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Abstract
In combination with drastic emission reduction cuts, limiting global warming below 1.5 ◦C or 2 ◦C
requires atmospheric carbon dioxide removal (CDR) of up to 16 GtCO2 yr−1 by 2050. Among
CDR solutions, ocean afforestation through macroalgae cultivation is considered promising due to
high rates of productivity and environmental co-benefits. We modify a high-resolution ocean
biogeochemical model to simulate the consumption of dissolved inorganic carbon and
macronutrients by idealised macroalgal cultivation in Exclusive Economic Zones. Under imposed
macroalgal production of 0.5 PgC yr−1 with no nutrient feedbacks, physicochemical processes are
found to limit the enhancement in the ocean carbon sink to 0.39 PgC yr−1 (1.43 GtCO2 yr−1),
corresponding to CDR efficiency of 79%. Only 0.22 PgC yr−1 (56%) of this air–sea carbon flux
occurs in the regions of macroalgae cultivation, posing potential issues for measurement,
reporting, and verification. When additional macronutrient limitations and feedbacks are
simulated, the realised macroalgal production rate drops to 0.37 PgC yr−1 and the enhancement in
the air–sea carbon flux to 0.21 PgC yr−1 (0.79 GtCO yr−1), or 58% of the macroalgal net
production. This decrease in CDR efficiency is a consequence of a deepening in the optimum
depth of macroalgal production and a reduction in phytoplankton production due to reduced
nitrate and phosphate availability. At regional scales, the decrease of phytoplankton productivity
can even cause a net reduction in the oceanic carbon sink. Although additional modelling efforts
are required, Eastern boundary upwelling systems and regions of the Northeast Pacific and the
Southern Ocean are revealed as potentially promising locations for efficient macroalgae-based
CDR. Despite the CDR potential of ocean afforestation, our simulations indicate potential negative
impacts on marine food webs with reductions in phytoplankton primary production of up to
−40 gC m−2 yr−1 in the eastern tropical Pacific.

1. Introduction

Limiting global warming to 1.5 ◦C or 2 ◦C above
preindustrial values will require deep and fast, if not
immediate, transitions in all emissions sectors [1].
Even if such emission reduction efforts are imple-
mented, large-scale deployment of carbon dioxide
removal (CDR) may be required to meet 1.5 ◦C or
2 ◦C targets [2, 3] and to offset greenhouse gas emis-
sions from sectors that cannot fully decarbonise or
are likely to require a long time to do so [4–6]. CDR

methods are defined as deliberate actions to remove
CO2 directly from the atmosphere and durably store
it in geological, terrestrial, or ocean reservoirs. As dis-
cussed in the recent IPCC 6th Assessment Report,
many of the scenarios likely to limit warming to 2 ◦C
or below require CDR, up to 16 GtCO2 yr−1 by 2050
[7, 8].

The ocean offers many potential opportunit-
ies for enhanced mitigation [9, 10]. Proposals typ-
ically focus on either enhancing biological ocean
carbon sinks through marine afforestation and
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fertilisation or chemically increasing the inorganic
ocean carbon sink through techniques such as ocean
alkalinity enhancement [11]. Among ocean-based
CDR approaches, large-scale ocean afforestation
by macroalgae has received growing interest [12–
14]. Macroalgae can support photosynthetic pro-
ductivity comparable to that of a tropical rainforest
[15, 16] with a high carbon content [17], making
them potential candidates for ocean-based CDR.
Moreover, they do not compete with agricultural
land and may provide local benefits such as reduced
eutrophication [18] and acidification [19]. Several
post-growth pathways for harvested macroalgae bio-
mass have been proposed, including the produc-
tion of long-lived bio-products or facilitating the
transport of biomass into the deep ocean. How-
ever, there are concerns about the adverse impact
of macroalgae afforestation on natural ecosystems
[20, 21].

Evaluating macroalgal carbon sequestration
potential is more complex than with terrestrial
analogues [22–25]. Because macroalgae do not fix
carbon directly from the atmosphere but from the
ocean, assessing macroalgal-based CDR potential
requires consideration of ocean–atmosphere CO2

exchange, and thus ocean circulation andmixing, car-
bonate chemistry, as well as interactions with other
biological carbon sinks and sources [22]. Studies that
have evaluated the global CDR potential of mac-
roalgal cultivation have generally upscaled observed
growth rates of some macroalgal species to the global
ocean [14, 26]. Global dynamicmodels ofmacroalgae
cultivation have begun to be developed, simulating
the growth of macroalgae [27], and refining estim-
ates of the carbon sequestration potential of global
macroalgal cultivation from 3.7 GtCO2 yr−1 [28] to
13.3 GtCO2 yr−1 [29]. Using the Sargassum Belt as a
natural analogue for ocean afforestation, biochemical
feedbacks (i.e. the effects of macroalgal cultivation on
remaining ocean nutrient concentrations and sub-
sequent impacts on phytoplankton) have been shown
to reduce the CDR potential of macroalgae by 20%–
100% [30]. However, all studies to date either omit
certain geochemical and biological feedbacks [27, 28,
30] or use global-scale coarse resolution models [29].
As such, there are currently poor constraints on the
efficiency of large-scale macroalgae-based CDR, its
environmental co-benefits and consequences, and
the potential optimum regions for deployment [31].

Here, we perform simulations using a high-
resolution ocean biogeochemical model to assess the
efficiency, nutrient feedbacks, and acidification co-
benefits of idealised macroalgae-based CDR. Follow-
ing Froelich et al, we limited the macroalgal cultiv-
ated zone to Exclusive Economic Zones (EEZs) for
reasons of cost limitation and political feasibility [14].
Imposing uniform and unconstrained macroalgal
dissolved inorganic carbon (DIC) consumption in the
upper 100 m of EEZ regions, we assess the extent

to which local-to-global air–sea carbon fluxes are
enhanced under present climate conditions. Apply-
ing additionalmacronutrient (nitrate and phosphate)
constraints on macroalgae production and assuming
that nutrients consumed by macroalgae are perman-
ently removed from the ocean, we assess the decrease
in realised macroalgal production and the impact
on CDR. Finally, we evaluate how macroalgal car-
bon and nutrient consumption may influence phyto-
plankton primary production and coincident ocean
acidification.

2. Material andmethods

2.1. Ocean-biogeochemical model
Idealised macroalgae CDR simulations were per-
formed with version 3.6 of the ocean modelling
framework Nucleus for European Modelling of the
Ocean (NEMO). This framework includes version 3
of the Louvain-La-Neuve sea Ice Model [32] and ver-
sion 2 of the Pelagic Interaction Scheme for Carbon and
Ecosystem Studies (PISCES) biogeochemical model
[33]. The model was used with an eddy-permitting
ORCA025 configuration [34] with a nominal hori-
zontal resolution of 25 km, enabling adequate rep-
resentation of EEZ boundaries while simulating the
global ocean. The configuration includes 75 vertical
depth levels, 23 of which are in the upper 100 m
of the water column, where macroalgae growth is
considered feasible. The surface ocean layer, which
exchanges carbon directly with the atmosphere, is 1m
deep.

PISCES [33] simulates the cycles of essential ele-
ments for this study, including carbon (dissolved
and particulate organic and inorganic forms), total
alkalinity, N, P, Si and Fe. It includes two phyto-
plankton types (nanophytoplankton and diatoms)
and two zooplankton size classes (micro- and meso-
zooplankton) with a fixed C:N:P stoichiometry of
122:16:1. Phytoplankton production is the product
of growth rates and biomass, with growth rates
determined based on temperature, light, and nutri-
ent (N, P, Fe, and Si) availability; additionally, bio-
mass is affected by zooplankton grazing. Alongside
the living compartments, PISCES simulates semi-
labile dissolved organic matter (DOM), formed from
phytoplankton and zooplankton particulate organic
matter. The remineralization of DOM occurs within
the water column and is oxygen-dependent. In addi-
tion to implicit diazotrophy, the model considers
two external sources of nutrients: river input (NH4

+,
NO3

−, P, Fe, and Si) and atmospheric deposition (N,
P, Fe, and Si). The CO2 flux at the air–sea interface
is determined by the difference in CO2 partial pres-
sure between the atmosphere and the ocean, the gas
transfer velocity (function of the 10mwind speed and
the Schmidt number, which is a function of seawater
temperature and salinity), and the solubility of CO2

in seawater.
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The model control simulation was initialized
from data-based climatologies and a coarser resol-
ution NEMO-PISCES historical simulation of the
anthropogenic ocean carbon inventory [35]. The
model is then run from 1958 to 2016 using atmo-
spheric forcings (Drakkar forcing set 5.2 [36]). His-
torical atmospheric concentrations of CO2 are annu-
ally prescribed.

2.2. Macroalgae simulations
Idealised macroalgal simulations are run over five
years (2006–2010) under the same atmospheric for-
cing as the control run. Macroalgal production
occurs within a fixed spatial distribution based on
EEZs (corresponding to 20% of the total ocean sur-
face). Simulated macroalgal production is repres-
ented as the consumption of DIC, analogous to
typical macroalgae, which actively take up seawa-
ter HCO3

− and/or CO2 for photosynthesis [37].
Maximum global net production is prescribed as
0.5 PgC yr−1 (1.8 GtCO2 yr−1), corresponding to
about 10% of maximum CDR requirements in 2050
to achieve <2 ◦C warming [7]. Though this global
macroalgal production is lower than previous studies
(from 3.7 GtCO2 yr−1 [22, 28] to 13.3 GtCO2 yr−1

[29]) and is only applied in EEZs, this value remains
extremely ambitious and represents about 340 times
the cultivated seaweed production in 2019 [38]. The
spatial distribution of macroalgae production was
restricted towaters of EEZs, in regions free of seasonal
sea ice, with a mean sea surface temperature between
0 ◦C and 35 ◦C [39] and an average N:P ratio between
4:1 and 80:1 in the upper 100m.The typicalN:P range
formacroalgae extends from 10:1 to 80:1 [40], but the
lower limit of 4:1 is used to capture areas with known
native macroalgae, as in Froelich et al [14]. Above
100 m, macroalgal production is unconstrained or
limited only by nutrients. Below 100 m, production
is assumed to be entirely light-limited. In total, this
represents an area of 73 million km2, with a mac-
roalgal production rate of 6.72 gCm−2 yr−1, identical
in all grid cells and occurring at everymodel time step
when production is permissible. A global production
rate ten times higher (globally 5 PgC yr−1), was also
used to test the scalability of our results (see supple-
mentary materials (SOM)).

Given a typical macroalgae carbon content of
29.8% dry weight (DW) [41–48], a DW to wet weight
(WW) ratio of 14.34% [45–47], and the defined
area of 73 million km2, macroalgae production of
0.5 PgC yr−1 is equivalent to a net growth rate
of 0.42 gWW m−2 d−1. This is also equivalent to
42 gWWm−2 d−1 distributed homogeneously in 1%
of the EEZ cultivation area, which is in the range
of growth rates for Saccharina latissima, Laminaria
digitata andMacrocystis pyrifera [17, 41, 49].

Two idealised global macroalgal simulations
were performed, (a) hereafter referred to as ‘Geo’,
where the macroalgal production rate (i.e. DIC

Table 1.Macroalgae simulation names, descriptions and the
limitations on macroalgae CDR potential that they assess.

Simulation

Macroalgae
tracer
consumption

Global
macroalgal
production rate

Limitations
on CDR
potential

Geo DIC 0.5 PgC yr−1,
non-limited

Physical and
geochemical

BioGeo DIC, NO3
−,

PO4
3−

0.37 PgC yr−1,
nutrient-limited

Physical,
geochemical,
macrolagae
constraints,
phytoplank-
ton
feedbacks

consumption) is imposed and independent of chan-
ging physical and biogeochemical conditions, and (b)
hereafter referred to as ‘BioGeo’, where themacroalgal
production rate is identical to Geo but in addition to
DIC, NO3

− and PO4
3− are taken up by macroalgae at

a fixed C:N:P ratio of 800:49:1 [50] and production
only occurs if NO3

− and PO4
3− are sufficient (table 1).

It should be noted that simulatedmacroalgae produc-
tion in Geo is therefore more nutrient efficient than
phytoplankton production, which occurs at a fixed
C:N:P stoichiometry of 122:16:1 in PISCES [51]. Dif-
ferences between the Geo and BioGeo simulations
reflect nutrient constraints on macroalgal produc-
tion and biogeochemical feedbacks. Although both
simulations resolve the planktonic community and
its impact on carbon export and air–sea fluxes, mac-
roalgae and phytoplankton production are effectively
independent in the Geo simulation (figure 1). In the
BioGeo simulation, however, macroalgae nutrient
consumption can impact phytoplankton production,
with consequences for zooplankton grazing, organic
matter production and export, and air–sea carbon
fluxes. The absence of macroalgal nutrient limita-
tion in Geo can be alternatively interpreted as an
artificial supply of all required nutrients with no net
carbon emissions associated with this fertilization.
All macroalgae production is considered immedi-
ately harvested and permanently sequestered with
no associated carbon emissions. As such, there is no
remineralization of macroalgal biomass. Our simu-
lations therefore likely represent an upper bound on
macroalgae CDR potential.

The global macroalgal production rate in BioGeo
is estimated, by considering a closed carbon budget.
The total DIC change compared to the control sim-
ulation (∆DIC) is then a combination of the total
carbon removed by macroalgal production (Cma)
and the change in the total carbon exchange with
the atmosphere compared to the control simulation
(∆Cgas,ex): Cma =∆DIC−∆Cgas,ex.

2.3. Carbon dioxide removal (CDR) efficiency
We define CDR efficiency as the simulated
increase in the air–sea carbon flux relative to the
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Figure 1. Interactions resolved in the NEMO-PISCES macroalgae simulations. The Geo and BioGeo simulations both resolve
macroalgae DIC consumption, air sea carbon fluxes, and the planktonic food web. However BioGeo additionally resolves nitrate
and phosphate limitation on macrolgae production, the macroalgal consumption of these nutrients, and the resulting impact on
phytoplankton productivity.

maximum attainable macroalgae carbon produc-
tion given unlimited nutrients (i.e. 0.5 PgC yr−1

or 1.8 GtCO2 yr−1). Thus, 100% efficiency implies
that the maximal macroalgae carbon production is
entirely replaced by the invasion of an equivalent
amount of atmospheric carbon. The CDR efficiency
is thus a combination of the realised macroalgal pro-
duction, phytoplankton feedbacks, and the air–sea
carbon equilibration. Locally, the CDR efficiency is
computed with the mean change in air–sea carbon
flux relative to maximum attainable macroalgae pro-
duction (6.72 gC m−2 yr−1). As with the rest of the
results, we show the CDR efficiency averaged over
2010, the last year of the simulation. This has the
downside of presenting some internal variability but
has the upside of eliminating most of the transient
regime, with the CDR carbon flux approaching its
optimal value. Mean CDR efficiency values over the
simulation duration are provided in the SOM.

3. Results

3.1. Global macroalgal CDR efficiency
In the Geo simulation with an imposed macroalgal
production of 0.5 PgC yr−1, the increase in ocean
carbon uptake from the atmosphere or CDR flux is
0.39 PgC yr−1 (1.43 GtCO2 yr−1) on average in 2010
(figure 2). Physical and geochemical processes, there-
fore, limit the CDR efficiency to 79%, with 21% of
the carbon deficit induced by macroalgal production

not restored by an invasion of atmospheric car-
bon on the timescale of our simulations. Only 56%
(0.22 PgC yr−1) of the total CDR flux (i.e. the addi-
tional air–sea carbon flux) occurs in the regionswhere
macroalgae cultivation is applied, with the rest occur-
ring outside these regions.

In the BioGeo simulation, the CDR flux drops to
0.21 PgC yr−1 (0.77 GtCO2 yr−1) due to phytoplank-
ton feedbacks and macroalgal nutrient constraints
(figure 2). This corresponds to a global CDR effi-
ciency of 43%, relative to the maximum attainable
macroalgae production (0.5 PgC yr−1), or to an inva-
sion of atmospheric carbon balancing 58% of estim-
ated realised macroalgal production. Similar to the
Geo simulation, only 52% (0.11 PgC yr−1) of the
CDR flux occurs in the area of macroalgae cultiv-
ation, with the rest occurring elsewhere. With an
imposedmacroalgae production rate ten times higher
(5 PgC yr−1, see SOM), global CDR efficiencies are
found to be similar.

3.2. Regional disparities in macroalgal CDR
In the Geo simulation, the local CDR flux varies from
0.5 to 5.8 gC m−2 yr−1 (figure 3(a)), even though
we imposed homogenous macroalgal production of
6.72 gC m−2 yr−1. Similarly, macroalgal CDR effi-
ciency varies from 5% to 85% (figure 4(a)). The low-
est CDR fluxes of 0.5–2 gCm−2 yr−1 are found in the
tropics and sub-tropics. These regions also had the
lowest CDR efficiencies, ranging from 10% to 25%.
Higher CDR fluxes of 2–5.5 gC m−2 yr−1 and higher
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Figure 2. Global macroalgal production and the associated increase in the air–sea carbon flux (CDR) in the Geo and BioGeo
simulations. (a) Absolute values of macroalgal production and the enhancement in air–sea carbon flux. (b) CDR flux as a fraction
of realised macroalgal production. Hatched areas indicate the CDR flux that occurs within the EEZ cultivation area. Values are for
the final simulation year (2010). (∗) the realised macroalgal carbon production is estimated in the BioGeo simulation but
imposed in the Geo simulation.

CDR efficiencies, from 50% to 75%, are observed
in upwelling systems, eastern boundary currents, the
South Java Current, the South China Sea, and the
higher latitudes. The North Pacific shows the highest
flux of 5.8 gCm−2 yr−1 and the highest efficiency (up
to 85%).

In the BioGeo simulation, local CDR fluxes range
from −1 to 5.8 gC m2 yr−1 (figure 3(b)) and CDR
efficiencies from −14% to 85% (figure 4(b)), with
certain areas showing a reduction in the air–sea car-
bon flux compared to the control simulation. The
North Pacific, the Southern Ocean, and upwelling
areas show about the same air–sea carbon flux and
CDR efficiency as in the Geo simulation. In con-
trast, lower CDR flux and efficiency is observed in the
IndianOcean, equatorial western Pacific andAtlantic,
Canary Current, and Cape Verde Basin. A reduction
in ocean carbon uptake from the atmosphere of up
to −1 gC m2 yr−1 is induced by macroalgal cultiva-
tion in the South Java Current, in the South Philip-
pine Sea (−0.75 gC m2 yr−1), and in the Caribbean
Sea, Ascension Island, and the Mozambique Chan-
nel (−0.2 to −0.6 gC m2 yr−1). These reductions in
oceanic carbon uptake result in negative CDR effi-
ciencies ranging from −5% to −14%. Large reduc-
tions in CDR efficiency in the BioGeo simulations
occur in the tropics and sub-tropical western oceans,
where themean CDR efficiency is globally reduced by
26%. The greatest reductions, however, occur in the

SouthChina Sea, the South Java Current, theMozam-
bique Channel and, the Canary Islands, where CDR
efficiency declines by 50%–80% (figure 4(c)).

3.3. Macroalgae nutrient feedbacks affect ocean
DIC profiles
At the local scale, macroalgae nutrient limitation,
consumption, and reallocation feedbacks (the differ-
ence between BioGeo and Geo) can (a) not change
the CDR flux (10% of the total cultivation area), (b)
decrease the CDR flux (73% of the area) or (c) reverse
the air–sea carbon flux and cause a net release of
CO2 to the atmosphere compared to the control sim-
ulation (17% of the area) (figure 5(a)). Macroalgae
nutrient limitation, consumption and feedbacks do
not impact the air–sea carbon flux in upwelling sys-
tems, the North Atlantic and Pacific, and the South-
ern Ocean. Those areas demonstrate no difference
between Geo and BioGeo in the DIC vertical pro-
file (figure 5(d)). However, more often, we observe
a decrease in the CDR flux. In these areas, there
is still a mean decrease in surface DIC concentra-
tion in the BioGeo simulation (−0.5 mmol m−3),
but it is less pronounced than in the Geo simula-
tion (−3.2 mmol m−3), with the greatest decreases
in DIC occurring in the subsurface at around 80 m
(figure 5(c)). There is an increase in surface DIC
concentration (1.9 mmol m−3) compared to the con-
trol in the cultivation areas where the representation
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Figure 3. The change in air–sea carbon flux in the (a) Geo and (b) BioGeo simulations (gC m−2 yr−1) relative to the control.
Values are for the final simulation year (2010). The EEZ macroalgae cultivation boundaries are shown as dotted lines.

of nutrient dynamics in the BioGeo simulation results
in outgassing, with the maximum decrease in DIC
occurring at around 110 m (figure 5(b)).

3.4. Impact on ocean acidification and
phytoplankton primary production
The impact of macroalgae production on ocean acid-
ification and phytoplankton primary production was
assessed using the BioGeo simulation that accounts
for macroalgae nutrient limitation, consumption,
and reallocation feedbacks. Macroalgae production
counterbalances ocean acidification, reducing the
partial pressure of CO2 (pCO2) and increasing pH
and the aragonite saturation state. We observe the
greatest increase in pH of 0.014 after 5 years in
the Southern California Current (figure 6(a)). Our
analysis shows an increase of 0.005 per decade in

pH in EEZs, while the coincident ocean acidifica-
tion is about −0.015 per decade in the control. Mac-
roalgae production increases the aragonite saturation
state in EEZs by 0.006 per decade (in the control,
the same regions exhibit a decline of −0.02 per dec-
ade), and the greatest increase of 0.04 is observed in
the Eastern American and African upwelling systems
(figure 6(c)). A decrease in the aragonite saturation
state is observed where pCO2 increases, in the South
Philippine Sea (figure 6(b)).

Macroalgae nutrient consumption reduces depth-
integrated net phytoplankton primary production by
−3.0 gC m−2 yr−1 globally and −7.3 gC m−2 yr−1

on average in EEZs (figure 6(d)). The decrease in
the phytoplankton primary production is greatest
in the eastern tropical Pacific, where it reaches
−37 gC m−2 yr−1 inside the cultivation area, while
it is−42 gC m−2 yr−1 outside cultivation zones.
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Figure 4. Carbon dioxide removal (CDR) efficiency (%) in the (a) Geo and (b) BioGeo simulations in 2010. (c) The difference in
CDR efficiency between Geo and BioGeo is due to macroalgae nutrient limitation and phytoplankton feedbacks.
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Figure 5. The impact of macroalgae nutrient limitation, consumption and feedbacks on (a) the mean CDR flux (BioGeo–Geo)
and the change in DIC vertical profiles in the Geo and BioGeo simulations compared to the control, in areas where the air–sea
flux is (b) reversed, (c) decreased, and (d) unchanged. Errors are the spatial standard deviation. Values are for the final simulation
year (2010).
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Figure 6. Change in the mean surface ocean (a) pH, (b) pCO2, (c) aragonite saturation state and (d) the depth-integrated
phytoplankton NPP, in the BioGeo simulation relative to the control. Values are for the final simulation year (2010). The EEZ
macroalgae cultivation boundaries are shown as dotted lines.

4. Discussion

4.1. Macroalgal CDR efficiency
We modify an ocean biogeochemical model that
couples ocean dynamics, air–sea gas exchange, car-
bonate chemistry, and plankton biology to assess
macroalgal CDR efficiency with unprecedented
resolution for the level of simulated process complex-
ity. Our analysis shows that physical and geochemical
processes limit the present-day global enhancement
of the ocean carbon flux to 79% of the macroal-
gae DIC removal rate (Geo simulation). This 79%
CDR efficiency is in broad agreement with previous
studies that have used a diversity of models, under
different atmospheric conditions and made different
macroalgae growth assumptions. For example, a pre-
scribed DIC removal rate of 1 PgC yr−1 in the upper
200 m of the tropical and subtropical oceans has been
shown to result in amean CDR efficiency of 72% over
100 years [22]. Accounting for the impact of macroal-
gae nutrient reallocation on phytoplankton growth
further reduces CDR efficiency by 21% (BioGeo sim-
ulation). This is within the 7%–50% nutrient realloc-
ation reduction range previously estimated using the
Sargassum Belt [30]. A previous modelling study that
accounts for macroalgal feedbacks on phytoplank-
ton growth estimated the global macroalgae CDR
efficiency to be 75% on multi-centennial timescales
[29].

It has been two decades since it was first shown
that upper ocean DIC deficits induced by simulated
macroalgae production do not fully equilibrate with
the atmosphere due to constraints on air–sea gas
exchange [22, 25]. The longer timescale of the air–sea
equilibrium compared to the residence time of sur-
face seawater [52] allows some of the carbon deficit
to be transported to depth before equilibrating with
the atmosphere. In our simulations 48% of the global
macroalgae-induced DIC deficit is present below the
100 m depth horizon of macroalgae production in
the Geo simulation (figure 5). This increases to 82%
in the BioGeo simulation, where nutrient limitation
deepens the optimum depth of macroalgal produc-
tion and planktonic feedbacks reduce the export of
organic carbon and subsequent remineralization at
depth (see SOM).

4.1.1 Physicochemical constraints
In addition to quantifying global CDR efficiency,
we find that local CDR efficiencies can vary from
5% to 85% due to physicochemical processes alone.
Variable local CDR efficiencies are attributable to a
number of physicochemical processes acting on the
air–sea carbon flux in a grid cell. Using a multiple
linear regression framework, we tested the extent
to which spatial variance in local CDR efficiency
could be explained by surface ocean CO2 solubil-
ity, Revelle factor, vertical and horizontal advection
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in the upper 100 m, seawater age since surface con-
tact in the upper 100 m, and wind speed at 10 m.
To prevent collinearity issues, variable selection was
performed with recursive feature elimination with
cross-validation. The optimal variables selected were
the CO2 solubility and Revelle factor in the surface
ocean, and horizontal advection in the upper 100 m.

4.1.1.a CO2 solubility
Air–sea carbon fluxes are affected by CO2 solubility
[53–55]. In the Geo simulation, we find a positive
relationship between the local CO2 solubility of sur-
face waters and the air–sea carbon uptake induced by
macroalgal production (P < 0.001, see SOM). This
likely explainswhywarmer tropical waters, with lower
CO2 solubility, typically exhibit lower CDR efficiency
than other regions in the Geo simulation.

4.1.1.b Seawater buffering capacity
As we simulate macroalgal production as a loss of
DIC from the water column, the associated change
in pCO2 is affected by seawater buffering capacity.
Other factors being equal, at lower buffer capacities
(i.e. higher Revelle factor), a given decrease in DIC
results in a greater decrease in the aqueous CO2 con-
centration, a greater decrease in seawater pCO2 and
therefore a greater enhancement in the air–sea CO2

flux [56]. In agreement with this, we find a positive
relationship between the local Revelle factor of sur-
face waters and the air–sea carbon uptake induced by
macroalgal production (P < 0.001, see SOM). This is
likely to at least partially explain why the low buffer
capacity waters of the North Pacific exhibit such high
CDR efficiencies (>60% in the Geo simulation).

4.1.1.c Horizontal advection
CDR fluxes are influenced by how long a water par-
cel with a macroalgae-induced carbon deficit is in
contact with the atmosphere. Other factors being
equal, longer surface residence times result in higher
CDR until full equilibration. Transport and mix-
ing of water masses reduce the residence time of
macroalgae-induced pCO2 gradients, limiting CDR.
After accounting for CO2 solubility and the Rev-
elle factor of surface waters, the horizontal advec-
tion velocity averaged over the upper 100 m of the
water column is found to explain additional variance
in local CDR efficiency, with lower CDR in regions
of higher horizontal transport (P < 0.001, see SOM).
This potentially explains why southern Chile, which
has high horizontal current velocities associated with
the Antarctic Circumpolar Current, has lower CDR
efficiency than northern Chile, where horizontal cur-
rent velocities are lower. As local CDR efficiency is
the ratio between maximum potential macroalgae
production and the enhancement in air–sea carbon
flux at the grid cell level, it does not account for
any influence of production on the downstream CDR
flux and is therefore sensitive to horizontal advection.

Vertical advection also reduces the residence time of
macroalgae-induced pCO2 gradients; however, it was
not statistically significant in this study.

4.1.2 Nutrient constraints
In addition to the aforementioned physicochemical
processes, CDR efficiency is also modified by mac-
roalgae nutrient limitation and competition between
macroalgae and phytoplankton for nutrients, as
shown by local differences in Geo and BioGeo CDR
efficiencies (figure 4(c)). Much of the surface ocean
has insufficient nutrient concentrations to sustain
the prescribed macroalgae production rate of the
Geo simulation in the BioGeo simulation. This acts
to shift maximum macroalgae production and con-
sumption, of DIC to the subsurface (figure 5), with
reduced impact on the air–sea pCO2 gradient and less
efficient CDR. The magnitude of this reduction in
CDR efficiency depends on the initial surface ocean
macronutrient concentrations and the turnover time
of depleted nutrients. As such, in contrast to most
of the tropics and subtropics, nutrient-replete high-
latitude regions and upwelling systems can demon-
strate no reduction in CDR efficiencies from the Geo
to BioGeo simulation. The consumption of nutri-
ents by macroalgae can further influence local CDR
efficiencies by reducing phytoplankton primary pro-
duction. In a region where phytoplankton produc-
tion is N or P limited, the consumption of nutri-
ents by macroalgae, either locally or in waters that
are transported into the region, will reduce phyto-
plankton production. Depending on the relative local
magnitude of macroalgae production and the reduc-
tion of phytoplankton production, as well as their
vertical distribution within the water column, this
can enhance surface ocean DIC concentrations and
reduce the local ocean carbon sink relative to the
control, as seen in the West Pacific. Although more
realistic modelling efforts are required, our analysis
highlights Eastern boundary upwelling systems and
regions of the Northeast Pacific and the Southern
Ocean as potentially promising regions for efficient
macroalgae-based CDR with limited phytoplankton
feedbacks.

4.2. Measurement, reporting, and verification
(MRV) challenges
MRV for ocean CDR is a multi-step framework via
which carbon credits can be issued and certified and
will be essential to the financing of any CDRmethod.
Conventional MRV for macroalgae cultivation would
require the amount ofmacroalgae induced CDR to be
measured over a given time period relative to histor-
ical control measurements.

Oceanic transport carries waters out of the EEZ
cultivation area before they are fully re-equilibrated
with the atmosphere. Thus, half of the total CDR
flux occurs outside the macroalgal cultivation areas
(figure 2), highlighting obvious challenges associated
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with assigning carbon credits. It also highlights the
extensive spatial scales over which accurate MRV of
macroalgae CDR will be required. In addition to
the spatial extent of monitoring, quantifying CDR
from changes in the ocean CO2 system is likely to
be challenging due to relatively high natural variab-
ility, particularly in the more dynamic coastal ocean
regions that are more favourable for deployment.
Our simulations further highlight how ocean circu-
lation may limit the attribution of a DIC deficit (or
enhanced air–sea carbon flux) to a specificmacroalgal
afforestation project.MRVofmacroalgae-based CDR
is therefore likely to rely on the use of tracers of
water mass residence time, ocean circulation, and
gas exchange coupled with calibrated and validated
numerical simulations.

4.3. Caveats
While our idealized simulations highlight biogeo-
physical limits on macroalgae CDR potential, mul-
tiple factors with the capacity to influence our results
are either unaddressed within our model framework
or could be further refined. Longer simulations of
our high-resolution ocean biogeochemical model are
constrained by its computational cost but are likely to
influence our results. Indeed, themacroalgal-induced
air–sea carbon flux increases over our 5 year simula-
tions and has not stabilized by the final year. Non-
etheless our finding of CDR efficiencies substantially
below 100% is in agreement with longer simulations
of lower resolution models [22, 29].

Although a sensible initial approach, our rep-
resentation of macroalgae growth as vertically uni-
form DIC consumption in the upper 100 m of the
water column, where nitrate, phosphate and light
are non-limiting, is unrealistic. Explicit representa-
tion of macroalgae, where growth rates are time vary-
ing and dependent on temperature, light and nutri-
ent availability has the potential to influence our
estimates of CDR efficiency. Refinement of the bio-
logical realism of simulations should further consider
multiple macroalgae species with distinct life his-
tory traits and representation of macroalgae canopy
shading and direct macroalgae-phytoplankton nutri-
ent competition [57]. Post-growth pathways of mac-
roalgal organic carbon should also be explicitly con-
sidered. Our assumption thatmacroalgae is harvested
at no carbon cost is clearly unrealistic, and if macroal-
gae carbon is to be sequestered in situ through some
form of transport to the deep ocean then potential
remineralization pathways should be represented.

Finally, our use of an ocean biogeochemical
model forced by near surface atmospheric fields
including prescribed CO2 concentrations neglects
potential feedbacks within the Earth system which
could further limit macroalgal CDR potential. Spe-
cifically, this framework fails to account for poten-
tial radiative warming due to macroalgae-induced
increases in surface albedo [30] and neglects the

impact of CDR-driven reductions in atmospheric
CO2 concentrations on the terrestrial biosphere [29].

5. Conclusion

We demonstrate in idealized high-resolution ocean
biogeochemical model simulations that physico-
chemical constraints limit the global efficiency of
macroalgae CDR to an upper bound of 79% of
the macroalgae carbon production rate. This CDR
efficiency decreases to an upper bound of 58%
when macroalgae are unfertilised and nutrient con-
straints on production and planktonic feedbacks are
considered, indicating that failing to account for
the impact of macroalgae nutrient consumption on
phytoplankton production leads to an overestim-
ation of the efficiency of macroalgae-based CDR.
At regional scales, CDR efficiency is widely vari-
able, with macroalgae production even resulting in
a reduction in the ocean carbon sink in certain
regions. Of the 73 million km2 suitable for mac-
roalgal culture in our simulations, only 0.3 mil-
lion km2 exhibit a local CDR efficiency greater than
80%, highlighting the critical choice of cultivation
location. We found Eastern boundary upwelling sys-
tems and regions of the Northeast Pacific and the
Southern Ocean as potentially promising regions
for efficient macroalgae-based CDR. Our analysis
further indicates that half of the enhanced air–sea
carbon flux occurs outside macroalgae cultivation
areas, potentially hindering the monitoring and veri-
fication of CDR that any real-world deployment
is likely to require. Under the magnitude of mac-
roalgae production rates considered here, we find
limited potential for ocean acidification co-benefits
and often substantial reductions in phytoplankton
primary production which could impact wild food
webs.
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