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Abstract

Climatic and anthropogenic changes appear to be driving the emergence of new ecosystem andhuman
health risks. As new risks emerge, and the severity or frequency of known risks change, we ask: what
evidence is there of past adaptations to emergent risks?What scientific and policy processes lead to
adaptive solutions thatminimise the impacts of these events, and drawout opportunities?We identify
science and policy lessons learned from copingwith, and responding to, the sudden arrival of brown
macroalgae (pelagic sargassum) that has proliferated across the tropical Atlantic since 2011. Drawing
on an evidence base developed from a systematic search of literature relating to sargassum seaweed,
and using event timelines andword clouds, we provide an analysis of lessons learned from a case study
of adaptive responses across three continents to an emergent risk over the course of a decade.We
reflect on successes and failures as well as opportunities taken in building adaptive capacity to address
the risk in four key domains: policy, knowledge and evidence,monitoring and early warning, and
technology and valorisation. Failures include: lack of environmental risk registries;missed
opportunities to sharemonitoring data; and lack of a shared approach tomanage the risk. Successes
include: development of nationalmanagement strategies; open-access knowledge hubs, networks and
webinars sharing information and best practice; semi-operational early advisory systems using open
access remote sensing data; numerous innovations customising clean-up and harvesting equipment,
and research and development of newuses and value-added products.

Introduction

Climate change is directly influencingweather extremes and climaticmeans, and contributing, sometimes
indirectly, to changes in ecosystemhealth, functions and services [1]. Human societies have historically adapted
to past climatic and environmental conditions [2], but climate risks are increasing as climate change accelerates
[3]. Despite this, there is evidence of a growing adaptation gap, whereby nations are failing to adapt at the speed

needed to adjust to current climate variability and change [3]. This adaptation gap is further exacerbated by low
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investment in adaptation [4], and hindered by lack of research skills tomonitor adaptation progress [5].While
some progress is beingmade on national engagement with adaptation policy and planning [6, 7], there remain
significant gaps in adaptation policy instruments (e.g. in Europe [8]).

In the parallel area of disaster riskmanagement, evidence suggests that significantwork is needed to address
the growing concern relating to large scale, transboundary systemic risks arising fromour increasingly
interconnectedworld [9]. Evidence shows that the increase in disasters affecting cites has not led to an increase in
levels of adaptation [10]. Nor has there been an increase in ability to address socio-economic vulnerability and
the root causes of disasters [9, 11] as pursued through the Sendai Framework [12]. As the risks from complex
environmental and climatic change rise [9] and costs of government-led adaptations soar [3], there is a growing
expectation that individualsmust live with the changing risk [13].

Learning to live with climate-related risks is socially and politically challenging due to the need to accept
potentially unwanted changes [14].Where there are efforts to address the root causes of vulnerability, and a
continuous process to engagewith andmanage the risk, evidence shows that livingwith risk can strengthen the
adaptive capabilities of affected communities [15]. There is also evidence to the contrary that living with risk,
where vulnerability is not addressed, can generate behaviours that havemaladaptive outcomes [16], andwhere
taking adaptive action does not guarantee a successful outcome [17, 18] as adaptation opens up newunexpected
vulnerabilities. This literature highlights a variety of skills needed to avoidmoving towardsmaladaptive
responses, notably: understanding the nature of the changing risk; ability to recognise and respond to changes;
societal ability to organize and act collectively; or the agency to determinewhether to change or not. These skills
alignwith the domains of adaptive capacity [19], andmap onto four broad areas of research relating to emergent
risks:monitoring the risk and early warnings; technology and opportunities to valorise the risk; utilising extant
knowledge and evidence; and the policy context.

There are fewwell documented examples that offer guidance on effective processes to build adaptive capacity
in a systemor community exposed to a newor emergent climatic risk. The aimof this paper is to address this
gap, by providing details of adaptation to the annualmassive influxes of pelagic sargassum seaweed (henceforth
referred to as ‘sargassum’), a brownmacroalgae dispersed across the tropical Atlantic, from its genesis in 2011, to
the end of 2022.We analyse the process of adaptation over a decade, looking at adaptations,mistakesmade, and
late lessons learned, and create a framework for adapting to the influx of sargassum and other emerging risks.

Since 2011, thousands of tonnes of sargassumhave repeatedly washed ashore in tropical Atlantic countries,
affecting the biodiversity, economy and resources of coastal communities [20]. Sargassum affectsmultiple
economic sectors spanning: fisheries, tourism, human health and subsistence livelihoods [21]. For tourism- or
fisheries-dependent coastal countries, there is a concern that sargassum could pose a risk to long-term economic
growth (See supplementarymaterial, figure S1). Sargassum influxes nowoccur annually, and years with
relatively high abundance, e.g. 2015, 2018, 2022, are occurringmore frequently as indicated by the time-series of
sargassumareal coverage in theCentralWesternAtlantic (CWA) (figure 1(A)).

Initial sargassumbloomsmay have been triggered by a climate anomaly inwinter 2009-2010, specifically an
extreme negative phase of theNorthAtlanticOscillation (figure 1(B)), which drove seed stocks southwards into
the eastern tropics [22]. Since then, a variety of climate and related drivers of sargassumhave been hypothesised.
Bloomsmay have been exacerbated through nutrient enrichment [23, 24]. TheAtlanticMeridionalMode
(AMM, figure 1(C)) appears to play an important role in the variability of sargassum (both volumes and
distributions).When the AMM is in a negative phase, i.e., when the sea surface cools and trade winds strengthen
in the northern tropics, sargassum ismore extensive. Themain cause appears to be the southward displacement
of the Intertropical Convergence Zone and strengthened upwelling of nutrient-richwaters [25]. Thewider
Atlantic, including the tropics, has also been anomalouslywarmover the period of sargassumproliferation,
whichmay favour the growth of tropical variants. Themajority of this warmth is attributed to a positive phase of
the AtlanticMultidecadalOscillation (AMO,figure 1(D)).

Variations in sargassumabundance have been further attributed to the intensity of Atlantic hurricane
seasons (figure 1(E)), although the net effect is unclear, as hurricanesmay both raise nutrient levels and increase
fragmentation that boost growth rates, while increasing sinking and hence loss rates [26]. Changes in regional
biogeochemistry, naturalmodes of climate variability and the intensity of Atlantic hurricane seasonsmay
ultimately be related to anthropogenic climate change. Longer term, climatemodels predict substantial warming
of the surface tropical Atlantic over 2005–50, in the range 1.0 °C–1.5 °C [27], in a regionwhere sargassum is
currently growing at close to optimum summer temperatures [28]. Associated ongoing changes in regional
biogeochemistry,modes of variability and hurricane seasons are highly uncertain, with the effect of these on
future sargassum abundance and distribution unclear.

To summarise, the recent proliferation of tropical Atlantic pelagic sargassum is likely attributable tomultiple
drivers, associatedwith a changing regional climate and associated changes in biogeochemical cycles,
exacerbated by natural variability on a range of timescales; the ongoing and longer-termprospects for sargassum
are largely unknown at the present time.
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Methods

Mapping the process of adaptation to an emergent risk since genesis of that risk brings significant challenges due
to the lack ofmonitoring and evaluation data to track progress on adaptation from the onset of the hazard. This
is the casewith the sudden blooming and surprising arrival of brownmacroalgae (pelagic sargassum) across the
tropical Atlantic since 2011. To overcome the lack of real-time adaptationmonitoring data, we adopt an ex post

facto approach, and rely on secondary sources of data to identify adaptations and to reveal potential associations
between science, policy, technology, and knowledge [19]. The data used in the analysis comprise: 36
international or bilateral policy documents related tomanagement of sargassum in the tropical Atlantic
extracted fromVan der Plank et al 2022 [29]; the collection of literature in theCERMES SargassumReference
Repository8; and 321 documents identified in a systematic review type search (Supp 1).

Analysis of the evolving responses to sargassum involved three keymethods: quantitative assessment of the
levels of evidence of reports in specific areas; an event timeline; and a qualitative assessment of the changing
accumulations of research topics over time usingword clouds.Word clouds have been shown to be an effective

visualisation tool when assessing qualitative data [30]. Event histories (chronologies) andword clouds have been
usedwhere quantitative data are unavailable, for example, interdisciplinary assessment of the nature of energy
use [31], associative research on sustainability reporting, and social and environmentalmanagement [32].

Figure 1.Changes in sargassumand associated climatemetrics over 2006–22: (A)Cumulative area of sargassum in theCentralWest
Atlantic (CWA) from 1 January 2006, updated to 20 July 2022 [based onAlternative Floating Algae Index data provided by theOptical
Oceanography Laboratory at theUniversity of South Florida, via their website, https://optics.marine.usf.edu]; (B)monthlyNorth
Atlantic Oscillation (NAO) index (from theUSNationalWeather Service Climate PredictionCenter, https://www.cpc.ncep.noaa.
gov); (C)monthly AtlanticMeridionalMode (AMM) index (Trenberth and Shea, 2006; https://climatedataguide.ucar.edu/climate-
data/atlantic-multi-decadal-oscillation-amo); (D)monthly AtlanticMultidecadal Oscillation (AMO) index (Chiang andVimont,
2004; https://www.aos.wisc.edu/∼dvimont/MModes/Data.html); (E)Atlantic hurricane counts (data collated fromwiki pages for
annual hurricane seasons).

8
Available online at: https://www.zotero.org/groups/2921152/sargassum_reference_repository/item-list.
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Ex post facto research approaches, such as the qualitative analysis of the systematic review evidence base and
theword clouds using abstracts and titles, rely on a retrospective review of events, and can only explore
associations between events and outcomes, rather than determine causality. Nonetheless, we propose that the
findings from this work offer insights into futuremonitoring adaptation programmes that could be established
for the next climate-driven emergent risk.

Results

Components of adaptation

Scientific advancement and adaptation policymaking during sudden onset, surprise events and stresses can be a
process of learning frommistakes with little time for reflection, sometimes generating unexpected outcomes
[33]. New adaptive approaches can be trialled, but decisions on adaptation effectiveness are challenging tomake
with little empirical evidence available to undertake rapid assessment [34]. Limited evidence exists on the nature
of the effectiveness of adaptations, although key elements appear to be cooperation between organisations
sharing best practice and evidence, collaborative decisionmaking, and sharing science and physical resources
e.g. technology and early warning systems [35]. Based on the scope of the literature available (found in the
systematic review, the policy documents extracted fromVan der Plank et al 2022 [29], and publications in the
CERMES SargassumReference Repository) and the themes identified byOwen 2020 [35], we explore four
domains of adaptation to the emergent risks from sargassum: policy, knowledge and evidence,monitoring and
early warnings, and technology for valorisation opportunities [19].

Policy

Whenmassive sargassum influxes started in the tropical Atlantic in 2011, therewas no extantmacroalgal bloom
policy to guide adaptation, therewas no guidance onwho should respond and how, and therewas no pre-
allocated ‘adaptation-to-unforeseen-risk’ funding to pay for the clean-up costs required [36]. Early efforts to
clean-up beached sargassumwere ad hoc and involvedmultiple actors: government agencies, community
volunteers, and private sector actors including hotel staff and fishers, oftenwith little communication or
coordination among them. A review of sargassumpolicies from2011–2020 [29] across theWider Caribbean
Region (WCR) found varying degrees of effort by national and regional institutions, with no sustained increase
in initiatives until 2017when policymakers realised that sargassum influxes appeared to constitute a newnormal
[37]. Further, thefirst iteration of sargassumplans, policies and guidance documents took between four and ten
years to be produced after the first impact in 2011 (figure 2).

Key sargassumpolicy documents (figure 2)did not emerge fromany one country, but from larger regional
organisations, such as theCaribbeanHotel andTourismAssociation, theGulf andCaribbean Fisheries Institute,
andRegional Activity Centre for Specially ProtectedArea andWildlife (SPAW-RAC). These documents were
produced by existing institutions, notably SPAW-RAC adapted itsmandate to address the new risks from
sargassum. Yet despite the proven potential of regional solutions, governancemechanisms to coordinate and
facilitate sargassummanagement efforts at a regional level are yet to be established 12 years after the first arrival
of sargassumdue to a combination of limited resources and institutionalised co-ordinationmechanisms. Cross-
regional initiatives between theWCRandWest Africa face evenmore acute challenges to development and
consequently have achieved only nascent progress [29].

Knowledge and evidence

By 2010, therewas awell-developed understanding of the ecology of sargassum, i.e. assemblages and structure of
associated ecological communities. Knowledge about sargassum came from thewidely researched Sargasso Sea,
where sargassum is known as the ‘golden rainforest of the sea’ [38]. Theword clouds infigure 3 provide a visual
of the changing narrative around sargassum from2000–2022 (Supp. 1). Figures 3(a) and (b) show the 2000s
research keyword emphasis on the biodiversity benefits of sargassum in the Sargasso Sea: ‘growth’, ‘distribution’,
‘turtles’ and ‘reef’, and ‘reef’, ‘biomass’, ‘fish’ for the periods 2000–2005 and 2006–2010 respectively.

After thefirst tropical Atlantic influx in 2011, fear andmisinformation about sargassum spread among
coastal residents. Blame for the influxwas initially incorrectly assigned to the offshore oil industry in the
Caribbean (Authors, unpublished information), and the newly established oil and gas industry inWest Africa
[39]. Coincidentally, in 2010–2011, theDeepwaterHorizon oil spill disaster in theGulf ofMexico led to the
smothering of newly arrived sargassummatswith oil. Responsive scientific research revealed that oil could
become trapped in sargassummats and adversely impact all lifeforms that encountered it [40]. During the period
2011–2015 the language of scientific research reoriented around the negative effects on the coastal ecosystems,
and reflected research relating to theDeepwaterHorizon oil spill. Themain keywords for this periodwere: ‘oil’,
‘reef’, ‘coral’, ‘habitat’, ‘effects’, ‘algal’, ‘uses/using’ (figure 3(c)). Remote sensingmethods for tracking sargassum
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mats became increasingly present in this period, and new terms such as ‘spectral’ and ‘spatial’ can be seenmore
frequently in theword clouds.

From2016–2020, scientific knowledge focussed on large scalemonitoring of theWCR, documenting
negative impacts onCaribbean coasts, tourism, beaches, andfisheries. Prevalent keywords in this period include:
‘Caribbean’, ‘marine’, ‘pelagic’, ‘coastal’, ‘reef’ (figure 3(d)). Research around potential uses and other affected
areas (e.g. Brazil) becamemore evident. Recent literature (2021–2022) shows thewidest diversity of terms,

covering the larger scale ocean and climatic drivers of sargassum, ongoing investigation into the negative impacts
on coasts and beaches, biochemical components of sargassum, sargassum species, and long termdata collection.

Figure 2.Timeline policy documents based onVan der Plank et al 2022 [29]. SEAS: SargassumEarly Advisory System; CHTA:
CaribbeanHotel andTourismAssociation; SPAW-RAC: Protocol concerning Specially Protected Areas andWildlife in theWider
CaribbeanRegion; CRFM:CaribbeanRegional FisheriesMechanism; CERMES: Centre for ResourceManagement and
Environmental Studies; GCFI: Gulf &Caribbean Fisheries Institute; UNEP:UNEnvironment Programme; SSC: South-South
Cooperation; SARGNET: SargassumNetwork; FIU: Florida International University.

Figure 3.Word clouds on published literature on sargassumusing abstracts and titles, generatedwith tm andwordcloudRpackages,
filtered by year of publication, and based on systematic search throughWeb of Science (Supp. 1).Word clouds exclude: conjunctions
e.g. ‘and’, ‘within’, ‘however’; research related verbs e.g. ‘found’, ‘showed’, ‘revealed’; and related, but not directly linkedwords e.g.
‘species’, ‘algae’, or ‘macroalgae’.
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‘Africa’ occurs in research keywords sufficiently often for the continent to appear in the cloud for thefirst time
(figure 3(e)).

Theword clouds reveal a shift in perspectives on sargassumover time: from an ecological asset (pre-2011), to
a natural disaster (immediately after 2011), to a topic in need of deep scientific investigation, in areas including:
dispersal, drivers, biochemistry,management, and business, notably how to exploit and create benefits from
sargassum. It is worth acknowledging that it took 10 years to upscale research on the emergent risk of sargassum,
from small, and localised studies on disaster impacts, to extensive basin-scale assessments of the causes,
consequences, impacts and opportunities.

Monitoring and early warning

In the initial phase of the influx (2011–2014), regional scientists in theWCRwithout specialisations in
macroalgal blooms had to quickly learn new science and apply newmethods tomeet local demand for
knowledge on all aspects of sargassum (Oxenford, pers. comm). The lack of funding to support this reskilling
combinedwith the lack of initial capacitymeant that early data collectedwere very local, sector-specific, and
sometimes proprietary, which limited public access to research data and transferability of knowledge to other
locations ( e.g. [41]). Between 2015 and 2018, the sargassum crisis was reported on by the international press (e.g.
[42, 43]), and national research councils in theUS, France, Netherlands, theUnitedNations FAO, and
CARICOMstarted to fund research on sargassum. Soon after came the realisation that sargassum could be
climate-driven [24], was likely to persist indefinitely [25], and required long-term adaptation [44]. The
Caribbean-based research community was then joined by a better-funded international research community
and started generatingmorewidely accessible research outputs (figure 4(a)). A network of sargassum interested
parties was establishedwithin a regional university (Centre for ResourceManagement and Environmental
Studies (CERMES), University of theWest Indies, CaveHill, Barbados) to link scientists, sargassummanagers
and entrepreneurs looking for ideas onmanagement approaches and for opportunities to use and valorise this
biomass (figure 4(b)).

It was quickly apparent thatmanagement, use and impact assessment required data about the recent past
and future spatial and temporal distributions of sargassum [45]. A key challenge for regional scientists was to
provide reliable distribution data for bothfloating and beaching sargassum. The college ofMarine Science at the
University of South Florida drove themethodological assessment of distribution using satellite remotely sensed
data. The resultingmonitoring system, the ‘SargassumWatch System’ (SaWS) is freely shared online. This work
underpinned amonthly sargassum forecast for thewhole Caribbean started in January 2018 (Sargassum
Outlook Bulletin), and a bi-monthly sub-regional bulletin for the EasternCaribbean (Sub-regional Sargassum
Outlook Bulletin) started inOctober 2019.Other early warning systems provided different perspectives, such as
the Texas A&MUniversity’s ‘SargassumEarly Advisory System (SEAS)’ that automatically detects sargassum at
sea, and, since 2018, the European Space Agency/CLS ‘SAMtool’which identifies the presence of sargassum
using dataset from Sentinel satellites andmodels its drift.

Research on sargassumdistribution focused initially on freely available data at large spatial scale, notably
images from satellite sensors with coarse spatial resolution. In creating near real time sargassum forecasts,
problemswith lack of high spatial resolution free satellite images and obscured images due to cloud cover have
led to recognition of the importance of different sources of remote sensing data, such as fromuncrewed aerial
systems (UAS), and directly observed field data [20]. Despite their importance, use ofUAS and field data
collection is lagging behind in affected countries due to lack of capacity and accessibility to these new
technologies [46]. This is further delaying development of operationalmonitoring frameworks. In a recent
review of current seasonal forecasts of sargassum, the considerable scope for improvement in large scale
monitoring and forecasting, using data frommultiple sources atmultiple scales, was highlighted [47].

Technology and valorisation

Early research on pelagic sargassum in the tropical Atlantic focussed on impact and eventmonitoring, while
valorisation research only took off later (figure 3(c)).Whilemany species of brown algae have been investigated
for their composition and valorisation,most of what we know about these aspects of bloom forming pelagic
sargassum, e.g. species,morphological types (morphotypes) and biomass composition, was publishedfive to ten
years after the initial arrival (in the tropical Atlantic) of pelagic sargassum [48–54]. Valorisation has been a
relatively newdimension of sargassum science and policy. Financial and human resources and high specification
technology are needed to undertake detailed chemical analyses of newly proliferating species andmorphotypes,
and are not typically available outside of universities, or corporate laboratories. In 2011, little was known about
the biochemical composition of the Sargassum fluitans and S. natans, and how it could be used. In 2023, it is only
now evident that themost dominant sargassummorphotype in peakCaribbean sargassum seasons has been S.
fluitans III [48, 55, 56]. Nevertheless,morphotype composition of sargassum rafts is highly variable across space
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and time [48, 57], and the quality and quantity of commercially important compounds such asmannitol,
alginates, fucoidans and fucoxanthin vary amongmorphotypes [51, 56].

Initially, the application of technology both created problems and unlocked solutions to sargassum influxes.
The early rapid adoption of technology tomanage the influx of sargassum, before the problemwaswell
understood, led tomistakes being repeated across regions. One example is the use of heavy equipment on
beaches to clear the large volumes of sargassum (e.g. bulldozers and other tracked vehicles), as theremay have
been nothing else available and/or this was considered an appropriate approach to sargassum removal around
2011 [58]. Further research has shown that tracked vehicles and other heavy equipment can cause beach damage
through loss of sand, destruction of turtle nesting sites, and erosion [59]. On the positive side, low-cost
technology has proven effective in processing and storing sargassumbiomass e.g. burlap bags, or Sun drying,
both of whichwe know can change its biochemical composition [56]. However, these are not viable alternatives
formass inundationswith tonnes of sargassum to shift and store.

Technology has been central to the process of exploring opportunities to use sargassum through valorisation,
e.g. as potential renewable source for blue economy ventures [60]. Laboratory based chemical analysis is critical
to sargassumuse, for example revealing that sargassum contains variable levels of arsenic, often above accepted
limits for applications involving food, animal feed, and agricultural soil [51, 53, 61]. Theremay be technological
solutions to resolving high arsenic levels, but as yet, no such solutions have been published despite the critical
need for a solutionwhichwould safeguard the environment and safe consumptive uses of the algae [62].

Almost all use opportunities from sargassum require some engagement with the use of technology. Some
technologies are small-scale and can be rolled out cheaply to create benefits for affected communities or
entrepreneurs, e.g. small biogas digesters for biomethane production, or sargassum storage for compost
production (ideallymixedwith other plantmaterial or biological wastes) [54, 63–68]. Other use options require
investment in sargassum specific technology, e.g. a sargassumbrick press for the production of adobe bricks, as
is currently being used inMexico [69]. Early investigations suggest that sustainable products could be
manufactured from fresh sargassumbiomass through a biorefinery approach [70, 71]. The supply chain for such

Figure 4. (a)Number of reports (scientific publications, regional and national briefings, andmedia reports) relating to sargassum
produced from 2000–2022, sourced from theCERMES SargassumReference Repository, available online at: https://www.zotero.
org/groups/2921152/sargassum_reference_repository/item-list. (b)Number of reports addressing impacts,management, uses,
drivers,monitoring, valuation and positive impacts (usingCERMESReference Repository tags allocated to papers within the
database).
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products could involve coastal communities and fishers harvesting the biomass at sea [72]. However, it will likely
require technologies to allowproduction at scales that are beyond the reach and affordability of the smaller
communities [69, 73].

Adapting to the emergent risk of sargassum influxes

The surprise nature of the sargassum influx, its extensive spread across the tropical Atlantic, the historical
governance capacity constraints in affected small islands and developing countries, and the lack of an emergent
risk adaptation plan ultimately hindered progress in adapting to sargassum in the early years.

In terms of leadership, ourfindings show that unless the newmanagement approach for emergent risks
explicitly intersects with large, established, well-supported and related institutions and processes, the burden of
coordination formanagement of new or emergent risks can fall on thosewith the least resources to undertake
that task. The importance of engaging active and related (directly or indirectly) regional organisations in
scientific research and policy development in relation to future emergent risks cannot be overstated.

At the science-policy interface, with hindsight, action to better organise andmobilize knowledge and to
prescribe a research agenda thatmet the needs of the affected people should have begun in earnest at the onset of
the sargassum influxes in 2011. Researchers within the region focussed on research and innovation in areas of
existing expertise, instead of working collaboratively to develop strategic research plans to highlight all of the
research gaps that became immediately apparent.Without the underpinning science input, earlymanagement
efforts were best guess attempts to steer a coursewithout clarity over direction or desired impact.

Technologies have been extensively used in adaptation, for example in relation to personal protective
equipment to reduce the spread of infectious diseases,flood safeguards or remote sensors to detect physical
changes to land or seascapes. Inmost cases, technology is introduced or adapted as a reactive solution to an
existing or recurrent problem, requiringmodification during implementation. Again, with hindsight, when
dealingwith sargassum—a biological risk—a key adaptationmilestone has been research on: biomass
composition, taxonomy (species andmorphotypes), biochemicals and elements. Such a freely available evidence
basemay support greater entrepreneurial engagement in solving the problem.

Whilst there aremultiple possible applications for sargassum [69], successful valorisation of these depend
on: investment inputs;market demand for novel products; and research to inform and refine applications. For
any bio-technological solution to emergent risks, an enabling research environment relating to investment and
innovation is central. Policies and guidelines on safe use of the biomass and environmental protection are critical
to effectively and quickly exploit opportunities from emergent risks. In the case of sargassum, Caribbean islands
that are poised to transition to ‘large ocean economies’ through exploitation of emerging blue economy
opportunities like sargassum arewell placed to develop such an enabling environment [21] (figure 5).

Discussion

There is no formal guidance on how to adapt to emergent risks, nor plans or strategies on how to generate
opportunities from risks and hazards.We ask: are there generic adaptation steps that could be taken by policy-
makers facedwith new climate-related emergent risks? Can adaptations not onlymitigate the risk, but also create
opportunities for growth and development?While individual case studies generally shine a spotlight on a specific
context, our in-depth analysis of adaptation to the unfolding pelagic sargassumphenomenon provides insight
into the reality of deliveringmultiple dimensions of adaptive capacity across three continents over the course of a
decade. Our analyses reveal the successes and failures of adaptive actions in terms of policy development,
knowledgemanagement, scientific advances and technological use.

First, our analysis shows that extant national policy weaknesses, and institutional capacity constraints,
became rapidly apparent in the context of sargassum.Historical governance capacity constraints in affected

Figure 5.Transition fromperception of biomass as hazard orwaste, to perception of the biomass as an opportunity.
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areas have slowed policy progress in adapting to sargassum. From this, we highlight the importance of
understanding national weaknesses in disaster riskmanagement policy capacity. Calls forflexibility in policy
processes and governance institutions to copewith new emergencies [74] arewell intended, but the reality of
maintaining superplus capacity in low income developing countries or small states government bodies remains

problematic [75]. Recognising the existence of national institutional capacity deficits (in some regions), and
learning from the case of sargassum, distributed regional bodies (environmental, economic, social, or other)
mayneed to drive adaptive actions in the face of new transboundary risks. For this to occur, regional
organisations would need to shift frompursuing technical co-operation on economic issues to political
organisations capable of reallocating internal resources quickly, developing proactive relationships with affected

country governments, engaging rapidly in scientific research, andmobilising information to informpolicy
development. Early, pre-emptive discussions among regional bodymember states to identify appropriate
regional leaders to the next emergent risk by theme (e.g. health,marine, land, disease, biodiversity) could reduce
the time needed to set up initial post-disaster governance capacity. The problem is that greater integration of this
type comes at the expense of national sovereignty.

Second, in the case of sargassum, knowledge development, sharing and communicationwas slow to occur
and hindered effective collaborative early adaptation. Lack of willingness to share data across agencies and

countries, and silos in governance architectures are common features of small and low-income states and hinder
many aspects of environmental and climate governance [76]. Yet, bothCaribbean islands andAfrican countries
already have experience of pooling resources to insure against disaster risk (short-termhumanitarian response),
e.g. through theCaribbeanCatastropheRisk Insurance Facility (CCRIF) - thefirstmulti-country risk pool in the
world [77] - and the AfricanRiskCapacity [78]. Lessons can be learned from this proactive approach to risk

creating a long-termdevelopment response for adaptation to emergent risks that are here to stay, such as
sargassum. Additional thought could be given to supplementary regional pooled insurance schemes for
emergent risks. Aswith disaster risk facilities, these funds could be triggered at thefirst arrival of a new hazard,
and used to deliver rapid and targeted research to ensure that knowledge onmonitoring and forecasting,
biochemistry, impacts and use is shared across the affected area, to governments, researchers and entrepreneurs.

Thismay ultimately lead to a newhybrid formof governance for the new risk, e.g. co-management, public-
private partnerships or social-private partnerships [79].

Third, our research shows that lack of understanding of the risks and opportunities, and lack of access to

appropriate technology slowed entrepreneurial action on sargassum.Again, lack of access to technology is a
known impediment to green entrepreneurship, especially amongmicro-enterprises [80]. Enabling research and
development environments, with support for the research sector and extant programmes for skills development
and training can create the space for grassroots environmental innovators [81].With national policies in place to
support innovation (such as reporting on new risks and opportunities), new technologies to address emergent

risks can be rolled outmore quickly.
Creating newpolicies from scratch are not necessarily needed, as global environmental risk and opportunity

standards already exist (e.g. ISO 14001 [82]) that recommends regular assessment of current and emergent
environmental risks and opportunities. Similarly, the global initiative ‘Taskforce onClimate-related Financial
Disclosures’ provides broad guidelines for reporting climate-based risks and pursuing concurrent opportunities,
although initial indications are that it is not yet delivering the desired depth and quality of reporting [83].
Applying these standardswithin government institutions, and regularly revisiting state-level climate-related and

nature-related risk and opportunity registers would be an important start. These registers could potentially
reorient small scale entrepreneurs and larger commercial businesses towards areas of risk and opportunity to
make themmore ready to respond to changing risks.

Conclusion

Our research highlights that early action to anticipate risks can reduce the longer-termdamages from emergent
risks.Most critical, prior to impact, is the development of a supportive institutional environment for research

and development relating to biological/ecological risks in all jurisdictions, including the agreement in principle
to rapidly create a shared research fund to investigate new risks. These suggestions are not new, and the suggested
actions to address them are notwithout precedent. Yet, without informed knowledge about the nature of the
risk, distribution of impacts and possible adaptations, the damages from emergent risks are likely to be higher
than need be.

9

Environ. Res. Commun. 5 (2023) 061002



Acknowledgments

The authors have declared that no competing interests exist. Theywish to thank the three reviewers who offered
detailed comments, these have significantly strengthened this paper. Thanks to FrankMuller-Karger atUSF for
comments on afinal draft.

This publication is supported by theUnited KingdomEconomic and Social ResearchCouncil through the
Global Challenges Research Fund (GCRF) project,Teleconnected SARgassum risks across the Atlantic: building

capacity for TRansformational Adaptation in the Caribbean andWest Africa (SARTRAC), grant number ES/
T002964/1. The authors are grateful for the collaboration of the entire SARTRAC teamwhich has informed
this work.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

VictoriaDominguez Almela https://orcid.org/0000-0003-4877-5967
Kwasi Appeaning Addo https://orcid.org/0000-0001-8981-5684
JackCorbett https://orcid.org/0000-0003-2005-7162
RobertMarsh https://orcid.org/0000-0002-1051-8749
Thierry Tonon https://orcid.org/0000-0002-1454-6018
SienVanDer Plank https://orcid.org/0000-0001-6650-4111

References

[1] IPCC.Climate Change 2022 Impacts, Adaptation andVulnerability (Cambridge: CambridgeUniversity Press) vol 2022
[2] JacksonRC,DugmoreA J andRiede F 2018Rediscovering lessons of adaptation from the pastGlobal Environ. Change 52 58–65
[3] UNEP. AdaptationGapReport 2022Too Little, Too Slow—Climate Adaptation Failure PutsWorld at Risk (Nairobi: UnitedNations

Environment Programme (UNEP))

[4] UNEP. AdaptationGapReport 2021The gathering storm—adapting to climate change in a post-pandemic world (Nairobi: United
Nations Environment Programme (UNEP))

[5] Berrang-Ford L et al 2021A systematic global stocktake of evidence on human adaptation to climate changeNat. Clim. Change 11

989–1000
[6] NeufeldtH, Christiansen L andDale TW2020Adaptation GapReport (UnitedNations Environment Programme) vol 2021, p 120
[7] OlazabalM, Ruiz deGopeguiM, Tompkins E L, Venner K and Smith R 2019A cross-scale worldwide analysis of coastal adaptation

planning Environ. Res. Lett. 14 124056
[8] BiesbroekR andDelaney A 2020Mapping the evidence of climate change adaptation policy instruments in Europe Environ. Res. Lett.

15 083005
[9] UNDRR.Global Assessment Report onDisaster Risk Reduction 2022OurWorld at Risk: Transforming Governance for a Resilient Future

(Geneva: UnitedNationsOffice forDisaster Risk Reduction (UNDRR)) vol 2022
[10] NohrstedtD,Hileman J,MazzoleniM,Di Baldassarre G and Parker cf 2022 Exploring disaster impacts on adaptation actions in 549

cities worldwideNat. Commun. 13 3360
[11] Blaikie P, CannonT,Davis I andWisner B 2004At Risk: Natural Hazards, People’s Vulnerability andDisasters (Routledge) 2nd ednp 496
[12] TheUnitedNationsOffice forDisaster Risk Reduction 2015 Sendai FrameworkforDisaster Risk Reduction 2015-2030.Disaster Risk

Management andResilience, Health Security Preparedness, p 32
[13] M.P. 2010Adaptation to Climate Change: fromResilience to Transformation (Routledge) 1st edn
[14] UNDRR2004 Living with Risk: a Global Review ofDisaster Reduction Initiatives (Geneva: UnitedNations)
[15] Fazey I et al 2007Adaptive capacity and learning to learn as leverage for social–ecological resilience Frontiers in Ecology and the

Environment 5 375–80
[16] Touza J et al 2021Coping and adaptation in response to environmental and climatic stressors in caribbean coastal communities

EnvironmentalManagement 68 505–21
[17] Eriksen S et al 2021Adaptation interventions and their effect on vulnerability in developing countries: Help, hindrance or irrelevance?

WorldDevelopment 141 105383
[18] Juhola S, Glaas E, Linnér B-O andNeset T-S 2016Redefiningmaladaptation Environ. Sci. Policy 55 135–40
[19] Cinner J E et al 2018Building adaptive capacity to climate change in tropical coastal communitiesNat. Clim. Change 8 117–23
[20] Fidai YA,Dash J, Tompkins E L andTononT 2020A systematic review offloating and beach landing records of Sargassumbeyond the

Sargasso SeaEnvironmental Research Communications 2 122001
[21] UnitedNations Environment Programme- Caribbean Environment Programme 2021 SargassumWhite Paper—Turning theCrisis

Into anOpportunityNinthMeeting of the Scientific andTechnical Advisory Committee (STAC) to the Protocol Concerning Specially

Protected Areas andWildlife (SPAW) in theWider Caribbean Region (Kingston, Jamaica)
[22] Johns EM et al 2020The establishment of a pelagic Sargassumpopulation in the tropical Atlantic: Biological consequences of a basin-

scale long distance dispersal eventProg. Oceanogr. 182 102269
[23] Oviatt CA,Huizenga K, Rogers C S andMillerW J 2019What nutrient sources support anomalous growth and the recent sargassum

mass stranding onCaribbean beaches? A reviewMar. Pollut. Bull. 145 517–25
[24] WangM,HuC, Barnes BB,MitchumG, Lapointe B andMontoya J P 2019The great atlantic sargassumbelt Science 365 83–7

10

Environ. Res. Commun. 5 (2023) 061002

https://orcid.org/0000-0003-4877-5967
https://orcid.org/0000-0003-4877-5967
https://orcid.org/0000-0003-4877-5967
https://orcid.org/0000-0003-4877-5967
https://orcid.org/0000-0001-8981-5684
https://orcid.org/0000-0001-8981-5684
https://orcid.org/0000-0001-8981-5684
https://orcid.org/0000-0001-8981-5684
https://orcid.org/0000-0003-2005-7162
https://orcid.org/0000-0003-2005-7162
https://orcid.org/0000-0003-2005-7162
https://orcid.org/0000-0003-2005-7162
https://orcid.org/0000-0002-1051-8749
https://orcid.org/0000-0002-1051-8749
https://orcid.org/0000-0002-1051-8749
https://orcid.org/0000-0002-1051-8749
https://orcid.org/0000-0002-1454-6018
https://orcid.org/0000-0002-1454-6018
https://orcid.org/0000-0002-1454-6018
https://orcid.org/0000-0002-1454-6018
https://orcid.org/0000-0001-6650-4111
https://orcid.org/0000-0001-6650-4111
https://orcid.org/0000-0001-6650-4111
https://orcid.org/0000-0001-6650-4111
https://doi.org/10.1016/j.gloenvcha.2018.05.006
https://doi.org/10.1016/j.gloenvcha.2018.05.006
https://doi.org/10.1016/j.gloenvcha.2018.05.006
https://doi.org/10.1038/s41558-021-01170-y
https://doi.org/10.1038/s41558-021-01170-y
https://doi.org/10.1038/s41558-021-01170-y
https://doi.org/10.1038/s41558-021-01170-y
https://doi.org/10.1088/1748-9326/ab5532
https://doi.org/10.1088/1748-9326/ab8fd1
https://doi.org/10.1038/s41467-022-31059-z
https://doi.org/10.1890/1540-9295(2007)5[375:ACALTL]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[375:ACALTL]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[375:ACALTL]2.0.CO;2
https://doi.org/10.1007/s00267-021-01500-y
https://doi.org/10.1007/s00267-021-01500-y
https://doi.org/10.1007/s00267-021-01500-y
https://doi.org/10.1016/j.worlddev.2020.105383
https://doi.org/10.1016/j.envsci.2015.09.014
https://doi.org/10.1016/j.envsci.2015.09.014
https://doi.org/10.1016/j.envsci.2015.09.014
https://doi.org/10.1038/s41558-017-0065-x
https://doi.org/10.1038/s41558-017-0065-x
https://doi.org/10.1038/s41558-017-0065-x
https://doi.org/10.1088/2515-7620/abd109
https://doi.org/10.1016/j.pocean.2020.102269
https://doi.org/10.1016/j.marpolbul.2019.06.049
https://doi.org/10.1016/j.marpolbul.2019.06.049
https://doi.org/10.1016/j.marpolbul.2019.06.049
https://doi.org/10.1126/science.aaw7912
https://doi.org/10.1126/science.aaw7912
https://doi.org/10.1126/science.aaw7912


[25] SklirisN,MarshR, Appeaning AddoK andOxenfordH2022 Physical drivers of pelagic sargassumbloom interannual variability in the
CentralWest Atlantic over 2010–2020OceanDyn. 72 383–404

[26] Sosa-Gutierrez R, Jouanno J, Berline L,Descloitres J andChevalier C 2022 Impact of tropical cyclones on pelagic sargassumGeophys.

Res. Lett. 49 e2021GL097484
[27] Fox-Kemper B 2021Ocean, Cryosphere and sea level changeClimate Change 2021: The Physical Science Basis Contribution ofWorking

Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change edVMasson-Delmotte et al (Cambridge:
CambridgeUniversity Press) vol 2021, pp 1211–362

[28] Magaña-Gallegos E, Villegas-Muñoz E, Salas-Acosta ER, Barba-SantosMG, Silva R and vanTussenbroek B I 2023The effect of
temperature on the growth of holopelagic sargassum species Phycology 3 138–46

[29] van der Plank S et al 2022 Polycentric governance, coordination and capacity: the case of sargassum influxes in the caribbeanCoastal
Management 50 285–305

[30] Vrain E and Lovett A 2020Usingword clouds to present farmers’ perceptions of advisory services on pollutionmitigationmeasures
J. Environ. Plann.Manage. 63 1132–49

[31] ClevelandC J andMorris CG 2013Handbook of Energy: Chronologies, Top Ten Lists, andWordClouds (Elsevier)
[32] Kulevicz RA, PorfirioGedO, deOliveiraO S, Zavala Zavala AA, Silva BADandConstantinoM2020 Influence of sustainability

reports on social and environmental issues: bibliometric analysis and theword cloud approach Environmental Reviews 28 380–6
[33] Schipper E L F 2020Maladaptation: when adaptation to climate change goes very wrongOne Earth 3 409–14
[34] Klein R J et al 2014Adaptation opportunities, constraints, and limits. Climate change: impacts, adaptation, and vulnerability Part A:

global and sectoral aspects contribution ofworking group II to thefifth assessment report of the intergovernmental panel on climate
change (Cambridge: CambridgeUniversity Press) vol 2015, p 899

[35] OwenG2020Whatmakes climate change adaptation effective? A systematic review of the literatureGlobal Environ. Change 62 102071
[36] McConney P andOxenfordH2021Caribbean sargassumphenomenon: complexities of communicatingThe Journal of Caribbean

Environmental Sciences andRenewable Energy 3 10–4
[37] Maréchal J-P,Hellio C andHuC2017A simple, fast, and reliablemethod to predict sargassumwashing ashore in the lesser antilles

Remote Sensing Applications: Society and Environment. 5 54–63
[38] LaffoleyD et al 2011The protection andmanagement of the Sargasso Sea: The goldenfloating rainforest of the AtlanticOcean.

Summary Science and Supporting Evidence Case. Sargasso Sea Alliance, p 44
[39] Ackah-BaidooA 2013 Fishing in troubledwaters: oil production, seaweed and community-level grievances in thewestern region of

ghanaCommunity Development Journal 48 406–20
[40] Powers S P,Hernandez F J, CondonRH,Drymon JMand Free CM2013Novel pathways for injury fromoffshore oil spills: direct,

sublethal and indirect effects of the deepwater horizon oil spill on pelagic sargassum communities PLoSOne 8 e74802
[41] Hotel C andTourismAssociation 2015 Sargassum aRESOURCEGuide for the Caribbean, p 14
[42] BBC. Sargassum2018The SeaweedDelugeHittingCaribbean Shores. https://bbc.co.uk/news/world-latin-america-45044513
[43] CBS 2015Mats of decaying seaweed piling up on caribbean beaches 2015
[44] Milledge J J andHarvey P J 2016Golden tides: problemor golden opportunity? the valorisation of sargassum frombeach inundations

Journal ofMarine Science and Engineering 4 60
[45] SmetacekV andZingoneA 2013Green and golden seaweed tides on the riseNature 504 84–8
[46] WangMandHuC2021 Satellite remote sensing of pelagic Sargassummacroalgae: the power of high resolution and deep learning

Remote Sens. Environ. 264 112631
[47] MarshR,OxenfordHA,Cox S-A L, JohnsonDR andBellamy J 2022 Forecasting seasonal sargassum events across the tropical atlantic:

Overview and challenges Frontiers inMarine Science 9 914501
[48] García-SánchezM,GrahamC,Vera E, Escalante-Mancera E, Álvarez-Filip L and vanTussenbroek B I 2020Temporal changes in the

composition and biomass of beached pelagic sargassum species in themexican caribbeanAquatic Botany. 167 103275
[49] Amaral-Zettler L A et al 2017Comparativemitochondrial and chloroplast genomics of a genetically distinct formof Sargassum

contributing to recent ‘Golden Tides’ in theWestern AtlanticEcology and Evolution 7 516–25
[50] Schell JM,GoodwinD S and SiudaAN2015Recent sargassum inundation events in the caribbean: shipboard observations reveal

dominance of a previously rare formOceanography 28 8–11
[51] DavisD et al 2021Biomass composition of the golden tide pelagic seaweeds Sargassumfluitans and S. natans (morphotypes I andVIII)

to inform valorisation pathways Sci. Total Environ. 762 143134
[52] Lo ́pez-Contreras AM, van derGeestM,DeetmanB, van den Burg S, BrustH and deVrije T 2021Opportunities for valorisation of

pelagic Sargassum in theDutchCaribbean (No. 2137).Wageningen Food&BiobasedResearch
[53] TononT et al 2022 Biochemical and elemental composition of pelagic sargassumbiomass harvested across the caribbean Phycology 2

204–15
[54] Nielsen BV,Milledge J J,HertlerH,Maneein S, Al FaridMMandBartlett D 2021Chemical characterisation of sargassum inundation

from the turks and caicos: seasonal and post stranding changesPhycology 1 143–62
[55] Vázquez-Delfín E, Freile-Pelegrín Y, Salazar-Garibay A, Serviere-Zaragoza E,Méndez-Rodríguez LC andRobledoD2021 Species

composition and chemical characterization of Sargassum influx at six different locations along theMexicanCaribbean coast Sci. Total
Environ. 795 148852

[56] MachadoCB et al 2022 Pelagic Sargassum events in Jamaica: Provenance,morphotype abundance, and influence of sample processing
on biochemical composition of the biomass Sci. Total Environ. 817 152761

[57] AlleyneK, JohnsonD,Neat F,OxenfordHA andVallèsH 2023 Seasonal variation inmorphotype composition of pelagic sargassum
influx events is linked to oceanic origin Sci. Rep. 13 3753

[58] WilliamsAaFRA2010 Final report: sargassum and beach erosion: potential costs and benefits for coastalmanagers. texas agricultural
experiment stationTexas A&MUniversity

[59] DCNA2019Prevention and clean-up of Sargassum in theDutchCaribbean. (Bonaire: 30pp: utchCaribbeanNature Alliance (DCNA))

[60] Saldarriaga-Hernandez S,Melchor-Martínez EM,Carrillo-NievesD, Parra-Saldívar R and IqbalHM2021 Seasonal characterization
and quantification of biomolecules from Sargassum collected fromMexicanCaribbean coast–a preliminary study as a step forward to
blue economy J. Environ.Manage. 298 113507

[61] Devault DA, Pierre R,MarfaingH,Dolique F and Lopez P J 2020 Sargassum contamination and consequences for downstreamuses: a
review J. Appl. Phycol. 33 567–602

[62] Ortega-Flores PA, Serviere-Zaragoza E,DeAnda-Montañez J A, Freile-Pelegrín Y, RobledoD andMéndez-Rodríguez LC 2021Trace
elements in pelagic Sargassum species in theMexicanCaribbean: Identification of key variables affecting arsenic accumulation in S.
fluitans Sci. Total Environ. 807 150657

11

Environ. Res. Commun. 5 (2023) 061002

https://doi.org/10.1007/s10236-022-01511-1
https://doi.org/10.1007/s10236-022-01511-1
https://doi.org/10.1007/s10236-022-01511-1
https://doi.org/10.1029/2021GL097484
https://doi.org/10.26226/morressier.60dd99435d86378f03b413f9
https://doi.org/10.26226/morressier.60dd99435d86378f03b413f9
https://doi.org/10.26226/morressier.60dd99435d86378f03b413f9
https://doi.org/10.3390/phycology3010009
https://doi.org/10.3390/phycology3010009
https://doi.org/10.3390/phycology3010009
https://doi.org/10.1080/08920753.2022.2078172
https://doi.org/10.1080/08920753.2022.2078172
https://doi.org/10.1080/08920753.2022.2078172
https://doi.org/10.1080/09640568.2019.1638232
https://doi.org/10.1080/09640568.2019.1638232
https://doi.org/10.1080/09640568.2019.1638232
https://doi.org/10.1139/er-2019-0075
https://doi.org/10.1139/er-2019-0075
https://doi.org/10.1139/er-2019-0075
https://doi.org/10.1016/j.oneear.2020.09.014
https://doi.org/10.1016/j.oneear.2020.09.014
https://doi.org/10.1016/j.oneear.2020.09.014
https://doi.org/10.1016/j.gloenvcha.2020.102071
https://doi.org/10.33277/cesare/003.002/02
https://doi.org/10.33277/cesare/003.002/02
https://doi.org/10.33277/cesare/003.002/02
https://doi.org/10.1016/j.rsase.2017.01.001
https://doi.org/10.1016/j.rsase.2017.01.001
https://doi.org/10.1016/j.rsase.2017.01.001
https://doi.org/10.1093/cdj/bst022
https://doi.org/10.1093/cdj/bst022
https://doi.org/10.1093/cdj/bst022
https://doi.org/10.1371/journal.pone.0074802
https://www.bbc.co.uk/news/world%E2%80%90latin%E2%80%90america%E2%80%9045044513
https://www.bbc.co.uk/news/world%E2%80%90latin%E2%80%90america%E2%80%9045044513
https://www.bbc.co.uk/news/world%E2%80%90latin%E2%80%90america%E2%80%9045044513
https://doi.org/10.3390/jmse4030060
https://doi.org/10.1038/nature12860
https://doi.org/10.1038/nature12860
https://doi.org/10.1038/nature12860
https://doi.org/10.1016/j.rse.2021.112631
https://doi.org/10.3389/fmars.2022.914501
https://doi.org/10.1016/j.aquabot.2020.103275
https://doi.org/10.1002/ece3.2630
https://doi.org/10.1002/ece3.2630
https://doi.org/10.1002/ece3.2630
https://doi.org/10.5670/oceanog.2015.70
https://doi.org/10.5670/oceanog.2015.70
https://doi.org/10.5670/oceanog.2015.70
https://doi.org/10.1016/j.scitotenv.2020.143134
https://doi.org/10.3390/phycology2010011
https://doi.org/10.3390/phycology2010011
https://doi.org/10.3390/phycology2010011
https://doi.org/10.3390/phycology2010011
https://doi.org/10.3390/phycology1020011
https://doi.org/10.3390/phycology1020011
https://doi.org/10.3390/phycology1020011
https://doi.org/10.1016/j.scitotenv.2021.148852
https://doi.org/10.1016/j.scitotenv.2021.152761
https://doi.org/10.1016/j.jenvman.2021.113507
https://doi.org/10.1007/s10811-020-02250-w
https://doi.org/10.1007/s10811-020-02250-w
https://doi.org/10.1007/s10811-020-02250-w


[63] TrenchC et al 2022Application of stranded pelagic sargassumbiomass as compost for seedling production in the context ofmangrove
restoration Front. Environ. Sci. 10 932293

[64] Sembera J A,Meier E J andWaliczek TM2018Composting as an alternativemanagement strategy for sargassumdrifts on coastlines
HortTechnology. 28 80–4

[65] Ayala-Mercado ID,Weber B andDurán-GarcíaMD2022Use of hydrothermal pretreatment to enhance biogas production from
pelagic sargassumBioEnergy Research 15 1639–48

[66] Ávalos-Betancourt CA, López-Sosa L B,Morales-MáximoM,Aguilera-MandujanoA,Corral-Huacuz J C andRodríguez-Martínez R E
2021Assessment of the energy potential as a solid biofuel of Sargassum spp. considering sustainability indicator IOPConf. Ser.: Earth
Environ. Sci. 912 012010

[67] Milledge J J andHarvey P J 2016 Ensilage and anaerobic digestion of Sargassummuticum J. Appl. Phycol. 28 3021–30
[68] Salgado-Hernández E et al 2023Methane production of sargassum spp. biomass from themexican caribbean: solid–liquid separation

and component distribution International Journal of Environmental Research and Public Health 20 219
[69] Desrochers A, Cox SA L,OxenfordHA andTussenbroek B I 2020 Sargassumuses guide: a resource forCaribbean researchers,

entrepreneurs and policymakers. Report funded by and prepared for theClimate Change Adaptation in the EasternCaribbean
Fisheries Sector (CC4FISH)Project of the Food andAgricultureOrganization (FAO). Centre for ResourceManagement and
Environmental Studies (CERMES), University of theWest Indies, CaveHill Campus. Bridgetown: Barbados. CERMESTechnical
ReportNo. 97, p 172

[70] Rossignolo J A, Felicio Peres DuranA J, BuenoC,Martinelli Filho J E, Savastano JuniorH andTonin FG 2022Algae application in civil
construction: A reviewwith focus on the potential uses of the pelagic Sargassum spp. biomass J. Environ.Manage 303 114258

[71] Castañeda-SernaHU et al 2021Bioprospecting Algae forNanosizedMaterials (Cham: Springer International Publishing) pp 345–64
[72] Gray LA, Bisonó LeónAG, Rojas F E, Veroneau S S and SlocumAH2021Caribbean-Wide, Negative Emissions Solution to Sargassum

spp. Low-Cost CollectionDevice and SustainableDisposalMethodPhycology 1 49–75
[73] OxenfordHA, Cox S-A, van Tussenbroek B I andDesrochers A 2021Challenges of turning the sargassum crisis into gold: current

constraints and implications for the caribbean Phycology 1 1
[74] Compton S,McConney P andMahonR 2019National Intersectoral CoordinationMechanisms (NICs) Final ReportCentre for

ResourceManagement and Environmental Studies (CERMES) (Barbados: TheUniversity of theWest Indies, CaveHill Campus)
[75] ScobieM2016 Policy coherence in climate governance inCaribbean Small IslandDeveloping States Environ. Sci. Policy 58 16–28
[76] ScobieM2018Accountability in climate change governance andCaribbean SIDS. Environment, Development and Sustainability 20

769–87
[77] BrobergMandHovani E 2019Disaster risk reduction through risk pooling: the case of hazard risk pooling schemes edKLHSamuel,

KNBookmiller andMAronsson-StorrierTheCambridgeHandbook of Disaster Risk Reduction and International Law (Cambridge:
CambridgeUniversity Press) pp 257–74

[78] Awondo SN2019Efficiency of region-wide catastrophic weather risk pools: Implications for AfricanRiskCapacity insurance program
J. Dev. Econ 136 111–8

[79] LemosMCandAgrawal A 2006 Environmental GovernanceAnnual Review of Environment andResources 31 297–325
[80] CreechH, Paas L, Gabriel GH,VooraV,Hybsier C andMarquardH2014 Small-scale social-environmental enterprises in the green

economy: supporting grassroots innovationDevelopment in Practice 24 366–78
[81] SeyfangG and SmithA 2007Grassroots innovations for sustainable development: towards a new research and policy agenda

Environmental Politics 16 584–603
[82] WhitelawK 2004 ISO 14001 Environmental SystemsHandbook (Routledge) 2nd edn
[83] BraaschA andVelte PClimate reporting quality following the recommendations of the task force on climate-related financial

disclosures: a Focus on theGerman capitalmarket Sustainable Development 31 926–40

12

Environ. Res. Commun. 5 (2023) 061002

https://doi.org/10.3389/fenvs.2022.932293
https://doi.org/10.21273/HORTTECH03836-17
https://doi.org/10.21273/HORTTECH03836-17
https://doi.org/10.21273/HORTTECH03836-17
https://doi.org/10.1007/s12155-021-10371-4
https://doi.org/10.1007/s12155-021-10371-4
https://doi.org/10.1007/s12155-021-10371-4
https://doi.org/10.1088/1755-1315/912/1/012010
https://doi.org/10.1007/s10811-016-0804-9
https://doi.org/10.1007/s10811-016-0804-9
https://doi.org/10.1007/s10811-016-0804-9
https://doi.org/10.3390/ijerph20010219
https://doi.org/10.1016/j.jenvman.2021.114258
https://doi.org/10.1007/978-3-030-81557-8_14
https://doi.org/10.1007/978-3-030-81557-8_14
https://doi.org/10.1007/978-3-030-81557-8_14
https://doi.org/10.3390/phycology1010004
https://doi.org/10.3390/phycology1010004
https://doi.org/10.3390/phycology1010004
https://doi.org/10.1016/j.envsci.2015.12.008
https://doi.org/10.1016/j.envsci.2015.12.008
https://doi.org/10.1016/j.envsci.2015.12.008
https://doi.org/10.1007/s10668-017-9909-9
https://doi.org/10.1007/s10668-017-9909-9
https://doi.org/10.1007/s10668-017-9909-9
https://doi.org/10.1007/s10668-017-9909-9
https://doi.org/10.1017/9781108564540.015
https://doi.org/10.1017/9781108564540.015
https://doi.org/10.1017/9781108564540.015
https://doi.org/10.1016/j.jdeveco.2018.10.004
https://doi.org/10.1016/j.jdeveco.2018.10.004
https://doi.org/10.1016/j.jdeveco.2018.10.004
https://doi.org/10.1146/annurev.energy.31.042605.135621
https://doi.org/10.1146/annurev.energy.31.042605.135621
https://doi.org/10.1146/annurev.energy.31.042605.135621
https://doi.org/10.1080/09614524.2014.899561
https://doi.org/10.1080/09614524.2014.899561
https://doi.org/10.1080/09614524.2014.899561
https://doi.org/10.1080/09644010701419121
https://doi.org/10.1080/09644010701419121
https://doi.org/10.1080/09644010701419121

	Introduction
	Methods
	Results
	Components of adaptation
	Policy
	Knowledge and evidence
	Monitoring and early warning
	Technology and valorisation

	Adapting to the emergent risk of sargassum influxes

	Discussion
	Conclusion
	Acknowledgments
	Data availability statement
	References

