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Abstract: Seaweeds play essential ecological and bio-
geochemical roles and support important industrial
applications. Sustaining natural populations of seaweeds
under climate change while simultaneously putting sea-
weeds to use in climate solutions requires that we weave
together disparate lines of inquiry—the ecological and the
industrial—to create a more holistic perspective and inte-
grated research agenda. Innovation in the use of seaweeds
must be more than aspirational—it requires evidence of
effectiveness in the short term, and a promise to sustain
nature and people in the long term.
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Seaweeds have emerged at the fore of conversations
around global ocean change and climate solutions. These
conversations, and the research that underpins them, take
fundamentally different forms. The first focuses on the
response of seaweeds to climate-associated stressors,
especially warming, and includes changes in seaweed
distribution and abundance, habitat compression and loss,
wholesale community change, biological invasion, and
loss of associated resources and services. This perspective
is largely ecological, and from this perspective, seaweeds
tend to be viewed as casualties of climate change.

The second perspective focuses on seaweeds as con-
tributors to climate solutions. This includes the use of
seaweeds to help mitigate climate-associated changes
through carbon capture and storage, livestock feed pro-
duction, and biofuel production, among others. This per-
spective tends to take an applied industrial view in which
seaweeds offer valuable tools for mitigation and adapta-
tion to climate change.
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Seaweed ecologists and those focused on industrial
applications of seaweeds traditionally have occupied dif-
ferent professional spheres, typically pursuing different
research agendas, publishing in different journals, and
attending different conferences, thereby creating barriers
to integration between the two groups. In this short essay I
argue that a more integrated approach in which diverse
expertise is brought to bear on an array of climate-
associated risks and solutions is likely to provide more
benefit to nature and society than are the somewhat siloed
approaches that have commonly existed.

A litany of recent papers describes changes to seaweed
communities caused by the direct effects of climate change
(e.g., Martinez et al. 2018; Smale 2020; Wernberg et al. 2016).
A range of macroalgal taxa has been shown to respond to
warming temperatures in ways that affect their geographic
distribution and ecological roles, in many cases leading to
species extirpation (e.g., Smale and Wernberg 2013; Wern-
berg et al. 2011). Particular focus has been placed on the
response of kelps to warming temperatures. For example,
sharp declines in kelp biomass associated with decadal-
scale warming have been reported in the North Atlantic
(Filbee-Dexter et al. 2016), consistent with declines reported
from Australia (Wernberg et al. 2013) and elsewhere (Eger
et al. 2020 and references therein). Despite these observa-
tions, trends in kelp abundance vary between localities, and
are neutral or positive in many regions, pointing to the
importance of local factors in determining the response of
kelps to climate change (Krumhansl et al. 2016). Similar
variability has been reported at shorter time scales: obser-
vations made following a marine heatwave on the US West
Coast showed measurable declines in the abundance of the
bull kelp, Nereocystis leutkeana (Rogers-Bennett and Catton
2019), but no detectable decline in the giant kelp, Macro-
cystis pyrifera, in response to a heatwave (Reed et al. 2016).
These varying responses suggest that a mosaic of positive
and negative ecological outcomes is likely in response to
warming waters, with negative responses of particular eco-
logical concern.

Climate-induced changes in seaweed distribution,
abundance, and community structure will have con-
sequences for ecosystem function. Loss of canopy-forming
species is likely to reduce the availability of biogenic
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habitat and its associated biodiversity, with repercussions
for food web structure and function (e.g., Agostini et al.
2021). Changes in seaweed standing stocks or biomass,
and changes in species composition, will influence bio-
geochemical cycling, including assimilation of inorganic
carbon and nitrogen, production of organic carbon, and
oxygen evolution (e.g., Pfister et al. 2019). Many of these
functions are not easily replaced, especially as functional
redundancy among seaweed communities declines with
loss of seaweed biodiversity.

Though the subject of some debate, the negative
effects of increasing temperature are unlikely to be offset
by increased growth due to ocean acidification. While
increasing atmospheric carbon dioxide may spur growth in
terrestrial plants (e.g., Kimball 2016), increasing seawater
carbon concentrations will not have a similar effect on
seaweeds because changes in carbon metabolism and
limitation of growth by other nutrients will occur (e.g.,
(Fernandez et al. 2015; 2021). Even species lacking carbon
concentrating mechanisms have shown no benefit from
increasing seawater carbon content (Britton et al. 2019).
Consequently, in natural communities, the generally neg-
ative effects of increasing temperature will not be offset by
increased growth due to carbon enrichment.

Accompanying reported losses of seaweeds are reports
of undesirable gains caused by biological invasion, brown
tides, green tides, and the rise of turf algae (e.g., Ferriera
et al. 2019; Williams and Smith 2007). Species of Aspar-
agopsis, Gracilaria, Sargassum, Caulerpa, Ulva, and
Undaria are just a few of the seaweed species known to be
prolific invaders. Such invasions can substantially alter
ecological processes (e.g., Davoult et al. 2017). Others can
be noxious. For example, in recent years, massive brown
tides of pelagic Sargassum spp. have drifted ashore in the
Caribbean, causing sharp reductions in light, oxygen, and
pH, and killing fish, crustaceans, corals, and seagrasses,
among other species, and affecting human health and local
economies (Rodriguez-Martinez et al. 2019; van Tussen-
broek et al. 2017). Massive green tides of Ulva spp. have
been reported in the Yellow Sea, China, causing ecological
and economic harm (Zhang et al. 2019). While not exclu-
sively caused by climate change, the rate of biological
invasion in marine systems likely is responsive to factors
associated with climate change (e.g., Doney et al. 2012).

Despite their vulnerability to warming oceans, sea-
weeds, and particularly temperate species like kelps, are
increasingly recognized for their potential contributions to
climate solutions. Indeed, a simple web search will turn up
dozens of popular articles on the topic, some more credible
than others. The reasons for this rapid embrace of sea-
weeds following decades of relative inattention are not
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clear but could partly be due to the urgency of the climate
problem (Hoegh-Guldberg et al. 2019) and the burgeoning
appeal of blue carbon as a mitigation strategy (e.g., Love-
lock and Duarte 2019).

Realization of the large amount of seaweed biomass
produced in extensive seaweed farms around the world has
also attracted attention to the potential ability of this biomass
to sequester carbon (Sondak et al. 2017). For example, sea-
weeds have been proposed as a means of capturing carbon
dioxide from the atmosphere to help achieve negative emis-
sions targets (e.g., Hughes et al. 2012; Moreira and Pires 2016).
Among the proposed mechanisms is intensive seaweed cul-
tivation for bioenergy production with simultaneous carbon
capture and storage. While this approach is conceptually
appealing, and deservedly is the subject of active research,
obstacles to implementation exist—for instance, in the enor-
mous amount of ocean area required—and the feasibility of
the approach to meet the twin objectives of energy production
and carbon capture has been questioned (e.g., Melara et al.
2020). Despite decades of investment, biofuels produced from
seaweeds have not yet reached the market, nor has their
production been demonstrated to be economically viable
(Raven 2017). Moreover, the fate of the organic carbon con-
tained in biofuels is a source of controversy: the carbon fixed
via photosynthesis is subject to respiration and reminerali-
zation. Consequently, the approach is probably best viewed
as a short-term measure that allows organic carbon to be
transferred between nearshore, oceanic, and terrestrial res-
ervoirs before being re-released to the atmosphere; such
storage is therefore transitory. With respect to emission
reductions, the benefits of bioenergy production from sea-
weeds may lie chiefly in the avoided emissions from burning
fuels other than fossil fuels. Sequestration of carbon fixed by
seaweeds on longer time scales requires trapping the carbon
in deep-sea sediments where it is less likely to be re-released
to the atmosphere (Krause-Jensen and Duarte 2016; Raven
2017), though this, too, is controversial and its feasibility is
not known. Importantly, the efficacy of seaweed afforestation
for carbon dioxide removal will likely be sensitive to plane-
tary feedbacks, raising questions about its contributions to
climate change mitigation strategies (Bach et al. 2021).

Differing somewhat from net emission reduction
approaches, seaweeds have been proposed as a means of
carbon offsetting—that is, compensating for emissions
produced by other activities, in much the same way that
tree planting is used to offset emissions from aviation. For
example, seaweeds might be cultivated in open-ocean
settings and sunk in the deep sea to offset emissions pro-
duced elsewhere in the aquaculture industry (Froelich
et al. 2019). The feasibility of this approach depends on the
scale of application, with smaller-scale or regional
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applications likely more feasible than larger or global scale
applications, and its role in mitigating carbon pollution
may be limited by practical constraints on aquaculture and
other factors (Froelich et al. 2019). Moreover, in any such
application, it is essential to consider the fate of the carbon
fixed by seaweeds, much of which is consumed or respired
before it can be stored or sequestered by any means.

A very different approach to the use of seaweeds as a
climate solution comes from the agriculture sector. Methane
is about 30 times more potent as a greenhouse gas than is
carbon dioxide, and methane emissions from livestock are a
significant source of global greenhouse gas emissions. It
turns out that the addition of small amounts of Asparagopsis
to feedstock has been shown in laboratory settings to
sharply reduce the amount of methane generated through
enteric fermentation by ruminants and decomposition of
their manure (e.g., Li et al. 2018; Roque et al. 2021). The
numbers are impressive: adding just 5% organic matter
content of Asparagopsis to feedstock can, in the laboratory,
reduce emissions by up to 95% (Roque et al. 2019). Hence,
reductions achieved by adding Asparagopsis (or other sea-
weeds) to feedstock could potentially contribute to global
emission-reduction efforts. However, the feasibility of this
approach is not yet known and is potentially limited by the
large volume of cultivated seaweed that would be required,
regulatory requirements, and the long-term effects on ani-
mal health, among other factors (Vijn et al. 2020).

The growing enthusiasm for the use of seaweeds in
climate change mitigation and adaptation reminds us that
expectations must be confronted with evidence—they can-
not remain in the realm of the aspirational. Moreover,
expectations need to be scaled appropriately. Seaweed
response to ocean acidification offers a case in point.
Despite enthusiastic claims and visible coverage in the
popular press, the use of seaweed aquaculture to reverse the
effects of ocean acidification (itself a climate-associated
stressor) presents a problem of scale. Seaweeds naturally
occupy only a tiny fraction of the ocean. Even under con-
ditions of intensive production, natural processes and
competing human uses will constrain the area that can be
occupied by seaweed and the volume of water that can be
treated, ultimately limiting the contributions of seaweeds to
improving carbonate chemistry in the ocean. Some of these
limitations, however, may be less serious than others, and
some problems have been partially addressed, especially in
Asia, east Africa and South America where intensive farm-
ing is being carried out. Nonetheless, the scales at which
seaweeds can grow, even under cultivation, are miniscule
compared to the volume of the ocean. The potential for
seaweed aquaculture to buffer seawater pH at varying scales
is an area of active investigation (e.g., Li et al. 2021) but, even
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at small scales, the approach will be subject to diurnal cycles
of photosynthesis and respiration and seasonal patterns of
growth and senescence (Pfister et al. 2019).

Finally, the constraints imposed by financial, regu-
latory, and political landscapes cannot be ignored. The use
of seaweeds to address carbon pollution on any mean-
ingful scale will require substantial and sustained eco-
nomic investment and will be subject to a host of national
and international laws and regulations that govern the use
of ocean spaces (Webb et al. 2021). These factors are not
trivial and could create impediments to moving forward.

Even so, industrial applications of seaweeds are not
new—they have been pursued for well over a century, for
example in the intensive seaweed aquaculture common to
some areas in Asia, and in the harvest of wild seaweed for
fertilizers and as a source of natural products such as
potash. An even longer history of utilization comes from
Asian and Indigenous cultures from many coastal regions
(e.g., Hwang and Park 2020; Kobluk et al. 2021; Thurstan
et al. 2018; Tseng 2004; Turner 2003). Our challenge in the
coming decades is to sustain natural populations of sea-
weeds and to maintain and expand their industrial use to
abate growing carbon pollution.

Clearly, reducing the dialog surrounding the future of
seaweeds to two stark endpoints—ecological losses versus
climate solutions—presents a false dichotomy. A range of
ecological outcomes is likely, as is a range of climate sol-
utions, and in some cases, positive interactions and syn-
ergies could emerge (e.g., Eger et al. 2020). It is exactly
through these synergies that the promise of seaweeds is
greatest. Are there solutions that can protect or restore the
function of natural populations while simultaneously
reducing carbon pollution? Can technologies be brought to
bear that enhance seaweed production—natural or other-
wise—without causing environmental harm? Can the
enormous biomass created by some invasive species be
used for productive purposes? Can humans learn to protect
their seaweed resources while simultaneously harnessing
the power of seaweeds to address carbon pollution? Doing
so will require shifts in thinking and doing across all sec-
tors, demanding that ecologists embrace the alternative
benefits of seaweeds, industrialists embrace the need for
protection and restoration of natural populations and
habitats, and innovators creatively link the two.

How can these objectives be accomplished? Calls to cre-
ate integrated, cross-sectoral networks to foster collaboration
and learning are rife in the climate adaptation literature, as
are calls to develop new policy tools and economic incentives
(e.g., Tittensor et al. 2019). Not surprisingly, it is far easier to
call for change than to enact change, and examples of the
successful creation of integrated networks to address climate
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change in the ocean remain rare except at small or local
scales, suggesting that local scales could be a promising
place to begin (e.g., Greenhill et al. 2020). One can imagine
new networks forming around the twin challenges of sus-
taining natural seaweed populations and employing sea-
weeds as climate solutions. This approach might be most
successful when implemented at spatial scales that match
scales of ecological response and regional ocean governance.
Complementary approaches that focus on the co-benefits of
seaweed conservation and cultivation, and those that
address the socio-economic benefits of natural and cultivated
populations, offer parallel paths forward. Notably, Indige-
nous cultures that rely on marine resources, including sea-
weeds, have used traditional knowledge, established social
networks, and cultural norms to manage resources of
importance for thousands of years (e.g., Poepoe et al. 2007),
and could offer helpful models for more holistic thinking.
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