale to mitigate
anthropogenically produced CO, by 2050 is short. Given the immediate and urgent need of
removing CO, from the atmospheree, the concept of FCA-S must be developed as soon as possible

if we are to explore in detail the concept of using seaweeds to sequester carbon.
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Table 1. Glossary of terms used in this manuscript, in the context of carbon dioxide removal and

carbon sequestration by seaweeds.

Autotrophic respiration (Agr) — respiration undertaken by autotrophs, including seaweeds and
phytoplankton

Carbon cycle — the movement of inorganic and organic carbon through living and non-living
systems

Carbon Dioxide Removal (CDR) — A process that removes CO, from the atmosphere and results
in sequestration

Carbon dioxide influx — the net movement of CO, from the atmosphere into the surface ocean
Carbon fixation — the conversion of CO, to organic matter

Carbon dioxide outgassing — the net movement of CO, from the surface ocean into the
atmosphere

Carbon sequestration — the secure storage of carbon-containing molecules for > 100 years outside
the atmosphere

Carbon sink — a system that absorbs more CO; than it releases

Seaweed standing stock/biomass — the dry mass of seaweed per unit area of seabed (kg m=)
Carbon storage — living or inert store of carbon on various time scales

Carbon standing stock — the mass of carbon in living seaweed tissue per unit area of seabed (kg C
m?)

Gross photosynthesis — the total rate of carbon fixation by a system

Heterotrophic respiration (Hg)— respiration undertaken by heterotrophs including marine
invertebrates, fish, bacteria

Net Primary Production (NPP) — The difference between the rates of gross primary production and
respiration in a system.

Photosynthesis — the metabolic process whereby light energy is harvested to power biological
carbon fixation

Respiration — metabolic processes whereby organic molecules are oxidised, resulting in the release
of CO,

Steady state — constant annually-averaged biomass over >100 years, in the context of living

seaweed beds being considered as ‘sequestered carbon’
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Table 2. An illustrative checklist of the type of parameters that must be measured in order to
undertake Forensic Carbon Accounting-Seaweeds (FCA-S) for carbon dioxide removal and carbon
sequestration by natural seaweed beds, coastal and open ocean seaweed aquaculture. Baseline
measurements need to be made on temporal and spatial scales relevant to each system being
studied (e.g., monthly, seasonally) in order to constrain the carbon sequestration potential of the
natural system. Undertaking FCA-S must factor in additional fabrication (e.g. underwater
structures to raft seaweeds) and energy costs, and requires a multi-disciplinary team. Some key

references are included and see the text for additional resources.

Components Parameter(s) that Scientific Discipline | Reference(s)

required to require measurement

undertake Forensic

Carbon

Accounting

NPP of natural

seaweed

beds/aquaculture

systems
Gross photosynthesis Algal physiology, Pessarrodona et al.
and respiration of benthic ecology (2021)
individual seaweeds or
a community
Carbon content of Benthic ecology Filbee-Dexter and
seaweed biomass Wernberg (2020)
within a bed

Measuring CO,

influx and out-

gassing
Background Chemical Dickson et al.
measurements of the oceanography (2007)
seawater carbonate
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system. Any two of
DIC, pH, COQ,
alkalinity, COs* plus

temperature and

salinity
Background Physical and Skadberg (2008),
measurements of air- chemical Wanninkof et al.
sea CO, equilibrium to | oceanography (2009),
explore its main site- Jones et al. (2014)
specific drivers
Verification of CO, re- | Physical and Bach et al. (2021)
equilibration of the CO, | chemical
deficit generated by oceanography,
seaweed NPP biogeochemistry,
modelling
Dispersion and Advection and dilution | Physical Tian et al. (2013),
transport of oceanography, Klemas (2012,
seawater from modelling, remote 2013)
seaweed bed sensing
Inorganic and
organic carbon
loss terms for a
seaweed bed or
aquaculture
system
Heterotrophic Benthic ecology Gallagher et al.
respiration (the rate of (2022)

release of CO, from
sessile and mobile
micro- and macro-

invertebrates
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Quantifying alkalinity
loss and gain through

calcification feedbacks

Chemical and
biological

oceanography

Bach et al. (2021)
DeLille et al (2000)

Grazing by micro- and

macro-herbivores

Benthic ecology

Poore et al. (2012)

POC and DOC Benthic ecology, Queirds et al.
production rates of the | physiology (2019),
seaweeds Smith and Fox
(2021),
Paine et al. (2021)
Export of seaweed
carbon to other
systems
Detection and Biological Legendre et al.
quantification of DOC | oceanography (2015),
in pelagic near and Paine et al. (2021)
offshore systems
including the deep
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Detection and Biological Queirds et al.
quantification of oceanography, (2019),
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including the deep
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Pedersen et al.
(2021)
Ortega et al. (2019)
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Cartraud et al.
(2021),

Geraldi et al.
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sediments, beaches

(2019)

Earth system

analyses
Carbon budget of the Biological Orr and Sarmiento
existing phytoplankton- | oceanography (1992),
based system, including Bach et al. (2021)
seawater carbonate
system and
atmosphere/ocean CO,
equilibria (above).
Earth system analysis Oceanography and Bach et al. (2021)
of carbon fluxes related | modelling
to the purposeful
introduction of a new
species to a functioning
ecosystem
Determine if there is an | Oceanography and Orr and Sarmiento
altered nitrogen balance | modelling (1992),
in global ocean as Bach et al. (2021)
nitrogen will affect
NPP
Life cycle analyses
of carbon during
processing
Carbon gains/losses of | Environmental Melera et al.
aquaculture system engineering (2020),

including fabrication,
ongoing costs (e.g.
transport), seaweed

processing

Thomas et al.

(2021)
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Figure 1. Carbon cycling in a typical terrestrial forest. CO, is assimilated in leaves via
photosynthesis, expressed as gross primary production (GPP). Assimilated carbon is then either
respired by the plant (autotrophic respiration: Ra) or incorporated into plant leaves, roots and
stems. Leaves typically have a short lifespan with leaf carbon entering the litter layer. Fine roots
have a very short lifespan and also secrete organic molecules, with the sum of root exudates and
dead roots termed rhizodeposition. Rhizodeposited roots and aboveground plant litter are then
incorporated into the soil, first as undecomposed plant residues but then as soil organic matter
(SOM) as the residue is decomposed through chemical, physical and biological processes. SOM is
then converted into the soil carbon pools, with the carbon becoming increasingly resistant to
decomposition as it becomes more processed. Decomposition of plant residues including coarse
woody debris, SOM and soil carbon is associated with heterotrophic respiration and together with
root respiration is termed soil respiration. Long-term carbon storage results from the long
residence times of standing wood and major roots, coarse woody debris and the slow and

recalcitrant soil carbon pools.

Figure 2. Conceptual figure of processes influencing atmosphere-ocean exchange of CO, in the
coastal-offshore nexus. Nearshore waters are tidally-stirred with uniform properties (i.e., a single
layer) in contrast offshore waters are dominated by wind-mixing and often have a multiple layers
demarcated by density gradients (stratification). A combination of physical (e.g., bubble injection),
chemical (e.g., slicks/surfactants which retard exchange) and biological (detailed in Fig. 3)
processes drive atmosphere-ocean exchange, and their relative importance varies with locale and

season (see main text for examples).

Figure 3. Carbon cycling in a typical temperate seaweed bed which consists of understory red,
green and brown seaweeds, and over-story kelp. The seawater system is mixed from surface to the
seabed via wind and tidal action (ellipse). When CO, enters seawater, it reacts with water
molecules to establish the seawater carbonate system (inset bottom right). Seaweeds take up
dissolved carbon dioxide, or bicarbonate which is converted to CO,, and then CO, is assimilated
within the seaweed cells (gross photosynthesis). Assimilated CO, is incorporated into the seaweed
thallus, and a proportion is respired back into the seawater (R,). A substantial number of
invertebrates (abalone, snails, urchins) and fish are associated with seaweed beds and seaweed

blades are often heavily colonised by mobile and sessile invertebrates, such as hydrozoans,
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bryozoans, amphipods and isopods (insert, bottom left). All the animals that grow within
seaweeds beds respire (Ry). Ra and Ry release CO, back into seawater and this can be returned to
the atmosphere or transported laterally to outgas in a different part of the ocean. Seaweeds lose
substantial proportions of fixed carbon as POC and DOC. Within the seaweed bed (inset, bottom
left), POC is consumed by filter feeders, macro-grazers such as sea urchins, snails and abalone,
mobile micro-grazers (amphipods, urchins), and DOC provides carbon for bacteria and small
zooplankton. POC and DOC are also exported laterally by currents to provide an energy subsidy
to other coastal and offshore systems. Seaweed biomass that is ripped of the rock substratum
during storms can be deposited on sandy beaches (dead seaweed) and can then enter the terrestrial

carbon cycle.

Figure 4. Schematic illustrating independent effects of physical (A) and (B) biological factors on
seawater CO, deficit result from seaweed photosynthesis. In both figures, photosynthesis results
in an influx of atmospheric CO, into the surface ocean, and a reduction in CO, concentration
surrounding the seaweed. (A) Physical factors — If the water parcel containing the CO, deficit
resulting from seaweed photosynthesis remains or advects to a highly dynamic, wave-exposed
system, then the time-scales for CO, re-equilibration are short and the dissolved CO, concentration
will recover rapidly. If the water parcel is transported off shore, or to a low-dynamic coastal
system, then CO, influx will be slower, whereas subduction of the water parcel prevents re-
equilibration until the water ventilates at the surface. (B) Biological factors - If the parcel of
seawater advects laterally over a heterotrophic system e.g. a mussel or oyster bed, CO, input from
respiration will raise dissolved CO, and so reduce the amount of CO, taken up from the
atmosphere during re-equilibration (black line). Conversely, if the water advects over a system in
which autotrophy is greater than heterotrophy e.g. another kelp bed, then the potential for CO,
removal from the atmosphere increases. If autotrophy balances heterotrophy, then the potential

for CO, influx from the atmosphere remains the same.

Fig. S1. Media release by CarbonCredits.com on the development of seaweed farms for carbon
credits/offsets. https://carboncredits.com/blue-carbon-floating-farms-seaweed,/.

Accessed on 9" February 2022.
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Fig. S2. Link to NGO Oceans 2050 Seaweed Project, which aims to validate seaweed carbon
sequestration with a view to moneterise seaweed carbon as carbon credits.
https://www.oceans2050.com/seaweed

Accessed on 9" February 2022.

Fig. S3. a) Stripe Climate program. An example of company investing in the development of
oceanic kelp farms in order to build a portfolio for a carbon market.
https://stripe.com/newsroom/news/spring-2 1-carbon-removal-purchases

Accessed 7t February 2022. b) Stripe Climate program. Link to an open access (funded) research
proposal from Running Tides to grow seaweeds in the open ocean and sink them, with a view to
building a portfolio for a carbon market. Accessed 7" February 2022.
https://github.com/stripe/carbon-removal-source-
materials/blob/master/Project%20Applications/Spring2021/Running%20Tide%20-
%20Stripe%20Spring21%20CDR%20Purchase%20Application.pdf

Fig. S4. NGO — Running Tide. Web site illustrates methods and rationalle of growing floating
‘micro-forests’ of kelp in the open ocean, then sinking them to the deep ocean to remove
atmospheric CO,. Accessed 7t February 2022.

https://www.runningtide.com/

Fig. S5. NGO - Climate Foundation. Marine Permaculture and using seaweeds to slow down or
stop climate change. Accessed 7" February 2022.

https://www.climatefoundation.org/2040-make-a-change.html

Fig. S6. NGO - Climate Council. Article reporting that covering 9% of the global ocean with kelp
will provide sufficient biofuels to replace fossil fuels, and remove 53 billion tonnes of CO, form
the atmosphere. Accessed 7t February 2022.
https://www.climatecouncil.org.au/seaweed-climate-
change/?atb=DSA01b&gclid=CjwKCAjwndCKBhAKEiwAgSDKQXvBtJ090xonICREOau3Jsw0
dViloCoEsUjqK6v0iH5qogNnr74NwhoCVQEQAvVD BwE
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Fig. S 7. Media report on start-up company Phycos (https://www.phykos.co/) that is developing
technology for underwater seaweed farms for capturing atmospheric CO,. Accessed 7 February
2022.
https://www.fastcompany.com/90680321/these-carbon-capturing-robotic-seaweed-farms-are-like-

planting-forests-in-the-ocean

Fig. S8. Media report - New Scientist: Seaweed to prevent catastrophic climate change via
removal of atmospheric CO,. Accessed 7" February 2022.
https://www.newscientist.com/article/mg24632821-100-kelp-is-coming-how-seaweed-could-

prevent-catastrophic-climate-change/

Fig. S9. Media: TV show ‘Catalyst’ (Australian Broadcasting Company) that discusses the
benefits of seaweeds, including their use to remove atmospheric CO, and for marine permaculture.

https://www.abc.net.au/catalyst/can-seaweed-save-the-world/11017106

Fig. S10. Harvard University Blog: on how seaweeds draw-down atmospheric CO, via sinking to
the deep ocean. Accessed 7™ February 2022. https://sitn.hms.harvard.edu/flash/2019/how-kelp-

naturally-combats-global-climate-change/

Fig. S11. Media report on the role of kelp in removing atmospheric CO,, and selective breeding
for thermal tolerance as part of a restoration kelp projects. Accessed 7™ February 2022.

https://reasonstobecheerful.world/super-kelp-carbon-emissions-climate-change-oceans/

Fig. S12. Media report on the development of kelp farming for atmospheric CO, removal.
Accessed 7t February 2022. https://www.npr.org/2021/03/01/970670565/run-the-oil-industry-in-

reverse-fighting-climate-change-by-farming-kelp

Fig. S13. Scottish Parliament Information Centre (SPICe) document. Kelp as part of the blue
carbon portfolio, presented as million tonnes of CO, equivalent. Accessed 7" February 2022.
https://spice-spotlight.scot/2021/03/24/out-of-the-blue-is-blue-carbon-the-next-frontier-for-

climate-change-mitigation-in-scotland/
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