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Seaweed afforestation at large-
scales exclusively for carbon
sequestration: Critical
assessment of risks, viability and
the state of knowledge
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*Centre for Integrative Ecology, School of Life and Environmental Sciences, Deakin University,
Burwood, VIC, Australia, ?Sea Green Pte. Ltd., Paya Lebar Square, Singapore, Singapore

There have been discussions of scaling up offshore seaweed cultivation and
sinking it exclusively for carbon sequestration (‘ocean afforestation’) and thereby
help mitigate climate change, but is this concept feasible? Here we investigate the
feasibility of ocean afforestation across five perspectives: 1) Ecological feasibility; 2)
Technical feasibility; 3) Economic feasibility; 4) Co-benefits and risks; and 5)
Governance and social considerations. Optimising ecological factors such as
species selection and use of currents, alongside the use of low-cost
biodegradable rafts in theory could see this concept scaled globally. An area of
400,000km? or 16.4 billion biodegradable rafts would be needed for 1 gigatonne
of CO; fixation given roughly 16 rafts of 25m? each would be needed per tonne of
CO; fixation. However, CO; fixation (calculated from net primary productivity) and
carbon sequestration (carbon permanently removed from the atmosphere) are
fundamentally different processes, yet this distinction is often overlooked.
Quantifying carbon sequestration from ocean afforestation remains elusive given
several outstanding oceanic biogeochemical considerations. For example, the
displacement of phytoplankton communities and their associated carbon
sequestration via nutrient reallocation is a critical knowledge gap in
understanding the climate change mitigation potential of ocean afforestation.
Ocean afforestation also carries complex risks to marine ecosystems, for example,
the impact on benthic communities of seaweed deposition. Additionally,
governance and social challenges exist such as the legality of operation in
relation to ocean treaties. The concept of ocean afforestation is still in its
infancy, and while there are large research gaps, further investment into
research should be given before the concept can be adequately compared
against the suite of potential ocean-based climate change mitigation strategies.
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Introduction

Recently carbon sequestration as a co-benefit from seaweed
(macroalgae) aquaculture has gained extensive interest globally
in academic, government and industry settings (Duarte et al.,
2017; Sondak et al., 2017; Duarte et al., 2021). This has been
fueled by a growing interest globally in climate change
mitigation. Seaweed aquaculture has been expanding at 6.2%
annually from 2000 to 2018, and there are several novel and
emerging markets for seaweed products (Duarte et al., 2021).
The seaweed aquaculture industry has also been suggested to be
a strong contributor to progress on the United Nations
Sustainable Development Goals (Duarte et al., 2022). The
growth in the seaweed aquaculture industry has included
suggestions that offshore (beyond the shelf break) seaweed
cultivation could be done on a large scale that would lead to
significant carbon sequestration in the ocean termed ‘blue
carbon’ (Macreadie et al., 2019). Seaweed carbon capture and
sink, a term referred to by Chung et al. (2017), is where seaweed
is grown for the sole purpose of carbon offsetting or carbon
credits. This has also been referred to as ocean afforestation
(Bach et al., 2021; Boyd et al., 2022), which is the term used in
this paper.

Several studies have considered seaweed cultivation in the
context of geoengineering (Aldridge et al., 2012; Chung et al.,
2017; Wood et al., 2017), and a small but increasing number of
papers have mentioned the possibility of new seaweed-based
carbon capture and storage projects, or ocean afforestation, as
they relate to the sale of carbon credits (Chung et al, 2013;
NYeurt et al, 2012; Chung et al, 2017; Sondak et al., 2017;
Coleman et al., 2022; Troell et al.,, 2022). Several businesses have
recently proposed ocean afforestation as a carbon sequestration
strategy (eg. Running tide, The Southern Ocean Carbon Company
and Pull to Refresh). In the last two years in a series of papers
(Bach et al, 2021; Boyd et al,, 2022; Hurd et al,, 2022), ocean
afforestation was considered in detail. The conclusion from these
papers was that the ecological risks of this concept are high and
remain to be quantified, likewise there are several significant
carbon accounting challenges. More recently in a paper by
Ricart et al. (2022) ocean afforestation was deemed to be
unethical and lacking scientific backing. However it remains
unclear if further investment in research should be made into
this concept, i.e, is ocean afforestation a viable and promising
future means for climate change mitigation?

Because of seaweeds’ capability for growth on hard
substrates, seaweed aquaculture has unique scalability
compared to other blue carbon sinks, if offshore aquaculture
can be developed (Chung et al., 2017). Given the size of the open
ocean, should a method of efficient offshore seaweed cultivation
be developed, and scaled, it could in theory have a large
contribution to global carbon sequestration. For example,
NYeurt et al. (2012) suggested that if 9% of the oceans were
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arranged for seaweed aquaculture, pre-industrial atmospheric
carbon dioxide concentrations could be reached in a few
decades. Additionally, Froehlich et al. (2019) calculated an
upper estimate of a possible 48 million km* of the oceans are
suitable for seaweed aquaculture, roughly 11% of the total ocean
area. Therefore, a theoretical maximum annual sequestration
from seaweed aquaculture would be 72 billion tonnes, larger
than global annual emissions (based on a theoretical maximum
CO, sequestration of 1,500T CO, per km? (Duarte et al., 2017).
While this estimate is useful to quantify carbon sequestration on
a maximum scale, it assumes all CO, is sequestered and uses few
parameters to constrain seaweed growth. This is unrealistic
given over 90% of seaweed products are consumed by humans
and a generous estimate for the quantity of seaweed biomass that
becomes sequestered during the growth phase by shedding of
biomass is 11% (Duarte et al., 2021). Despite these estimates of
scale being rudimentary, the scale of opportunity for a potential
ocean afforestation industry demands more discussion of
the concept.

The lack of scientific development in ocean afforestation
research relative to industry interest to date may have been
historically attributed to the uncertainties around perceived high
costs, engineering constraints and hostile growing conditions of
oftshore aquaculture, which is where ocean afforestation may be
considered for (Fernand et al, 2017). In addition, investors
considering seaweed aquaculture may have found a more
attractive investment in nearshore aquaculture with an established
consumer market, receiving a potentially higher price than if
cultivating solely for carbon (van den Burg et al, 2016). Now
global interest in climate change solutions is growing and investors
are actively looking for scalable climate change mitigation projects.
This paper aims to inform businesses and governments considering
the potential financial opportunity, climate change mitigation
potential and both positive and negative associated impacts of
ocean afforestation. Five themes are reviewed and discussed in
this paper 1) Ecological feasibility; 2) Technical feasibility; 3)
Economic feasibility; 4) Co-benefits and risks; and 5) Governance
and social considerations. Importantly in this paper we make a
distinction between carbon uptake, carbon fixation, and carbon
sequestration. Carbon uptake is CO, being ‘absorbed’ by the ocean
from the atmosphere. Carbon fixation is used to describe the CO,
taken up in primary production (photosynthesis), this carbon
fixation in biomass can re-enter the atmosphere. Carbon
sequestration is used to describe the permanent (over 100 years)
removal of CO, from the atmosphere in a sink site.

Ecological feasibility

Seaweed beds are amongst the most productive and diverse
marine habitats on earth (Mann, 1973; Krause-Jensen et al.,
2018). Seaweeds are some of the fastest-growing primary
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producers on the planet, having equal to or greater rates of
productivity than the most productive terrestrial plants
(Nellemann et al., 2010). While seaweed aquaculture is well
established globally close to the coast in specific regions with a
global production of 2.61 x 10° t dry weight in 2014 (Sondak
et al,, 2017), seaweed aquaculture production is negligible if
present at all offshore (Garcia-Poza et al., 2020). Several factors
discussed below will need to be investigated to determine the
ecological feasability of ocean afforestation.

Species selection

Seaweed species diversity is high and are classified as
Rhodophyta (red algae), Chlorophyta (green algae) and
Phaeophyceae (brown algae) (Lobban and Harrison, 1994).
While growth rates are high for both red and green algae,
brown algae (both fucoids and laminaria), can reach a
considerably larger size than even the largest red and green
algae, and hence may sequester more carbon per individual plant
(Lobban and Harrison, 1994). Therefore it is likely brown algae
can sequester significantly more carbon per surface area of
growth substrate during the cultivation season or per
cultivation cycle. Given maximising the ratio of biomass to the
surface area of growth substrate will be a key factor for feasibility,
brown algae are more likely candidates for ocean afforestation.

Brown algae are large and widely distributed habitat-
forming macroalgal species of two orders, Fucales (fucoids)
and Laminariales (kelp) (Nelson, 2020). Along temperate
rocky shorelines fucoids typically dominate in the intertidal
zone, whereas, kelps are more common in the subtidal zone
(Chapman, 1987; Lobban and Harrison, 1994). Fucoids
generally have slower decomposition rates than kelps because
they have more structural tissue and secondary metabolites that
may be toxic to grazers and decomposers (Lobban and Harrison,

Box 1 | Candidate species for Ocean Afforestation.

10.3389/fmars.2022.1015612

1994; Lau and Qian, 1997; Nagayama et al., 2002; Birkemeyer
et al., 2020). Because of their slower decomposition, the carbon
sequestered by fucoids may therefore have a higher likelihood of
naturally being deposited in the deep ocean compared to kelps.
However, kelp species often have faster growth rates, are large
and can be highly abundant, and may therefore also be
important blue carbon sources (Duggins et al., 1989; Harrold
and Lisin, 1989; Krause-Jensen and Duarte, 2016).

There are many species of brown algae that could be
considered for ocean afforestation. Endemic species to that
ecoregion should be preferentially considered to minimise the
risk of introducing an invasive species. Species will be selected on
several metrics including, their ability to grow fast, and take up
carbon at a higher ratio to other nutrients than other primary
producers like phytoplankton (Bach et al., 2021). Buoyancies of
species may also need to be considered to determine the
weighting and sinking of seaweed. Because tropical offshore
waters are largely more nutrient deficient than temperate
waters (Moore et al., 2013) and offshore waters are where
ocean afforestation will primarily be considered for, temperate
species and locations will be preferential. For discussion on two
possible candidate species for ocean afforestation see Box 1.

Limiting factors for growth

Macroalgal growth is primarily driven by light and
photosynthesis (Lobban and Harrison, 1994). However, seaweed
growth, and therefore carbon sequestration, can also be limited by
nutrients (Neori et al., 1991; Kiibler et al, 1999), temperature
(Kiibler and Davison, 1993), grazers (Viejo and Aberg, 2003),
diseases (Kumar et al., 2016), irradiance (Mabin et al., 2019),
competition (Thirumaran and Anantharaman, 2009), currents
(Millar et al., 2020), salinity and, for intertidal species, desiccation
(Karsten, 2012; Eckersley and Scrosati, 2020).

For example, Laminaria saccharina is one of the largest Atlantic seaweed species and for this reason will be preferentially considered for ocean afforestation in the

Atlantic (Bekkby and Moy, 2011). Similarly Nereocystis luetkeana is a buoyant, large, canopy forming seaweed species found in the North West pacific (Kruckeberg,

1991). Given its size and growth rates, N. luetkeana may be a possible candidate for ocean afforestation (Springer et al., 2007).

Macrocystis pyrifera - M. pyrifera has a large size, high growth rate and high form-function plasticity (Schiel and Hickford, 2001; Graham et al., 2007; Schiel and
Foster, 2015). Furthermore, M. pyrifera can grow more than 30 cm per day under ideal conditions and is the largest macroalgae in the world, reaching well over 15m
long (Cribb, 1954; North, 1970; Abbott and Hollenberg, 1976; Graham et al., 2007; Schiel and Foster, 2015). M. pyrifera has been shown to drift and grow for long
periods of time at favorable latitudes, suggesting M. pyrifera could grow well on free-floating rafts (Rothéausler et al., 2011). However, M. pyrifera has a relatively low C:

N ratio and less structural tissue (Jackson, 1977). This means that given nutrient reallocation considerations (1.2.a), the carbon sequestration potential of M. pyrifera

may be reduced. Additionally, M. pyrifera may be more subject to breaking under stressful offshore conditions (Seymour et al., 1989). Given its large size and potential

for rapid growth, M. pyrifera could be a candidate for ocean afforestation.

Durvillaea spp. - Durvillaea spp. are sub and intertidal species, native to New Zealand, Tasmania and Chile, with several species endemic to sub-regions

(Cheshire et al., 1995; Nelson, 2020). Durvillaea spp. may have a relatively favorable C:N ratio given their high structural integrity, which provides resilience to storms

and wave action (Hay, 1977; Dufour et al,, 2012). Durvillaea spp. can also be very large, Hay (1977) documented that one species, D. willana can reach up to 40 kg.

However, Durvillaea spp. have slow growth rates relative to other large habitat-forming seaweed species (North, 1970; Velasquez et al., 2020). One species, Durvillaea

antartica is very buoyant (Fraser et al.,, 2020), which may merit a different engineering strategy given ocean afforestation for this species. Durvillaea spp. are vulnerable

to marine heatwaves and high temperatures which are increasing in occurrence (Thomsen et al., 2019). For this reason, temperature stress should be a primary

consideration of any future Durvillaea spp. ocean afforestation.
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a. Nutrients - Seaweed growth can be limited by the
concentration of various types of, macronutrients,
micronutrients and vitamins (Lobban and Harrison,
1994; Harrison and Hurd, 2001). Nutrients in many
instances are the key limiting factor for seaweed growth
(Roleda and Hurd, 2019; Xiao et al., 2019). In most cases,
nutrient availability in the photic zone offshore is lower
than in nearshore ecosystems (Fernand et al, 2017).
Nutrient concentrations of oceanic (offshore) water in the
tropics are lower than temperate latitudes (Moore et al,
2013). However, in some cases, nutrient availability and
subsequent growth rates are higher offshore due to
stratification, which can also lower nutrient availability
nearshore (Chen et al.,, 2021). While nutrient
concentrations are highly variable in offshore and
nearshore ecosystems, in the Froehlich et al. (2019)
estimates of seaweed aquaculture maximum extent, they
found 48 million km? of the oceans are suitable for seaweed
aquaculture both nearshore and offshore. This was
constrained by temperature and nutrients. So while the
exact amount of offshore ocean area is yet to be accurately
assessed, there is likely significant available area offshore for
ocean afforestation based solely on nutrient concentration.
Nitrogen (N), phosphorous (P) and Iron (Fe) are the most
common limiting nutrients for offshore primary
production (Moore et al, 2013). P and N are used in a
ratio of approximately 30:1 in seaweeds (Atkinson and
Smith, 1983). Optimising the P:N ratio is a common
limiting factor for seaweed growth (Harrison and Hurd,
2001).

Nutrient concentrations can be high in areas of both natural
and artificial upwelling, which brings nutrient-rich cold
waters that promote seaweed growth (Calvert and Price,
1971; Huyer, 1983; Pan et al., 2016). The use of upwelling
greatly supports primary production, fisheries and
subsequent carbon fixation (Pan et al,, 2016; Zhang et al,,
2017). However, there are high costs, ethical concerns,
ecological impacts, and potential for the release of deep-sea
CO, from artificial upwelling from deep ocean pumps
(Canadell et al., 2021). While nutrient reallocation will be a
key concern for ocean afforestation in areas of upwelling,
displacement of nutrients and impacts on offshore
ecosystems may be relatively proportional to total
biomass. Therefore, these potential negative impacts will
be present regardless of whether seaweed is limited in
growth from nutrients, and hence areas with nutrient
concentrations high enough to support fast growth could
be preferential. For this reason, nutrient availability should
be an important consideration in site selection for potential
ocean afforestation. To our knowledge, there has not been
any nutrient supplementation proposed for ocean
afforestation aside from artificial upwelling.
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b. Currents - Strong currents support nutrient replacement

and provide higher concentrations of CO, (Hurd, 2000;
Stevens et al., 2003). However determining net CO, flux
(1.6) will be more difficult in areas of strong currents. If
free-floating structures are proposed for ocean
afforestation (3), currents will be one of the essential
factors in determining where the structures are released
and where they may be retrieved or sink to (Boyd et al.,
2022). Currents will result in proposed free-floating
structures receiving varying concentrations or levels of
nutrients, salinity and temperature during their drift
which will be important to understand.

c. Disease, grazers and epiphytes - Disease (Largo, 2002),

grazers and epiphytes (Vairappan et al, 2008) may
impact seaweed growth for ocean afforestation as they
have for nearshore aquaculture (Kumar et al, 2016).
These and other biosecurity risks will need to be
managed in a new way offshore, where principles for
managing these issues may be adapted from nearshore
seaweed aquaculture systems. Grazing, however, will
likely be of minimal concern as grazers rarely consume
greater than 10% of living seaweed biomass (Alongi,
2018). Additionally, kelps are primarily grazed by
urchins (Miller, 1985; Duffy and Hay, 1990), which
will not be present offshore.

d. Temperature - All seaweed species have an optimal

temperature range where they maximise growth
(Luning, 1990; Eggert, 2012). Given an increase in the
frequency of marine heatwaves is likely, there will be a
need for ocean afforestation to take place where
temperatures are unlikely to exceed temperature
constraints, this may be increasingly poleward (Oliver
et al., 2018; Smale et al., 2019).

e. Irradiance - Irradiance is a limiting factor for seaweed

growth (Fortes and Liining, 1980; Lobban and Wynne,
1981), and therefore maximising light quality and
availability will be an important consideration in
possible ocean afforestation site selection. While light
availability will be mostly dictated by growth substrate
depth, localised water clarity and ground level irradiance
measures will also be important considerations in

optimising irradiance (Gattuso et al., 2006).

f. Competition, Salinity and Desiccation - Canopy

competition, both within and between species, is a key
limiting factor for seaweed growth in wild seaweed forests
as it can reduce light and nutrient availability (Carpenter,
1990; Edwards and Connell, 2012). Given the need to
optimise growth per unit area, competition between species
may limit growth via shading and competition for
nutrients, depending on seaweed propagation density.
Competition between different species is unlikely to limit
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growth in a planted aquaculture setting as it does for wild
seaweed forests. Salinity and desiccation are unlikely to
impact ocean afforestation as they are not likely limiting
factors of seaweed growth in temperate offshore
environments (Lobban and Wynne, 1981).

Depth

Natural mechanisms facilitate the transport of coastal
macroalgae to the deep ocean, these include leaching of
dissolved organic matter, pruning and tissue breakage,
seasonal partial die-off and enhanced fragmentation - a
common strategy for many species (Koop et al., 1982; Duggins
et al., 1989; Krause-Jensen and Duarte, 2016). More specifically,
Krause-Jensen and Duarte (2016) proposed that seaweed mainly
are deposited at deep-sea sites by drifting through submarine
canyons or by the sinking of negatively buoyant detritus.
Therefore sinking seaweed to this depth could accelerate
carbon sequestration. However, the methodology to document
macroalgal blue carbon budgets is still to be developed. Large
research gaps remain around how much carbon from seaweed
makes it into the deep ocean where it becomes a long-term sink,
and its potential impacts on deep-sea benthic communities
(Filbee-Dexter et al., 2018; Krause-Jensen et al., 2018).

Carbon from seaweed biomass is likely to decompose into
surrounding seawater in various forms of dissolved organic
carbon and particulate organic carbon (Watanabe et al., 2020).
Some organic carbon may also remain in refractory forms that
will resist decomposition (Trevathan-Tackett et al., 2015).
Additionally, organic carbon from seaweed can become buried
in ocean sediments on the seafloor before it can resurface. The
primary mechanisms for sedimentation of biomass in the deep
sea are direct burial and metabolization by bacteria and other
species. Macroalgal biomass has been found digested in the gut
of various deep sea creatures below 1,000m depth (Wolff, 1962;
Schoener and Rowe, 1970). The seaweed biomass that is ingested
could be respired back into the surrounding seawater, or buried
in the sediment with the decomposer’s body. Therefore if
seaweed tissue deposited at depth is decomposed, released
carbon can only re-enter the atmosphere at time scales beyond
immediate concern for reducing anthropogenic emissions, i.e.
>100 years.

Historical estimates suggested that carbon from marine
organic matter, including seaweed, that reaches more than
1,000 m depth (i.e., the bathypelagic zone) becomes a long-
term carbon sink (Herzog et al., 2003; Krause-Jensen and
Duarte, 2016; DeVries et al.,, 2017; Ortega et al., 2019).
However more recently, Baker et al. (2022) refined these
estimates in the North Atlantic and suggested only 66% of
carbon remains out of contact with the atmosphere if it is
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deposited at 1,000m depth and this increases to 94% below
2,000m. Research is still needed to confirm the depths required
for permanent carbon sequestration in different locations
globally. For this reason, ocean afforestation will likely occur
on the surface above the deep ocean if it is to be sunk at the
growth site, or grown nearshore and taken offshore to be sunk.

Nutrient competition with phytoplankton

It is important to consider where seaweeds are competing
with phytoplankton for nutrients, as this nutrient competition
may be reducing carbon sequestration from phytoplankton
(Bach et al., 2021). While generally, seaweeds consume carbon
more efficiently than phytoplankton relative to their nitrogen
and phosphorus consumption (Baird and Middleton, 2004),
carbon sequestration via seaweed should subtract the carbon
sequestration that would have occurred in phytoplankton
communities in the absence of nutrient reallocation (Hurd
et al, 2022). Nutrient reallocation may also need to be
considered over extended timescales given nutrients may be
recycled and transported (Thingstad and Sakshaug, 1990).
Questions also remain on the efficiency of alternate nutrient
usage via phytoplankton for carbon sequestration (Boyd et al,
2007; Graff et al., 2015). For example, iron fertilisation has been
disproved to enhance net carbon sequestration in phytoplankton
communities despite enhanced primary productivity (Boyd,
2004; Boyd et al,, 2007). Therefore it must be determined if
seaweed carbon fixation displaces phytoplankton carbon fixation
by monitoring phytoplankton communities at growth sites.
Nutrient reallocation considerations are complex and remain

relatively unstudied.

Albedo and calcification

Albedo is the measure of the reflectivity of longwave
radiation (Twomey, 1974). Seaweed has a higher albedo than
oceanic water, therefore lowers warming potential (Bach et al.,
2021). Seaweed that is closer to the surface will increase albedo
more (Bach et al,, 2021). However, this may be variable between
species and marine biomes and is relatively unstudied. Seaweeds
can also provide habitat for calcifying organisms (Taylor, 1998;
Newcombe and Taylor, 2010; Thomsen et al., 2016). While there
is carbon fixation from calcification, calcification also reduces
seawater alkalinity and therefore lowers the carbon uptake
capacity of seawater (Frankignoulle et al, 1994; Macreadie
et al,, 2017). When seaweed provides habitat for calcifiers and
increases their biomass, this may partially offset any CO,
sequestration from seaweed (Bach et al, 2021). Respiration
from associated epifauna can also offset CO, sequestration
(Hurd et al., 2022).
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Determining net CO; flux

Importantly, it must be understood if CO, sequestration
through seaweed growth creates a CO, seawater deficit that
proportionally results in additional atmospheric CO, uptake
(Watanabe et al., 2020; Bach et al., 2021). Increased atmospheric
CO, uptake in seawater at ocean afforestation sites is the goal of
ocean afforestation and therefore must be demonstrable. This
will require tracking changes in oceanic carbon uptake at
multiple points in time during seaweed cultivation to validate
carbon fixation, and monitoring for this remains complex (Hurd
et al., 2022). Timescales at which CO2-deficient seawater will
make contact with the surface and increase CO, uptake remain
uncertain (Orr and Sarmiento, 1992; Bach et al., 2021).

Technical feasibility

There have been few proposed methods to grow seaweed
specifically as a carbon offset (Froehlich et al, 2019). To our
knowledge, all proposed ideas have been early-stage commercial
ventures with no supporting research in the peer-reviewed
literature. One of the reasons the industry is in its infancy is
the significant technical constraints required given seaweed must
be sunk in the deep ocean (I.e. 2,000m) to become sequestered
(Baker et al., 2022). Various technical concepts exist, and they
are broadly defined in the following three categories for technical
ocean afforestation.

1. Traditional nearshore seaweed aquaculture, cultivated
and dumped offshore (Chung et al., 2017).

2. Offshore tethered growing platform in the deep ocean.

3. Non-tethered growth platforms in the deep ocean, (free
floating or automated)

There are several variations of technical design themes that
could be used in concert with these three technical categories.
Some of these possible technical themes are listed here and
possible concepts are illustrated in (Figure 1). It is important to
note these are just conceptual designs, and there is a much-
needed cost-benefit analysis of each of these potential concepts
before application in the field.

- Attachment to existing infrastructure, for example, oil and
gas or marine wind farms (van den Burg et al, 2020).
Hybrid cultivation strategies have been considered for
seaweed cultivation as part of integrated multi trophic
aquaculture (Flannery, 2017).

- Whole structure is sacrificial and biodegradable, to be
sunk with seaweed attached.
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Automated or
manual cutting
mechanism
cuts seaweed
that sinks on

its own

>2,000m depth

Traditional inshore seaweed aquaculture
cultivated and dumped offshore

Non-tethered growth platform. Whole

structure is sacrificial anc egradable, to

Attachment to existing infrastructure be sunk with seaweed at d

FIGURE 1

Possible concepts for ocean afforestation. 1. Traditional
nearshore aquaculture taken to be dumped offshore. 2. Self-
anchored growth platform sunk at the site. 3. Seaweed
aquaculture infrastructure attached to existing offshore
infrastructure (e.g. oil and gas infrastructure or a wind farm). 4.
Free-floating biodegradable platform.

- Platform with biodegradable sacrificial subunits to be
released and sunk with seaweed attached. Relying on
advection offshore to sink sites.

- Self-anchored growth platform with an automated or
manual cutting mechanism on a growing platform to cut
seaweed that will sink on its own.

- Macroalgal biomass could be stored in geosynthetic
containers placed in the deep ocean, although the costs
for this would be considerable (Boettcher et al., 2019).

Offshore aquaculture is likely to require significantly more
complex infrastructure than coastal or nearshore aquaculture
given an increased susceptibility to harsh weather and
remoteness (Jansen et al., 2016; Gentry et al., 2017). Therefore
the cost of operating offshore is likely much higher than for
oftshore aquaculture. Due to the difficulty of anchoring a new
structure in 2,000m of water, it is unlikely that anchoring a new
structure at this depth for ocean afforestation will be viable. In
addition, manual harvest and seeding of seaweed will be very
difficult in an offshore environment. So in this instance,
automated planting and harvesting may be required. One way
to get around this however may be ‘sacrificial growth substrates’.
This is where the growth rope, or rope and part of the structure
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are sunk with the seaweed still attached. This means the seaweed
can be propagated onto the substrate before being put out to
grow, and there is no need to harvest or cut the seaweed again.
Here the growth substrate is disconnected from the platform to
sink, or let break and sink on its own due to natural degradation.
In this way, maintenance and labour costs may be lower for
ocean afforestation than for traditional seaweed aquaculture.

While there has been a lack of engineering research for ocean
afforestation, there has been considerable research into scalable
offshore cultivation for other seaweed markets, like biofuels
(Milledge et al., 2014; Cheng et al, 2020). Many of the
technical feasibility considerations for growth platforms could
be taken from established literature around suggested seaweed
biofuel production. As global demand increases for seaweed
products and seaweed aquaculture grows (Duarte et al., 2021),
this may drive innovation for large-scale seaweed aquaculture
and technology which may spill over to ocean afforestation.
Additionally, the use of wind farms to co-exist as infrastructure
for seaweed aquaculture has been considered (van den Burg
et al., 2020), however, few, if any wind farms exist in the deep
ocean so a harvest and deposition model may be needed for
ocean afforestation if co-existence on existing infrastructure is to
be used.

Additionally, the installation of offshore infrastructure is
costly, so if permanent structures are to be established, the full
lifecycle of infrastructure should be considered. This includes
installation, removal and recycling. Importantly, the carbon
footprint of infrastructure, including fuel used in boats, for
ocean afforestation must be offset by the venture itself. For this
reason, an infrastructure system with a low-emission build
would be preferable. This is an advantage for sacrificial
biodegradable growth substrates, where they may be carbon
sinks on their own, depending on the material used (i.e. hemp,
pine and bamboo). Regardless of the design used, one of the

10.3389/fmars.2022.1015612

main constraints will be minimising the energy required to
transport and maintain a potential structure offshore.

Free-floating structures will take away the need for an anchor
and may result in less maintenance and transport need. Free-
floating structures could also be automated so they can dive during
storms and when ships are near, and so they can stay within
designated areas. However, if free-floating structures are automated
and require propulsion, the cost may be significant for each growth
structure and may not justify returns. In the interest of simplicity
and cost saving, free-floating structures may be biodegradable and
subject to ocean currents. They could be pieces of biodegradable
rope floating on the surface, or wooden rafts that degrade and sink,
along with the seaweed grown, after an estimated amount of time-
based on degradation rates. Free-floating rafts could also be
remotely triggered for release from bioplastic floats. If individual
rafts are used it may be harder to transfer disease or epiphytes at a
large scale given the separation between rafts. While free-floating
sacrificial structures have a basic level of technical feasibility and
therefore are potentially a lower-cost option, monitoring of growth,
and susceptibility to currents, wind and waves may be two
significant liabilities to this concept. While large-scale oceanic
drifting experiments have taken place, to our knowledge none
have been for an aquaculture purpose (Whitaker and Carter,
1954; Christensen et al., 2018). Free-floating rafts have been
visualised in Figure 2.

A key operational consideration will be the sourcing of young
kelp/sporelings. The planting of these at sea will be very difficult
given weather limitations. So seeding ropes in onshore or nearshore
facilities should be considered before ropes are put offshore. At what
life stage these ropes are seeded, or how old the sporelings are, can
be adapted from existing seaweed aquaculture depending on the
species. One of the key challenges will be having a supply of
sporelings available. A large supply of sporelings will require a
significant amount of nursery infrastructure, which can be costly

FIGURE 2
Free floating raft concept visualization.
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(Yarish et al, 2017). So the use of community nurseries or
cooperatives setting up nurseries supplying individual aquaculture
businesses could be considered to gain economies of scale.

Economic feasibility

The feasibility for ocean afforestation is still largely unknown
(Boettcher et al., 2019). For ocean afforestation to be deemed
viable and have an impact at scale it must be proved to be cost-
efficient and an attractive business model. Given ocean
afforestation is not an established practice, and technology
development is limited, costs have been largely unknown
(Froehlich et al, 2019; Troell et al,, 2022). Ultimately if ocean
afforestation is to operate unsubsidized it may have to compete
with terrestrial carbon sequestration schemes to provide a
marketable carbon offset at a low price. There are, however,
novel carbon sequestration ventures operating at well above the
market price, for example, direct air capture with a 2021 price of
$149.0 - 248.6 USD/t CO, (Breyer et al.,, 2019). Global carbon
prices are much lower, for example in 2017 the global average
carbon price was USD $5.1 for the forest and land use sector
(Hamrick and Gallant, 2017). Novel carbon sequestration
technologies may have the intention of improving efficiency,
gaining economies of scale, and then lowering the price.
Certainly, a considerable hurdle to scaling ocean afforestation
will be seaweed carbon credits being competitive on the global
market in the long term. Seaweed offsetting potentially has a much
faster sequestration timeline than terrestrial offset schemes, with
planted biomass potentially reaching a maximum in less than a
year, therefore receiving an earlier return on investment than
terrestrial carbon sinks like forests. There is also generally less
competition for space in coastal environments than for terrestrial
carbon sequestration sites.

Recently Coleman et al. (2022) provided the first detailed
published estimates on the costs of a potential ocean afforestation
via a bio-techno-economic model. They found that there would be
a cost of $17,048 tCO,eq ", but by optimising parameters on ocean
afforestation this could be reduced to $1,257 tCO,eq . This price
is considerably higher than the global averages for carbon prices
mentioned previously. However, this study investigated the
cultivation of nearshore seaweed and subsequent dumping and
sinking offshore, option 1. in Figure 1. The other methods
described in 2. (technical feasibility) may cost more or less than
this approach to implement per tonne of carbon sequestration.
This approach to ocean afforestation due to the boat hours
required to cultivate, harvest and move the seaweed will likely
carry significant costs and emissions (see 2. for pros and cons of
each approach). Importantly, the carbon footprint (i.e. boat fuel
emissions and construction of aquaculture infrastructure) of the
operation of any ocean afforestation project should be subtracted
from any potential carbon sequestration via ocean afforestation
(Coleman et al, 2022). Coleman et al. (2022) calculated that
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potential CO, sequestration was reduced from 638 tons to 244
tons of net emissions once operational emissions were subtracted
and that did not include boat emissions to transport to the sink
site [Figure 5 in Coleman et al. (2022)]. This suggests operational
emissions may be considerable for some types of ocean
afforestation operations. Therefore in developing a potential
business case for ocean afforestation it will be critical to ensure
sufficiently low operational emissions. At present emissions from
different types of potential ocean afforestation operations are yet
to be constrained based on live projects, and it remains to be seen
if potential carbon sequestration from ocean afforestation will be
sufficiently greater than operational emissions.

Financial viability will most importantly be determined by
high ocean afforestation biomass yield and subsequent carbon
sequestration in comparison with implementation cost.
Froehlich et al. (2019) calculated the medium current cost of
carbon sequestration to be USD $543 per tonne and a minimum
of USD 71 per tonne of CO,. N'Yeurt et al. (2012) calculated an
average yield of 23.5 t/ha of ash-free weight from available data
in the literature with a range of 6-90 t/ha, and used a
conservative value of 18 t/ha. N‘Yeurt et al. (2012) use an ash-
free rate of 68% of dry weight, so we can assume an average yield
of 26.5 dry weight ha/yr™. Using an average carbon content of
24.8% of seaweed dry weight (Duarte et al., 2017), we can use
24.2 t/CO,/yr’" fixation as an average value for seaweed
aquaculture. Using rafts of 5x5m, 0.061 t/CO,/yr" could be
used as an average value of CO,/yr' absorbed per raft.
Therefore, in theory, 16.4 billion of these rafts would need to
be deployed for one gigatonne of CO, fixation. However, while
highly productive seaweed species may be selected it is worth
noting that seaweed growth is not consistent throughout the year
(Lobban and Harrison, 1994), and can be limited in some
offshore environments due to low nutrient concentrations
offshore. Additionally, if these rafts are free floating they may
become fouled or reach the end of their drift before one year
(Boyd et al., 2022), so this value is still highly speculative.
Additionally, as has been discussed, the CO, fixation described
here can not currently be equated to carbon sequestration.

Co-benefits and risks

Seaweed ocean afforestation may have several co-benefits
and risks that will need to be considered. While these are
discussed in concept here, there may be other impacts that are
yet to be considered. There has historically been relatively little
investigation into the ecological or biosecurity risks of ocean
afforestation (Russell et al., 2012), until recently by Boyd et al.
(2022). These impacts will also largely be scale-dependent and
may be challenging to quantify until ocean afforestation
deployment at scale (Boyd et al., 2022). Additionally, the
evidence for co-benefits from seaweed aquaculture to date has
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been associated with nearshore seaweed aquaculture, it remains
to be seen if these co-benefits will extend offshore.
Possible co-benefits of ocean afforestation may include;

* Habitat creation for macrofauna or possible fisheries
benefits (Walls et al., 2016; Theuerkauf et al., 2021).

* Nutrient alleviation can occur because of seaweed
aquaculture, particularly in regions with excess
anthropogenic nutrient loading or eutrophication, via
absorbing nutrients or competition with photosynthetic
microalgae that cause hypoxic conditions (Fei, 2004; He
et al., 2008; Xiao et al., 2017; Visch et al., 2020).

» Seaweed can also alleviate ocean acidification at local
levels, which can protect nearby calcifying organisms
(Chung et al., 2017; Clements and Chopin, 2017; Xiao
et al, 2021). Additionally, acidification can lead to
reduced carbon sequestration from phytoplankton, so
alleviating acidification locally could potentially support
localised phytoplankton carbon sequestration (Petrou
et al., 2019).

Several possible negative impacts of ocean afforestation have
recently been well described by Boyd et al. (2022) and include
but are not limited to;

* Allelopathy or chemical competition between phyto
-plankton and seaweed should be considered as it
impacts offshore ecological function (Boyd et al., 2022).

* Anincreased abundance of organic matter will consume
oxygen while decomposing, this could result in lower
oxygen concentrations or hypoxia (Wyrtki, 1962).
Therefore dumping of seaweed could lead to hypoxia
in some locations (Lapointe et al., 2018). It remains to be
seen if methane emissions from seaweed decomposing
in hypoxic areas will be lower or higher (Naqvi et al.,
2010).

» Seaweed releases dissolved organic carbon (DOC), so
their cultivation could lead to an increase in DOC in
offshore ecosystems. Changes to oftshore quantity and
quality of DOC may impact offshore communities, for
example by changing the dynamics of oceanic
heterotrophic bacterial communities; however, those
impacts are poorly documented (Boyd et al., 2022).

* Entanglement of marine life, seabirds and mammals
should be considered as a possible risk of offshore
afforestation given entanglement has occurred with
other aquaculture operations (Lobban and Harrison,
1994; Wiirsig and Gailey, 2002; Young, 2015). There is
also potential for visual pollution from structures
washing ashore or as floating debris.

* Some deep sea microorganisms convert carbon to
methane in the deep sea, so there may be a risk of
methane being released due to carbon deposition from
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ocean afforestation (Whiticar, 1999; Kotelnikova, 2002).
However, methanogenesis can be reduced at higher
sulphate concentrations in the deep ocean (Sivan et al.,
2007). Currently little is known about these complex
deep-sea chemical pathways for potential seaweed
decomposition.

* Impact of seaweed and associated debris on deep-sea
benthic communities which will be difficult to monitor
(Danovaro et al.,, 2020), and may be significant (Wolff,
1962; Filbee-Dexter and Scheibling, 2014; Baker et al.,
2018). However, the impact could be reduced if
deposition can be directed to hypoxic areas with low
biodiversity (Levin, 2002; Helly and Levin, 2004).

*  Seaweed will likely be befouled on the way offshore and can
transport their microbiome community, which could
interact with offshore phytoplankton communities (Fraser
et al, 2011; Boyd et al,, 2022).

Much more testing is needed to gauge potential negative
impacts and offshore biosecurity risk of offshore afforestation as
they are currently poorly constrained by location and various
conditions (Boyd et al., 2022). Additionally, if large-scale ocean
afforestation is to take place, the possible impacts on kelp forests
of an abundance of spores reaching the coast should be
considered, given various seaweed species could be considered
a threat as an invader (Wikstrom and Kautsky, 2004; Williams
and Smith, 2007). This will depend on the location of ocean
afforestation compared to coastal seaweed ecosystems and the
life histories of cultivated seaweed species. Therefore, cultivating
native or endemic macroalga species could reduce the chance of
invasion from non-native species and their associated epifauna
(Boettcher et al., 2019; Boyd et al., 2022). However, some wild
kelp forest ecosystems are experiencing a significant decline
(Smale and Wernberg, 2013; Thomsen et al., 2019; Layton
et al., 2020). The release of spores from nearby ocean
afforestation operations could in theory in some cases support
kelp forest recovery. If spores will reach the coast at a greater
abundance than was naturally occurring, unknown ecological
implications should be considered. This discussion should
include genetically modified or engineered seaweed species
which may face major regulatory challenges in the aquaculture
industry, given the potential ecological risk of invasion in coastal
ecosystems (Robinson et al.,, 2013; Kim et al, 2017; Cheney
et al., 2019).

Governance and social
considerations

Job creation and social or economic developed from a new
ocean afforestation industry could benefit local communities
(Valderrama, 2012; Boettcher et al, 2019; Larson et al., 2021).
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There may be an opportunity for high skilled engineering, business
and science jobs. And potentially low-skilled jobs in developing
countries, depending on how labour-intensive the chosen
cultivation method is. For cultivation methods using
biodegradable substructures and growth substrates, e.g. hemp,
bamboo or pine, further economic development opportunities
may come from supporting these primary industries. Importantly
the environmental and social impact from any industries where
ocean afforestation sources materials from should also
be considered.

Coastal seaweed aquaculture is an important food industry, a
source of increasingly diverse low-carbon products and will help
us achieve the United Nations Sustainable Development Goals
(Duarte et al.,, 2021). Ricart et al. (2022) asserted that ocean
afforestation may jeopardise the positive effects of coastal
seaweed aquaculture on society if biomass is deposited
offshore instead of being used for other markets. This is an
important consideration, however, this may only be the case if
ocean afforestation is conducted to the detriment of nearshore
seaweed aquaculture and if these two industries compete for
physical resources and human expertise. If ocean afforestation is
conducted fully offshore and did not compete for resources with
nearshore seaweed aquaculture there would be a lower risk of
ocean afforestation having a negative impact on the important
contribution of coastal seaweed aquaculture to a sustainable low-
carbon future.

In developing coastal communities, alternative livelihoods
through ocean afforestation industry support via nurseries for
example, to exploitive, or non-sustainable sources of income like
unsustainable commercial fishing, may be preferable (Valderrama,
2012). However, countries and regions with coastline within the
majority of the kelp biome (New Zealand, Australia, North
America, Europe, Chile, Japan, South Korea) are for the majority
more developed economies (South Africa and Namibia being the
exemption) (Fund, 2017). If ocean afforestation is considered
primarily for kelp species, the social development impact may be
less than for an industry operating in developing countries.
However there still may be development opportunities with new
forms of aquaculture like ocean afforestation, for example, they
could be used for re-skilling fishermen or land-based farmers whose
livelihoods are increasingly at-risk of the impacts of climate change.

A key consideration for ocean afforestation feasibility will be
legality, consent and permits to operate (Barbier et al., 2019; Kim
et al,, 2019; van den Burg et al, 2020). To our knowledge, no
country yet has a protocol for ocean afforestation within their
economic exclusive zone. For international waters, there are a range
of ocean-related treaties including; The London Protocol, The
International Seabed Authority, the International Maritime
Organization, The Law of the Sea and the Convention on
Biological Diversity. Under the Law of the Sea, there are details
regarding marine research in international waters, however little to
no laws to specifically govern ocean afforestation that we could
determine. The London Convention is an international treaty
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designed to protect the marine environment from pollution
caused by dumping into the ocean., Article III b ii) of the
London Convention states: “Dumping” does not include:
Placement of matter for a purpose other than the mere disposal
thereof, provided that such placement is not contrary to the aims of
this Convention.” It remains to be seen if ocean afforestation falls in
this category. The socio-political risks of ocean afforestation were
considered to be medium by Boettcher et al. (2019). Additionally
the impacts on biodiversity in international waters should also be
considered as they relate to the UN convention on biodiversity
(Boettcher et al, 2019). Particularly given sink sites may be in
different locations from sites of seaweed growth.

Linking ocean afforestation to
carbon credit opportunities around
the world

Demand for carbon credits is growing internationally
(O'connor et al., 2019; Kreibich and Hermwille, 2021). As
countries are looking to lower GHG budgets nationally,
various countries may look to invest in blue carbon projects as
they relate to their national greenhouse gas contributions (Herr
and Landis, 2016). There have been internationally recognised
blue carbon accounting frameworks compiled that include blue
carbon habitats, however, they have so far excluded seaweed
(Hiraishi et al., 2014; Emmer et al., 2015; Sapkota and White,
2020). While there has been thought given to a methodology for
near-shore seaweed aquaculture carbon budgets (Duarte et al.,
2017; Sondak et al., 2017), there has not been any carbon
sequestration methodological research to our knowledge for
offshore seaweed cultivation. However, because via ocean
afforestation seaweed may be sunk directly, down to the
storage site, a methodology to document this transport is
potentially simpler than mapping detritus export and sediment
transport pathways from nearshore environments to offshore
sink sites. This timescale may be quicker than the difficult-to-
track current pathways for seaweed carbon sequestration, given
the carbon could be more easily monitored and quantified
(Chung et al., 2017). But the challenges of monitoring carbon
storage sites and quantifying carbon sequestration in the deep
ocean will remain.

While biomass accumulation with seaweed will be
comparatively simple, mapping the pathway for viable
sequestration remains a large challenge with ocean afforestation
(Boettcher et al,, 2019). With any carbon offset project or proposal,
it is very important to provide an accurate methodology to
determine the quantity of carbon sequestered (Chung et al,
2017). Any verification methodology will need to meet
international standards for carbon sequestration such as in the
UN Framework Convention on Climate Change, to enable ocean
afforestation to be eligible for carbon credits (Michaclowa et al,
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2019). This includes criteria around proof of additionality,
permanence and accuracy. There will be costs associated with
methodological development for the verification of ocean
afforestation projects. A method for documenting detailed
sequestration pathways, permanence and monitoring of sink sites
would be needed for the implementation of ocean afforestation. To
develop a methodology for measuring carbon budgets from ocean
afforestation Hurd et al. (2022), proposed a framework for this
called ‘Forensic carbon accounting’, which will be useful to build a
methodology upon if ocean afforestation projects are
developed further.

Conclusion

While it is clear seaweed cultivation can yield significant
biomass and ‘carbon fixation’, the pathways for this to result in
long-term effective carbon sequestration remain unclear. It seems
highly likely that seaweed can be grown in abundance and
deposited offshore, with some carbon being permanently
sequestered at depth, however many fundamental questions
must be addressed first to determine the viability of ocean
afforestation. Pressing research topics include, understanding
potential nutrient reallocation and oceanic biogeochemical
feedback mechanisms, meeting carbon accounting criteria, cost-
efficient infrastructure for ocean afforestation, meeting oceanic
regulatory requirements and minimising environmental impacts.
Importantly, once these questions have been addressed, ocean
afforestation must be price competitive in sequestration of carbon
in comparison to other offset schemes, if it is to be viable at scale.
While there are many research gaps to overcome before the
possibility of an ocean afforestation industry, the potential scale
of ocean afforestation is extensive. A combination of modelling,
lab and ocean-based experiments are needed to overcome the key
research gaps remaining if we are to confirm or deny the viability
of ocean afforestation for climate change mitigation.
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