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Ocean afforestation is a potentially effective
way to remove carbon dioxide
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Ocean afforestation has been proposed as a potentialmeans of carbon
dioxide (CO2) removal (CDR). However, a recent paper1 concludes that
the efficacy of ocean afforestationmay be reduced by 20–100% due to
two biogeochemical feedbacks: calcification by epibionts and nutrient
reallocation, it also suggests that atmospheric CO2 influx into the
surface seawater, after CO2 fixation by Sargassum, takes 2.5–18 times
longer than the time that surface seawater is in contact with the
atmosphere.Here, we argue that thesefindingswere technically biased
due to utilization of selective data and evidence, and the conclusion
drawn is thus insufficiently supported and maybe misleading. We
support that thorough evaluations are essential before implementing
any large-scale ocean-based CDR methods to avoid major negative
consequences2, and ocean afforestation as ameans of CDR is also such
a case.

Calcification
The calcification feedback argues that CO2 production due to the
formation of carbonate shells attached to the surfaceof Sargassum can
cancel most of the photosynthetic uptake of CO2. However, we point
out that the calcification feedback is overestimated for the following
four reasons.

Firstly, it is overestimated by including an outlier of the ratios of
particulate inorganic carbon (PIC) to wet biomass weight. We ran a
statistic test on the 13 ratios reported by Pestana3 using Matlab’s iso-
utlier function with the method of “median” and “quartiles”. Both
methods identify the highest ratio of 21.4% as an outlier. Indeed,
Pestana3 described the sample as “one exceptional sample” and
excluded it in their analyses. The highest compensation effect of 57% is
based on this outlier1. Given it being removed, the calcification com-
pensation effect is decreased to 17.2% (6.6–34.8%). Furthermore, a
recent study finds that calcareous epibiont content made up on
average 2.09% (0.94–3.00%) of the wet weight of Sargassum collected
fromfloating rafts near the eastern coastline ofQuintanaRoo,Mexico4.
The new measurements conducted on Sargassum that travelled
through the Great Atlantic Sargassum Belt (GASB), the same region

studied by ref. 1, are therefore more relevant than the samples col-
lected in another region3. If the new ratios were used, the compensa-
tion effect would be further reduced to 3.1% (1.3–4.5%).

Secondly, it is overestimated by ignoring the contribution of
dissolved organic carbon (DOC) released by Sargassum. To test the
calcification feedback, one should take into account all forms of
organic carbon production including DOC, particulate organic carbon
(POC), and small/suspended POC (sPOC), because the production of
DOC and sPOC absorbs CO2 in exactly the sameway as POCdoes. Bach
et al.1 point out thatDOCproductionexceededPOCbuildup in the year
2018. However, they exclude its contribution by arguing that only a
small fraction of DOC can survive remineralization for more than 20
years. This lifetime estimate is based on phytoplankton DOC5. A recent
study6 suggests that a higher fraction (56–78%) of DOC released by
Sargassum horneri is resistant to biological break-down. About 33% of
DOC flux derived frommacroalgae can be exported below the surface
mixed layer and contribute to carbon sequestration7. If we take DOC
export into account and use DOC:POC ratio (~0.33 × 1 Mt DOC
[assuming a 33% export rate] compared to 0.81 Mt POC) during 2018
GASB, the calcification compensation effect will be further reduced to
0.9–3.2% (0.9–24.7% if Pestana data were included). Bach et al.1 did not
consider contributions from DOC due to the challenges associated
with monitoring this carbon pool. We disagree because being difficult
to estimate does not mean that they can be disregarded.

Thirdly, it is overestimated by missing the avenue for carbon
sequestration conducted by the export of sPOC, which are released
during tissue fragmentation and breakage due to wave action and
thallus decay. However, to our knowledge, sPOC production by Sar-
gassum has yet to be determined. For cultivated kelp8, another brown
seaweed, the sPOC can be 61% higher than harvested POC. If we
assume that these two brown seaweeds share some similarities, sPOC
production by Sargassum could be substantial. sPOC can be trans-
ported to the deep ocean via “particle injection pump”, and can be
sequestered for decades to centuries9. Taking this into account, the
calcification offset becomes negligible.
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Furthermore, Bach et al.1 argue that the influx of atmospheric CO2

into surface water after CO2 fixation by Sargassum takes 2.5–18 times
longer than CO2-deficient water remaining in contact with the atmo-
sphere. However, this calculation was based on the behavior of phy-
toplankton that is distributed in the mixed layer and absorbs CO2 at
depth given light is available. The mixed layer depth, the key para-
meter in the calculation, of 10–100m is only applicable to phyto-
plankton and not to seaweeds that float at the top few meters. In any
case, a coupled carbon cycle model should be used to conduct the
calculation instead of the back-of-the-envelope calculation.

Nutrient reallocation
The nutrient reallocation feedback mentions that if nutrients are not
consumed by Sargassum, they would go to phytoplankton which is
supposed to have lower PIC:POC ratios compared to Sargassum.
However, it is clear that naturally occurring Sargassum blooms are not
a suitable analogue for purposeful ocean afforestation, because one
cannot expect any significantmacroalgal growth in the openoceandue
to micro- and macro-nutrient limitations, implying that the limiting
nutrient iron inHNLC regions, ormacronutrientsN andP in subtropical
gyres, will have to be provided artificially for ocean afforestation.

Ideally, in a fully operating aquafarm system nutrients can be
recycled after harvesting and post-processing for biomethane pro-
duction via anaerobic digestion10. The recycled nutrients will on one
side alleviate nutrient limitation of Sargassum, on the other side will
stimulate local primary production and enhance carbon export by
phytoplankton. For CDR approaches it would be indeed desired that it
is seaweed instead of phytoplankton that takes up the carbon and the
nutrients due to its high carbon to nutrient ratio, larger size, faster
sinking velocity, and more resistance to remineralization than
phytoplankton.

Even if the nutrient reallocation effect is considered, the PIC
compensation effect by phytoplankton is underestimated by picking a
low PIC:POC ratio (0.01) for phytoplankton11, 12. Here their argument is
that the nutrient reallocation decreases POC formation by phyto-
plankton as well as their PIC formation and thus CO2 production so
that the “saved” amount of CO2 should be added to the theoretical
CDR. However, values of PIC: POC are highly variable, and they range
from 0.01 to 0.07 for the (sub)tropical Atlantic Ocean in their cited
references. Other studies have detected an even higher basin mean
ratio of 0.23–0.2413, ten times higher than that of Sargassum
(0.02–0.07 from ref. 4). Since phytoplankton has similar or even
higher ratios of PIC:POC, nutrient reallocation to Sargassum is favor-
able for CDR given the reasons stated above.

Conclusions
Taken together, the conclusion of the paper that the two biogeo-
chemical feedbacks reduce CDR efficacy of Sargassum by 20–100% is
inaccurate and therefore misleading. However, we reiterate that
research on ocean-based CDR is far frombeing enough and large-scale
implementationneeds careful evaluation.Ocean afforestation is oneof
the several potential ocean-based CDR approaches that need to be
assessed and evaluated in terms of efficacy and environmental impact.
And the evaluation should be carried out in a fair and balanced
manner.

Data availability
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Code availability
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