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There is growing interest in extending seaweed farming into 
oceanic waters. In this study, we use the term ocean afforesta-
tion, defined as ‘carbon dioxide removal through basin-scale 

seaweed farming in the open ocean’1 and based on ‘forests of mac-
roalgae (kelp and other seaweed)’2. We consider this distinct from 
other purposeful occupation of the open ocean with coastal mac-
roalgae, such as macroalgal cultivation3. However, many of the 
potential negative effects we discuss below could also apply in these 
scenarios. The goal is to expand the ‘marine real estate’ of coastal 
seaweed stocks used for blue carbon beyond the relatively narrow 
nearshore zone4,5. In doing so, proponents of ocean afforestation 
assert that marine carbon dioxide removal (CDR) can be enhanced 
to contribute substantially to the ‘negative emissions’ needed to 
limit warming to <2 °C (refs. 6–8). The growing interest in ocean 
afforestation is probably linked to a resurgence in exploring marine 
CDR approaches after the 2015 Paris Conference of the Parties 
21 (https://ec.europa.eu/clima/events/articles/0107_en), at which 
negative emissions were considered, along with emission reduction, 
necessary to restrict warming to <2 °C. This revived debate into 
a climatic role for marine CDR has been further catalysed by the 
Intergovernmental Panel on Climate Change 1.5 °C special report9 
and Working Group 1 report10, which reinforced that both emission 
reduction and CDR are essential.

More than 20 marine CDR approaches have been proposed; all 
have major knowledge gaps centring on major uncertainties around 
both side effects and the quantification of their efficacy for carbon 
sequestration (defined by the Group of Experts on the Scientific 
Aspects of Marine Environmental Protection Working Group 41 
(ref. 11) in Annex 4 as ‘The secure storage of a substance. In the case 
of sequestration of CO2, this is generally taken to mean secure stor-
age for a minimum of 100 years’). Our viewpoint in this Perspective is 

that we must balance the urgent need to seek and explore all options 
into approaches to CDR11 with the need to provide a rigorous scien-
tific assessment of each approach, thus better informing the wider 
debate on the eventual deployment of the most promising methods12.

The focus of marine CDR approaches has been on the science 
and technology needed to develop CDR of sufficient magnitude 
(gigaton(s) of CO2) and timescales (multiple decades). However, rel-
atively little effort has been made to assess the potential side effects 
of marine CDR11. Only a few studies have targeted physico-chemical 
feedbacks from marine CDR, including the inadvertent release of 
other potent greenhouse gases after ocean iron fertilization (OIF)13. 
Even less scrutiny has been accorded to the potential effects of 
marine CDR on ocean ecology14. Given the growing importance 
of the oceans to global food security (United Nations sustainable 
development goals (SDGs))15,16, more focus on the ecological effects 
of marine CDR is essential given the likelihood that perturbation of 
large ocean regions will be needed by marine CDR methods to help 
to limit warming11.

Marine CDR approaches
In an ecological context, marine CDR approaches have been divided 
into two broad categories14, in which manipulation of ocean prop-
erties results in either direct or indirect perturbation of offshore 
ecosystems (Box 1). A marine CDR technique such as OIF is a 
prominent example of a direct ecological perturbation as it requires 
purposeful alteration of the composition of endemic species within 
offshore ecosystems to succeed (that is, a shift from small to large 
resident oceanic phytoplankton to enhance the sinking flux of car-
bon to the oceans’ interior17) (Box 1b). Examples of indirect eco-
logical perturbations include ocean alkalinity enhancement (OAE) 
since it must alter ocean carbonate chemistry, not ecology, to 
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remove atmospheric CO2 (Box 1a). However, the alteration of ocean 
chemistry may cause inadvertent alteration of offshore ecosystems 
due to side effects such as stimulation of other endemic phytoplank-
ton groups, for example, calcifiers18.

In both examples, OIF and OAE are designed to enhance or 
accelerate rates of open ocean processes such as downward export 
of carbon or enhanced chemical carbon sequestration via alka-
linity, along with increasing their areal extent onto large-enough 
scales to result in substantial marine CDR. For example, iron sup-
ply limits the rate of primary production in one-third of the global 
ocean19, so that OIF would enhance primary productivity and alter 
phytoplankton community structure, which would probably boost 
export flux. OAE aims to speed up cycles of geochemical weathering 
(thereby enhancing alkalinity) associated with the riverine run-off 
that is widespread around coastlines20.

In contrast to the two categories introduced in Box 1a,b, ocean 
afforestation differs fundamentally, in an ecological context, 
because it seeks, at basin scales, to populate what some proponents 
refer to as ‘ocean deserts’ (https://www.theintrepidfoundation.
org/t/seaweed-regeneration) with coastal macroalgae attached to 
free-drifting platforms. The planned transformation of ocean des-
erts is without precedent for any proposed marine CDR because it 
introduces coastal macroalgae and associated nearshore microbes, 
flora and benthic fauna to offshore waters at scale (Box 1c). Thus, 

ocean afforestation cannot be viewed simply as an offshore exten-
sion of a ‘nature-based solution’ (that is, blue carbon21) as it is a 
fundamental alteration of oceanic communities with a coastal 
assemblage (Box 1c). A major unknown is whether this third eco-
logical category could result in the establishment of new hybrid eco-
systems offshore.

This offshore translocation of nearshore biota has many implica-
tions for the integrity of oceanic ecosystems. To date, there has been 
limited discussion about how such a major offshore vector for mac-
roalgae and their associated biota22–24 might impact offshore food 
webs. This Perspective delves into wide-ranging ecological issues 
potentially linked to ocean afforestation that to date have received 
little attention across a wide range of viewpoints on the potential of 
ocean afforestation as a viable marine CDR approach25 (also com-
pare with Krause-Jensen and Duarte26). We advocate that improved 
understanding of the individual and cumulative influence of these 
many unknowns on oceanic biosecurity must be built into pilots 
and trials of ocean afforestation with the same rigour and emphasis 
as those needed to test the detection and attribution of CDR27 or 
physicochemical side effects.

Projecting offshore trajectories of macroalgae
Ocean afforestation requires free-drifting macroalgae to be over 
deep water28,29 (Fig. 1a) to permit purposeful sinking and hence 

Box 1 | Examples of three distinct ecological categories for marine CDR methods

Two initial categories, inadvertent and purposeful ecological ef-
fects, cover many marine CDR approaches, based on the frame-
work in Russell et al.14. In the first ecological category14, there is an 
inadvertent reshuffling of the community structure of the resident 
phytoplankton due to the indirect effects of OAE but one that is 
not a prerequisite for the success of OAE. OAE is characterized 
as ‘CDR (geochemical)’11 as it relies on enhanced chemical se-
questration of CO2 driven by accelerated weathering of carbon-
ate or silicate minerals. In Box 1a, purposeful addition of these 
minerals alters the upper oceans’ carbonate chemistry resulting in 
conditions that may favour calcifying resident phytoplankton over 
non-calcifiers18. Box 1b provides an example of the other category, 
which is based on the need to purposefully alter ecosystem struc-
ture to modify its function in the ocean carbon cycle. In the case 
of OIF, characterized as ‘CDR (biology)’11, the supply of iron to the 
ocean results in a floristic shift from the dominant small resident 
phytoplankton (picophytoplankton and nanophytoplankton) to 
a bloom of the rarer (iron-stressed) larger resident diatoms. This 
shift alters the ecological function from a low downward export, 
high recycling community to a high export, low recycling system 
that is required to boost marine CDR17.

By contrast, ocean afforestation does not fit within either of 
these two ecological categories as it requires purposeful occupation 
of offshore waters with rafts of coastally derived macroalgae (and 
their associated organisms denoted by the magnifying glass 
symbol over the macroalgal blade), as only they have sufficient 
depth to result in successful carbon sequestration needed for this 
marine CDR approach (Box 1c). The planned offshore occupation 
will be transient as the macroalgal rafts are designed to be made 
of biodegradable materials that will enable their sinking after 
6–8 months of growth. However, this time in the open ocean is 
sufficient to both alter oceanic properties and have an impact on 
the resident biota (for example, the phytoplankton denoted by the 
magnifying glass) within offshore ecosystems. Furthermore, it is 
likely that as such ocean afforestation ventures move towards full 
deployment, the offshore ocean will become increasingly congested 
with macroalgal rafts from different consortia for much of the 

annual cycle, resulting in no respite from occupation of offshore 
waters. Thus, even in the formulation of pilot studies, the issue 
of the scale dependency of side effects resulting from full-scale 
deployment needs careful consideration via ‘fore-sighting’90. 
Therefore, such planned occupation of offshore waters will result 
in a third ecological category and raises broader issues around the 
role of macroalgae as a ‘nature-based’ solution.
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carbon sequestration. Based on information from proponents, rafts 
(made from biodegradable materials, with pressure sensors to assess 
their ultimate fate) will initially be seeded with microscopic sporo-
phyte stages of a coastal species such as sugar kelp. The macroalgal 
rafts on their offshore trajectory will have a projected 6–8 month 
growth season in the North Atlantic29. Macroalgae will probably be 
biofouled during their six-month passage offshore22 and will carry 
an associated suite of ‘passenger’ organisms both attached (epibi-
onts30) and free-living22. Hence, the assemblage being transferred 
offshore will be complex and probably result in additional ecologi-
cal ramifications for open ocean ecosystems.

Furthermore, macroalgae will also transport their microbiome 
offshore31,32, with unknowns about how associated onshore–off-
shore physicochemical and biological gradients will influence and/
or interact with their resident microbes (their microbiome com-
prises heterotrophic and photosynthetic bacteria and viruses31,33,34). 
To explore the extent of the offshore trajectories of this coastal 
assemblage, we used a physical oceanographic modelling approach. 
Using the surface velocity output from a high-resolution ocean 
model, we seeded virtual kelp rafts at two sites at the surface of the 
North Atlantic Ocean and tracked the dispersion of these virtual 
rafts over the course of a growth season. Figure 1a presents the 
macroalgal dispersal scenarios from two hypothetical sites in the 
North Atlantic as suggested by proponents29. Together, the scenarios 
provide insights into the timescales of the purposeful occupation of 
the open ocean by macroalgae (Fig. 1b) along with projections, over 
time, of their density per km2 offshore (Fig. 1c).

Simulated trajectories showed that macroalgae in a high- 
dispersion scenario have a net displacement of >2,000 km over 
8 months (spring to autumn), spreading across the deep North 
Atlantic Ocean (Fig. 1a). Dispersion is initially rapid, with an average 
displacement of approximately 1,000 km within 30 d of seeding, and 
slows thereafter (Fig. 1b). Macroalgae seeded in a lower-dispersion 
coastal regime were displaced approximately 500 km on average 
within 8 months but there was wide-ranging dispersal with some 
particles remaining close to the seeding location throughout. Maps 
of density of virtual particles per km2 (where each particle approxi-
mates a macroalgal raft or microfarm28,29) show that while densi-
ties were generally quite low (and depended on the initial seeding 
density), after four months particle density remained relatively high 
along the main dispersion pathways. After eight months of growth, 
dispersion led to lower particle densities, with the highest densities 
observed between 55° W and 30° W and in several bands near coast-
lines and islands (Fig. 1a).

These illustrative simulations are instructive since they reveal the 
scale of purposeful colonization of offshore waters by afforestation 
as far as the mid-Atlantic (Fig. 1a,b). They show the heterogeneity 
of macroalgal dispersion also evident from satellite imagery of the 
Great Atlantic Sargassum Belt (GASB) observed to recur for over 
a decade35. The GASB is a useful basin-scale demonstration of the 
influence of ocean currents on the distribution of free-drifting natu-
ral rafts of floating Sargassum36.

The time series of simulated dispersal (density of macroalgae 
per km2; Fig. 1c) raises a series of issues. First, the density of rafts 
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Fig. 1 | Model simulations to explore the potential offshore dispersal and distributions of coastal macroalgae. Seaweed will be purposefully added under 
the planned ocean afforestation pilot studies28,29. a, Virtual particle trajectories (free-drifting) represent macroalgal rafts and their density (rafts per km2) 
for an eight-month growing season after release in March 2013 for high-dispersion (orange, coastal Gulf Stream site) and low-dispersion (green, site 
further north) regimes. The initial particle release locations are shown in red; the coloured map represents the sea floor topography and the black contour 
indicates the 2,000-m isobath. Note that the virtual particles mimic macroalgae floating at the oceans’ surface (analogous to the GASB), not slightly 
subsurface on rafts as has been proposed. b, A plot of displacement versus time. Mean (solid lines) ± 1 s.d. (shaded area) of net displacement of virtual 
particles over time in the days since release for high (orange trajectories, centred on 36° N, 74° W) and low dispersion (green trajectories, centred on 
42.5° N, 68.5° W) regimes in a. c, Map of the number of virtual particles per km2 in each 0.5° latitude by 0.5° longitude bins (top), at the initial time of 
particle seeding after 120 d (middle) and after 240 d (bottom). Details of the model simulations are provided in the Supplementary Information.
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after 4 and 8 months suggests that oceanic side effects (detailed 
below under direct and indirect effects) will be very limited, that is, 
<1/100 km2. However, due to many unknowns about planned seed-
ing strategies, the density (400 particles, added daily for 30 d) we 
selected was arbitrary. Second, the density of macroalgae will set 
both the magnitude of carbon sequestration and the potential for 
ecological side effects. A high carbon sequestration potential is the 
desired outcome of marine CDR11 with ramifications for the magni-
tudes of associated side effects.

Coastal imprint on oceanic properties
The macroalgal influence on offshore ecosystems is twofold:  
(1) indirect ecological effects centred on the alteration of oce-
anic properties including the release of dissolved organic carbon 
(DOC) and volatile organic compounds (VOCs); (2) direct effects 
with ramifications for the structure and functioning of the resident 
(termed ‘native’ in invasion ecology) community. For example, 
chemical ecology (allelopathy) can drive competition between the 
occupying (termed ‘adventive’ in invasion ecology) macroalgae and 
native oceanic phytoplankton. We commenced by exploring the 
indirect ecological effects.

Indirect ecological effects. Much of the open ocean is an oligo-
trophic nutrient-poor region with intense competition for nitrogen 
(N) and phosphorus (P) by native phytoplankton, such that nutrient 
supply is driven by rapid recycling37 or alternative strategies includ-
ing N fixation38. Nutrient distributions reveal that both N and P are 
present at the nanomolar range (>1 to <100) over the low latitude 
ocean37. Brown seaweed takes up nitrate (at 5 µM ambient concen-
tration) at 1–5 µmol g−1 dry weight h−1 (tissue N = approximately 
1–2.5% dry weight) and phosphate (at 1 µM ambient concentration) 
at 0.1–0.2 µmol g−1 dry weight h−1 (tissue P = approximately 0.3% 
dry weight)39–41. However, these measurements were made with 
induced water flow at an unspecified rate relative to the seaweed, 
which increases the diffusive flux of solutes to the seaweed surface 
by decreasing the thickness of the diffusion boundary layer (DBL); 
the rate could well have been greater than the difference in speed of 
algal rafts and that of surrounding water, decreasing the nitrate and 
phosphate uptake rates42.

The purposeful occupation of offshore waters by coastal mac-
roalgae, with relatively high N and P requirements (although no 
data are available on their uptake rates at nanomolar concentra-
tions) would probably exacerbate the uptake of nutrient stocks (see 
the model simulations43), which are projected to decrease further 
with climate change due to increased seawater density stratifica-
tion44. In addition, the rapid microbial recycling of N and P over 
hours to days in offshore waters37 would probably be hindered by 
longer-term (months) N and P retention within the macroalgal 
biomass45. Nutrient limitation driven by decreased upper ocean 
inventories43, and lower rates of recycling, may cause wide-ranging 
outcomes including altered phytoplankton community structure46, 
increased susceptibility to ocean warming for phytoplankton47, 
reduced phytoplankton productivity1,44 and/or altered nutrient 
stoichiometry48. Proposals for purposeful upwelling, for example, 
using fabricated ‘ocean pipes’ to enhance nutrient supply to resident 
phytoplankton in oligotrophic waters, could potentially be applied 
to macroalgae49, with pilot projects emerging (https://www.climate-
foundation.org/overview.html). However, artificial upwelling adds 
additional complexities to the ecological impacts of ocean afforesta-
tion as it also upwells higher-CO2 waters50,51.

Ocean afforestation will also influence DOC dynamics. Oceanic 
phytoplankton exude DOC as a strategy to release photosynthate 
during periods of nutrient limitation52. DOC release rates are 
typically intercompared between species using the metric per-
centage extracellular release (PER), that is, dissolved organic C 
release/dissolved organic release plus total particulate organic C53. 

Phytoplankton PER ranges from 2 to 50%52 owing to multifaceted 
passive and active controls on exudation including environmental 
stress54. Macroalgal DOC release is also driven by multiple strategies 
including tissue fragmentation, stoichiometric overflow and herbiv-
ory deterrence55. A 1–39% range of PER56,57 has been reported for 
macroalgae including Sargassum58 for multiple reasons as for phy-
toplankton. For example, altered nutrient availability may increase 
PER55. Given the wide range of PER estimates above, and unknowns 
regarding how many macroalgal rafts will be released by proponents 
(Fig. 1), it is problematic to quantify how much macroalgal DOC 
could be released into offshore waters. The key driver of cumula-
tive algal DOC release will be oceanic nutrient budgets, which set 
the magnitude of carbon fixation. Thus, the magnitude of DOC 
release is unlikely to change, unless there are major differences in 
PER between these algae, a major unknown for macroalgae under 
oligotrophic oceanic conditions.

Purposeful macroalgal colonization will also affect DOC qual-
ity. Few studies have partitioned the biochemical characteristics 
of DOC beyond demarcation of labile/recalcitrant/refractory 
but they revealed wide-ranging biochemicals59. Also, macroal-
gae release more coloured dissolved organic matter (DOM) than 
phytoplankton; coloured DOM composition is more labile than 
phytoplankton-derived coloured DOM60. In particular, high 
amounts of coloured DOM can be released by brown seaweed61, 
including species being considered for ocean afforestation28,29. It 
is likely that the composition of the labile DOC released by mac-
roalgae has implications for resident ocean microbes (Fig. 2). These 
include stimulation and inhibition of heterotrophic microbes (that 
is, due to more or less labile DOC62) and alteration of bacterial 
community structure (different DOC quality). Another unknown 
centres on changes to DOC exudation rates of macroalgae driven 
by the transition from nearshore to offshore environmental gradi-
ents (in pH, nutrients, optical clarity and photochemistry/bleach-
ing55) as they drift offshore. For example, transitions towards 
warmer waters are reported to alter the biochemistry of DOC 
released by macroalgae with consequent detrimental effects on  
marine life63.

Proposed offshore transport of arrays of free-drifting macroal-
gae, depending on their deployment depth, could increase the sur-
face oceans’ reflectance1; the release by macroalgae of VOCs (Fig. 2) 
will impact particle nucleation in the lower atmosphere and cloud 
dynamics and incoming solar radiation64. The underwater light 
spectrum may also be influenced by the release of coloured DOM, 
including phlorotannins. These potential changes have implications 
for both reradiation of light into space and for reducing incoming 
radiation (and its spectral characteristics) for the underlying phy-
toplankton communities (Fig. 2). Such alteration of the light cli-
mate will also influence the penetration of incoming short-wave 
radiation into surface waters65,66, such that heat is differentially dis-
tributed through the water column when incoming radiation is cap-
tured by seaweed residing near the surface. This altered distribution 
of short-wave radiation may impact the temperature and stratifica-
tion of the upper ocean67 and thus influence the vertical mixing of 
nutrients.

Macroalgal attenuation of underwater light fields (see the model 
simulations43) may influence the position (at depth), thickness and 
ecological functioning of the deep chlorophyll maximum (DCM) 
(Fig. 2), which comprises a stratified community of photosynthetic 
picoprokaryotes and eukaryotes68. Such shading under macroal-
gal rafts has parallels, with the roles reversed, in the coastal ocean 
where nutrient loading leads to phytoplankton blooms that shade 
benthic macroalgae resulting in decreased macroalgal growth 
rates69. Offshore, macroalga-mediated shading effects may also have 
ramifications at depth (that is, >100 m) on resident vertical migra-
tors such as mesozooplankton70. There may be consequent ecologi-
cal effects on deep-ocean communities (mesopelagic and benthic) 
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by altered food supply from above, driven by nutrients fuelling mac-
roalgal rather than phytoplankton growth.

These potential imprints resulting from ocean afforestation are 
scale-dependent; thus, the full extent of the influence of macroal-
gal occupation on nutrient inventories, DOC dynamics or under-
water light climate may not be apparent during any proposed 
pilot study (Fig. 1c). There is also evidence, from large-scale ana-
logues of marine CDR approaches, of non-linear effects after the 
upscaling of oceanic perturbations71. Hence, the number of arrays  
per km2 needed to drive substantial C sequestration (that is, 
full-scale deployment, not pilot studies) will set both the alteration 
of the offshore environment and the influence of direct effects of 
ocean afforestation on open ocean ecosystems.

Direct ecological effects. Direct effects include the competition 
between macroalgae and phytoplankton for key resources includ-
ing light and nutrients that can result in both groups deploying 
chemical ecological strategies termed allelopathy72. For example, 
allelochemicals released by coastal macroalgae caused an inhibition 
of toxic dinoflagellate growth73. Such competition, driven by bio-
chemically mediated inhibition of growth, is commonly observed 
in modified environments such as eutrophic estuaries74. The release 
of allelochemicals is a putative mechanism that macroalgae use to 
minimize the overlying shading by phytoplankton blooms fuelled 
by eutrophication75. In offshore environments, phytoplankton 
groups can outcompete others through allelopathy76.

In addition to the indirect effects of ocean afforestation on nutri-
ent stocks, there are inherent physiological differences between 
the nutrient acquisition strategies used by macroalgae and phyto-
plankton often linked to size and driven by surface area-to-volume 
ratios77. Phytoplankton can take up N more rapidly, per unit bio-
mass, than macroalgae regardless of substrate concentration77. 
Furthermore, the DBLs of macroalgae42 make them poor competi-
tors for scarce nutrients with native small oceanic phytoplankton 
such as Prochlorococcus and Ostreococcus. The DBLs around sea-
weed blades will probably be even thicker in the open ocean as sea-
weed will be grown on drifting rafts, so the relative velocity at their 
surface will be reduced compared to seaweed growing on moored 
lines in coastal aquaculture systems or natural seaweed beds where 
they are anchored to rock surfaces78. The potential reduction of 
water movement through the canopy may further reduce their abil-
ity to take up nutrients (Fig. 1a). Furthermore, macroalgae exhibit 
little evidence for associative diazotrophy79 and have no mecha-
nisms for periodic vertical migration to obtain resources from 
the nutricline as observed for phytoplankton such as Ethmodiscus  
or Rhizosolenia80.

Macroalgae will carry additional marine life with them as they 
are transported offshore, both within their microbiome (viruses and 
heterotrophic bacteria31, cyanobacteria34 or encrusting, attached 
and mobile epibionts22,30). Furthermore, they may also have asso-
ciated free-living biota that drift alongside within their canopy23,24. 
In addition to adventive macroalgae, these groups of associated 
organisms may interact with the native biota in offshore waters. The 
microbiome associated with macroalgae is complex with diverse 
communities of heterotrophic bacteria33, along with viruses, fungi 
and protozoa81, which contribute to the complex interactions with 
the macroalgae. There is evidence that both microbial interactions81 
and environmental factors such as the availability of exuded DOC 
influence heterotrophic bacterial dynamics33. A further confound-
ing factor in the context of ocean afforestation is that there is a 
very limited understanding of the functioning of the microbiome 
in cultivated macroalgae32, which will probably be used for farmed 
macroalgal arrays28,29. A major risk associated with ocean affor-
estation is for the offshore transfer of microorganisms associated 
with macroalgae. An open question is how easy or difficult it is for 
coastal microorganisms to establish in the open ocean82 and what 
will be the ecological effects on native communities and native oce-
anic food webs. Purposeful biological invasions have seldom been 
marine ecological successes (Table 1).

Macroalgae carry epifauna including mobile and attached inver-
tebrates, with 1,200 species having been identified on drifting sea-
weed; these ‘passengers’ remain viable for multiple generations22,83. 
As such, macroalgal rafts, regardless of their densities offshore, 
may act as vectors of dispersal for shallow-water communities. 
Table 1 presents illustrative examples from other offshore disper-
sal and transport mechanisms that have had widespread effects for 
offshore and trans-basin biogeography and biosecurity. Examples 
include communities associated with plastics and other marine 
debris and species’ climate velocities driven by alteration of ocean 
properties (climate change and radiative dispersal). For example, 
rafts largely formed by plastic litter carry a wide range of species 
such as barnacles, bivalves, gastropods, polychaetes and bryozoans, 
some of which are non-native and invasive84. Similar examples of 
long-distance dispersal and transport of biota come from the con-
sequences of tsunamis and from the interplay of ocean physical 
circulation with warming oceanic regions and poleward expansion 
of habitat (Table 1), with the introduction of boreal species having 
implications for ecosystem structure and function and socioecol-
ogy in the Arctic Ocean. It is clear from the examples in Table 1 
that many unknowns exist, with wider ramifications for the struc-
ture and functioning of oceanic ecosystems. These offshore regions, 
portrayed as ‘deserts’ by proponents of ocean afforestation, drive 

DCM

DOC

Microbes

Allelopathy Nutrient 
removal

VOC release

Closer to shore Further away from shore

Fig. 2 | Schematic illustrating the potential ecological consequences of 
the offshore transport and dispersal of macroalgal rafts. These effects 
will take place during the purposeful multimonth occupation of open ocean 
waters28,29. Ocean afforestation side effects may have direct and indirect 
influences on offshore food webs. Direct effects include allelopathy (that is, 
chemical ecological competition between macroalgae and microalgae73,74 
(green cells), represented simplistically by a chemical hazard symbol) 
and coastal microbial colonization of oceanic waters originating from the 
macroalgal biome (denoted by the stippled disc symbol). Indirect effects 
include alteration of seawater properties (nutrient removal), release of 
macroalgal DOC (impacts on oceanic microbes) and VOCs (cloud symbol), 
altered light climate (reflectance)1 and underwater light penetration. 
Research into the implications of VOC release for lower atmosphere 
processes is in its infancy64 and represents a major unknown1. Reduced light 
penetration in the water column due to shading from macroalgal rafts43 
may impact the location and functioning of the DCM, denoted by the green 
subsurface layer, deepening offshore due to a higher density of macroalgal 
rafts (more underwater shading). The DCM is a subsurface niche set jointly 
by underwater irradiance levels and subsurface nutrient supply.
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half of global primary productivity44 and underpin important fish-
eries, including fast-swimming pelagics such as tuna (table 3 and  
figure 6 in ref. 85).

Other examples from Table 1 of offshore or trans-basin disper-
sal include the 2011 emergence of the GASB, thought to be driven 
partially by agricultural nutrient run-off from the Amazon35. 
Preliminary findings86 suggest that Sargassum communities asso-
ciated with the GASB are less diverse than those long-established 
in the Sargasso Sea. There is also emerging evidence of the heavy 
metal content of Sargassum in the GASB with unknowns about 
its fate during decomposition87. These unknowns call into ques-
tion the assertion from some advocates for ocean afforestation that 
offshore macroalgae provide co-benefits such as foraging grounds 
for fish larvae2,88. At the trans-basin scale, ballast water is also a 
well-known vector for long-distance dispersal of harmful (that is, 
toxic) phytoplankton species and for invasive species including the 
kelp Undaria (Table 1). Ballast water also serves as a useful illustra-
tive example of how measures have been introduced to curtail the  
effects of dispersal89.

Metrics for testing ecological side effects
To conclude, we outlined some metrics that are essential to pro-
vide assessment of the ecological implications of occupation of off-
shore waters during preliminary trials of ocean afforestation. These 
checks and balances should include targeted measurements to bet-
ter understand the ramifications of inadvertent transfer of associ-
ated microbes and nearshore flora and fauna offshore, exploration 
of the potential for adventive macroalgae to use allelopathy to com-
pete with native microalgae for scarce offshore nutrients and the 
influence of alteration of oceanic waters (DOC, VOCs and water 
column shading) on offshore biota.

All potential side effects, whether direct or indirect, will be 
scale-dependent, with their magnitude dependent on the density 
at which macroalgal rafts are deployed (Fig. 1c). This scale depen-
dency cannot be tested using small-scale trials and therefore needs 
models that consider the relevant ecological processes (that is, 
models that are fit for purpose). Such modelling should adopt a 

fore-sighting approach to “look well beyond a pilot study, so as to 
uncover the characteristics of the subsequent suite of more advanced 
and upscaled experiments with respect to efficacy, side-effects, and 
detection and attribution”90, as it is likely that many side effects 
would not be evident during the initial trials (Fig. 1c). In the ocean, 
upscaling of afforestation will probably be incremental with several 
proponents being operational. Each may have conducted small-scale 
trials consistent with their individual deployment scale. However, all 
proponents in combination may reach a scale of ocean afforestation 
for which none have planned to test. Furthermore, such carry-over 
effects may only become conspicuous after upscaling a pilot study 
to full deployment by one or more proponents. Thus, a key danger 
in upscaling is that some effects only become conspicuous long after 
the initial trials, with major issues for the development of adaptive 
governance. Hence, modelling should tackle the central issue of 
placing bounds on the critical relationship between the density of 
macroalgal rafts (Fig. 1c), the CDR potential and the magnitude of 
potential ecological side effects.

Modelling must be accompanied by a suite of laboratory and 
field testing to gather fundamental information on wide-ranging 
unknowns (Fig. 2) using laboratory and enclosed field incubations 
(mesocosms). Some environmental impacts can be assessed under 
laboratory conditions, for example, DOC release or nutrient uptake 
requirements at low nutrient concentrations. Mechanistic under-
standing acquired in laboratory studies can provide input into mod-
els to make them fit for purpose. Other effects such as allelopathic 
interactions or VOC production will require larger-scale mesocosm 
experiments. In addition, fundamental research is required for other 
issues such as DOC quality and the make-up of the microbiome. 
Mesocosm manipulation experiments may be needed to explore how 
DOC release, nutrient requirements and the microbiome respond to 
changes in environmental conditions due to the movement to off-
shore conditions (such as more optically clear oceanic waters).

Conclusion
A combination of previous examples of the threats posed by other 
offshore dispersive vectors and the wide range of unknowns around 

Table 1 | Examples of side effects driven by offshore transport and their ramifications for open ocean biosecurity

Vector observations Side effects and ramifications Refs.

Drifting kelp arrays—passive rafting Kelp, which were reproductively viable, and 
associated biota (‘invertebrate passengers’) 
washed up on the Antarctic continent.

Surface-drifting kelp, helped by storms, 
can penetrate the Polar Front and disperse 
poleward being washed up on the Antarctic 
continent.

22–24

Marine anthropogenic litter—passive 
rafting with ‘aquaculture-related 
passengers’

Aquaculture-related, non-native, invasive species 
attached to anthropogenic litter items.

These species are well adapted to rafting on 
artificial surfaces and have a high potential 
to disperse via this vector.

84,93

Transoceanic dispersal of organisms 
associated with debris

Japanese tsunami marine debris, including 
mussels.

Shifts in biogeography of invasive species. 94–96

Climate change radiative dispersal Dispersal of boreal organisms into polar species 
habitat.

Physical regime permits poleward advection 
(much less evident for the Southern Ocean 
due to presence of the polar front).

97

GASB Beached macroalgae, including microbiome, 
attached epibionts and other fauna.

Altered nearshore and littoral ecosystems; 
associated transboundary effects; ocean 
carbonate chemistry (alkalinity); altered 
species associations.

1

Ballast water Dispersal of toxic dinoflagellates and also 
some macroalgae such as Undaria. Microscopic 
gametophyte stages (ballast waters) or hull 
attachment (macroscopic sporophyte or 
microscopic gametophytes).

Harmful algal blooms and colonization of 
adventive macroalgae.

89,98–100

Mechanisms include dispersal of biota, including naturally occurring rafts of macroalgae, and biological invasions mediated by changing ocean conditions.
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the consequences of offshore ocean afforestation for ocean biota 
points to the need to rigorously investigate the wide-ranging direct 
and indirect potential side effects detailed above. The confound-
ing issue of scale dependency, as this ocean afforestation is scaled 
up from pilot studies to deployment, means that a combination of 
modelling (at full deployment scales), laboratory assays and off-
shore surveys will be required to holistically assess environmental 
risks across many scales. Assessment of the risk of major large-scale 
detrimental effects to the structure and functioning of offshore eco-
systems is probably of equal importance as that of the efficacy of 
the CDR27 with regard to seeking social licence for ocean afforesta-
tion. Any unforeseen detrimental effects on food security due to 
the inadvertent restructuring of offshore ecosystems is indicative 
of the need to carefully map the multiple usage of the ocean com-
mons91. Such ocean-scale marine spatial planning is a key step as 
we move towards a growing range of anthropogenic pressures on 
Earth, reflected by the concept of planetary boundaries92, including 
climate change and food insecurity, and the need for United Nations 
SDGs to address these pressing issues15,16.

Received: 22 September 2021; Accepted: 3 March 2022;  
Published: xx xx xxxx

References
 1. Bach, L. T. et al. Testing the climate intervention potential of ocean 

afforestation using the Great Atlantic Sargassum Belt. Nat. Commun. 12, 
2556 (2021).

 2. N‘Yeurt, A. D. R., Chynoweth, D. P., Capron, M. E., Stewart, J. R. & Hasan, 
M. A. Negative carbon via ocean afforestation. Process Saf. Environ. Prot. 
90, 467–474 (2012).

 3. Duarte, C. M., Bruhn, A. & Krause-Jensen, D. A seaweed aquaculture 
imperative to meet global sustainability targets. Nat. Sustain. 5,  
185–193 (2022).

 4. Woody, T. Seaweed ‘forests’ can help fight climate change. National 
Geographic https://www.nationalgeographic.co.uk/environment-and- 
conservation/2019/08/seaweed-forests-can-help-fight-climate-change (2019).

 5. Godin, M. The ocean farmers trying to save the world with seaweed. Time 
https://time.com/5848994/seaweed-climate-change-solution/ (2020).

 6. Marshall, M. Kelp is coming: how seaweed could prevent catastrophic 
climate change. New Scientist https://www.newscientist.com/article/ 
mg24632821-100-kelp-is-coming-how-seaweed-could-prevent-catastrophic- 
climate-change/ (2020).

 7. Bever, F. ‘Run the oil industry in reverse’: fighting climate change by 
farming kelp. NPR https://www.npr.org/2021/03/01/970670565/run-the-oil- 
industry-in-reverse-fighting-climate-change-by-farming-kelp (2021).

 8. Running Tide. https://www.runningtide.com/ (2022).
 9. IPCC: Summary for Policymakers. In Global Warming of 1.5 °C  

(eds Masson-Delmotte, V. et al.) (WMO, 2018).
 10. IPCC: Summary for Policymakers. In Climate Change 2021: The Physical 

Science Basis (eds Masson-Delmotte, V. et al.) (Cambridge Univ. Press)  
(in the press).

 11. GESAMP. High Level Review of a Wide Range of Proposed Marine 
Geoengineering Techniques (eds Boyd, P. W. & Vivian, C. M. G.) GESAMP 
Working Group 41 (International Maritime Organization, 2019).

 12. Boyd, P. & Vivian, C. Should we fertilize oceans or seed clouds? No one 
knows. Nature 570, 155–157 (2019).

 13. Law, C. S. Predicting and monitoring the impact of large-scale iron 
fertilisation on marine trace gas emissions. Mar. Ecol. Prog. Ser. 364, 
283–288 (2008).

 14. Russell, L. M. et al. Ecosystem impacts of geoengineering: a review for 
developing a science plan. Ambio 41, 350–369 (2012).

 15. Costello, C., Fries, L. & Gaines, S. Transformational opportunities  
in ocean-based food & nutrition. Zenodo https://zenodo.org/record/ 
4646319#.YkBFxhPMLAw (2021).

 16. Jouffray, J.-B., Blasiak, R., Norström, A. V., Österblom, H. & Nyström, M. 
The blue acceleration: the trajectory of human expansion into the ocean. 
One Earth 2, 43–54 (2020).

 17. Cullen, J. J. & Boyd, P. W. Predicting and verifying the intended and 
uninterested consequence of large-scale iron fertilization. Mar. Ecol. Prog. 
Ser. 364, 295–301 (2008).

 18. Bach, L. T., Gill, S. J., Rickaby, R. E. M., Gore, S. & Renforth, P. CO2 
removal with enhanced weathering and ocean alkalinity enhancement: 
potential risks and co-benefits for marine pelagic ecosystems. Front. Clim. 
https://doi.org/10.3389/fclim.2019.00007 (2019).

 19. Moore, C. M. et al. Processes and patterns of oceanic nutrient limitation. 
Nat. Geosci. 6, 701–710 (2013).

 20. Suchet, P. A., Probst, J.-L. & Ludwig, L. Worldwide distribution of 
continental rock lithology: implications for the atmospheric/soil CO2 uptake 
by continental weathering and alkalinity river transport to the oceans.  
Glob. Biogeochem. Cycles 17, 1038 (2003).

 21. Macreadie, P. I. et al. The future of blue carbon science. Nat. Commun. 10, 
3998 (2019).

 22. Fraser, C. I., Nikula, R. & Waters, J. M. Oceanic rafting by a coastal 
community. Proc. Biol. Sci. 278, 649–655 (2011).

 23. Fraser, C. I., Davies, I. D., Bryant, D. & Waters, J. M. How disturbance and 
dispersal influence intraspecific structure. J. Ecol. 106, 1298–1306 (2018).

 24. Fraser, C. I. et al. Antarctica’s ecological isolation will be broken by 
storm-driven dispersal and warming. Nat. Clim. Change 8, 704–708 (2018).

 25. Chung, I. K., Beardall, J., Mehta, S., Sahoo, D. & Stojkovic, S. Using marine 
macroalgae for carbon sequestration: a critical appraisal. J. Appl. Phycol. 23, 
877–886 (2011).

 26. Krause-Jensen, D. & Duarte, C. M. Substantial role of macroalgae in marine 
carbon sequestration. Nat. Geosci. 9, 737–742 (2016).

 27. Hurd, C. L. et al. Forensic carbon accounting: assessing the role of seaweeds 
for carbon sequestration. J. Phycol., https://doi.org/10.1111/jpy.13249 (2022).

 28. Stripe commits $8M to six new carbon removal companies. Stripe https:// 
stripe.com/newsroom/news/spring-21-carbon-removal-purchases (2021).

 29. General application. Stripe https://github.com/stripe/carbon-removal- 
source-materials/blob/master/Project%20Applications/Spring2021/ 
Running%20Tide%20-%20Stripe%20Spring21%20CDR%20Purchase 
%20Application.pdf (2021).

 30. Coston-Clements, L. Utilization of the Sargassum Habitat by Marine 
Invertebrates and Vertebrates: a Review. NOAA Technical Memorandum 
NMFS-SEFSC, 296 (U.S. Department of Commerce, National Oceanic and 
Atmospheric Administration, National Marine Fisheries Service, Southeast 
Fisheries Science Center & Beaufort Laboratory, 1991).

 31. Egan, S. et al. The seaweed holobiont: understanding seaweed–bacteria 
interactions. FEMS Microbiol. Rev. 37, 462–476 (2013).

 32. Califano, G., Kwantes, M., Abreu, M. H., Costa, R. & Wichard, T. 
Cultivating the macroalgal holobiont: effects of integrated multi-trophic 
aquaculture on the microbiome of Ulva rigida (Chlorophyta)Front. Mar. Sci. 
7, 52 (2020).

 33. Selvarajan, R. et al. Distribution, interaction and functional profiles of 
epiphytic bacterial communities from the rocky intertidal seaweeds,  
South Africa. Sci. Rep. 9, 19835 (2019).

 34. Bonthond, G. et al. The role of host promiscuity in the invasion process of 
a seaweed holobiont. ISME J. 15, 1668–1679 (2021).

 35. Wang, M. et al. The great Atlantic Sargassum belt. Science 365,  
83–87 (2019).

 36. Johns, E. M. et al. The establishment of a pelagic Sargassum population in 
the tropical Atlantic: biological consequences of a basin-scale long distance 
dispersal event. Prog. Oceanogr. 182, 102269 (2020).

 37. Martiny, A. C. et al. Biogeochemical controls of surface ocean phosphate. 
Sci. Adv. 5, eaax0341 (2019).

 38. Zehr, J. P. & Capone, D. G. Changing perspectives in marine nitrogen 
fixation. Science 368, eaay9514 (2020).

 39. Harrison, P. J., Druehl, L. D., Lloyd, K. E. & Thompson, P. A. Nitrogen 
uptake kinetics in three year-classes of Laminaria groenlandica 
(Laminariales: Phaeophyta). Mar. Biol. 93, 29–35 (1986).

 40. Hurd, C. L. & Dring, M. L. Phosphate uptake by intertidal algae in relation 
to zonation and season. Mar. Biol. 107, 281–289 (1990).

 41. Ohtake, M. et al. Growth and nutrient uptake characteristics of Sargassum 
macrocarpum cultivated with phosphorus-replete wastewater. Aquat. Bot. 
163, 103208 (2020).

 42. MacFarlane, J. J. & Raven, J. A. C, N and P nutrition of Lemanea mamillosa 
Kütz. (Batrachospermales, Rhodophyta) in the Dighty Burn, Angus, U.K. 
Plant Cell Environ. 13, 1–13 (1990).

 43. Wu, J., Keller, D. P. & Oschlies, A. Carbon dioxide removal via macroalgae 
open-ocean mariculture and sinking: an Earth system modeling study. 
Preprint at Earth System Dynamics Discuss https://doi.org/10.5194/ 
esd-2021-104 (2022).

 44. Kwiatkowski, L. et al. Twenty-first century ocean warming, acidification, 
deoxygenation, and upper-ocean nutrient and primary production decline 
from CMIP6 model projections. Biogeosciences 17, 3439–3470 (2020).

 45. Chapman, A. R. O. & Craigie, J. S. Seasonal growth in Laminaria 
longicruris: relations with dissolved inorganic nutrients and internal 
reserves of nitrogen. Mar. Biol. 40, 197–205 (1977).

 46. Dutkiewicz, S., Scott, J. R. & Follows, M. J. Winners and losers: ecological 
and biogeochemical changes in a warming ocean. Glob. Biogeochem. Cycles 
27, 463–477 (2013).

 47. Thomas, M. K. et al. Temperature–nutrient interactions exacerbate 
sensitivity to warming in phytoplankton. Glob. Change Biol. 2,  
3269–3280 (2017).

NATuRE ECoLogy & EVoLuTioN | www.nature.com/natecolevol

https://www.nationalgeographic.co.uk/environment-and-conservation/2019/08/seaweed-forests-can-help-fight-climate-change
https://www.nationalgeographic.co.uk/environment-and-conservation/2019/08/seaweed-forests-can-help-fight-climate-change
https://time.com/5848994/seaweed-climate-change-solution/
https://www.newscientist.com/article/mg24632821-100-kelp-is-coming-how-seaweed-could-prevent-catastrophic-climate-change/
https://www.newscientist.com/article/mg24632821-100-kelp-is-coming-how-seaweed-could-prevent-catastrophic-climate-change/
https://www.newscientist.com/article/mg24632821-100-kelp-is-coming-how-seaweed-could-prevent-catastrophic-climate-change/
https://www.npr.org/2021/03/01/970670565/run-the-oil-industry-in-reverse-fighting-climate-change-by-farming-kelp
https://www.npr.org/2021/03/01/970670565/run-the-oil-industry-in-reverse-fighting-climate-change-by-farming-kelp
https://www.runningtide.com/
https://zenodo.org/record/4646319#.YkBFxhPMLAw
https://zenodo.org/record/4646319#.YkBFxhPMLAw
https://doi.org/10.3389/fclim.2019.00007
https://doi.org/10.1111/jpy.13249
https://stripe.com/newsroom/news/spring-21-carbon-removal-purchases
https://stripe.com/newsroom/news/spring-21-carbon-removal-purchases
https://github.com/stripe/carbon-removal-source-materials/blob/master/Project%20Applications/Spring2021/Running%20Tide%20-%20Stripe%20Spring21%20CDR%20Purchase%20Application.pdf
https://github.com/stripe/carbon-removal-source-materials/blob/master/Project%20Applications/Spring2021/Running%20Tide%20-%20Stripe%20Spring21%20CDR%20Purchase%20Application.pdf
https://github.com/stripe/carbon-removal-source-materials/blob/master/Project%20Applications/Spring2021/Running%20Tide%20-%20Stripe%20Spring21%20CDR%20Purchase%20Application.pdf
https://github.com/stripe/carbon-removal-source-materials/blob/master/Project%20Applications/Spring2021/Running%20Tide%20-%20Stripe%20Spring21%20CDR%20Purchase%20Application.pdf
https://doi.org/10.5194/esd-2021-104
https://doi.org/10.5194/esd-2021-104
http://www.nature.com/natecolevol


PersPective Nature ecology & evolutioN

 48. Lapointe, B. E. et al. Nutrient content and stoichiometry of pelagic 
Sargassum reflects increasing nitrogen availability in the Atlantic Basin.  
Nat. Commun. 12, 3060 (2021).

 49. Fan, W. et al. A sea trial of enhancing carbon removal from Chinese coastal 
waters by stimulating seaweed cultivation through artificial upwelling.  
Appl. Ocean Res. 101, 102260 (2020).

 50. Karl, D. M. & Letelier, R. M. Nitrogen fixation-enhanced carbon 
sequestration in low nitrate, low chlorophyll seascapes. Mar. Ecol. Prog. Ser. 
364, 257–268 (2008).

 51. Oschlies, A. S., Pahlow, M., Yool, A. & Matear, R. Climate engineering by 
artificial ocean upwelling: channelling the sorcerer’s apprentice. Geophys. 
Res. Lett. 37, L04701 (2010).

 52. Thornton, D. C. O. Dissolved organic matter (DOM) release by 
phytoplankton in the contemporary and future ocean. Eur. J. Phycol. 49, 
20–46 (2014).

 53. Morán, X. A. G., Sebastián, M., Pedrós-Alió, C. & Estrada, M. Response of 
Southern Ocean phytoplankton and bacterioplankton production to 
short-term experimental warming. Limnol. Oceanogr. 51, 1791–1800 (2006).

 54. Marañón, E., Cermeño, P., Fernández, E., Rodríguez, J. & Zabala, L. 
Significance and mechanisms of photosynthetic production of dissolved 
organic carbon in a coastal eutrophic ecosystem. Limnol. Oceanogr. 49, 
1652–1666 (2004).

 55. Paine, E. R., Schmid, M., Boyd, P. W., Diaz-Pulido, G. & Hurd, C. L. Rate 
and fate of dissolved organic carbon release by seaweeds: a missing link in 
the coastal ocean carbon cycle. J. Phycol. 57, 1375–1391 (2021).

 56. Brylinsky, M. Release of dissolved organic matter by some marine 
macrophytes. Mar. Biol. 39, 213–220 (1977).

 57. Sieburth, J. M. Studies on algal substances in the sea. III. The production of 
extracellular organic matter by littoral marine algae. J. Exp. Mar. Biol. Ecol. 
3, 290–309 (1969).

 58. Hanson, R. B. Pelagic Sargassum community metabolism: carbon and 
nitrogen. J. Exp. Mar. Biol. Ecol. 29, 107–118 (1977).

 59. Zark, M., Riebesell, U. & Dittmar, T. Effects of ocean acidification on 
marine dissolved organic matter are not detectable over the succession of 
phytoplankton blooms. Sci. Adv. 1, e1500531 (2015).

 60. Zhang, Y., Liu, X., Wang, M. & Qin, B. Compositional differences of 
chromophoric dissolved organic matter derived from phytoplankton and 
macrophytes. Org. Geochem. 55, 26–37 (2013).

 61. Hulatt, C. J., Thomas, D. N., Bowers, D. G., Norman, L. & Zhang, C. 
Exudation and decomposition of chromophoric dissolved organic matter 
(CDOM) from some temperate macroalgae. Estuar. Coast. Shelf Sci. 84, 
147–153 (2009).

 62. Liu, S., Trevathan-Tackett, S. M., Ewers Lewis, C. J., Huang, X. & 
Macreadie, P. I. Macroalgal blooms trigger the breakdown of seagrass blue 
carbon. Environ. Sci. Technol. 54, 14750–14760 (2020).

 63. Vieira, H. C. et al. Ocean warming may enhance biochemical alterations 
induced by an invasive seaweed exudate in the mussel Mytilus 
galloprovincialis. Toxics 9, 121 (2021).

 64. Brooks, S. D. & Thornton, D. C. O. Marine aerosols and clouds. Ann. Rev. 
Mar. Sci. 10, 289–313 (2018).

 65. Lewis, M. R., Carr, M.-E., Feldman, G. C., Esaias, W. & McClain, C. 
Influence of penetrating solar radiation on the heat budget of the equatorial 
Pacific Ocean. Nature 347, 543–545 (1990).

 66. Morel, A. Optical modeling of the upper ocean in relation to its biogenous 
matter content (case-I waters). J. Geophys. Res. 93, 10749–10768 (1988).

 67. Park, J.-Y., Kug, J.-S., Bader, J., Rolph, R. & Kwon, M. Amplified Arctic 
warming by phytoplankton under greenhouse warming. Proc. Natl Acad. 
Sci. USA 112, 5921–5926 (2015).

 68. Denaro, G. et al. Dynamics of two picophytoplankton groups in 
Mediterranean Sea: analysis of the deep chlorophyll maximum by a 
stochastic advection-reaction-diffusion model. PLoS ONE 8, e66765 (2013).

 69. Kavanaugh, M. T. et al. Experimental assessment of the effects of shade on 
an intertidal kelp: do phytoplankton blooms inhibit growth of open-coast 
macroalgae? Limnol. Oceanogr. 54, 276–288 (2009).

 70. Omand, M. M., Steinberg, D. K. & Stamies, K. Cloud shadows drive vertical 
migrations of deep-dwelling marine life. Proc. Natl Acad. Sci. USA 118, 
e2022977118 (2021).

 71. Bach, L. T. & Boyd, P. W. Seeking natural analogs to fast-forward the 
assessment of marine CO2 removal. Proc. Natl Acad. Sci. USA 118, 
e2106147118 (2021).

 72. van Donk, E. & van de Bund, W. J. Impact of submerged macrophytes 
including charophytes on phyto- and zooplankton communities: allelopathy 
versus other mechanisms. Aquat. Bot. 72, 261–274 (2002).

 73. Jin, Q., Dong, S. & Wang, C. Allelopathic growth inhibition of 
Prorocentrum micans (Dinophyta) by Ulva pertusa and Ulva linza 
(Chlorophyta) in laboratory cultures. Eur. J. Phycol. 40, 31–37 (2005).

 74. Wallace, R. B. & Gobler, C. J.Factors controlling blooms of microalgae  
and macroalgae (Ulva rigida) in a eutrophic, urban estuary: Jamaica Bay, 
NY, USA. Estuaries Coast 38, 519–533 (2015).

 75. Tang, Y. Z. & Gobler, C. J. The green macroalga, Ulva lactuca, inhibits the 
growth of seven common harmful algal bloom species via allelopathy. 
Harmful Algae 10, 480–488 (2011).

 76. Cagle, S. E., Roelke, D. L. & Muhl, R. W. Allelopathy and micropredation 
paradigms reconcile with system stoichiometry. Ecosphere 12,  
e03372 (2021).

 77. Hein, M., Pedersen, M. F. & Sand-Jensen, K. Size-dependent  
nitrogen uptake in micro- and macroalgae. Mar. Ecol. Prog. Ser. 118, 
247–253 (1995).

 78. Stevens, C. L., Hurd, C. L. & Smith, M. J. Water motion relative to subtidal 
kelp fronds. Limnol. Oceanogr. 46, 668–678 (2001).

 79. Raut, Y., Morando, M. & Capone, D. G. Diazotrophic macroalgal 
associations with living and decomposing Sargassum. Front. Microbiol. 9, 
3127 (2018).

 80. Villareal, T. A., Woods, S., Moore, J. K. & CulverRymsza, K.  
Vertical migration of Rhizosolenia mats and their significance to  
NO3

− fluxes in the central North Pacific gyre. J. Plankton Res. 18, 
1103–1121 (1996).

 81. Gachon, C. M. M., Sime-Ngando, T., Strittmatter, M., Chambouvet, A. & 
Kim, G. H. Algal diseases: spotlight on a black box. Trends Plant Sci. 15, 
633–640 (2010).

 82. Sánchez-Baracaldo, P., Bianchini, G., Wilson, J. D. & Knoll, A. H. 
Cyanobacteria and biogeochemical cycles through Earth history. Trends 
Microbiol. 30, 143–157 (2022).

 83. Thiel, M. & Gutow, L. in Oceanography and Marine Biology: an  
Annual Review Vol. 43 (eds Gibson, R. et al.) 279–418 (Taylor &  
Francis, 2005).

 84. Rech, S., Borrell Pichs, Y. J. & García-Vazquez, E. Anthropogenic marine 
litter composition in coastal areas may be a predictor of potentially invasive 
rafting fauna. PLoS ONE 13, e0191859 (2018).

 85. Food and Agriculture Organization (FAO) of the United Nations.  
The State of World Fisheries and Aquaculture 2020: Sustainability in Action 
(FAO, 2020).

 86. Schell, J. M., Goodwin, D. S. & Siuda, A. N. S. Recent Sargassum 
inundation events in the Caribbean: shipboard observations  
reveal dominance of a previously rare form. Oceanography 28,  
8–10 (2015).

 87. Rodríguez-Martínez, R. E. et al. Element concentrations in pelagic 
Sargassum along the Mexican Caribbean coast in 2018–2019. Peer J. 8, 
e8667 (2020).

 88. Flannery, T. How farming giant seaweed can feed fish and fix the climate. 
The Conversation Trust https://theconversation.com/how-farming- 
giant-seaweed-can-feed-fish-and-fix-the-climate-81761 (2017).

 89. GESAMP. Methodology for the Evaluation of Ballast Water Management 
Systems Using Active Substances. GESAMP No. 101 (eds Linders, J. &  
Dock, A.) (International Maritime Organization, 2019).

 90. Lenton, A., Boyd, P. W., Thatcher, M. & Emmerson, K. M. Foresight must 
guide geoengineering research and development. Nat. Clim. Change 9,  
342 (2019).

 91. Sumaila, U. R. Financing a sustainable ocean economy. Nat. Commun. 12, 
3259 (2021).

 92. Rockström, J. et al. Planetary boundaries: exploring the safe operating space 
for humanity. Ecol. Soc. 14, 32 (2009).

 93. Rech, S., Salmina, S., Borrell Pichs, Y. J. & García-Vazquez, E. Dispersal of 
alien invasive species on anthropogenic litter from European mariculture 
areas. Mar. Pollut. Bull. 131, 10–16 (2018).

 94. Therriault, T. W. et al. The invasion risk of species associated with Japanese 
tsunami marine debris in Pacific North America and Hawaii. Mar. Pollut. 
Bull. 132, 82–89 (2018).

 95. Miller, J. A., Carlton, J. T., Chapman, J. W., Geller, J. B. & Ruiz, G. M. 
Transoceanic dispersal of the mussel Mytilus galloprovincialis on Japanese 
tsunami marine debris: an approach for evaluating rafting of a coastal 
species at sea. Mar. Pollut. Bull. 132, 60–69 (2018).

 96. Carlton, J. T. et al. Tsunami-driven rafting: transoceanic species  
dispersal and implications for marine biogeography. Science 357,  
1402–1406 (2017).

 97. Hunt, G. L. Jr et al. Advection in polar and sub-polar environments: 
impacts on high latitude marine ecosystems. Prog. Oceanogr. 149,  
40–81 (2016).

 98. Hallegraeff, G. M. & Bolch, C. J. Transport of dinoflagellate cysts in ship’s 
ballast water: implications for plankton biogeography and aquaculture.  
J. Plankton Res. 14, 1067–1084 (1992).

 99. Russell, L. K., Hepburn, C. D., Hurd, C. L. & Stuart, M. D. The expanding 
range of Undaria pinnatifida in southern New Zealand: distribution, 
dispersal mechanisms and the invasion of wave-exposed environments.  
Biol. Invasions 10, 103–115 (2008).

 100. Uwai, S. et al. Genetic diversity in Undaria pinnatifida (Laminariales, 
Phaeophyceae) deduced from mitochondria genes—origins and succession 
of introduced populations. Phycologia 45, 687–695 (2006).

NATuRE ECoLogy & EVoLuTioN | www.nature.com/natecolevol

https://theconversation.com/how-farming-giant-seaweed-can-feed-fish-and-fix-the-climate-81761
https://theconversation.com/how-farming-giant-seaweed-can-feed-fish-and-fix-the-climate-81761
http://www.nature.com/natecolevol


PersPectiveNature ecology & evolutioN

Acknowledgements
This study was funded by the Australian Research Council by Future Fellowship no. 
FT200100846 (to L.T.B.) and Laureate Fellowship no. FL160100131 (to P.W.B.).

Author contributions
P.W.B., L.T.B., C.L.H., E.P., J.A.R. and V.T. discussed the topics included within this 
perspective and the selection of display items. P.W.B. wrote the first draft based on 
contributions from all authors. Subsequent drafts were reviewed by P.W.B., L.T.B., C.L.H., 
E.P., J.A.R. and V.T. V.T. designed and performed the dispersion modelling analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41559-022-01722-1.

Correspondence should be addressed to Philip W. Boyd.

Peer review information Nature Ecology & Evolution thanks Annette Bruhn  
and the other, anonymous, reviewer(s) for their contribution to the peer review  
of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© Springer Nature Limited 2022

NATuRE ECoLogy & EVoLuTioN | www.nature.com/natecolevol

https://doi.org/10.1038/s41559-022-01722-1
http://www.nature.com/reprints
http://www.nature.com/natecolevol

	Potential negative effects of ocean afforestation on offshore ecosystems
	Marine CDR approaches
	Examples of three distinct ecological categories for marine CDR methods

	Projecting offshore trajectories of macroalgae
	Coastal imprint on oceanic properties
	Indirect ecological effects. 
	Direct ecological effects. 

	Metrics for testing ecological side effects
	Conclusion
	Acknowledgements
	Fig. 1 Model simulations to explore the potential offshore dispersal and distributions of coastal macroalgae.
	Fig. 2 Schematic illustrating the potential ecological consequences of the offshore transport and dispersal of macroalgal rafts.
	Table 1 Examples of side effects driven by offshore transport and their ramifications for open ocean biosecurity.




