Table of Contents

EXECULIVE SUMMIAIY....cciiiiiiiiiiiiiiis e eeee et e e seree e s e e e e e e e et e s saeee e e e eeaaaanas 3
IR 0] o To [ T £ o TSRS 5.
2. Biological Characterization of SargasSUM........ccccoveiieieiiiiiiiceeie e eeee e 8
2.1 MOIPRNOIOGY. .ttt e 9
2.2 Genetic and BIOChEMISTLY.........cooiiiiiiiiiieee e 11
2.3 Elemental anBiochemicalProperties.........cccooeeiiiiieeeiiiieeeiiee e eeeeeeees 13
2.4 PRYSIOIO0Y ... i ——————————— 16
2.5 BIOGIVEISITY . ..ceeeeeeeeeeee ettt eeeer e 19
RECOMMENUALIONS. ...ttt ieee e et e e e e e e e e e e e e e e e s s eas 23
3. Formation and Movement Of SargasSUM..........ccciiiiiiiiieeiiieeseeiieee e emmne e 24
3.1 Triggering andestablishment of thBlooM.............oooeeiiiiiiiiice e, 25
3.2 Factorssustaining theBlOOM ..........coooiiiiiiiiieeee e 27
3.3 Accumulation an®istribution of theBloom...............ccccuviiiiiiieeeiiiiiee 29
3.4 Evolution of Monitoring TEChNIQUES .........iiiiiee e eeens 32
3.5 Trajectory PrediClioNS........cooooi i cceeee e erees et eeenaes 35
RECOMMENUALIONS. ... .o e e e e e e emnnsnnas 39
4. Environmental, Health, and Socioeconomic IMpPactS........ccoevevveeviiiiicceene e e, 40
4.1 Environmental IMPACIS.........ooiiiiiiiiiiiiieeee b eeeess e eeeeee e 41
v T oto T o]0 ¢ (o 1 4] = Tox £ 7Y 44
4.3 Health IMPacCtS.......ccouviiiiiiiiereiin e eensmemen 4O
4.4 Sociecultural IMPACES........ccvviiiiieeiiiiiiieee e A8
ReCOMMENAALIONS. ...ttt ieeeiiiree e eeerrrreeeeeeee e e e e e e e e e e e e s smmmeee AO
5. Legal and Governance COoNSIAEratioNS..........uuuuuruuuuuiiisiccrerrenrnnasaneeeeeeeeesseessaaeeeees 50
5.1 Geopolitical and LaRUdse Strategies...........uuuuieiiieeieeceeeiiinineeeeeeeeeeeeeeeeneens 51
5.2 Governance of Sargassum Habitats.................eeuiccoiiieiiiiiiiiiieeee e, 53
RECOMMENUALIONS. ... .iiiiiii ettt e e e e e ennnennas 54
6. Collection, Management, and Valorization of Sargassum........cccccovevvvevvviiiccsienneenn. 55
6.1 Distinctions betwee®nshore vsOffshoreManagement................cccceeeeeeeeen. 56

White Paper - Navigating the Sargassum Crisis



6.2 ColleCtion froM SNOTEIINES. . ... e e e e e e enns 58

6.3 Monitoring and Management............ccooeiiiiiiiieeene e 60
6.4 Treatment, Recovery, and Valorization.............ccoouuiiiieeeiiiieeeeeiiee e 62
RECOMMENUALIONS......iiiii e e e e e e e e ennnrnnas 66

7. Integration and Synthesis: The Sargassum PhenomendiTimeline, Responses, and the
Role of Science Diplomacy for a Roadmap Design to Advance Sargassum Solution§7

7.1 Historical context and timeline of eVeNnts.............ccccvvvviieemnniniiiiiiiiiieeeee 68
7.2 Evolution of regional and international funding respanse..............ccccvvvueeeee. 71
7.3 Science diplomacy as a tool to develop a roadmap...............eeeeveeeccevvennnnee. 73
7.3.1 Creating sustainable solutions through integratian....................... 73
7.3.2 Definition of science diplomacy...........ccoooovviiiiiiiccciiii e 13
7.3.3 Science diplomacy in the sargassum context...........cccoeeeevreeeennnnns 74

7.3.4 Diplomacy for Science: Facilitating international research collaborations
................................................................................................................ 74

7.3.5 Science in Diplomacy: Using scientific expertise to inform policy..76
7.3.6 Science for Diplomacy: Improving international relations through

SCIENtIfiC COOPEIAtION......cciiiii i e eeeeiieeeeieeee e 7

7.3.7 Three interconnected dimensions working in concert..................18
ReCOMMENdAtiONS.......cooeiiiieeeeiieiceeeeee e eeeeeeeeme e smmmenee d D
Conclusions and Final RECOMENAAtIONS. ......uuuuuiiiiiiieee e 80
] (=] = o >3 82
Appendix A: ADDreVIationS..........oooeiiiiii e 100
APPENTIX B: GIOSSAINY.....eeeieiiiiiiiiiiiii et e e 101
Appendix C: Methodologyused toconductsystematiqreVview...............cevvvvvveennnimmeeeennns 102

Appendix D: Peerreviewed scientific literature identified in the systematic review process

White Paper - Navigating the Sargassum Crisis



Executive Summary

PelagicSargassuma freefloating brown macroalgae forming a massive bloom in the Atlantic
Ocean, is recognized as a new reality. This bloom is a multidimensional challenge because of its
complexity, its ample geographic distribution including West Africa, Brazil, CeAtrarica, and the
larger Caribbean; and its ecological, socioeconomic, and public health impacts. This bloom is primarily
composed of three morphoty@eSargassum fluitandll, S. natansl, and S. natansVIIl 8 whose
composition varies regiatly, with significant ecological and physiological differences. While recent
advances in taxonomy and genetic analysis efforts are significant, the classification remains elusive.
Similarly, while physiological studies are helping our understanding aftgroates and differential
thermotolerance of morphotypes, there are still discrepancies that need to be addressed. Importar
questions regarding our understanding of physiological responses need attention, especially regardin
stress responses to combimeironmental factors at different spatial scales. Major advances have been
achieved in the understanding of potential triggers and sustaining mechanisms. The present working
hypothesis points to linking the bloom to oceanographic and climatic shifsviod the 20092010
negative North Atlantic Oscillation (-rikiAv@ders an d
at the Atlantic Basin scale, vertical mixing in the growing zone of the Great Atlantic Sargassum Belt
(GASB) in the North Equatorial étirculation region (NERR), and atmospheric nitrogen fixation by
nitrifying bacteria within sargassum bl adesd |
tropical Atlantic is associated with oceanic currents and wind patterns, with seasdnahnual
variability responding to climate changes such as El Nifio and La Nifia events. Significant advances in
satellite monitoring methods are improving, allowing for better monitoring of ocean currents and floating
sargassum rafts. However, limitatioms detection persist mainly for coastal waters, where local
monitoring techniques such as drones and citizen science programs are of utmost importance to fill thes
gaps. Recognized impacts of this bloom are related with the loss of biodiversity argivexteimage
to ecosystems, as sargassum accumulates on coastal zones in the region since 2011. Reduction
resilience of coral reefs, seagrass beds, and mangroves are causing the loss of ecological servict
provided by these ecosystems, such as sustaméadthy fisheries, coastal protection, and carbon
sequestration, impacting all regions, particularly the Caribbean considered a biodiversity hotspot. These
impacts have wideanging environmental, health, and socioeconomic consequences. As the ecosystems
are damaged, disruption in fisheries and tourism are evident, and risks to humaih éspdibially in
vulnerable coastal regions of the Caribbean and West Africa are increasing. While some progress ha
been made in understanding these impacts, currerdregdemains limited. Studies have documented
losses in fisheries and tourism, both of which are critical sources of income for affected regions. Researcl

has also highlighted public health concerns related to the accumulation and decomposition ohsargassu

White Paper - Navigating the Sargassum Crisis



which releases harmful gases such as hydrogen sulfide and ammonia. However, more comprehensiv
data is needed to fully assess and quantify the extent of these impacts. Responses from governme
agencies, international organizations, private sector andlsilers at large, have been fragmented,
with many nations lacking integrated or enforceable management frameworks, highlighting the need for
coordinated efforts. Collection of accumulated sargassum and treatment strategies vary based o
geography and saal differential strategies need to be implemented based on the United Nation
Convention for the Law of the Oceans, from international agreements in the high seas, to multinational
and national strategies at the Exclusive Economic Zone and territoriabwattshore management and
sustainable harvesting offer promising solutions, though ecological risks and the lack of standardized
processing protocols remain major barriers. Nonetheless, the resource potential of sargassum is bein
explored across variousdustries, such as compost and from biofuels to bioplastics, creating
opportunities for innovation and sustainable development, while facing the challenges of the presence
of heavy metals like Arsenic and others. Funding research to improve scientiéistamdiing of the

bloom needs to continue and be tailored towards solving detected knowledge gaps. Public health an
economic systematic studies are a major knowledge gap that needs to be addressed. Allocating funds
evaluate and implement solutions ioth sectors are an urgent need. Definitions and regulations of
sargassum require coordinated efforts at international, regional, and national levels. Valorization and ust
will need the private sector to consider ecological risks of their practices arfit lweaé communities

as well as their industries. Major efforts are needed to better organize responses to protect loca
communities and tourists alike; such responses will need programs that will incorporate locals in any
decisionmaking, ensuring the ptection of their livelihoods and benefit from this potential opportunity.

It is imperative to recognize the lessdeasrned angbursue the creation of a task force that will address

the rapid rate of new knowledge coming out as publications, reports, government documents, and updat
annually or biannually the community at large to develop and evaluate solutions minimizing @tologic
consequences. Any investment, as well as management policies and actions, need to envision strategi
to benefit locals. Baskon all the scientific advances presented in this document, it is clear that the
sargassum issue is a symptom of a planetary problem that can use science diplomacy advances as
framework to address the next era of this multidimensional problem. Whgassaimm can become an
opportunity, wecannotforget that the cause of the problem is related to the triple crisediversity

loss, climate change, and pollution related to our extractive lifestyle.
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Introduction to Pelagic Sargassum

Background and importance of pelagic sargassum

The tropical Atlantic, since 2011, has been living under a new reality that is particularly
detrimental to the larger Caribbean and coasts of West Africa. Massive influxes and landings are
composed of two specieSargassun{Sargassum natan@.innaeus) Gaillon an®argassum fluitans
(Bgrgesen) Bgrgesen) that have been demonstrating enormous ecological, social, public health, an
economic impacts. These two species of the g8angassunare unique in their pelagic ecology, often
found freefloating in the @en ocean throughout most of their entire life cycle. Blooms associated with
these species are referred to by its common name sargasso or sargassum to distinguish from other bent
species of the gen&argassumThroughout this document, we will be referring to exclusively pelagic

species of the gen&argassumt hr ough t he wuse of J1ts common nan

This white paper aims to provide an overview of the state of the research on sargassum which
includes both scientific publications identified and listed in Appendix D and other additional resources.
We identified scientific studies published in peeviewed journals and book chapters using the methods

listed in Appendix C

Scientific research on studies related to the geBasgassumincreased significantly after the
establishment of the bloom, with an acceleration of publications since Egjui8d 1). Significant
advances in the understanding of triggers, maintenance drivers, and impacts of the bloom, such as growi
rates, nutrient and temperature regulators of growth, levels of metals and gases, and ecosystem impac
are becoming better understotidough experimentation and monitoring programs (see sections for
details).While significant scientific advances are evident with 554 publications identified from January
2011 to September 2025, and up to 67 publications from January 2025 to Septemb&rg2025L),

there is still much work to be done in our understanding of the triggers that establish new growth areas
for sargassum, as well as supportive drivers and transportation mechanisms to impacted regions. Th
direct link between global landse practices,ush as how agriculture and industrial waste end up in the

oceanyequires immediate monitoring and the development of both local and international coastal zone
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Introduction

management practices and regulations. Management, collections and uses of sargassum is still an unev

development with little publications while many different practices have been established locally. A lack

of common regulations and definitions for thamagement of this resource is evident as well as the

understanding of the potential role as a resource, opportunity, or problem depending on where the

collection of materials occur§Vhat is becoming increasingly clear is that this Atlamtide massive

algal bloom is a symptom of a global problem; the major triggers and drivers of this phenomenon are

changes or anomalies in climate patterns and Atlantic currents, temperature increases, and nutrier

availability at a basin scale; see sections below), gled@imonstrating a global problem that needs

immediate international coordinated action. Therefore, withtowgate scientific evidence, this

document provides data and recommendations to support managers and policymakers in activating th

organization ananobilizing resources to establish and enact integral strategies at local, regional, and

international scales.
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FIGURE 1. NUMBER OF PUBLICATIONS OVER TIME BASED ON A SYSTEMATIC REVIEW ACROSS FIVE DATABASES
USING THE KEYWORDSAPELAGIC SARGASSUMO i BRGASSUM FLUITANSO i SRGASSUM NATANSO AND
fi ALANTIC O (SEEAPPENDIXC FOR METHODOLOGY). THE DASHED LINE INDICATES THE ONSET OF ANOMALOUS
PELAGIC SARGASSUM LANDINGS IN2011WITH 554PUBLICATIONS BETWEENJANUARY 2011TO SEPTEMBER2025.
THE ASTERISK(*) ABOVE 2025INDICATES PUBLICATION RECORDS LISTED ARE ONLY FROMANUARY TO
SEPTEMBER2025.

The document is divided into seven main sections addressing the multidimensional aspects of

this sargassum bloom. It covers the scientific advances in the areas of the biology of sargassum, followe

by advances in the understanding of potential triggeppating conditions, and trajectories across the

Atlantic. The next section is an analysis of the state of knowledge related to ecological, economic, anc

public health impacts of the bloom, followed by a section addressing legal and governance

consideratins. Finally, a section addressing collections techniques, and valorization challenges

including management and potential uses and risks closes the white paper information analysis. Base

on the critical analysis of all the literature, we recognize follarpithat have driven the sargassum
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Introduction

phenomenon research, management and valorizations; each pillar has multidimensional process an
levels of advancement, but they have common ways to address their challenges, those pillars are nc
isolated between them, but their identification will helpdgunext steps and action roadmapgj(re

2). An integration section was added including the potential role of science diplomacy at the stage we
are at after 14 years of this problem, followed by a series of recommendations addressed to funding

agenciespolicymakers, managers, scientists, and the community at large.

This white paper includes a literature review from 2011 up to September 2025, but because the
scientific production since September has been exploding, we updated the important findings within the
text. We included papers up to December 2028 are aware that more literature will keep coming out

as we write these final words.

The four pillars driving research, management, and valorization of sargassum

Origin, growth rates, nutrients,

SCIENTIFIC
RESEARCH

MONITORING &
FORECASTING

SOCIOECONOMIC
EVALUATION

REGULATIONS &
PROTOCOLS

Research drivers of the
bloom, and ecological
consequences.
Evaluate management.
Study biodiversity of
vulnerable ecosystems.

Develop forecasting,
estimate abundance, scale
and trajectory of blooms

Study local economic,
health, & social costs
Assess potential
opportunities

Develop and align legal
frameworks for the use &
management of sargassum

carbon cycle role, microbiome,
temperature tolerance, chemical
compounds, heavy metals,
oceanography, AMOC, loss of
biodiversity, taxonomic questions

Integrate multiple scales, multiple
approaches.
Provide user-friendly maps and
forecasts for users.

Collection and storage, health
issues, decomposing problems,
valorization, supply chain, fisheries,
economic impacts, business
designs, start-up support

Define sargassum as a resource
or nuisance from ocean to shore
(i.e. from international waters to
temitorial waters), UNOC, local to
international agreements, laws
and regulations, unlock action to
address the problem through
implementation across public
and private representatives

FIGURE 2. GRAPHIC REPRESENTATION OF THE FOUR PILLARS THAT HAVE DRIVEN SARGASSUM RESEARCH

MANAGEMENT AND VALORIZATION .

White Paper - Navigating the Sargassum Crisis



*
5
e
: -};
v g 5L
3«.&»5..:’1%22.’%%&#&‘»; %

Biological Characterization of Sargassum
Highlights

Floating sargassum mats are limited to the Atlantic region and consist of three morpr&l
fluitans lll, S. natand, andS. natansVIll which can be distinguished using morphologi
characteristics.

Our understanding of taxonomy among sargassum morphotypes is improving with the
combination of genetic, chemical, and morphological characteristics.

Composition of morphotypes vary across space, with the Sargasso Sea domirgatedthys

I morphotype with rare occurrences ®f natansVIll while the GASB is dominated b¥.

fluitanslll and S. natand/Ill morphotypes. However, these patterns are shifting in recent
Unresolved bloonsustaining mechanisms, and consistently elevated toxic elen
particularly arsenig currently limit reliable, largescale applications and underscore the 1
for mechanistic and biogeochemical resolution before sustainable managenglitation
strategies can be realized.

Despite the inconsistencies with studies of sargassum growth rates, we have

understanding of sargassum physiology, including thermal tolerance of morphotypes. H

physiological studies, particularly in situ, which explore other factors asrdrof the bloo

such as nutrients remain limited.

Sargassum functions as a salfstaining pelagic ecosystem which provides habitat to su
high biodiversity, mediates nutrient cycling through its microbiome, and facilitates
distance species dispe@ahaking its recent expansion ecologically capsntial and

priority for sustained monitoring and management.

The genusargassurbelongs to the class Phaeophyceae and contains approximately 358 species

(Guiry and Guiry 2025). Of these species, the recent blooms and landings of sargassum across th
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Biological Characterization of Sargassum

Atlantic have solely been composed of two specimrgassum fluitangBargesen) Bgrgesen and
Sargassum natar{kinnaeus) Gaillon. These species are thought to have originated in the Sargasso Sea
but have since expanded its distribution to form the Great Atlantic Sargassum Belt (GASB) due to
climatic anomalies (see Section 3 for further details). This sectioraddiless the current state of the
scientific advances and knowledge on distinguishing pelagic species of sargassum based or
morphological and getie analyses, differences in elemental and biochemical content which can affect

its valorization potential and the biodiversity that sargassum supports.

2.1 Morphology

The two speciesS. fluitansand S. natansare considered pelagic because no benthic phase is
associated as the source of the floating masses. Unlike other species within the genus which contai
sexual stages within their life cycles, it is thought that pelagic species' only mode of reproguction
through vegetative growth and fragmentation (Butler et al. 1983), with no current studies showing
reproductive structures on thalli within floating mats. Aggregations of these two species are responsible
for the sargassum crisis in recent times plagmnmerous countries across the tropical Atlantic. Within
each species of pelagic sargassum, there is diversity in the morphological forms or varieties (i.e.
morphotypes) which were first described by Winge (1923) and revised by Parr (1939). These early
studies described two varieties $f fluitans(lll and X) and four varieties d. natangl, I, VIII, and
IX). Recently, there are three recognized morphotypes found in the Atlantic r&gifinitanslil, S.
natansl, and S. natansvlll (Figure 3 A, B, and C, respectively) with the latter being rarely found
within the Atlantic and limited to the western Caribbean (Parr 1939) until the increase in biomass of
pelagic sargassum reported in 2011. However, the previously rare morph®typatansVIill has
become one of the most predominant morphotypes alongsitigtandll within the new source region
for sargassum in the tropical Atlantic (Schell et al. 2015, G&8éfrechez et al. 2020, Hatt et al. 2024).

Historical taxonomic identification between the species and morphotypes of pelagic sargassum
were solely based on morphological distinctions. Research conducted €20pbdtlooms of pelagic
sargassum characterize and distinguish morphotypes using &uncdicharacteristics described by
Schell et al. (2015): clump appearance, thornshenstem, spines on air bladders (also referred to as
aerocysts), and blade size (also referred to as fronds). First, the presence or absence of thorns on the st
is usel to distinguisls. fluitandrom S. natansSargassum fluitanidl is further characterized by smooth
ovalshaped air bladders and short and wide blades/frémgisré 3A) while S. natang has small round
air bladders with spines with long and narrow blades/frofitpufe 3B) andS. natansVIll by large
round smooth air bladders, rarely containing spines and long and wide bladeskignds 3C). When

using spines on air bladders as an identifying feature, care should be taken that the spines are not
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Biological Characterization of Sargassum

A / Thorns present along
- main axis (stem)

No spines present on air bladders;\
often elongated or oblong

Thorns are visible with the naked eye but

viewing under a dissecting microscope can help
confirm this feature if necessary

NOTE: there may be pointed ends on some air bladders as
shown above but this does not indicate spines. There also
may be some individuals that have a few air bladders (1-2)

with spines present but it is not ubiquitous.

Clump appearance:
leafy with blades densely
packed and tightly
arranges along axis - full

and bushy appearance

Blades are short and wide

—/

Sargassum fluitans 1lI
OR Sargassum var. fluitans

B. / Clump appearance:
Open structure with less
dense branching allowing the
stem to be more visible
between the blades

Spines are present on \
air bladders; small and round

NOTE: there may be a few airbladders (particilarly smaller
newly formed air bladders) that do not contain sprines,
however, the majority of airbladders contain spines

No thorns along
the stem

Sargassum natans |
OR Sargassum var. natans

/ Clump appearance:

C. sparsely branched with large Spines are not

visible portions of stem- gresent on
\ more open appearance air bladders,
large and
round
/ Blades are long and wide
/ No thorns along\
the stem

While it is not a unique or distinguishing

feature, hydroids are more abundant along
blades of this morphotype

Sargassum natans VIlI
OR Sargassum var. wingei

K Smooth axis /

FIGURE 3. THE FOUR COMMONLY USED MORPHOLOGICAL CHARACTERISTICS USED TO VISUALLY

IDENTIFY EACH OF THE SARGASSUM MORPHOTYPEA. S.FLUITANSIII, B. S.NATANS, AND C. S.NATANSVIII

White Paper - Navigating the Sargassum Crisis
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Biological Characterization of Sargassum

misconstrued as hydroids, a common epiphytic invertebrate on sargassum. Kergosien et al. (2024) hav
since added 18 additional morphological characteristics that can be used to distinguish morphotypes

from one another alongside an updated taxonomic dichotomous key for guidance.

All three morphotypes of sargassum are showfigure 4. It is also worth noting that advances in
molecular analyses have clarified divergence among all three species (see Section 2.2), supportin
repl acement of t he term Amorphotypebo wi t h f
comprehensive publicatidnom molecular biologist/taxonomist well versed in nomenclatural rules to
be fully incorporated by the scientific community. This contribution will clarify the process of genetic
differences associed with the morphological differences existing across the three varieties of pelagic

sargassum.

S. natans VI S. natans | S. fluitans ||

FIGURE 4. FULL THALLUS VIEW OF EACH OF THE THREE MORPHOTYPES OF PELAGIC SARGASSUM

S.FLUITANSIII, S.NATANS, AND S.NATANSVIII.

2.2 Genetic and Biochemistry

Genetic research on sargassum has advanced significantly in recent years, but key uncertaintie
remain regarding species delimitation and the genetic distinction between morphotypes which continues
to make taxonomy difficult. Challenges in genetic reseaache | argely due to ¢
reproductive mode being solely vegetative fragmentation. This asexual reproduction results in low
genetic variation within each morphotype and complicates the typical criteria used to define separate

species, whichften rely on reproductive isolation.

Studies have consistently shown that the three dominant pelagic morpBofpibstandll, S.
natansl, andS. natand/1ll d exhibit genetic differences, though the level of divergence varies. The first

White Paper - Navigating the Sargassum Crisis
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Biological Characterization of Sargassum

study to explore genetic variation among the morphotypes of sargassum was by-Zetteakt al.

(2017) by employing mitogenomes and chloroplast coding regions of sargassum to develop novel
primers that amplified theox2 and cox3 marker genes. This study's genomic analysis of sargassum
revealed small but consistent genetic differences bet®epatand andS. natand/Ill. The study also
observed that both forms 8t natansre closely related 8. fluitans suggesting they share a common
evolutionaryhistory (AmaralZettler et al. 2017). Dibner et al. (2022) further demonstrated that while
genetic markers effectively separate morphotypes, sargassum populations exhibit complex evolutionary
relationships influenced by oceanic dispersal and environmatigitation. Using three mitochondrial
(cox3, nad6, mtl§genes and one RNA marker, their findings support the hypothesis that pelagic
sargassum forms may have undergone recent di ve
Canali et al. (2024¢xpanded the genetic analysis to ben8acgassunspecies, finding similarly low
molecular diversity among North Atlantic populations and reinforcing the idea of recent colonization
and earlystage speciation. Finally, Siuda et al. (2024) confirmed that while mitochondrial and plastid
markers distinguisthese morphotype$§. natang andS. natand/1ll are more closely related, leading

to a proposed taxonomic revision recognizing them as varieties rather than distinct species. The update
classification bnomenclature designat8sfluitandll as S. fluitansvar.fluitans, S. natans$ asS. natans
var.natans and a previously rare fori8, natand/Ill as S. natanyar.wingei(Siuda et al. 2024) further
expanding the terminology used to refer to sargass§igare 5). All studies conducted on the genetic
analysis of pelagic sargassum collectively indicate that while genetic tools have improved the resolution
of sargassum taxonomy, further hithroughput sequencing, primarily nuclear genome sequencing, is

necessary toesolve taxonomic conflict3 hese advancements in resolving genetic distinctansss

FIGURE 5. THE DIFFERENT NAMES USED TO REFER TO MORPHOTYPES SFRRGASSUM NATANSND

SARGASSUM FLUITANSAND TO THE BLOOM.
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Biological Characterization of Sargassum

the pelagic species have prompted the use of the word genotypes; however, due to the remainin
ambiguity betweers. natand andS. natand/Ill, this paper will continue to distinguish these three as

morphotypes.

More recently, chemtyping has been used to further distinguish between the morphotypes
(Kergosien et al. 2024, Nirma et al. 2025). Kergosien et al. (2024) demonstrated that morphotypes coulc
be further distinguished using differences in fatty acid psflind phlorotannin structure alongside
morphological characteristics. Their study presented a dichotomous key, iderfifymagans/Ill by
higher proportions of cig-hexadecenoic acid (16:49), palmitoleic acid (16:147), and margaric acid
(17:0). S. natansl exhibited gr elmolenic acig (18:38), ritosatetnagnoio dcid U
(20:4n3), and eicosapentaenoic acid (203nthan the other two morphotypes, whie fluitanslll
contained higher levels of myristic acid (14:0) andXidseicosenoic acid (20:18) thanS. natand/Ill
andS. natang. Additionally, S. fluitanshad significantly lower phlorotannin content than b8tmatans
morphotypes. The study concluded that since all three morphotypes can be found within similar
distributiors, thereby experiencing similar environmental conditions, these differences in chemical
components provide a useful tool for distinguishing the morphotypes. Kergoseien et al. (2024) indicate
that, for some algal taxa, morphological and chemical traits d@xen species classification within the
genusSargassumeven in cases where genetic analyses do not resolve clear distindtrome.et al.

(2025) support the role of chemomarkers as a tool to detect differences between morphotypes. Author
conducted a&hemotaxonomic study of samples of the three morphotypes of pelagic sargassum using a
molecular networkAuthors report a clear distinction in the metabolic profil8.afatand/Ill compared

with S. natas | andS. fluitandlll. Thus, taxonomic relassification of these morphotypes into species

has been proposed (Dibner et al. 2022, Kergosien et al. 2024), while not fully accepted, recent studie:
are pointing in that direction. Reclassificatiohpelagic sargassumill need to have a comprehensive
spetes concept including morphology, genetic difference together with chemical and physiological

differences. A challenge to be addressed soon.

2.3 Elemental andBiochemical Properties

The rising concern over the economic, health, and ecological impacts of sargassum, particularly
following the unprecedented increase in floating biomass and landings along coastlines, has sparke:
numerous efforts to find viable uses for this stranded mhtBrespite several proposed solutions, such
as composting, burial, and potential valorization, no clear or widely accepted approach has emerged. Tt
better assess the potential uses of sargassum biomass, it is crucial to understand the biochemical a

elemental composition of sargassum thalli and how these components vary across morphotypes.

Several studies have sought to characterize both the elemental and biochemical composition o

sargassum. There have been no differences in CNP content across species or morphotypes (Lapointe
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al. 2021, McGillicuddy et al. 2023, Hatt et al. 2024) of sargassum. Some studies have shown local
variations in carbon content specifically (Vazqu2elfin et al. 2021) of landed material, but other
studies have not detected local differences in carbtmogen, and phosphorus (CNP) content (Hatt et

al. 2024). However, when comparing studies, it has been observed that on a larger regional scale
individuals from the Gulf of Mexico and the tropical Atlantic (GASB) show higher nitrogen and
phosphorus concerations than those from the Sargasso Sea (Lapointe et al. 2021, McGillicuddy et al.
2023, Hatt et al. 2024). While it requires further investigation, perhaps nutrient content combined with
stable isotope analysis can be used as a marker for linking sarglasslings to an origin. Additionally,
Lapointe et al. (2021) reported a 35% increase in tissue nitrogen content in sargassum collected durin
the 2010s compared to the 1980s, suggesting that an increase in nitrogen availability in marin@ systems
particdarly near large rivers like the Amazdnmay be a potential driver of the increase in abundance

of sargassum. However, recent studies have challenged this enrichment hypothesis by proposing
alternative mechanisms that sustain these blooms. In particuando et al. (2025a) demonstrated that
vertical mixing and climatelriven variability (i.e. anomalous NAO events) promote seasonal increases
in surfacewater nutrients (both nitrate and phosphorus) and exert a stronger influence than riverine
inputs. Thei model comparisons indicated that Amazon River inputs were not the primary driver of
bloom development. More recently, Jung et al. (2025) expanded on this framework, proposing that
annual bloom persistence results from the combined effects of nitrogphedupy nitrogerfixing
epiphytic bacteria within the sargassum microbiome and excess phosphorus transported from the dee
waters to the surface waters via equatorial upwelling and vertical mixing. Together, these processes wer
shown to be consistent WWitthe high interannual and seasonal variability observed in sargassum
abundance (see Section 3 for further details). Nevertheless, the role of temperature anomalies associat:
with largescale climate patterns, and their interaction with nutrient dynaneicgins poorly resolved

and warrants further investigation at the basin level.

Understanding the chemical composition of these species is essential for evaluating their
valorization potential, particularly for agricultural uses such as animal feed and fertilizer. The current
literature on the biochemical composition of the three imatypes of sargassum has raised doubts about
their suitability for these applications. Studies have quantified components such as ash, vitamins, fatty
acids, amino acids, biogenic amines, monosaccharides, lipids, fiber, carbohydrates, phenolic
compounds, r@d methane potential within sargassum (Oyesiku and Egunyomi 2014, Milledge and
Harvey 2016, Chavez et al. 2020, Milledge et al. 2020, Davis et al. 2020, Nielsen et al. 2021, Vazquez
Delfin et al. 2021, Machado et al. 2022, Tonon et al. 2022). One imdbhlgm posed with an applied
use of sargassum is that fresh sargassum typically has a high moisture content, which increases the cc
of drying for processes that require dry biomass, such as direct combustion, pyrolysis, and gasification
(Milledge et al.2020). In addition, while certain components of sargassum make it potentially suitable

for nutritional purposes, its high ash and arsenic content, as well as its high fiber and salt concentration:

White Paper - Navigating the Sargassum Crisis

14



Biological Characterization of Sargassum

across all morphotypes, pose significant additional barriers to its use as food or animal feed (Nielsen e
al. 2021). And lastly, the variability in the composition of these components across species,
morphotypes, season, and location adds uncertainitye tdeivelopment of reliable and robust industrial
processes for sargassum utilization. Further information on advances in the valorization of sargassum i:

discussed in Section 6.4.

Another important bi ol ogi cal factor when ¢
approaches is the presence of toxic elements. A large body of research has focused on quantifying th
heavy metal content of sargassum, given the potential risksl ppyscertain elements when they exceed
specific thresholds (Addico and deGrdéthnson 2016, Fernandez et al. 2017, Rodriyleazinez et al.

2020, Tejaddalejada et al. 2021, Cipolloni et al. 2022, Dassié et al. 2022, GFteges et al. 2022,
LiranzoGdmez et al. 2023, Hatt et al. 2024). These studies, conducted across the Caribbean and We:
Africa, indicate that sargassum in both the open ocean and after landing on shorelines contain a wid
range of toxic pollutants, with arsenic being a major con¢éeavy metal concentrations vary not only

by morphotype but also spatially, seasonally, and temporally. These variations are likely influenced by
the environmental history of sargassum thalli, including its origin and dispersal pathway before reaching
coasal areas. Arsenic consistently emerges as the metal with the highest concentration in all sargassur
morphotypes, often surpassing the European Union's threshold for acceptable levels in seaweed used
animal fodder. This high arsenic content in sargassasnbeen linked to phosphorus limitation in the
algae (McGillicuddy et al. 2023), as well as the presence of epibionts on sargassum thalli (Hatt et al.
2024). Although the mechanisms driving elevated arsenic levels remain unclear, these high
concentrationpose significant health risks when sargassum lands on shorelines. Both acute and chronic
exposure to high arsenic levels can lead to a range of health issues, including skin lesions, cardiovascul:
disease, neurological and reproductive problems, devenfainabnormalities, and various cancers.
Inorganic arsenic species, particularly As(lll) and As(V), are more toxic than their organic counterparts,
accounting for approximately 62% of total arsenic found in sargassum tissue in Barbados (Alleyne et al.
2023a). The elevated arsenic content in sargassum biomass not only poses challenges for its use i
valorization after shoreline landings but may also influence the development of management strategies
to reduce human exposure to sargassum, such as adjustiingguency of removal operations to limit
exposure to beachgoers or the modes of removal favoring mechanical over hand collections of sargassul
(see Section 5 for further details). Despite the high concentrations of arsenic within the tissue of
sargassumearly research shows promising advancements towards using anaerobic fermentation to
substantially reduce arsenic content in sargassenved liquid biofertilizers, yielding products that fall
within permissible regulatory limits (Rodrigu&odriguez etl. 2025). More research is needed to
determine the reproducibility of this process. These treatments and its connection to heavy metal conten

within sargassum tissue are further explored in Section 5.
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2.4 Physiology

Assessing physiological differences across algal species is essential for understanding their
resilience and adaptability. Variability in morphology and physiology within species can influence the
survival and success of individuals and populations untletugiting environmental conditions.
Laboratory experiments have been a primary tool for investigating how seaweeds adapt to major
environmental factors. With temperature and nutrients hypothesized to be major drivers of the
unprecedented increase in pétagargassum in 2011, studies on sargassum have primarily focused on

determining the physiological responses of each morphotype to these abiotic factors.

Early studies on sargassum demonstrated optimal growth rates under varying temperature,
nutrient, and salinity treatments (Lapointe 1986, Hanisak and Samuel 1987). However, there was a lacl
of morphotypespecific analyses and unreproducible methodologidsnvhese earlier studies. Thus,
recent efforts, such as those by Mag&alegos et al. (2023a), began addressing these gaps through
the quantification and comparison of growth rateS.dfuitanslil and S. natan&/Ill from the Mexican
Caribbean in neel in situ and ex situ experimental systems. Their findings suggested that both in situ
and ex situ methods are feasible for culturing sargassum. Studies have also advanced to understand t
role of temperature in the physiology of sargassum (Ma@lkegos et al. 2023b, Corbin and Oxenford
2023, Hatt et al. 202, as temperature plays an important role in the abundance and distribution of
seaweeds (Martinez et al. 2012, Wernberg et al. 2013). Corbin and Oxenford (2023) were the first to
quantify and compare growth rates at varying temperatures in situ for all three morphotypes of sargassum
from the tropical Atlantic, while Magaf@allegos et al. (2023b) demonstrated the growth of all three
morphotypes from the Mexico Caribbean region, and Hatt et &5 @emonstrated the growth rates
and photephysiological responses of all three morphotypes from South Florida under a gradient of
temperatures. It was consistently reported that despite the morptspgpiéc differences in the growth
of sargassum inesponse to thermal stress, there has not been consistency in the specific trends amont
morphotypes. For example, based on sargassum collected from the Mexican Caribbean-(Magafia
Gallegos et al. 2023b) and from Martinique (Changeux et al. 2023), both teofteitanslil had the
highest growth rates than eith®r natansamorphotypes. Multiple studies also reported lower growth
rates inS. natand/Ill compared to the other morphotypes (Changeux et al. 2023, Mdgalfiegos et
al. 2023b, Siuda et al. 2024)lagafiaGallegos et al. (2023b) also observed thahatans/Ill had a
reduced thermal tolerance at or above 28°C. This study suggested that their results support the hypothes
that higherthannormal sea surface temperatures (SSTs) in 2011 may have resulted in a reduced see
population ofS. natans/Ill during the initial 20162011 anomaly and the predominancesofluitans
lIl across the GASB. Contrastingly, Corbin and Oxenford (2023) found that in studies carried out in
BarbadosS. natans/Ill had higher growth rates tha®. fluitanslil and similarly Hatt et al. (2028
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demonstrated th&. natang/Ill collected from South Florida had optimal growth at 29°C. Variations

in growth rates across studies likely stem from differences in culture systems (e.g. ex situ, in situ,
mesocosms, jars etc.), environmental conditions, specimen origin, and bidlagices such as health,

age, and seasonal influences, highlighting the need for further research on physiological differences
among sargassum populations in the tropical Atlantic and South Florida. Further physiological studies
encompassing multiple populations of sargassum are needed to assess if there may be differences

physiological responses across the region.

Aside from temperature, there has been emerging literature examining the physiological
responses of sargassum to gradients of light, salinity, and nutrients. Two studies have examined hov
light influences the growth and photosynthetic performance of sanga@Hanisak and Samuel 1987,
V8squez Elizondo et al . 2024) . Their findings
more | ight than benthic species. V8squez Elizo
S. fluitanslil and S. natand exhibited high chlorophylb content, withS. fluitanslil also showing
notably higher chlorophylt levels thanS. natand. In contrast, high light conditions reduced pigment
content, likely as an adaptation to regulate photosynthetic unit size and composition or to adjust the
photosystem Il to photosystem | ratio (PSII: PSI), minimizing light stress. Notably, in this Study
natansl maintained stable growth regardless of light intensity, suggesting that other dastmts as
prior envionmental conditions, tolerance limits, nutrient availability, or extended acclimation @eriods
may play a more significant role in regulating its growth. Two studies have examined the effects of
salinity on pelagic sargassum growth (Hanisak and Samuel B&8igll et al. 2024), both finding
optimal growth for all species/morphotypes between436 ppt. Growth declined in all
species/morphotypes below 30 ppt, with Schell et al. (2024) demonstratiisg trziand/I11l exhibited
the widest salinity tolerance.dh studies showed that changes in salinity did not alter the effect of
temperature on sargassum. To date, only one study has assessed elevated nutrients' effects on pela
sargassum growth rate (MagaBallegos et al. 2023a). The study showed that edevattrients did not
result in higher growth rates, even though tissue content analysis showed that the algae took up bot!
nitrogen (N) and phosphorus (P). High N:P ratios across the literature suggest that pelagic sargassur
may be limited by phosphorus @gafaGallegos et al. 2023a, Changeux et al. 2023, Hatt et alap024
As discussed in the previous section, it has also been suggested that sargassum blooms are related
nitrogen increases in marine systems (Lapointe et al. 2021) and that tissue nutrient content differec
between populations of sargassum with individdalsnd in the Sargasso Sea having lower tissue
nutrient content than individuals of sargassum found within the GASB (McGillicuddy et al. 2023, Hatt
et al. 2024). While the importance of atronutrients (C, N, and P) is commonly explored in seaweeds,
Leemans et al. (2025) recently demonstrated that iron (Fe) limitation also plays a critical role in the
growth ofS. fluitans The study showed that N and P alone do not stimulate growth, whereas the addition

of iron increased growth by 46%, highlighting the need to incorporate iron into future modeling efforts.
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While there have been advancements in understanding the role of nutrients in sargassum growth, it i
important to note that there have been no physiological studies conducted to date on nutrient uptake

sargassum that verify this hypothesis.

The literature examining the physiology of sargassum is still expanding, with significant gaps in
knowledge still existing within this research. For instance, current controlled experiments on sargassumn
have shown that sargassum is only able to survive-g&ron under controlled experimental conditions
(approximately 510 days). The mechanisms behind this sterh survival of sargassum in mesocosms
are poorly understood. However, carbon limitation has been proposed as a potential issue in othe
physiolog c a | studies of algae (Littler 1979) .- 1In
Pigout et al. 2024) and restricted water movement within mesocosms (MagHégos et al. 2023a)
should be explored as potential factors influencing survivalod@rcome the challenges with the
assessment of growth in these types of steonh experiments due to rapid mass loss (blades and
vesicles) typically starting around day 5 in treatment condition, Schell et al. (2024) developed a daily
health metric to quditatively assess sargassum based on a combination of visual assessments such a
color combined with quantification of loss of blades and vesicles to assess the age and health status ¢
the algae. It is worth noting that researchers are continuing torexpkse mechanisms for shtgtm
survival in mesocosm settings and provide optimal conditions under which sargassum can survive long

term in mesocosm systems.

In addition, despite the advances in the literature assessing the role of temperature on the bloom
to date, all previously published studies have largely focused on growth rate as the primary indicator of
thermal stress. However, reduced growth ratea @@or indicator of physiological performance as they
do not capture the full complexity of energy allocation and physiological responses in marine
macroalgae. To better understand the physiology, future studies should encompass various physiologic:
paraneters, including photosynthetic performance, nutrient uptake, and respiration rates, across different

stages of development and environmental conditions.

Due to differences in seasonal and distributional patterns of sargassum across the region,
understanding the role of temperature in the growth of pelagic sargassum morphotypes across variou
regions of the Atlantic, amongst other factors influencing thleyrsiology (such as nutrients, salinity
tolerance, or light, including their interactions), could help to understand the dynamics of the recent
blooms in the tropical North Atlantic. Ultimately, it is important to continue research on understanding
variations in various physiological responses such as pigment composition, photosynthetic performance
and growth rates as it can be a valuable tool for distinguishing between sargassum morphotypes whe
combined with morphological characteristics as morphologpealcan sometimes be influenced by
environmental conditions, integrating physiological traits provides a more comprehensive approach to

classification.
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2.5 Blodiversity

Sargassum has long been observed in the Sargasso Sea and has been observed with writte
records as early as the&entury by Christopher Columbus (Winge 1923, Parr 1939, Ryther 1956).
Floating mats of sargassum are recognized as keystone species (i.e., species that hold a habitat togett
and may have a disproportionately large impact on its ecosystem relativabari$ance) within the
Sargasso Sea that are critical to supporting high biodiversity in an otherwise fmaoeiargasso Sea
(Lapointe & al. 2014, Ryther 1956). Floating sargassum in the open ocean can play a crucial role in
marine ecosystems by supporting a wide variety of both flora and fauna, and therefore is considered a

ecosystem of its ow(Figure 6).

FLOATING SARGASSUM MATS AS ECOSYSTEMS

I\

A\

~ |

Supports diverse
populations
of invertebrates like
crabs, shrimps and
nudibranchs

1

Can entangle some species
Supports seabirds like the Portuguese man o’
war and act as a vector to
reach shorelines

Supports larger commercial
fish like tuna and marlin

FIGURE 6. FLOATING SARGASSUM MATS SUPPORT A DIVERSE RANGE OF MARINE SPECIES IN THE OPEN OCEAN
BOTH DIRECTLY AND INDIRECTLY. AS THESE MATS ARE TRANSPORTED BY WINDS AND CURRENTSOME
ASSOCIATED SPECIESPARTICULARLY THOSE RESIDING WITHIN OR BECOMING ENTANGLED IN THE MATSMAY BE

TRANSPORTED TO NEARSHORE ECOSYSTEMS

Primarily, sargassum provides a habitat, shelter from predation, and foraging opportunities for
associated species. It hosts a variety of epibionts, diverse species od fauma endemic to
sargassuid juveniles, and migratory species, and indirectly sugpattter species through facilitating
interactions between different communities such as providing hunting areas for commercially important
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sport fish like tuna and marlinkigure 6). These sargassum mats function as key ecological habitat and
are estimated to support approximately 120 fish species and over 120 invertebrate species (Doyle an
Franks, 2015). It is due to the large biodiversity supported within the floating matsgasam
specifically and its socieconomic and cultural value, that the Sargasso Sea has now been designated

an environmentally protected area (Laffoley et al. 2011).

The thalli of sargassum itself provides substrate to host a variety of species that attach and live
on the leaves, air bladders or stems of sargassum. These epibionts include both sessile and motile speci
which can include bacteria, other species dadnfientous algae, and small invertebrates. The most
commonly reported epibionts were bryozoans and hydroids (MerBlzzril et al. 2020, Alleyne et
al. 2023c, Faria et al. 2025) with host preferences across the morphotypes of sargassum likely due t:

differences in structures like blade size and density of the cluster (Alleyne et al. 208803 {7).

Bryozoans form encrusting and branching colonies that can be found on air bladders, stems,
and blades with the most common species being Membranipora tuberculata. S. fluitans Il
and S. natans | typically have a higher percent cover of bryozoans than S. natans VIII.

Hydroids can be found attached to blades
and air bladders. The most common
species is Aglaophenia latecarinata with
the occurence of Clytia noliformis, Obelia
dichotoma, and Plumularia strictocarpa.

Polycheate tube-worms, Spirorbis
spirorbis, can be found attached to
blades and stems. These are typially
found on older regions of the thalli.

FIGURE 7. EXAMPLES OF COMMON SESSILE EPIPHYTIC ORGANISMS OBSERVED ON THE THALLUS OF PELAGIC

SARGASSUM WHICH INCLUDE BRYOZOANSHYDROIDS, AND POLYCHAETES

Of particular interest in recent literature has been the identification and characterization of
microscopic organisms comprising and forming the microbiome of sargassum. The presence of epiphytic

bacteria on sargassum thalli, while relatively understutiiaslbeen shown to be important contributors
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of nitrogen to marine systems via nitrogen fixation (Carpenter 1972, Hanson 1977, Phlips et al. 1986,
Phlips and Zeman 1990, Johnson et al. 2023). Due to its large biomass, sargassum has been estimatec
be one of the leading contributors of nitrogen fiixa in marine systems, comparable to planktonic
diazotrophs (Johnson et al. 2023, LéBegout et al. 2024). This nutrient cycling helps to sustain
microbial and invertebrate communities within the sargassum habitat (Faria et al. 2025). Stable isotope
andysis of sargassum thalli by LégBigout et al. (2024) also showed that the main source of nitrogen

is derived from associated nitrogéxing diazotrophs. More importantly, Jung et al. (2025) have
hypothesized that the combination of excess nitrogerupestby N fixing bacteria associated with the
microbiome of sargassum combined with excess phosphorus in regions of upwelling resulting from
vertical mixing associated with current patterns, may be the mechanism sustaining the bloom and
accounting for aremal variability in its biomass across the region. The hypotheses behind the rise in
sargassum are discussed in more detail in Section 3. By functioning as a substrate for microbial
colonization, sargassum also hosts potentially pathogenic bacteria, mgclidrio and Alteromonas

with possible implications for human health in adjacent coastal communities (Theirlynck et al. 2023,
Mendoncga et al. 2024, Abde@hany et al. 2025; see Section 4.3). Additionally, sargassum thalli not
only hosts a diverse array species, but stable isotope analysis by Iporac et al. (2023) showed sargassum
to be a direct food source for many invertebrates. This demonstrates the traditional role of sargassum i

providing connectivity between ocean and terrestrial communitiegsarale in refurbishing beaches.

Apart from the thalli hosting a wide variety of species, floating sargassum mats in the open ocean
sustain over 150 species of invertebrates, including endemic crustaceans and mollusks, many of whicl
develop camouflage to adapt to their surroundings (G&3Bi3). Studies have demonstrated that
Arthropoda, Annelida, and Mollusca were the most dominant among motile species within sargassum
mats (MonroyVelazquez et al. 2019, Faria et al. 2025). It has been demonstrated that sargassum mat:
provide not only dabitat for some invertebrates but also protection from predators (Brooks et al. 2007).
It is important to note that sargassum can act as a vector fordistagce dispersal of species,
transporting epibiotic and other habitssociated species beyohdit historical ranges. Recent surveys
have not only documented high species diversity within sargassum mats, but also approximately 11
previously unreported sargass@ssociated species in the Azores (Faria et al. 2025) and six newly
recorded species irhé Mexican Caribbean (Monréyelazquez et al. 2019). Many of these newly
reported species are considered endemic to the Sargasso Sea but are now being reported outside of tr
known range of distribution. For instance, the flieag clinging flatworm, Gnesiocerossargassicola
sargassicolawas reported for the first time in the Mexican Caribbean (MoiMelazquez et al. 2019)
and more recently, off the coast of Colombia along with another previously unreported species of
flatworm, Chatziplanagrubei grubgesuggesting a recent range expansion for both species (Mayorga et
al. 2025). Additionally, sargassuassociated species have also been reported in areas where pelagic

sargassum is not typically observed. For instance, the nudibi®oygllgea pelagicayas identified on
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sargassum fragments washed ashore along the Eastern Shore of Virginia, USA, with hdrveane

transport proposed as the most likely mechanism (Noonan et al. 2025).

Sargassum mats also provide an essential pelagic habitat for over 81 documented fish species
and can provide food and protection for juvenile fishes, such as the sargassutisfiah Ifistrio) that
mimics the seaweed through cryptic camouflage (Gaskill 2013). Many of the fish species found within
the Mexican Caribbean by Monréyelazquez et al. (2019) were juveniles, showing the importance of
sargassum mats as a protective habitat. Interdgtiddleyne et al. (2023d) found 12 fish species
associated v sargassum mats in the eastern Caribbean, including economically important species suct
as the horseye jack Carangidae latusand almaco jacksSgriola rivoliang. However, the overall fish
diversity was significantly lower than similar studies from the North Atlantic and Gulf of Mexico. This
reduced biodiversity in the eastern Caribbean has been hypothesized to the relatively recent emergenc
of the GASB as a soce region of sargassum, with the possibility that diversity may be increasing
through tine as sargassum becomes an established event. Conversely, this study also noted a drast
decline (60%) in flying fish Hlirundichthys affini} catches during heavy sargassum infldxes
important observation given that this species historically represented a major component of region
fisheries prior to anomalous sargassum landings beginning in 2011 (Alleyne et al. 2023d). Sargassun
mats also hst megafauna like young loggerhead sea turtles that rely on the mats to protect themselves
from predators and as add source, acting as a critical habitat for these vulnerable species (Gaskill
2013, U.S. Environmental Protection Agency 2025). Migratory organisms like humpback whales
(Megaptera novaeanglidend birds also depend on sargassum as a food source (Gaskill 2013), and the
threatened Porbeagle shaklafnna nasususes the Sargasso Sea as a pupping location (Sapsford 2021)
. The essential role of sargassum mats in supporting biodiversity demands that any management an

mitigation efforts be approached with daatand ecological foresight, particularly in the open ocean.

At the time of writing this review, it is evident that the roles of nutrient availability, and the
association of sargassum with nitrogeang microorganisms must be explicitly incorporated into
climate change scenario experiments to better resolventstias a driver of the bloom and to improve
forecasts of sargassum growth across the Atlantic basin. After more than a decade of sargassur
expansion and londistance transport across the Atlantic region, the globalization of associated fauna
is likely already underway and is expected to continue. Consequently, research focused on biodiversity
assessment should be further developed but requires rapid establishment and dedicaten long
financial support of sentinel monitoring programs, as inadequatefyiwould severely limit the ability
to detect species introductions, assess invasion dynamics, and distinguigtorprgostinvasion

conditions as the bloom continues.
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Recommendations

Future studies should aim to advance our understanding of sargassum physiology
evaluate the hypothesized drivers of bloom formation. More specifically, research is ne
explore the combined effects of temperature and nutrient availabilitys @r g a §
physiological responses. Another underexplored area of research is the role of
enrichment in the accumulation of heavy metals, particularly arsenic, within sargassur

and the extent to which these metals leach into the surmyedvironment.

Resolving taxonomic ambiguities among sargassum morphotypes will require further r
utilizing nuclear genome sequencing approaches.

Research should incorporate multiple physiological indicdtetsch as photosynthe
performance, nutrient uptake, respiration rates, and pigment compodsitidretter capture t
complexity of stress responses.

Chemical screening for toxic metals, particularly arsenic, should be mandatory

approving the use of sargassum biomass for agricultural, food, or feed applications.

Programs should be funded to track sargassum morphotypes, biochemical properties,
metal concentrations regionally and seasonally to enhance forecasts and risk assess
Management and mitigation strategies must be flexible, scinoen, and tailored to accou
for regional and seasonal differences in morphotype distribution, chemical compositi

the biodiversity supported by floating sargassum.

The development of basstale sentinel monitoring programs is important for dete
Sargassunrmediated species redistribution, quantifying changes in biodiversity, and inf

ecologically responsible management strategies.
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Highlights

The 2010 negative NAO event is linked to the emergence of a new sargassum regio
self-sustained proliferation and transport is linked to the interaction of seasonal
circulation, nutrient mixing, and wind patterns in the tropical Atlantic.

Temperature and nutrient availability, alongside nitrefpeng bacteria, are detected as m3
contributors to sargassum growth.

Remote sensing technologies have improved significantly and facilitated the monito

sargassum distribution across the Atlantic. However, challenges related to sunglin
interference, underestimation of smaller patches, and accurate nearséctierustill requirg
improvements.
Mesoscale cyclonic eddies in the tropical Atlantic play a key role in transporting
aggregating sargassum, linked to emerging evidence of shifting Atigiolec sargassu
distributions driven by changes in circulation, vertical mixing, and warming aewiitions,
Predictive efforts for sargassum movement rely on integrating satellite observatior
oceanographic data, and citizen science initiatives.

Research efforts demonstrate that the bloom distribution, trajectory and massive gro

symptoms of a planetary problem.

Although massive sargassum inundations have been recurring since 2011, there have beel
historical records of floating sargassum and its beachings long before. Evidence of sargassum presenc
dates as early as the Mayan civilization (GodiGetegaetal. 2D 1) . Due t o sargassu

ocean currents have acted as boundaries of large, confined sargassum populations within the Nort
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Atlantic, where it has persisted in relatively stable abundances in the Sargasso Sea (Parr, 1939). Thi
characteristic also has made sargassum highly susceptible to local conditions (e.g., SST, salinity, nutrier
availability), oceanic forces, and patterfesg., waves and surface winds) that dictate its movement
(Johns et al. 2020Putman et al. 2018éndezTejedaandRosado Jiménez 2019). Ocean currents, in
particular, have acted as pathways for sargassum transport (Johns et al. 2020). This seatidressl|

the historical context, environmental drivers, transport mechanisms, and monitoring techniques that
govern the formation, movement, and proliferation of pelagic sargassum blooms across the Atlantic

basin.
3.1 Triggering and establishment of the bloom

In recent decades, ocean currents have facilitated the transport of sargassum populations beyon
their traditional boundaries in the Sargasso Sea. It has contributed to a major shift in its spatial ano
temporal distribution, as documented through satelbservations and field studies (Széchy et al. 2012,
Gower et al. 2013, Schell et al. 2015). This shift was evident with the unprecedented increases in biomas
that were reported across the Caribbean region in 2011 and again in 2014, where biomassdanding
10 times higher than in 2011 (Franks et al. 2011, Gower et al. 2013, Wang et al. 2019).

The present working hypothesis argues that a severe negative phase of the North Atlantic
Oscillation (NAO) in 20022010 altered wind and current patterns (Johns et al. 2020). This anomalous
climatic event led to the establishment of a new sargassum ragidginlikely eased ocean current
constraints and allowed sargassum to venture into longer distances as eastward winds pushed mats to
eastern Atlantic towards the Gibraltar peninsula (Johns et al. 2020). Later, sargassum fragments travele
southward thwugh the Canary Current in the tropical Atlantic, where they had not been previously
abundant (Johns et al. 2020). Due to favorable conditions sargassum successfully proliferated an
ultimately sparked the establishment of a new sargassum growing regihe iNorth Equatorial
Recirculation Region (NERR), located off the northeast of Brazil, approximately between the equator
and 10° N, and from 50° W to 25° W (Johns et al. 2020). The biomass increase reported in the Caribbea
was attributed to the emergenaf this new source regiofigure 8). The role of the extreme negative
NAO event was recently confirmed in a separate study conducted by Jouanno et al. (2025a). Thei
simulations also demonstrated that the negative NAO event caused sargassum to dislocate long distanc
southward of the Saagso Sea, transporting rafts into richer tropical waters where pelagic sargassum
could grow.Therefore, while the initial bloom in 2011 most likely have been triggered by atypical
weather events, satellite data shovet gubsequent influxes were linked to the newly identified growing
region and now serves as a key source of sargassum biomass (Gower et al. 2013, Franks et al. 2016,
et al . 2016) . I n 2019, the term O6Gr emtegioAtvdsant

coined by Wang et al. (2019), where sargassum growth has likely been supported by increasing nutrier

White Paper - Navigating the Sargassum Crisis
25



Formation and Movement of Sargassum

availability through oceanic vertical mixing (Jouanno et al. 2025a). These drivers have plausibly
interacted with other factors like wind patterns, temperature, and ocean currents, shaping a comple
system that needs further study to understand how thewed interact.

\

Great Atlantic
Sargassum Belt
N

FIGURE 8. MAP SHOWING THE DYNAMICS RESPONSIBLE FOR THE EXPANSION OF SARGASSUM FROM TBERGASSO
SEA LEADING TO THE ESTABLISHMENT OF THE SECOND SOURCE REGIQRHE GASB. DURING THE NEGATIVENAO
ANOMALOUS EVENT IN THE WINTER OF2009-2010(1) WINDS AND CURRENTS FACILITATED THE HORIZONTAL
DISPLACEMENT OF SARGASSUM PATCHES LIKELY LED PELAGIC POPULATIONS TO TRAVEL OUT OF TISARGASSO
SEA TOWARDS THEEAST, NEARLY REACHING NORTHWESTERNAFRICA IN SPRING2010(2). BETWEEN SPRING
2010AND SPRING2011,SARGASSUM RELOCATED SOUTH THROUGH THEANARY CURRENT AND SOUTHWEST WITH
THE NORTH EQUATORIAL CURRENT (3), TO ULTIMATELY SETTLE AS A SARGASSUM GROWTH REGION IN THE
EQUATORIAL ATLANTIC DURING THE SUMMER OF2011(4). SINCE THEN, THE GUIANA AND CARIBBEAN CURRENT
HAVE ACTED AS CONVEYOR BELTS TRANSPORTING TONS OF SARGASSUM YEAR AFTER YEARPACTING THE GULF

OF MEXICO AND CARIBBEAN COASTS THE MOST(5) (JOHNS ET AL 2020).GREEN STARS REPRESENT LOCATIONS
WHERE SARGASSUM HAS OCCURRED OUTSIDE OF THERULF OF MEXICO AND CARIBBEAN, IN LOCATIONS SUCH AS
LAGOS(NIGERIA), AZORESISLANDS (PORTUGAL), SANZULE (GHANA), BEYIN (GHANA), SALINAS (BRAZIL) AND
FERNANDO DENORONHA (BRAZIL). MODIFIED FROMJOHNS ET AL 2020.

Although the present working hypothesis has improved the collective knowledge surrounding
the sargassum phenomena, increasing evidence will support and will provide a better understanding o
how the two sargassum regions are interconnected in a feedmaxkalod how impacts such as
heatwavesn the Gulf of Mexico (Zhang et al 2025b) might give guidelines to the future of the GASB.
Other hypotheses need to be explored, such as whether the GASB is expanding to the whole Atlantic
and the role of floating mass of sargassum reported for African coasts even before 2011. These are
possible inferences due to recent sightings of sargassum in the Azores region (Faria et al. 2025), out ¢

its usual stranding locatiorispossibly indicating another anomaly and/op@xsion. Investigations on
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the causes of why other historical NAO events did not result in the inception of a new proliferation

region are also needed.

3.2 FactorsSustaining the Bloom

The distribution and abundance of pelagic sargassum populations have undergone significant
changes over time, influenced by both historical and contemporary environmental factors. Factors
related to temperature, salinity, luminosity, alongside the maaal§ s al bedo ef f ect
water turbidity, and nutrient availability have been widely related to the emergence of Harmful Algal
Blooms (HABs) (Glibert and Burkholder 2018, Paerl et al. 2018). Through remote sensing data,
temperature and nutneenrichment have been suggested as contributing factors for sargassum blooms
(Wang et al. 2018, Wang et al. 2019, Schell et al. 2024). Due to carbon dioxide emissions from
anthropogenic activity, global average temperatures have been nearing the dhoéshbl°C above
pre-industrial levels (Calvin et al. 2023). This rise in global temperatures has also indirectly contributed
to average sea surface temperatures increasing, creating favorable conditions for sargassum speci
growth (Marsh et al. 2023). Amentioned in the previous sectidetion 2.3 in recent sargassum
growthrate studies performed, pelagic sargassum species were observed to show growth in temperature
between 2230 °C, with optimal growth around 26 °C, however, excessively high temperatures above
30°C can hinder growth and lead dadecrease in sargassum seed populdkgure 9; Corbin and
Oxenford 2023, MagafA@&allegos et al. 2023a, Schell et al. 2024). This was also observed by Wang et
al. (2019), as years associated with higher SSTs like 2013 and 2016 saw no blooms or a lack thereo
Milder SST, along with other factors, cdutave supposedly driven sargassum growth in years such as
2011, 2012, 2015, and 2018 (Wang et al. 2019).

In addition, nutrients have been suggested to also be a blooming trigger of sargassum species
Nutrients are necessary for any primary produc
are required for it to thrive and proliferate. The enment of waterways has long been recognized as
linked to human activities. In the case of sargassum blooms, in the past, it has been proposed that N ar
P inputs could have originated from several sources, including dust deposits from the Sahara Deser
nutrient upwelling from the open ocean, vertical mixing that returns nutrients to the ocean surface, and
runoff from significant rivers across the Atlantic basin (Wang et al. 2018, Wang et al. 2019, Lapointe et
al. 2021). Among these rivers, the Amazon is often mentioned as a significant contributor to sargassum
blooms, as nearly 30% of its total water flows directly into the central tropical Atlantic Ocean, making
it one of the largest rivers in the world (Wisser et al@@quino et al. 2022). However, @voutputs
and other sources acting as the primary drivers of the blooms have been reframed by a recent publicatio
that used longerm numerical models to simulate sargassum distribution (Jouanno et al. 2025a). This
study strongly argued that rather thartrientenriched waters from sources such as the Amazon River,

White Paper - Navigating the Sargassum Crisis
27



Formation and Movement of Sargassum

nutrients from seasonal vertical mixing have a bigger role in recurring blooms and their intensity,

provoking the brown algae inundations seen on beaches (Jouanno et al. 2025a).

Diazotrophic bacteria
fixating Nitrogen (N,)
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surface
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FIGURE 9. KEY ENVIRONMENTAL FACTORS INFLUENCING PELAGIC SARGASSUM GROWTHNCLUDING OPTIMAL
SEA SURFACE TEMPERATURE$22/3 0 (E@RBIN AND OXENFORD2023,MAGANA-GALLEGOS ET AL 2023),
ADEQUATE LIGHT AVAILABILITY MODERATED BY THE SARGASSUMG®s ALBEDO EFFECT(BACH ET AL. 2021),
OPTIMAL SALINITY CONDITIONS (SCHELL ET AL. 2024),AND NUTRIENT ENRICHMENT FROM DEEPER WATERS

DRIVEN BY VERTICAL MIXING PROCESSEJOUANNO ET AL. 202%0).

Additionally, new research from Jung et al. 2025 also reinforces the link between upwellings to
sargassum growth. Using cofadund nitrogen isotopes and broad data synthesis, it was found an
increase of atmospheric2Nfixed Atlantic wide. Supported by the evidence that diazotrophic bacteria,
growing on sargassum, have played a key role in maintaining sargassum biomass production even i
nutrientpoor waters (Michotey et al. 2020, Johnson et al. 2023, teéigeut et al 2024). Combined
with an excessive RAnade available through equatorial vertical mixing, linked to climate conditions
environmental and biological conditions were and are favorable for the development of the massive
growth of sargassum since 2011. These findings can help explain the sargassiymbiomass
variability as its blooms are most likely tied to climaltgven changes related to the equatorial upwelling
patterns, such as years with strong equatorial upwelling could be producing more sargassum in the
GASB. Furthermore, this could idte that sargassum blooms may be moressdificient than
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previously thought and that those combined mechanisms support the large biomass of sargassur

produced yearly.

A gap that needs to be further addressed, as indicated by Méegela and Rosado Jiménez
(2019) and Leemans et al. (2025), is the role of iron (Fe) as it could be a critical cofactor for sargassurnr
growth, authors reported growth increaseSofluitanswhen Fe was supplemented alongside nitrogen
and phosphorus. Their findings indicate that Féro@tation is a widespread constraint in many tropical
Atlantic regions, particularly where Saharan déista primary Fe sourcd is seasonally low. This
Atlantic wide mechanisms need to be explored in conjunction with recent discoveries of Chlesophyli
reduction in the equatorial region of the Atlantic, Hong et al. (2025) suggest that this decline can be
associated with a reduction of N availability for phytoplankand potential impact of increasing sea
surface temperature; these trends can result in disruption of oceanic carbon cycle and trophic
interactions, potentially contributing to the massive growth of sargassum (Bach et al. 2021). These very

complex yetihked interactions need further collaborative investigations.

Further studies on sargassum mor photypesod j
needed to support distribution models and simulations and improve the reproduction of interannual
variation modelling in sargassum biomass. Additionally, undedshg the proportion of nutrients
derived from nitrogetfixing bacteria compared to those supplied by vertical mixing remains a research
gap. Studies analyzing the global lamse practice at the Atlantlzasin scale are also becoming an
urgent need to bable to take global managerial strategies to reduce this recurrent bloom that is still

increasing.
3.3 Accumulation andDistribution of the Bloom

Oceanic forces and seasonal changes in circulation patterns have affected the distribution of
sargassum. The trade winds converging along the Intertropical Convergence Zone (ITCZ) have
continued to promote the accumulation and transport of floating sargassoss the tropical Atlantic
(Johns et al. 2020). Converging trade winds in the ITCZ force the brown mats to be concentrated into &
largely extensive windrow in the Atlantic (Johns et al. 2020). Later, as the Northern Hemisphere
transitions from winteto summer, the ITCZ shifts northward, transporting sargassum mats across the
latitude of the seasonal North Equatorial Counter Current (NECC) (Johns et al. 2020). Beyond
influencing transport pathways, variability in the position of the ITCZ and assowatddonvergence
can also affect nutrient delivery, by steering floating biomass toward ntricantegions such as the
equatorial upwelling zones, thereby highlighting the link between circulation and nutrient availability
(Skiliris et al. 2022).

In this new location, sargassum fragments were distributed with the help of eastward currents

and can reach as far as the coast of West Africa (Johns et al. 2020). The move to the NECC region he
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also greatly favored sargassum growth with the intake of nutrients from mainly vertical mixing (Johns
et al. 2020, Jouanno et al. 2025a). As the ITCZ weakened and began its southward trajectory, most o
the sargassum mass stayed beliiticis is when tradevinds and the North Equatorial Current (NEC)
transported sargassum west towards the Caribbean (Putman et al. 2018, Johns et al. 2020). The:
pathways have varied by season, as the Guiana Current is associated as a major transport route in t
spring, whie in summer, the North Brazil Current has been linked to this role (Putman et al. 2018).
Together, these circulation features help explain besahe sargassum dispersal events, as demonstrated

in a study that combined satellite observations with ocemerdumodels. The widespread sargassum
observed in 2017 was shown to have been mainly transported by surface currents, underscoring the ro

of ocean circulation in shaping bloom patterns. (Berline et al. 2020).

Still, in the central tropical Atlantic, some sargassum patches remained (Johns et al. 2020). These
remaining mats later became the seed population of sargassum in the following year: the cycle has bee
observed to restart in the spring as the ITCZ shdtshward and wind activity has caused sargassum to
re-aggregate (Johns et al. 2020). This new cycle, paired with favorable environmental conditions and
sargassum populations in the central Atlantic, likely resulted in massive inundations on the Caribbean

and Gulf of Mexico coasts (Johns et al. 2020).

More than 10 years of basimi de obs er vat i-basedbiomabadstanations fome | |
SaWs (Sargassum Watch System) have shown a recurring seasonal pattern in the Western Tropic:
Atlantic, with sargassum typically increasing in the spring and semthat peak around July, then
declining into a low sargassum biomass season from October to February (Wang et al. 2019, Rodriguez
Martinez et al. 2022). Alongside these insights, annual variability was also seen showing general
increase in biomass sinc@2, with noticeable peak years such as 2015 (Wang et al. 2019, Jung et al.
2025), 2018 (Wang et al. 2019), 2021 (Jung et al. 2025), 2022 (Teyssier et al. 2025).

In the Eastern Tropical Atlantic, sargassum may exhibit seasonal variability that differs from that
of the Western Tropical Atlantic. Recent work by Fidai et al. (2025) provides new insight into how
sargassum influxes reach this region. Their analysis etidlaat sargassum does not arrive uniformly
along the West African coast: coastal areas from Guinea to Gabon (the North Zone) experienced &
primary annual peak in September, whereas coasts from Gabon to Angola (the South Zone) tended t
peak earlier, in Jy or August. Both zones also exhibited a smaller secondary peak between March and
May. The study further identified 2017 and 2019 as peak years of sargassum biomass influx in the Nortt
and South Zones, respectively. In addition, a statistically signifloag-term increase in biomass was
observed in the North Zone, suggesting that sargassum peak seasons vary regionally and that influ

intensity is increasing over time.

Additionally, tropical cyclones (TC) and mesoscale cyclonic eddies (CE) were recently found to
have a substantial role in the aggregation of sargassum Gaiearez et al. 2022, Zhang et al. 2025a).

White Paper - Navigating the Sargassum Crisis

30



Formation and Movement of Sargassum

High-speed winds in tropical cyclones have been observed to impact sargassum aggregation, as it he
been seen to cause adecrease @M% i n dri fting sargassum cover
Gutierrez et al. 2022). Meanwhile, satellite data stibthat cyclonic eddies retained more sargassum
than eddyfree waters and anticyclonic eddies. These insights suggested that tropical cyclones, eddy
driven downwelling in CEs, and wireddy interactions have acted as significant physical aggregation

and sepration mechanisms (Se§atierrez et al. 2022, Zhang et al. 2025a).

Mesoscale eddies also serve as important transporters of sargassum as seen in a recent study. T
results suggest that sargassum accumulation depended on the circulation direction and the region th
eddy is located in varying amounts. For the tropical mita cyclonic eddies are found to be more
frequent than anticyclonic eddi¢SosaGutierrez et al. 2025). It was also shown that sargassum was
more efficiently aggregated in the Caribbean than in the central Atlantic, it is presumed that this
difference $ due to the presence of weaker eddies and trade winds in the central Atlantic however further
research is needed (SeGatierrez et al. 2025). These findings have supported and extended earlier ideas
regarding the ocean cisgswmbds itornadjse atodrey ,i nc crhplp
like the ITCZ and NECC shifts.

The broader picture is becoming clearer with the development of more research. Zhang et al.
(2025b) document report a dramatic change in sargassum abundance in the Sargasso Sea, suggest
that different trajectories are emerging in response to varyimgrtuconditions across the Atlantic
Basin. Itis also suggested an important hypothesis to consider for future studies: the impact of heatwave
on the reduction of the growing area on the Gulf of Mexico. Collectively, these findings point to a shift

in the Atlantic-wide distribution of sargassum.

As Atlantic temperatures continue to rise, sargassum growth may become increasingly limited,
while ocean currents and nutrient availability are altered. Recent studies that link the role of vertical
mixing with biological characteristics (see Section 2) drstribution patterns before and during the
Great Atlantic Sargassum Belt (GASB) surgence, explained these potential changes while providing
important mechanisms for projecting future scenarios. Consistent with these findings, it is important to
considerecent observations that point to reduced phytoplankton biomass in the same region and during
the same years. This factor must be incorporated into future models, as nutrient competition may have

broader impacts on trophic webs and the oceanic carbogsojitenson et al. 2021, Hong et al. 2025).

Thanks to the important advances in understanding sargassum dynamics, significant knowledge
gaps are becoming integrated. The specific environmental triggers that initiatedalg®looms in the
NERR are not fully understood, nor is the relative contidm of natural versus humanduced nutrient
sources, but mechanisms are starting to become more clear, and we know it is not only one cause, but
global integrated oceanic response. The unpredictable nature of sargassum is still being studied to refin

sargassum tracking models. Additionally, the potential adaptation of sargassum populations to varying
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environmental conditions in different climate change scenarios remains underexplored, limiting
predictions about future bloom patterns. Further research integrating nutrient flux assessments and oces
circulation modeling, including vertical mixes, undéfatent temperature scenarios is needed to refine

our understanding of these complex dynamics and improve management strategies and future of th:

bloom.

3.4 Evolution of Monitoring Techniques

Over the past decade, pelagic sargassum monitoring has progressed considerably, becoming or
of the most frequently published topics concerning the issue and further developing the discussion or
pelagic sargassum (Arita et al. 2023). Early advancementmhbegjng the coargesolution sensor
MERIS (spatial resolution of 300 m) (Gower and King 2008, Gower and King 2011, Gower et al. 2013),
which was pivotal in detecting the second sargassum region (Johnson et al. 2012, Gower et al. 2013
Franks et al. 2016)Since then, sargassum monitoring has transitioned to various other sensors. Other
coarseresolution satellites such as MODIS (spatial resolution of 1 km) and VIIRS (spatial resolution of
750 m) have been frequently cited and allow lesgale monitoringpf mats (Hu et al. 2016b, Wang and
Hu 2016, Wang et al. 2018). However, this spatial resolution has been reported to underestimate smalle
patches, submerged strands, and thin or fragmented windrows, as thefen&ity aggregations go
underdetected (Huet al. 2016b, Lazcardernandez et al. 2023). In hopes of surpassing coarse
resolution limitations, recently, higtesolution sensors, such as SentRi®SI (spatial resolution of 10
m) and OLI (spatial resolution of 38 m), have been utilized and impeal detection accuracy (Gower
and King 2020, Wang and Hu 2021). Although, challenges such as atmospheric effests(gént
cloud coverage), difficulty detecting sargassum in 1sb@re waters, and even underrepresentation of
small sargassum clumpsll persist (ArellaneVerdejo and Lazcanblernandez 2020, Arellarderdejo
and Lazcanddernandez 2021); along other barriers like lower temporal frequency and limited coverage

with high-resolution sensors (Wang and Hu 2021).

Spectral indices, such as MCI, FAI, and AFAI, have been applied to satellite images to spot
floating vegetation in open oceans and have been essential for detecting floating sargassum (Gower ¢
al. 2005, Hu 2009, Hu et al. 2016a, Lazc#ternandez et al.23). Currently, the AFAI has been
widely used to monitor sargassum distribution in the Atlantic and quantify the sargassum biomass bloom
(Hu et al. 2025). However, nearshore detection has remained difficult due to coastal interference anc
mixed pixel effets (LazcanegHernandez et al. 2023), resulting in inaccurate sargassum influx data (Hu
et al. 2023). These limitations are a bottleneck for translating offshore satelived biomass
estimates into coastal sargassum forecasts, for actionable locajenmserd mitigation and planning
(Hatt et al. 2025b).
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In addition to spectral indices and higésolution sensors, machine learning approaches have
been developed to improve coastal detection of sargassum; for example, a deep neural network traine
on MODIS imagery achieved around 90% accuracy in classiffgaging and accumulated sargassum
along Caribbean coastlines, illustrating the potential eégdisted methods to augment satebised
monitoring efforts (Arellane/erdejo et al. 2019). Advances in deleprning approaches, such as the
U-Net ResNet mael, have also been integrated into remote sensing applications to further improve
satellitebased monitoring of sargassum (Wang and Hu 2021, Laval et al. 2023, Aiédethejo and
LazcaneHernandez 2024). However, these approaches still require furthretopment to enhance
image resolution and more accurately track sargassum beds. Other studies have addressed this limitatic
by developing integrated monitoring platforms that combine satellite imagery with drone surveys, in situ
sensors, and citizen soige observations, demonstrating that mrsdtirce data fusion improves
nearshore detection, spatial coverage, and -®atying capacity for sargassum arrivals (Arellano
Verdejo et al. 2025, Hatt et al. 2025b). By filling in data gaps and ensuringsasss continuity, the
expectation is to develop muliensor sargassum data and provide a more complete picture of sargassum

distribution in various scales.

Alternatively, aerial imagery has also contributed to sargassum monitoring as some studies have
utilized hyperspectral sensors mounted on aircrafts to assess the distribution of sargasstara&ear
arrival (Dierssen et al. 2015, Teyssier et al. 2025a tacent paper, Teyssier et al. (2025) adopted an
innovative approach combining use of aerial monitoring with in situ cameras to analyze the
spati otemporal dynamics of sargassum arriving
method faveed the assessment of the coastal exposure to sargassum pressure. However, this approac
is disadvantageous for a territorial scale diagnosis for it is very costly to be applied on a daily basis
(Teyssier et al. 2025, Hatt. et al. 2025b). Each flight dépem aircraft availability, service provider
and equipment used only for data collected to act as a snapshot in time. In situ camera monitoring als
presents limitations as brown water and far away objects can be difficult to be detected (Teyssier et al
2025). Furthermore, camebased monitoring demands suitable conditions for it to be successful, such
as, network connection, appropriate field of vision, and a-lasting viable energy source to capture

images in long periods of time (Teyssier et aR20

Drones equipped with higtesolution cameras have also been applied to capturedsglution
observations of sargassum accumulations on beaches and in open waters (Salter et al. 2020, Hernand
et al. 2022, LeoiPérez et al. 2023, Fidai et al. 2024). @ hand, it could be advantageous to specially
use drones, due to their relatively low cost and ability to capture localized sargassum beachings. On th
other hand, drones have limited spatial coverage, which makes them less suitable fscal@rge

assesments (Hernandez et al. 2022). Nonetheless, drones are effective when used as a complementa
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validation toolT particularly for scaling up fiekdbased biomass estimates and for remote sensing
validation (Hatt et al. 2025b).

In addition, shipdeck observatioris one of the less common approaches in sargassum
monitoring have also been used in academic publications, as this method has providessbiigton
observational data and in situ validation of remote sensing datamEtieod could be particularly
valuable for validating satellite observations, improving detection accuracy, and monitoring beach
landings and smalcale mats in high seas that satellite sensors might miss. Some studies combined
aerial techniques with othenethods, such as satellite imagery (Dierssen et al. 2015, Hu et al. 2016) or
in situ monitoring (Fidai et al. 2024). For instance, Ody et al. (2019) adoptedetkmbservations to
document the spatial structure and typology of sargassum aggrepédtioms dispersed clumps to
massive <circular rafts. The instrument al use
associated biodiversity is better known, as research cruises have supported the refinement of spectr:
detection and can reveal fisgale sargassum aggregation patterns while also improving biomass

estimates and enhancing model accuracy (Goodwin et al. 2022).

Another costeffective approach to local monitoring has been citizen science. By using
smartphones to upload geotagged pictures with the current state of their local beach to the
website/application, volunteers have easily contributed to projects, sBahSsaweed Search Mexico,
Sargassum Watch (Epicollect5), Sargassum Monitoring, or Seaweed School & Community Network
(SargSNAP+) (Iporac et al. 2022, Vazqgieelfin et al. 2024). This approach allows the collection of
data in areas where satellite or akimagery may be limited or unavailable (Arellavierdejo and
LazcaneHernandez 2021). Furthermore, crowdsourcing data can provide valuable -tyuathirdy
information for validating satellite observations and oceanic models (Putman et al. 2023, Firznes
2023). When well executed, citizen science initiatives have been observed to engage local communities
support environmental education, and fill spatial and temporal data gaps (Aé#eshejo and
LazcaneHernandez, 2024, Iporac et al. 2022, Putnedral. 2023, VazqueRelfin et al. 2024).
Challenges may arise, such as maintaining the participation of volunteers, ensuring consistent incoming
quality data, and standardizing data collection protocols (AreNéerdejo and Lazcanblernandez,

2024, Ipoac et al. 2022). A recent publication, that pairs a comprehensive review with conversation
with selected experts in the field of sargassetated citizen science, identified insufficient funding to
sustain longerm programs, insufficient data processoapacity, and limited integration with other
monitoring platforms as key barriers to sustain citizen science programs (Hatt et al. 2025b). However,

the inclusion of trained volunteers, educational workshops, and structured identification guides can help
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overcome these issues and broaden participation in monitoring efforts (Vazeffiezet al. 2024).
Figure 10shows the sargassum monitoring at different scales.

Onshore Offshore

Citizen
Science

{.
d N5

g

“""Field observations

FIGURE 10.OVERVIEW OF EXISTING SARGASSUM MONITORING METHODSRANGING FROM COASTAL(ONSHORB

APPROACHE® SUCH AS CITIZEN SCIENCE INITIATIVES FIELD OBSERVATIONS AND DRONE SURVEY®) TO OFFSHORE
METHODS SUCH AS SHIP OBSERVATION&AND HIGHER-ALTITUDE TECHNIQUES, INCLUDING AERIAL IMAGERY AND SATELLITE

REMOTE SENSING

3.5 Trajectory Predictions

Predicting sargassum trajectories requires understanding its physical properties and interactions
with environment al forces. Unl i ke pfilesl bladdees, par
finite size, and other physical factors cause it to redpdifferently to ocean currents and winds,
influencing drift pathways and accumulation patterns, as showigure 11 (BeronVera et al. 2019,

Miron et al. 2020, Marsh et al. 2022, Podlejski et al. 2023). Taking into actisanmovement
sargassum is not instantaneous with the wétetue to their size and inertéa changes how models
predict their movement. This adjustment is important, as it translates in more accurately tracking
sargassum routes. In one study, it helpedenprecisely predict southward movement from the Sargasso
Sea and more retention in the Caribbean and Gulf of Mexico compared to models that treat them like
passive particles (Brooks et al. 2020). Thus, further highlighting the importance of includseg the
physical effects in transport predictiodsother publication found through hydrodynamic modeling

I pelagic sargassum does not behave as a passive buoyant object, as drag forces associated with r
structure and morphology cause it to drift more slowly than surrounding surface currents,tand tha
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incorporating this resistance significantly improves trajectory simulations and reduces errors in
predicting basirscale transport and coastal strandings (Podlejski et al. 2023). By contrast, 4etsdide
tracking of floating mats indicates that obsergargassum features can migrate at velocities comparable
to or slightly higher than surface currents (n
wind forcing, Stokes drift, and aggregation effects acting at short spatial and temales(sernandez

and EuarAvila, 2025).

Additionally, wind intensity plays a key role in shaping sargassum distribution, as variations in
wind strength influence its behavior at the ocean surface. Moderate to low wind speeds tend to promote
the aggregation and organization of floating mats aleing-driven pathways, whereas stronger winds
enhance dispersion and fragmentation by increasing mixing and separation forces (Laval et al. 2023)
Therefore, demonstrating how whnelated processes can either favor aggregation or lead to dispersion.
Thisfurther shows how sargassum transport emerges from the combined influence of physical structure
wind forcing, and ocean circulation, and underscores the importance of integrating multiple
observational and modeling approaches to better represent itsethaftior across spatial and temporal

scales.

Windage: 1-3% of local
windspeed

Wave Action

Inertia
Ocean Currents

Buoyancy: air-filled bladders in
the stem allows algae to float

FIGURE 11.VARIOUS OCEANIC FORCES INFLUENCING THE MOVEMENT AND TRANSPORT OF PELAGIC SARGASSUM
INCLUDING WINDAGE EFFECTS(1i 3% OF LOCAL WIND SPEEL), WAVE ACTION, OCEAN CURRENTSAND THE

MACROALGAE®S INHERENT BUOYANCY AND INERTIA

To forecast sargassum movement, oceanographic models like HYCOM, ICHTHYOP particle
tracking, and Lagrangian drift models have integratedtiea data on currents, wind patterns, and tidal
influences (Johnson et al. 2013, Brooks et al. 2018, Franks2&t1#, Maréchal et al. 2017, Andrade

Canto et al. 2022). These models have helped to better simulate sargassum distribution.
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The development of tools like SaWS have provided almostirealmaps of sargassum biomass
(Hu et al. 2016b, Maréchal et al. 2017). While the Sargassum Inundation Risk (SIR) index has predicted
beaching likelihood by combining remote sensing data withmidels (Trinafies et al. 2021, Putman
et al. 2022, Marsh et al. 2023). However, coastal predictions have remained challenging due to various
different factors that play in coastal dynamics such as reef barriers, wave intensity, shoreline orientation,
cydonic/anticyclonic gyres and mamade structures (Moreira et al. 2006, Toi@Gemnde et al. 2021,
LaraHernandez et al. 2024, Valdés et al. 2025, Rodriguez et al. 2025).

For instance, in Cuba, calmer seas associated with low wave heights (below 1 m) were observec
to be linked with sargassum arrival as high waves act as a barrier, keeping mats offshore and reducin
beaching (Valdés et al. 2025) and influencing sargassumsiiem patterns. And Hernandez et al.
(2025) demonstrated that eastern Guantdnamo, Cuba, experiences higher arrivals where local upwellin
and coastal circulation concentrate floating biomass. Areas with persistent upwelling zones tend to

accumulate sargaum as the upwairoving waters trap drifting mats in nearshore gyres.

Recent studies further highlight how regional forcing and climate variability shape nearshore
sargassum accumulation. Amorim et al. (2025) shows that the Amazon Shelf receives sargassun
primarily during the rainy season, when the southwanifted ITCZ andtrong northeasterly winds push
offshore sargassum toward the broad Brazilian shelf. Their modeling shows that tides and wave
generated Stokes drift further concentrate sargassum nearshore, creating-nchriemd physically
conducive conditions for itndings. In contrast, Cuervas et al. (2025) illustrates how difficult it is to
determine sargassum pathways when mats are reaching the shore. In the study, buoys were displaced
the Mexican Caribbean to understand sargassumcoeat dispersal and rdsushowed the most
inconsistent when less than 20 km away from the beaches. In the Gulf of Mexico, the occurrence anc
seasonal abundance of pelagic Sargassum have been shown to vary wibdergéimate modes such
as the Atlantic Multidecadal Oscillah, North Atlantic Oscillation, and El Nifi&outhern Oscillation,
with certain climate phase combinations favoring higher Sargassum presence ($arbeet al.

2017). Together, these findings highlight how interactions between regional circulati@tal coa
processes, and decadal climate variability can modulate-beala transport and regional accumulation

patterns.

Therefore, integrating local data from sources such as citizen science and smargdszhe
monitoring could be valuable assets for validating these predictions, particularly in nearshore
environments where satellite observations are limited by spat@uties or cloud cover (Valentini &
Balouin 2020, Putman et al. 2022).

Significant gaps remain in sargassum monitoring, particularly in remote sensing, aerial imagery,
and citizen science integration. Coarssolution satellites (e.g., MODIS, VIIRS) provide frequent,
large scale coverage but lack the detail to track smadih@s and nearshore accumulations, while-high
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resolution satellites (e.g., Sentirgl WorldView-3) offer finer detail but have limited coverage and
longer revisit times. Cloud interference further reduces optical sensor reliability, and spectral indices
like AFAI struggle with false positives in cdasareas (Wang and Hu, 2016, Descloites et al. 2023, Hu

et al. 2023). While deep learning models have improved classification, they require better training
datasets and validation across different environments. Aerial imagery from drones and hyperspectra
sensors enhances nearshore detection but is constrained by high costs and limited scalability. Citize
science programs provide rdgahe observations, but data inconsistencies and a lack of automated
processing reduce their impact. The lack of nsdiiice data integration (combining remote sensing,
numerical models, aerial surveys, and citizen science reports) remains a major challenge for improving

forecasting accuracy and early warning systems.

On the coast, sargassum landing predictions still need improvements. Researchers integrate
oceanographic data and models that simulate ocean currents, wind effects, and flodtund particle
behavior with satellite imagery research (Putman et ak 2RAtten et al. 2021, Trinafies et al. 2021).
Models such as Lagrangian drift (Olascoaga et al. 2020, AgulMeredez et al. 2023, Marsh et al.
2022), HYCOM (Johns et al. 2020, Putman et al. 2018), and GPS trackers (Van Sebille et al. 2021,
Putman et al2020) have been cited in understanding how physical environmental factors (e.g., winds,
waves, inertia) influence pelagic sargassum transport in open waters and in forecasting studies
Considering these factors in models is a complex task that can resutiré accurate predictions of

sargassum accumulations (S@atierrez et al. 2022).

Another key element that must be understood to develop accurate sargassum forecasting is th
influence of coastal topography and beach dynamics on sargassum arrival, as these factors can determi
how much biomass reaches and remains onshore (Moreire2808| TorresConde et al. 2020, Rutten
et al. 2021, Larddernandez et al. 2024). As each environment, open waters and nearshore can have
different oceanographic processes acting upon each setting, this adds an extra layer of complexity tc
sargassum modalb and sargassum pathway predictions (Rutten et al. 2021). Factors like reef barriers,
shoreline orientation, onshore winds, wave intensity, andmmhe structures can modify deposition
patterns and create accumulation hotspots (Moreira et al. 200ésTamnde et al. 2021, Rutten et al.
2021, LaraHernandez et al. 2024). Continued research is needed to understand and refine nearshor

transport models, as few studies were observed to address this subject.
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Recommendations

Further research is needed to support the current working hypothesis by strengthe
evidence linking the 2002010 negative NAO event to the establishment of the sg
sargassum bloom region. In parallel, studies investigating why earlier extregeie/aeNAO
events did not trigger the formation of a second bloom region prior to 2011 ar
recommended. Add more evidence to recent research addressing, interconnectivity
sargassum regionkeatwavesnd the possible Atlantiwide expansion aihe GASB.

Improve our collective understanding of how various basde oceanographic ar
biochemical factors, such as the potentialigotation of iron (Fe) from the Saharan des

influence the growth of pelagic sargassum at sea.

Understand the link between reported decrease of phytoplankton to sargassum abun

physiological process and to climate change scenarios inclbhdatgzavesn different region
More insight into these topics can significantly advance forecasting and biomass es
efforts, ultimately leading to better coastal management and preparation for future sa
beaching events.

Investigations along the West African coast, where sargassum arrival patterns differ
from those observed in the Caribbean, and improved regional observations and modg
necessary to capture these distinct dynamics and support locally mamagéategies.

Funding and supporting local coastal monitoring, including citizen science initiative

needed to raise community awareness and provide consistertostvdata essential f
validating and improving sargassum inundation forecasting. Integratingoibssevations wit
remote sensing and current oceanographic knowledge will further enhance predic
sargassum aggregation/separation of individual strands, on trajectory/transport,

dynamics.
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Highlights

Pelagic sargassum influxes have both stewn and longerm ecological consequences
coastal ecosystems by decreasing their resilience and compromising their ecosystem
Pelagic sargassum is a public health concern as a vector of pathogenic microbes anj
of hydrogen sulfide and arsenic as toxins, potentially triggeringtemg debilitating huma
diseases.

Pelagic sargassum also diminish local economies by reducing tourism and fishery ing
loss of jobs, with minoritized, lowncome communities in exposed areas being T

susceptible to socieconomic impacts of sargassum.

Given the intricate biology and oceanographic patterns of sargassum, the effects of its
accumulation of excessive biomass are massive and can range from environmental to socioeconomi
damage. While sargassum inundations that demonstrate environmentaisiragaat a local level
through subsequent decomposition and anoxia, the multitude of coastal areas throughout the Caribbec
affected by sargassum has ignited both governmental and private efforts to mitigate the impacts cause
by sargassum. As of writinthis review, new evidence showed many studies concentrated in the
Mexican Caribbean and emphasized environmental effects, while other affected areas within the tropica

Atlantic region and other sectors were limited in their assessments (Roegugzezet. al 2025). In
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this section, we review the current state of knowledge of the impacts of sargassum inundations, including

environmental, economic, soetnlltural, and public health impacts of sargassum.

4.1 Environmental Impacts

Repeated, local sargassum inundations and subsequent decomposition have overall detrimentz
impacts on nearshore systems, including seagrass beds, coral reefs, and Bearbe?. In seagrass
beds, sargassum inundations were shown to cause anoxic conditions due to excessive decomposition
sargassum, leading to the release of organic matter in the water column, decreased light availability fol

local benthic flora, and decreasax/gen availability.
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FIGURE 12.ENVIRONMENTAL EFFECTS OF SARGASSUM INUNDATIONS ON DIFFERENT COASTAL AND NEARSHORE

SYSTEMS

A series of sargassum events between ZIB in the Mexican Caribbean sargassum events
revealed local nearshore flora shifting from seagdassinated ecosystems to macroalgaeninated
ecosystems (van Tussenbroek et al. 2017), as well as the fragoreotateagrass beds in affected areas
(Avila-Mosqueda et al. 2025). Additional satellite imagery analyses showed water color associated with
sargassunbrowntide events surpassing the size of actual beashsargassum (Avilslosqueda et al.

2025). A simiar shift was reported in Turks and Caicos in 2@089, whereThalassiadominated
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seagrass beds shifted to a mixtalodulemacroalgae bed. (Bartlett and Elmer 2021). Seagrass beds are
an essential component for shoreline stability and nursery provision for many ecologically and
economically important fishery species. These changes in benthos can negatively affect habitat

provisions and ecosystem functioning at large on an ecosystem level.

Many washeelp faunal mortality onshore during those influx events include fauna from nearby
coral reef ecosystems. In 2014, massive accumulations of sargassum also had thousands of dead sardit
mixed in with the algal biomass (Criivera et al. 2015). &iriguezMartinez et al. (2019) collected
faunal mortality observations from the 2018 sargassum event in the Mexican Caribbean; the majority of
fauna was associated with nearby coral reef systems in the Mexican Caribbean that were likely affectec
by anoxicconditions from excessive sargassum decomposition. Aside from faunal mortality, sargassum
inundations can also release leachates that can reduce the swimming behavior and growth rates of cor
larvae, such as those éfcroporg thereby reducing coral larval distribution and genetic diversity
(Antonio-Martinez et al. 2020, OlguiNlaciel et al. 2022, Lankes et al. 2025). However, recent
laboratory trials assessing effects of sargassum and ocean acidification scenarios orysiotagph
showed that sargassudoes not raise seawater pH, but has contributed to increased photosynthetic
efficiency ofAcropora(Lankes et al. 2025). The herbivorous sea urbiagema antillarunwas shown
to have reduced dietary niches due to the modified availability of vegetation from sargassum leachate:
and organic matter released into coral reef environments (Cabdrelias et al. 2019). The combination
of faunal mortality, reduced coralrieal settlement, and reduced ecological niches can lead to reduced
coral reef ecosysteriunctioning as a longerm consequence of sargassum accumulations. However,
more laboratory studies need to be conducted to evaluate interactions and effects between specific cor:

reef biota and sargassum.

Sargassum accumulation effects in other nearshore ecosystems show similar, detrimental trend:
in environmental impact. The 2019 sargassum event in Belize showed a 99.5% reduction in dissolvec
oxygen levels and lower pH levels compared to typical seawatéiiga et al. 2019). In Puerto Rico,
sargassum influxes were associated with phytoplankton changes during the 2015 event (Sastre et a
2023). A decrease in litterfall and increased red mangRzgdphora mang)anortality were reported
during the 2019\ent (Perez Perez 2022). Monitoring between 28223 in Jobos Bay, Puerto Rico
showed sargassum brown tides having deleterious effects at the nearshore level while midshore an
offshore effects were more diffuse. Sargassum brown tide events coincidedonatised chlorophyll
a and decreased dissolved oxygen concentrations in the water column, increased total suspended solic
higher turbidity, and lower pH, and changes in submerged aquatic vegetation cover (Black et al. 2025).
In sandy beaches, an incseain sargassum accumulations and decomposition was associated with
increased terrestrial faunal detritivores (Iporac et al. 2023) and increased input of carbonate sedimen
onto coastlines (Salter et al. 2020). It is unknown what the tiemg effects of argassum would be on
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sandy beach systems, given their rapid dynamics. However, based on the effects of seagrass ar
mangrove systems that stabilize coastlines, it is likely that beach erosion will continue. Any ecosystem
functions that sargassum would provide on beaches vieutverdriven by the massive abundance of
sargassum biomass and secondary compounds that would deter some detritivores {®lantnetzal.

2024), unless rapidly and properly managed.

Sargassum influxes were also shown to alter the life histories of sea turtle populations. Several
studies have shown sargassum accumulations altering the sand temperature that would affect the sex
incubating sea turtle eggs (Maurer et al. 2022) andiintiie number of hatchlings that would cross
from their nest into the open ocean (Maurer et al. 2021, Gavio et al. 2018, Schiariti et al. 2022). However,
neither sargassum inundatiams sargassum management strategies affected nesting preferences of sea
turtles in the Mexican Caribbean (RodrigtMartinez et al. 2021). In a recent study conducted with
hatchlings of three turtle species, hatchlings venturing through landed sargassum demonstrated increase
crawling time to get to the end of the beach. Hesvethere does not seem to be immediate physiological
effects by righting responses nor blood glucose levels (Appelt and Milton 2025). Sargassum mats
offshore in Suriname were shown to be utilized by green sea turtles as habitat, but the utility sfisargas

as foraging mats by the megafaunal community is unclear (de Boer et al. 2020).

Sargassum is known to accumulate high concentrations of inorganic arsenic in its tissue content
(Oyesiku and Egunyomi 2014, Addico et al. 2016, Nielsen et al. 2021, Bauta et al. 2024, Hatt et al.
2024). The amount of arsenic seemed to have very littl@sakbsr morphotype variability (Cipolloni
et al. 2024), nor does it seem to vary by oceaniessigin or transport pathways (Alleyne et al. 2023d).
However, the presence of epibionts on sargassum would be associated with higher arsenic content (Ha
et al 2024). Fresh sargassum was also reported to have the highest concentration of arsenic in its bod
tissue, with 65% of the total arsenic being lixiviated from recently arrived sargassum that would later be
lost as sargassum decomposes (Chatergara et b 2025). The amount of inorganic arsenic in
sargassum tissues is well above international guidelines (Gtegss et al. 2023), potentially adding
another impact to the beaches should arsenic and other heavy metals in sargassum would be released

theenvironment at high concentrations (Devault et al. 2022a).

Sargassum collected from Senegal, West Africa in 2022 contained low amounts of arsenic but
higher levels of cadmium, mercury, and palladium (Bousso et al. 2024). Sargassum was also shown tt
accumulate high concentrations of chlordecone, often associatedcentaminated river mouths
downstream from agricultural uses from studies in Guadeloupe and Martinique (Devault et al. 2022a).
Both studies show the ability of sargassum to intake local pollutants and work as a local indicator for

some elements and potetly use it as a bioremediator.

Compared to other macroalgae, pelagic sargassum demonstrated high phosphorus limitatior

owing to its predominantly oceanic offshore habitat (Lapointe 1995). However, sargassum samples
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collected from the GASB showed higher amounts of arsenic and phosphorus compared to sargassur
collected from the Sargasso Sea, suggesting a strong association between these two elemen
(McGillicuddy et al. 2024), as mentioned in Section 2.3 of this wdager. Sargassum in phospherus
limited environments would uptake more arsenic due to competition of the phosphate transporter
between these two elements (Gobert et al. 2022). Furthermore, secondary compounds in sargassum, su
as copper, alginates, and nioacids, further facilitated the high arsenic content in sargassum (Ortega
Flores et al. 2022). This mechanism enables sargassum to have high concentrations of arsenic, makir
valorization efforts very challenging for private initiatives. The use ofesatgn as fertilizers or other
consumptive uses needs proper procedures to reduce arsenic content in sargassum tissues and leach:

(CisnerosRamos et al. 2024).

Sargassum influxes are also associated with increased concentrated influxes of microplastics ant
other hazardous biota. There were multiple accounts of plastic waste being found associated with
sargassum accumulations (Jocelyn et al. 2023, O&uib et & 2024), suggesting that sargassum is a
potential vector for increased plastic pollution (Aldana Arana et al. 2024). Proximity of sargassum to
plastic pollution as a vector to arsenic al so
then either be complexed into the algal cells or be excreted (del Real et al. 2025). Sargassumn
accumul ations were also reported to be associ s
war (Physalia physalis although these occurrences were associated with a negative average magnitude
of the Arctic Oscillation Index that favors cold fronts and northerly winds, and the origins of these
associations are from the North Atlantic Subtropical Gyre rather thaBAl®B (TorresConde et al.

2022). As a ptential avenue for further study, sargassum influxes will be studied in tandem with other

drifting marine debris or other hazardous pelagic fauna.
4.2 Economic Impacts

Sargassum influxes caused sizable losses in tourism, fishery, and recreational industries acros
the Caribbean (Hamel et al. 2024). The initial impacts of sargassum were very apparent in fisheries, sucl
as difficulties accessing fisheries resources amihigsgear tangled by sargassum as bycatch (Franks et
al. 2011, Solarin et al. 2014). The Barbados fishery particularly was most affected by sargassum in the
postharvest phase of their fishery (Ramlogan et al. 2017). In Nigeria, sargassum inundatiamggreve
access to fishing grounds, reduced catches, increased mortalities of econenslieadigt fish such as
barracuda and shiny nose fish, and increased clogging and tearing of equipment, thus affecting thei
fishers' livelihoods by reduced income (Areadd al. 2025). Additionally, steel used in marine
infrastructure can be eroded by sargassum, with corrosion rates ranging from 0.1mm/y (SS) to 9mm/yr
(CS) (Bénuffé et al. 2025).
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During the 2019 sargassum event in the Mexican Caribbean, local economic activity experienced
contractions with reduced exchanges of the Mexican Peso, although the decrease in economic activit
was not traced to the tourism sector (Espinosa and Li 20@@3oRal testimonies by tourist guides have
noted that tourist agencies received little economic support from the government while hoteliers had
more resources to invest in sargassum cleanup on their properties (Pachauri et al. 2025). An analysis ¢
GIS obervations from 20162019 showed reduced nighttime light intensity, suggesting reduced gross
local product. This reduction in gross local product can have lagged effects that would be detected afte
12 months due to reputational changes associated wghssam influxes (Schling et al. 2022). In the
short term, seasons with high sargassum influxes led to decreased beach occupancy and increased t
of inland tourist destinations such as cenotes (caves with freshwater pools, often used as tourist sites
Cenotes during the summer were highly littered and overused by tourists, such that they had to be close
by government orders (Pachauri et al. 2025). A recent study conducted by Jin et al. (2025) comparec
economic impacts of sargassum between three afféttedareas (USVI, Puerto Rico, and Florida).
When considering the total economic impact of sargassum using 2019 economic data adapted to 202
inflation, southeastern Florida faced an annual expected total impact of $5 billion USD, Puerto Rico
faced an anral expected total impact of $782 billion USD, and USVI faced an annual expected total
impact of $50 million USD (Jin et al. 2025).

Efforts to clean up and dispose of sargassum in affected areas can be very costly. One study
estimated the cost of cleaning up the sargassum inundations across the Caribbean to be $120 millio
(Milledge and Harvey 2016). In a thorough study in the Mex{€aribbean, the price of cleaning one
cubic meter of sargassum can range from US$ 1933000 annually, based on adjusting for inflation
to December 2022, and varied based on management studies of those areas (Rddriquexzet al.
2023a), though costwere more effective at hotels than municipalities. At a municipality level, cost per
kilometer ranged from US$ 0-81.5M in years and US$ 10,186100,446 over months (Rodriguez
Martinez et al. 2023a). It is currently unknown if similar economic castsléanup and disposal are
reflected in other sargasstaffected countries or even the costs of inaction (Lépeatreras et al.

2021). Each country's economic analysis should be evaluated to determine optimal public and private

sector approaches to sasgam cleanup, disposal, and valorization.

Many entrepreneurial initiatives that would attempt to valorize sargassum are challenged by the
toxic chemical pollutants in sargassum thalli tissues. Due to heavy metal content, sargassum could nc
be used for nutritional purposes unless there is a meschdor arsenic and other heavy metal removal
(CisnerosRamos et al. 2024). However, high carbohydrate contents may make sargassum a variable
resource for microbial production of ethanol or bioplastics (Davis et al. 2020). More research needs to
be done tadetermine optimal uses and valorizations of sargassum biomass and compounds- (Abdool
Ghany et al. 2023).
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4.3 Health Impacts

Sargassum as a public health concern is most notable for its release of hydrogen sulfide emission
and heavy metal exposure (Resiere et al. 2018, Rodrlgadinez et al. 2024). Clinical trials in the
2018 sargassum influx event in Martinique revealetightients were exposed to > 5 ppm of hydrogen
sulfide (HS) produced by sargassum decomposition for an average of 50 days. Symptoms reported fol
acute HS exposure include respiratory, digestive, and neurological disorders (Resiere et al. 2020). One
studyconducted in Martinique found that pregnant women close to areas with sargassum inundations (<
2km) had earlier onset times of preeclampsia, which can be-taidatening condition for pregnant
women (de Lanlay et al. 2022). Other nauseous gases klegpsargassum decomposition include
methane (Ck) and ammonia (Nk) (Sevilla et al. 2025). Methane is an odorless greenhouse gas that is
harmless in small amounts, but large quantities can displace oxygen, leading to nausea, memory los:
and mood swingsSevilla et al. 2025, Pachauri et al. 2025). Ammonia can cause respiratory and
dermatological issues, even causing lung irritation and death (Sevilla et al. 2025). Workers tasked with
manually cleaning sargassum from beaches reported using protective ggaeaaution against toxins
or harmful gases released by sargassum (Pachauri et al. 2025). Public health is one of the least attend
problems with a very high impact at different scale exjgbsuresime that need to be addressed urgently
(RodriguezMartinez et al. 2025).

Decomposing sargassum also provides an additional substrate for potentially pathogenic
microbial communitiesKigure 13). One instance is fecal bacteria, such as enterococci, originating from
local human waste and sewage sources on local beaches to use sargassum as a substrate (Tomenchc
al. 2021, AbdoclGhany et al. 2022). According to one set of health guidelinekébgtate of Florida,
beaches with fecal bacteria levels at or above 71 enterococci per 100 ml of marine water are considere
poor quality for recreational purposes (Florida Department of Health, 2024). Other potentially
pathogenic bacteria, such ¥grio spp., naturally occur in sargassum in the Sargasso Sea, but were
recently observed using plastic marine debris as a substrate (Mincer et al. 2023), and decomposin
sargassum demonstrated higher abundances of Vibrionales bacteria (Mendonca et al. 202%KThei
et al. 2023).
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FIGURE 13. ECONOMIC AND PUBLIC HEALTH EFFECTS OF SARGASSUM ON LOCAL COMMUNITIES

Vibrio bacteria have been known to cause mar@lated vibriosis through exposure to seawater and
consumption of seafood (BakAwstin et al. 2018). As a public health concern for coastal communities,
sargassum inundations can be a potential vector of patlwdgacteria, necessitating further study and

monitoring of the sargassum microbiome.

Sargassum seems to be a source of micropollutant bioaccumulation on Caribbean beaches the
can be released during decomposition, potentially affecting the surrounding environment (Devault et al.
2022b). High arsenic content in sargassum can lead to védmsalth complications, such as skin
irritation (Hatt et al. 2024), or even potential carcinogenic effects when consumed through food or
drinking water (Modestin et al. 2022, All eyne

release of heavy atals and other leachates is a public health issue is largely unclear.

Sargassum can also be a source of epibiotic hydroids that can release toxins through their
nematocysts, causing stings and dermal lesions that can irritate human skin (M@edezd 2020). It
is unclear if the hydroid envenomation is spedpscific ons characteristic of many hydroids associated
with sargassum. One particular hydroid species found on SargaSbetg dichotomais considered
an invasive species in Mexico, while other common species of hydroids, suBllasphenia
latecarinatado notexhibit venomous effects on humans (MendBe&erril et al. 2020). The potential
effects stinging epifauna on sargassum would have on beachgoers is currently understudied, which ca

have implications as a public health concern.
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4.4 Sociecultural Impacts

In the early years of sargassum influxes, local communities in Western Ghana perceived the
sargassum problems to be caused by periodic oil and gas companies-Badkah 2013). This
misperception also led to perceiving the local communities as powegkEsstesargassum (Yaw Atiglo
et al. 2024). While sargassum is a phenomenon that has multiple causes and factors, such complexitie

are seldom communicated to communities that were most affected by the influxes.

Government efforts to manage sargassum through a policy level must incorporate minoritized
communities within those nations. One program
to increase participation in public input on a draft sargassaional management plan. Through this
program, poor, disabled, women, and minority groups were able to have their opinions inputted through
participatory videos to communicate vulnerability levels of sargassum influxes that may not be captured
through caventional government methods (Thomas and Cumberbatch 2024). In an interview study,
local Mayans in the Mexican Caribbean highlighted how areas for sargassum management and cleanin
were prioritized towards touristic beach areas that they otherwise tavmtccess to due to the costs
of access (RoselléBruker et al. 2023). The responses to sargassum influxes by local and national
governments often highlight local and regional inequities between local stakeholders. It also seems tha
determining key staholders, availability of financial funds, and communities most affected by

sargassum are what drives principal action to sargassum management (Semeleer, 2021).

It is evident that there is a lack of pgewiewed studies addressing the public health and
sociocultural challenges associated with sargassum inundations (Rodvigtterez et al. 2025), the
majority of impacts remain in anecdotes or newspaper newsznig) different stakeholders, therefore,
evidencebased studies are urgently needed to assess the public health and sociocultural and econom:
impacts of sargassum and prepare managerial strategies to address and support local communities tt
have beesuffering these impacts for 14 years as of this review.
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Recommendations

There is a need for more systematic, kbagn, peerreviewed studies of health, social,
economic effects of sargassum influxes. These studies can be complemented wi
available resources such as websites and protocols.

There is a need for lonagrm clinical studies on the effects of sargassum on human heal
these findings translate to best practices for addressing sargassum as a public health i
There needs to be a more thorough assessment of how sargassum influxes affect differ
groups at both the local and regional level. This includes groups that are marginalized
race, and other socioeconomic factors and backgrounds.

There is a need to increase management strategies that will reduce the impacts to ec

protect biodiversity and local communities.
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Highlights

Many smaller countries, especially those situated in the eastern Caribbean region clol
GASB, have some sort of sargassum adaptive management plan. However, ma

Caribbean countries lack a sargassum management plan or are starting to intedoateeir
broader coastal or fishery management plan.

Regionallevel conventions, such as the Cartagena Convention, the OECS, CARICO
UNEP, can provide a solid foundation for regiemel coordination of sargassum amd
different countries along the tropical Atlantic, while allowing flexibility in natibgovernancq
to their management and policy approaches.

Sargassum cannot be reduced to a single issue or solution. Sargassum can have

geographical contexts, such as between oceanic or coastal areas, and within legal cont
as within the Economic Exclusive Zone or in zoned protected areas.

Sargassum can be designated as an essential habitat, an exploitable resource in the
Economic Zone (EEZ) and international waters, or a resource and a problem within te

waters.

The longterm ecological consequences of lasgale offshore sargassum harvesting wi
EEZ or international waters remain uncertain, particularly concerning carbon sequestra

its effect on marine ecosystems.

It is imperative that international cooperation be an essential part of navigating the global aspect

of the sargassum phenomenon. As sargassum events increasingly affect coastal economies ar
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ecosystems, their management has evolved beyond the existing policies and strategies framework
needing a multidimensional policy regarding the geopolitical and spatial planning implication. The
emphasis of impact studies on the Mexican Caribbean andieses a lot to be desired for how other
affected areas around the tropical Atlantic were impacted by sargassum This can translatesia® one
fits-all approaches to sargassum that may not be suitable for particular geographic areas. This sectio
will address the current state of geopolitical and-las®l strategies that would determine the mitigation

and use of sargassum, and provide recommendations for policy strategies and understudied areas

sargassum impacts.

5.1 Geopolitical and Landuse Strategies

Perceptions of the threat of sargassum influxes vary between countries affected by sargassum
often related to their proximity to the Great Atlantic Sargassum Belt (Rodeiidker et al. 2023). Areas
closer to water currents transporting sargassum frenG#WSB are more likely to see sargassum as a
disaster than other areas that receive less sargassum from the GASB (Hamel et al. 2024). Furthermor
government officials need to have a thorough understanding of sargassum via education and research

addreszoncerns of their constituents effectively (Ackahidoo 2013).

Efforts to develop policies and best practices for the management of sargassum would then vary
by country and proximity to the GASB and currents that transport it. Polycentric governance, as opposec
to centralized, togown governance, has been used toeiase international cooperation and address
sargassum management. Polycentric governance is used both on a regional and a local level. Whil
increased cooperation greatly benefits polycentric governance, the national capacities among Caribbea

countries dected by sargassum vary heavily (van der Plank et al. 2022).

At a regional level, private and public state stakeholders play a role in multinational cooperation
by holding workshops and distributing information using listservs and policy briefs. In the short term,
private and local initiatives to address sargasseemsmore prompt than governmavitle policies.
However, longterm solutions to sargassum management and adaptation require governmental policies
and plans with a clear source of funding and resource sustainability (van der Plank et al. 2025). An
assessmentf policies between sovereign, independent states, and smalomereign island
jurisdictions (SNIJs) has shown that at least half of each of those types of nations have some policy plar
to address sargassum management (van der Plank et al. 2025fhéfeilwere guidelines for sargassum
management and adaptation for states that have
of local landuse strategies, such as zoning and coastal restoration, as another means to mitigate th
impacts of sargasum (van der Plank et al. 2025). Part of this seems to be the variation of severity of
sargassum. In the continental eastern U.S., sargassum crossing the EEZ was treated as essential fi
habitat rather than as a threat, with the Sargasso Sea in theANantiic Ocean being observed in areas
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that have recently become part of the EEZ (200 nautical miles) of continental eastern (Vital et al. 2024),
Ardron et al. 2011). With the rise of sargassum as a natural disaster, the National Oceanic and
Atmospheric Administration (NOAA) identified this nwajgap in policy and proposed a sargassum
workshop to develop an intagency group specifically for largeeale sargassum nearshore inundations
(Vital et al. 2024).

As of this year, there have been major advances in reggoald governance of sargassum. The
United Nations Environmental Programme hosted a workshop to develop the sargassum working grouy
that would operate under the Specially Protected Areas and f&/{8FPAW) protocol of the Cartagena
Convention (United Nations Environmental Programme, 2025). In 2019, the sargassum working group
started out as an ad hoc committee developed during the 15th Conference of the Parties (COP) of th
Cartagena Convention Roatan, Honduras. The goal of the sargassum working group is to develop a
regionally coordinated and harmonized effort to address sargassum using the Cartagena Convention &
the foundation for best policies and practices (Pevadderrama et al. 2026). @n the prior analyses
of polycentric governance, it seems that there is varied adherence to international policies that would
reconcile sargassum management and monitoring while also upholding conventions and laws
surrounding marine conservation. For arste, U.S. territories such as Puerto Rico and U.S. Virgin
Islands lack the federdgvel urgency of sargassum needed for a federal framework, and instead have
localized emergency plans and interagency efforts that can inform othspwereign territorie under
the convention on dealing with sargassum (Pevealderrama et al. 2026). The Cartagena Convention
can provide the foundation for more coordinated efforts to regionally address sargassum, such as
standardized protocols for monitoring and manageniectuding ecological impact assessments),
increased data sharing and more consistent monitoring efforts, increased public awareness an

engagement, and consideration of sargassum towards management of specially protected areas.

Given the variation of national and regional capacities to address sargassum policies, the burder
of coordination often falls on nations or stakeholders with the least amount of resources (van der Plank
et al. 2022). However, with the increased developrméonpenaccess knowledge hubs and sharing of
best practices and data, it is imperative that all sargaaffiected nations need to have either a national
management plan to address sargassum or be part of a coordinated polycentric approach, a multination
effort to respond to sargassum effectively (Almela et al. 2023a). Developing legal and policy frameworks
to address the sargassum as a potential resource in high waters, compared with EEZ and Territorie
waters, is a developing area that will requireertibn at all levels, including the development of

international, national, and local agreements and conventions.
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5.2 Governance of Sargassum Habitats

The complex and dynamic nature of sargassum, along with its seasonality of accumulation
events, complicates removal efforts, as well as its use and valorization as a resource. Sargassum floatir
patches have a long trajectory from the North Equatoriale@uswithin the Great Atlantic Sargassum
Belt to various coastlines, moving from high water to exclusive economic zones (EEZs) and territorial
waters defined in the United Nations Convention on the Law of the Sea (UNCLOS)(United Nations
1982). As a naturgdhenomenon, it has been designated as an essential fish habitat (EFH) by the National
Oceanic and Atmospheric Administration (NOAA) in the U.S. and the European Common Fisheries
Policy as it is a part of the waters and substrate essential for fish refwodieeding, and growth (Vital
et al. 2024; NOAA Southeast and Caribbean Regional Team 2024). These areas are chosen based
their ecological importance, vulnerability to stress and human activity, and rarity of the habitat for many

marine organisms (Val et al. 2024).

It is important to note that the EFH designation of pelagic sargassum under Fishery Management
Plans (FMPs) does not prohibit harvesting but does require consultations with the National Marine
Fisheries Service i f agenctatus ascah EF6I{16 bh&.¢€. 1865 Hee e r
305(b)) (Vital et al. 2024). The Magnus&tevens Fishery Conservation and Management Act (MSA)
established FMPs with the objectives of preventing overfishing, rebuilding depleted fish stocks,
conserving EFH for federgllmanaged species, and promoting the {tmrg) sustainability of the U.S.
seafood supply while also maximizing associated economic and social benefits. This approach was als
i mpl emented in Mexico earlier thishysaonckw¥i ulm
National Fisheries Act, thus implementing harvest rules of sargassum within its EEZ and setting an
annual quota of ~1 million tonnes of sargassum (N@MNSTPS2014). This recognition of sargassum
as a fish stock also complemented thenagement plan made specifically for sargassum and was
released two years prior (Rodrigdlartinez et al. 2023b). Therefore, sargassum can be designated as
an essential habitat, an exploitable resource depending on where in its trajectory it is fotimel and
capacity and techniques for collection for its use; or a problem as it accumulates and washes ashore,
can cause ecological damage to corals and beaches, as well as economic damage by affecting jok

tourism and fisheries, and public health issueme@stioned in the above section.

Although no universally accepted measurements strictly define the boundary between offshore
and onshore sargassum, some characterize offshore collections by their ability to be an EFH (Vital et al
2024). Sargassum occurring beyond the limits of U.Staeal waters, defined as 12 nautical miles (22
km) from the baseline coast, may also be designated as Essential Fish Habitat (EFH) under the provision
of the MagnusotStevens Fishery Conservation and Management Act. Harvesting sargassum within

EFH-desigrated areas does not restrict the removal of sargassum from state or territorial waters;
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however, because it is a critical habitat for sea turtles, an incidental take permit or NMS is necessary ol
could be subject to persecution. For example, in the states of North Carolina and South Carolina in the
United States, there is a harvest limit @f 10 2,268 kg (5,000 Ibs) of wet biomass per year. The
designation of EFH does not apply to sargassum washing onshore or once the floating patches no longe
offer the EFH ecosystem service. Evidently, the existing regulations in the United States adetdimit
its national <coast s, but can serve as a guidel
legal framework and needs. There is an urgent need to use existing international agreements with :
comprehensive integral governanteluding a publieprivate structure designed following legal
frameworks, environmental regulations, management policies and technologies, industrial operation,
and financial and commercial mechanisms are needed. Regional collaboration will facilisatectses

of such plans.

Recommendations

Legal and policy frameworks regarding sargassum are urgently needed, includl
characterization of sargassum as a debris or resource to determine best practic
implementing scientificalssound regulations.

Implications of these policy frameworks at the international, national, and local levels n§
explored, and should consider both physical geographical and geopolitical conditions.
A comprehensive integral governance plan including a pybNate structure designé
following legal frameworks, environmental regulations, management policies and techng

industrial operation, and financial and commercial mechanisms are needed.

Empowerment of local communities, and regional growth, should be the major goal
integral governance plan.
Addressing landise and different legal and economic zones at the international, Atlantig

level are essential for a more holistic approach to a complex, international problem.
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Highlights

Sustainable collection methods, such as the use of hand tools, help minimize sand lo
targeted precautions protect sensitive wildlife, including sea turtle nests and coastal veg
But mechanized cleanup methods may be used to supplement imghtated sites wit
environmental monitors to assess conditions and identify wildlife and fragile habitats.

Progress in sustainable processing is hindered by the lack of standardized safety pj}
inconsistent raw material quality, and inadequate funding. However, there is an inc
interest in its use as a sustainable, rultipose resource, presentiaig opportunity for jok
creation and the development of new technologies to collect, process, and convert s3g
into highrvalue products.

Despite these challenges, sargassum is being developed into diverse products, i
bioplastics, wood materials, cement, animal feed, fertilizer, biofuel, mud bricks, a
Meanwhile, its biosorption properties show promise for removing heavy raathlmprovin
compostbased soil.

Regional planning and best practices designs are needed to ensure ecological and cq

friendly scalingup of commercial and industrial initiatives.

As the influx of sargassum in coastal and offshore environments intensifies each year, it has

prompted the development of management strategies in both offshore and onshore habitats. Monitoring
and removal methods have been proposed to efficiently prineeatcumulation of tons of biomass in
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coastal ecosystems, while aiming to minimize ecological disruption. Beyond collection, innovative
treatment and recovery processes are being explored to transform sargassum into valuable products th
both expand on sustainability efforts and provide enuowalue. However, these approaches still face
technical challenges and concerns about the feasibility, with significant gaps in knowledge that
underscore the need for continued research and interdisciplinary collaboration. This section will address
the «isting policies and comprehensive strategies for managing sargassum influxes, emphasizing the
best practices for removal and environmental protection, as well as the value that sargassum adds &

various products.
6.1 DistinctionsBetweenOnshore vs.Offshore Management

As time has passed, advancements have been made in monitoring and managing sargassur
particularly following the unprecedented influx of sargassum in 2011 across the eastern Caribbean.
However, as the landing events continue to inundate coastal commuhi@eseed for standardized
protocols has become more evident. Improving sargassum influx forecasts would better aid the
development of optimal management methods for different ocean conditions (Robledo et al. 2021).
Often, these predictive forecasts ladcognition of spatial movement patterns, as well as landing
location and accumulation. This information depends on local satellite imagery and monitoring programs
to improve accuracy (UribBlartinez et al. 2022, Putman et al. 2023). As research and gdemagit of
collection procedures advance, a need arises to define when sargassum transitions from a habitat to

hazard.

Offshore floating sargassum management can serve as a preventive measure when large bloon
approach coastal shorelines, and with proper adaptation to local needs, environmental impacts an
economic costs can be minimized. The collection frequency deparidsad conditions, including the
volume of the influx, the availability of resources to allocate to management, and environmental
conditions. In developing mechanized methods for offshore sargassum harvesting, designs must protec
the environment and assated fauna, preserve tourism for the dependent economic sectors of coastal
communities, and mitigate health concerns. Mechanized collection techniques can efficiently collect
large volumes of sargassum while minimizing environmental impact and operatmsta (Gold
Standard Foundation 2023). Methods of managing and collecting sargassum can also vary based on i

status as an EFH and its location within the water collfigu(e 14).

While the sargassum maintains its status as an EFH when floating in the ocean, floating barriers
known as fAboomsodo firmly secured to the seaflc
decomposing sargassum from landing on coastlines (Oxenfaatl 2021). As it accumulates, the
sargassum may need to be removed by specialized harvesting boats. In Guadeloupe, innovations incluc

specialized barges with automated treadmills capable of collecting up to 10 tons of sargassum from the
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upper water column (@ meters), which are best suited for calm waters like bays and lagoons (Hinds et
al. 2016). Hydraulic suction pumps are used to remove floating mats directly from the upper water
column (210 m below the ocean surface) near the shwithy, powerful hydraulic suction pumps
attached to an amphibious vehicle (Chereau, 2019). Other vessels are fitted with pumps, along with
skimmers, that guide the sargassum for collection. Organizations like © SOS Carbon have also
developed Littoral Colleamn Modules (LCMs), which are manually operated devices attached to small
boats with netting to tow through sargassum mats and quickly collect a high density of sargassum (Gray
et al. 2021). They have also developed and utilized a gardppth system thigpumps sargassum down

to 156200 m below the sea surface, where it continues to sink due to ocean pressure, serving as a methc
of disposal and sequestration (Gray et al. 2021).

(a) nautical miles (nmi)

Territorial Waters 12 nmi Exclusive Economic Zone 200 nmi High Seas

O nmi

*not to scale

FIGURE 14.THE VARIABILITY IN COLLECTION METHODS i WITH NO UNIVERSALLY ACCEPTED BOUNDARIES MAY

DEPEND ON DISTANCE FROM THE SHORELINE AND THE GOVERNANCE OF SARGASSUM HABITATS

It is important to note that while these innovations mark progress in managing sargassum, severa
questions still need to be addressed before it can be considered a reliable management method. Althou
the pumpto-depth system can facilitate carbon seqagisin, this approach does not account for the
dependence on fossil fuels to power the vessels, which may hinder achieving a truly nehegétive
outcome. Additionally, it does not ensure that sargassum will not resurface due to coastal upwelling,
which can occur from depths much greater than where the sargassum is pumped (He and Mahadeve
2021). Furthermore, while an alternative method has been proposed by the group of releasing coastz:
sargassum into open water to allow it to continue its lifecyeleeth on forecasting, as previously
discussed in Section 3.3, the use of predictive modeling in this context remains challenging and prone

to inaccuracies. There is also no reference to the potential harm to marine fauna that may get trapped |
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the nets or the risk of pollution if these nets disintegrate into debris. Moreover, the ecological
ramifications of sinking sargassum must be taken into account, as it provides habitat for various wildlife

and helps maintain ecosystem balance.

Offshore sargassum harvesting faces significant challenges related to bycatch, as it often lead:
to biodiversity loss (Oxenford et al. 2021). Thenater mats serve as a habitat for associated organisms,
including juvenile sargassum fish (Histrio histra)d sea turtles, and harvesting of the mats can remove
entangled marine life from the environment (Oxenford et al. 2021). As a result, there needs to be an
effort to mitigate bycatch. Studies are required to develop tested protocols for avoiding the captu
release of associated fauna, as well as laws specifying the distance from the shoreline at which harvestin
methods can be used. Consideration must be given to the equipment cost, especially in local
manufacturing or when considering subsidies. Qpmral expenses associated with using boats, barges,
and hydraulic pumps for offshore collection also pose a challenge (Oxenford et al. 2021). Combined
with the seasonality of sargassum influxes, which makes it difficult to establish consistent harvesting
operations and the effort required to process and store collections, the economic viability of the fluxes

becomes a greater issue for local efforts (Robledo et al. 2021).

Additionally, little is known about the loRgerm ecological impacts of larggeale offshore
harvesting on marine ecosystems and associated species, as these innovations are relatively nov
(Robledo et al. 2021). The photosynthetic capabilities of sargaakow it to sequester carbon, creating
a potential method to reduce carbon dioxide through sinking (Pries et al. 2023, Ricart et al. 2022). Ocear
afforestation is a similar method of carbon sequestration, involving the cultivation-gféashg algae
and their subsequent sinking; it has been suggested that this may lead to lower oxygen concentration:
or hypoxia in deep waters (Ross et al. 2022). Hypoxia results from increased oxygen consumption during
the decomposition of organic materials. While ntoring the impact of benthic communities would be
difficult, it may be possible to mitigate the effect if they were placed in hypoxic regions that already
have low biodiversity (Ross et al. 2022). However, little is known about thetéomgenvironmental
consequences, and further studies are needed before this can become a dependable method as comy
mechanisms linking sargassum large biomasses with C and N availability can result in a competition of
those nutrients between phytoplankton and sargassupactmg trophic interaction and full carbon
cycle beyond oxygen reduction of deep waters (Pries et al. 2023, Ricart et al. 2022, Bach et al. 2021).

6.2 Collection from Shorelines

The first recorded efforts to control sargassum landing on shorelines date back to 1935 in
Galveston, Texas, where workers attempted to load barges with sargassum and tow them offshore, bt
were unsuccessful (Webster and Linton, 2013). Since then, aralfzaly in response to the substantial

influx of events of 2011, targeted removal efforts have developed with the formulation of protocols,
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guidelines, and best management practices in general. The methods for management and removal shot
include best practices for removal that mitigate damage to coastal ecosystems (Figure 15). As mentione
in the previous section about the ecological img8ettion 4.1), sargassum starts to decay and no longer
functions as an EFH, and it can affect food availability and habitat resources for various marine species
potentially leading to changes in community structure and biodiversity (US EPA 2025a). Lack of
management or mismanagement of sargassum in affected areas can also lead to environmental effec
being passed to adjacent areas due to high water turbidity and transportation of organic matter (de
Almeida et al. 2025).

Best practice removal utilizes hand tools, such as rakes, and other manual methods to minimize
the amount of sand removed while cleaning up the sargassum and to avoid disturbing local wildlife
(Dutch Caribbean Nature Alliance 2019). Restricting the useeaty machinery to avoid ecologically
sensitive zones, while ideal, may not always be possible due to the heavy accumulation of sargassun
Estimates of the annual amount of sargassum accumulating on approximately 100 km of coastline cat
reach 100,000 tonand in the Tropical Atlantic alone, the biomass can exceed 20 million tons (Jouanno
et al. 2025b). In this case, it is generally advised to use mechanized methods that are both effective an
environmentally responsible for collecting large volumes of ddndargassum (Hinds et al. 2016).
Mechanized cleanup methods can be effectively combined with manual cleanup in sensitive areas

allowing environmental monitors to assess conditions and identify wildlife and fragile habitats.

Workers collect stranded sargassum using tools like rakes

Dail
y and shovels
Dail Heavy machinery removes large volumes; often early
ai . :
y morning operations
Dail Extract sargassum nearshore; often combined with
ai ‘ )
y floating booms for guidance
. Collect floating mats using conveyor belts; limited to
Daily/Weekly 9 9 y

calm waters

Pump-to-depth systems sink collected biomass; used

Intermittent i
based on disposal needs

FIGURE 15.THE VARIABILITY IN MECHANIZED CLEANUP METHODS, INCLUDING THEIR USAGE FREQUENCY AND

TYPICAL APPLICATIONS
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Some of the most effective mechanized methods for collecting sargassum includedraetbr
mechanical beach rakes. These are designed fordaede removal and minimal sand removal and are
especially effective when the sargassum is freshly landeda@ngehcompacted, and are best used on
wide beaches with firm sand (Irvine et al. 2023, Chereau 2019) -éndibaders for tractors, equipped
with wide, soft tires and specialized rakes, have also been effective in removing the top layers of
sargassum uhout damaging the ecosystem and disturbing the sand (Hinds et al. 2016, Irvine et al.
2023). The large tires also effectively distribute the tractor's weight, minimizing sand compaction, which
can be beneficial at sites with turtle nests and other senfatina (Hinds et al. 2016, Irvine et al. 2023).
There is also space for repurposing available machinery, such as cane loaders, which are initially
intended for sugar cane harvesting (Hinds et al. 2016, Chereau 2019). This method is used in Guadelour
and can be especially effective for removing sargassum that is piled high, although it may be most
suitable for beaches that can support heavy machinery (Hinds et al. 2016, Chereau 2019). It may also
best used to supplement other machinery, such asalomgxcavators and mechanical diggers, as both

can load sargassum collected into transport vehicles (Hinds et al. 2016, Chereau 2019).

Environmental risks arise from the destruction of vegetation and habitats, which can destabilize
the sand and disturb the habitat of local wildlife, as well as directly harm organisms that rely on the
beach ecosystem (Hinds et al. 2016). It is importaptrotect local wildlife and vegetation, check for
sea turtle and bird nests, avoid trampling beach vegetation, and remove only minimal amounts of sanc
when using heavy machinery (Dutch Caribbean Nature Alliance 2019). The health of the workers
removing tle algae should also be considered, given the risk it poses to health, so an effort is made tc
remove it quickly before it is heavily decomposed, due to the associated health risks mentioned in
Section 4.3. As a result, efforts are made to remove the piga®tly, before they undergo advanced
decomposition, to minimize adverse effects (Dutch Caribbean Nature Alliance 2019). Depending on
how much biomass accumulates and the accessibility of sites, selective removal practices can be use
and the sargassunart be left alone or moved to sand dunes or areas of the beach with signs of erosion
(Hinds et al. 2016, CRFM 2016).

6.3 Monitoring and Management

The management of sargassum involves an interconnected supply chain that includes harvesting
storage, transportation, processing, and opportunities for valorizakgguré¢ 16). Effective
coordination across these stages is necessary to ensure safe handling, reduce environmental and hez
risks, and support sustainable valorization. Tools for sargassum monitoring and management, including
measurement techniques and technologipalications, are made accessible through protocols such as
those of the CERMS (Centre for Resource Management and Environmental Studies) (Alleyne et al.

2022). Notably, the group has developed a standard protocol for monitoring and mapping sargassun

White Paper - Navigating the Sargassum Crisis
60



Collection, Management, and Valorization of Sargassum

using drones with their ASargAdapt Drone Moni't
flights for monitoring (Baldwin et al. 2022). Recent monitoring using gyrocopters and in situ cameras

in Martiniqgue showed that areas most susceptiblerggasaum inundation were the innermost parts of

the bay, with low hydrodynamic conditions and high exposure to prevailing winds, and that seagrass
beds were especially vulnerable to brown water during heavy rainfall (Teyssier et al. 2025). They have
also ceated the AfSargassum Management Briefo to

managers, and residents, quickly understand sargassum issues and potential solutions (Hinds et al. 201

Abundant renewable resources
Highly variable and unpredicatable
Development of low-impact technology
High costs for specialized equipment

Preserve biomass in tropical climate

Large storage facilities required for stockpiling
Innovation in low-energy preservation
Variable biomass quality
Existing methods in tourism-heavy regions
High costs; limited infrastrucure
Use of renewable energy-powered vehicles
Carbon emmisions; seasonal road closures
Biorefinery miximizes resource use
Energy-intensive processing methods
Extraction of rare-earth metals
Competition from cheaper materials
~ Highwvalueproducts

. lackofstandardized product quality

FIGURE 16.SUMMARY OF KEY STAGES INSARGASSUM MANAGEMENT, FROM HARVEST THROUGH STORAGE

TRANSPORT, AND PROCESSINGTO POTENTIAL VALORIZATION AND PRODUCT DEVELOPMENT

In line with these management guidelines, removal and disposal should be handled with care, as
decomposing sargassum produces hydrogen sulfide and ammonia, as previously mentioned in Sectio
4.3. Leaving large amounts of sargassum stranded on beachésod@ac to excessive eutrophication
of the water, resulting in hypoxia and increased levels of organic matter, hydrogen sulfide, ammonia,
and phosphorus (da Silva Parente et al. 2024, Ghiitieand CruzArguello 2024). Leachates from
decomposition alscontain high concentrations of heavy metals, pesticides, and other pollutants, leading
to soil and groundwater contamination, particularly when disposed of in landfills (US EPA 2023b, Leal
Bautista et al. 2024). Disposal also poses a challenge, as matgl commmunities have limited landfill

capacity, making the transportation and disposal of collected sargassum expensive (US EPA 2023b).
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Efforts are being made to quantify greenhouse gas emissions from the collection and
transportation processes to avoid carbdensive methods, including the mode of transportation and
the emission costs of transporting several tonnes of sargassum (@otthisit 2023). For collection
labor, transportation of sargassum to processing facilities, and disposal as waste, the current estimate
cost is 01241.60 ($1412) per ton of material (
tonsofbiomasaccumul ating, this could cost coastal cc¢
This does not include the additional costs of other preventive management methods, such as forecastir
arrival events, physical barriers, and boats that use netgptare sargassum in offshore areas, which

would further escalate costs when multiplied by the tons of landed biomass (Almela et al. 2023).

There is a need for more research on the ecological impacts of sargassum removal in the coast:
zone to inform the interpretation and enforcement of laws that allow for ecologically sound removal
practices (Vital et al. 2024). Studies are needed to detertmé longterm effects of sargassum removal
on ecosystem recovery and resilience, to identify the accumulation threshold, and to determine whethe
removal is necessary or if allowing natural processes to occur is sufficient (WECAFC 2023). Current
systemsalso lack a regulatory framework for innovative sargasdenved products. There is a need
for standards and procedures for harvesting and product development, especially when considering
arsenic levels for international markets, so that entreprenauoéibute to local economies (Speede
et al. 2024, Oxenford et al. 2021).

6.4 Treatment, Recovery, and Valorization

The valorization of sargassum has the potential to contribute to the economy and mitigate
environmental impacts by transforming it into a multifunctional resource (Gonzalez Fernandez et al.
2023). Research is still needed due to the highly unpredictaplglysand technical challenges
associated with a lack of regulatory frameworks. However, there is considerable potential, as it is an
abundant and renewable biomass source for coastal regions affected. There is an increasingly growin
interest in its use as sustainable material, presenting an opportunity for job creation and the
development of new technologies to collect, process, and convert sargassum kvialuregbroducts
(Figure 17). This highlights the need for investment in bioremediation, given the regulatory and health
concerns associated with heavy metal content, as well as funding enterprises researching its use as

biofuel, fertilizer, and construction material.

Numerous entrepreneurial initiatives aim to develop technologies for the cleanup and disposal of
sargassum, as wel |l as to optimize iits valori
determined its unit energy cost to range from $0.007 to $OMIL{MegaJoules), depending on the
washing mechanism used to harvest the biomass (Sosa Olivier et al. 2022). In the Caribbean, the

valorization solutions of sargassum currently being explored and supported as recommended
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investments include biogas, biochar, and compost and fertilizer chains (Bennett et al. 2025). These
economic and practical solutions can address large biomass volumes while also requiring lower
technological capacity and quick financial returns, with amm@déed maximum payback period of 15
months and a predicted net present value (NPV) over 10 years of at most $142 million USD (Bennett et
al. 2025).
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SARGASSUM-BASED PRODUCTS

FIGURE 17.VISUALIZATION OF POTENTIAL PRODUCTS DERIVED FROMSARGASSUM, ILLUSTRATING POSSIBLE

APPLICATIONS AND USES

There are biotechnological applications, with scientists attempting to engineéulesaint
microorganisms to ferment sargassum and convert its sugars into valuable products such as jet fue
precursors, cosmetics ingredients, and pharmaceutical comp@@odse 2024). Scientists are also
using these same sattlerant strains for anaerobic digestion, where microorganisms feed directly on
decomposing sargassum in the absence of oxygen to produce mthabiegas and nutrientch
fertilizers (Poore 2024 Researchers are also exploring thermochemical treatments to convert sargassum
into biofuels, including converting it into a crutlee oil and biehydrogen, as well as mineral
carbonates for use as building materials (Poore 2024). Biofuels are a foemewfable energy made
from organic matter over a short period of time; algae used in the production of biofuels use relatively
small amounts of land, have a high growth rate, and a high carbohydrate content that allows for the
production of biogas througimaerobic digestion (Amad@@astro et al. 2021).

The use of organic raw materials in civil construction is also being explored as a sustainable
measure, as sargassum can be ashed and used as reinforcement in cement composites or as aspha
road construction (Lyra et al. 2024, Bilba, Onésippe Potaiod, Arséne 2023, Escoblliedina et al.
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2021). Efforts to create sustainable cement composites with sargassum come arise to address th
environmental challenges of sargassum, with a need for research in the mechanical performance o
sargassum as at its current stage it might not be suital@eéscement or filler for cement (Closse et

al. 2025). The benefits alone can be a good investment, as it can decarbonize buildings and alleviate th
carbon dioxide emissions from the manufacturing process, while also decreasing the electricity demanc
asa low thermal conductivity product (RosB$az et al. 2025, Lope3osa et al. 2024). Sargassum
based concrete can be scaled to utilize an estimated 586,000 m3 of sargassum, an equivalent of 3
million building blocks, and reduce the the energy consumpdisulting in annual energy savings of 67
GWh or an equivalent of USD$33,000 (Ro§xaz et al. 2025, Lope3osa et al. 2024).

Alternatively, the alginates in the sargassum lend to a crosslinking mechanism in other
cementitious materials like magnesium oxychloride cement (MOC), allowing for a more compact
microstructure and improved moisture stability, though still needing imprerts in the mechanical
performance resulting from the high surface area and lower pore size (Mellads al. 2025). There
has also been the use of sargassum fibers as an additive in panels, pavements, particle boards, and ad
bricks (Rossignolo etla2022, Bauta et al. 2024), and the sodium alginate from sargassum can be used
in the production of ecériendly bioplastics (Mohammed et al. 2023). Sargassum has been incorporated
into compost piles with other materials, such as food waste and wood ptodsicing higlquality
compost with good organic matter content and nutrient levels (Walsh and Waliczek 2020). Composting
sargassum can be a ces$tective alternative to landfill disposal as demonstrated by Ft. Lauderdale,
Florida, USA, with upfront egpment and langccess constraints composing only 20% to total beach
cleaning costs, and still saving around $326,000 USD by using a compost facility rather than disposing
in a landfill (Blare, AbdociGhany & SoleGabriele 2025). The Sargassum composatsmoffset beach
cleaning and composting costs, and potentially generate revenue while also serving as a product used t
homeowners, landscapers, and agriculturalists (Blare, Al@bahy & SoleGabriele 2025). Regarding
the concerns about the heavy meatahtent, treatments are being developed to extract and separate

critical metals, including rare earth elements that can be used for batteries (Poore 2024).

Producing organic liquid biofertilizer from sargassum and livestock feed has also been shown to
be successful in improving agricultural practices (Caribbean Agricultural Research and Development
Institute [CARDI]). Application of fertilizer derived fror. fluitansandS. natandhas yielded mixed
results but can, overall, increase the growth rate of plants, particularly beach dunes (Easitdnet
al. 2021, Williams and Feagin 2010). The production of nutrieht liquid biofertilizer through
anaerobic érmentation has shown to contain essential macronutrients and significantly reduced heavy
metal content that make it safe for agricultural use; the anaerobic fermentation involved in the processing
allows for the maintenance of a diverse microbial commuttiat supports plant development
(RodriguezRodriguez et al. 2025). Applications in water bioremediation are also being examined due
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to the biosorption and biofiltering abilities of Sargassum, allowing it to remove heavy metals and add
further to the valorization of algae (Amad@astro et al. 2021). Optimizing the biofiltering capabilities

of sargassum in reaborld conditions can fuhier promote its use as a valuable resource, thereby
increasing the efforts to harvest it and support its use as a sustainakdestomater treatment method
(GarciaTrejo et al. 2025).

With the information that is currently available, there are still some significant gaps regarding
the treatment and recovery processes for sargassum use, particularly in the chemical composition o
sargassum and how it varies spatially and temporally.eTaer constraints in determining the suitable
application and processing methods for sargadsased products, especially considering how
unpredictable the quality of sargassum as a raw material can be with factors like condition and
contamination (Oxenfaret al. 2021). In the case of contamination, there is a need for established quality
and safety standards for sargasdwesed products, which affects their commercialization and
utilization. Without specific policy or governance frameworks, there isalsabsence of protocols for
harvesting and processing sargassiased products. Except in a few countries, there are no clear
national or regional guidelines regarding harvesting or management, creating uncertainty for innovations
using sargassum as a ravaterial (Oxenford et al. 2021). Limiting funds supporting and exploring the
possibilities of sargassum valorization slows the development of sustainable and effective treatment anc
recovery processes (Oxenford et al. 2021).
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Recommendations

Supplementing manual cleaip efforts with machinery, while also expanding on innovaj
that are coseffective and mechanized, which can safely and effectively preserve the ec
to remove the millions of tons that accumulate on coastlines annually.

Funding studies on the ecological impact of sargassum removal to inform environment

sound management practices, including studies ontlenng ecosystem recovery, resilience

and accumulation thresholds, as well as the development of regulatory freksestandard
and procedures for harvesting and creating sargadsuned products that meet internati:I
safety requirements.

Establishing quality and safety standards, national and regional governance framework
harvesting and processing, and increased funding to support sustainable innovations i
sargassum valorization.

Drafting legislation that specifies permissible uses and data collection practices based
stage of its development, as well as the capabilities and methods available to each sta

or nation.
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Integration and Synthesis: The Sargassum
Phenomenon n Timeline, Responses, and the
Role of Science Diplomacy for a Roadmap

Design to Advance Sargassum Solutions

Highlights

Transitioning from reactive management to integrated management, including nor
regulations.

Increase our understanding of core concepts related with origin, trajectory and su
mechanisms of sargassum bloom.

Improvements in ocean current prediction and modeling.

Strengthening monitoring systems.

Assessing loss of biodiversity, environmental, fisheries, economic, tourism and health i§
Addressing significant knowledge gaps regarding the economic impacts.
Promoting valorization and scaling up pilot initiatives.

Bring real solutions to local communities.

Recognize sargassum as a symptom of a planetary problem.

The sargassum phenomenon has persisted for fourteen years as of this review. Understanding it
present status and possible future directions requires a historical perspective, an integration of all lessor

learned and roadmaps guiding next steps. Thigosectakes a historical analysis of the different phases

White Paper - Navigating the Sargassum Crisis

67



Integration and Synthesis: The Sargassum Phenomenon

the community has gone through, followed by a description of the role of institutions securing funds,
using examples of the Caribbean. A proposal to use science diplomacy principles to design

comprehensive roadmaps is presented.
/.1 Historical context and timeline of events

In 2011, the Caribbean, northern Brazil, and Africa were unexpectedly impacted by massive
influxes of brown algae, catching all affected communities off guard. Although the timeline of events
differs among countries and regions, the three main stages/etbserthe Eastern Caribbean Islands
broadly apply throughout the region. These three phases established by Alleyne et al. (2025), are th:
initial period of surprise and reactive responses (PPQ14); a second phase marked by a learning curve
across all sctors (20162022); and a third phase involving valorization and efforts to transform the
bloom into opportunity (2022 to present) (Alleyne et al. 2025). Notably, these phases are not strictly
sequential; in many locations, all three may be present smewltesly even today, depending on local

conditions and vulnerability to sargassum influxes and landings (Jouanno et al 2025b).

The first phaseRigure 18), dominated by the surprise and reactive management response, had
a relatively small number of local stakeholders, mainly local business owners and other representatives
such as taxi drivers and tourist guides, government and local organizations, ecggwiorg, and local
scientists (see section 4 for further details). Those stakeholders had a temporal seasonal response wi
great uncertainty about the duration, frequency, and persistence of the phenomenon. During this phast
we learned the importance of communication and identification of stakeholders who could offer early
guidance, such as those producing pamphlets on best practices, which was a significant step towar
minimizing misinformation regarding the causes and managewofethis new threat. International
associations, including the Association of Marine Laboratories of the Caribbean (ALMC) and the Gulf
and Caribbean Fisheries Institute (GCFI), played a critical role in bringing together scientists from across
the region However, knowledge about sargassum was extremely limited at alldeivets biology and
oceanography to forecasting and management. Most general knowledge at the time was derived fron
studies in the Sargasso Sea, where sargassum was perceived as gaxrofatoastal and beach
ecosystems, typically appearing during winter (Parr 1939, Gower and King 2011, Huffard et al. 2014).
While scientists started to organize research groups, practical sargassum management remained a ma
challenge, which was larlyedependent on local support. Collection, disposal, and initial stages towards
storing massive amounts of biomass, were characterized by improvised practices and, in some case

unregulated dumping of biological materials behind the scenes (see sdatidaréher details).

The second phasEifjure 18), the deep learning curve, was characterized by a few international
organizations funding collective international research groups. Research was showing important impacts

of sargassum influxes on ecosystems by local scientists, and the number of staiketdiddessing the

White Paper - Navigating the Sargassum Crisis
68



Integration and Synthesis: The Sargassum Phenomenon

sargassum issue increased. While valorization has been present since early years, the second phase s
increasing efforts to understand the role of heavy metals, and methods to decrease their abundance with
sargassum tissue, along with collection aratagje challenges. Significant advances occurred when
diverse stakeholders capable of influencing the collective became engaged in their respective areas ¢
expertise. For instance, collaborative efforts between United Nations representatives in theQaribbe
(such as SPAWRAC), the scientific community (GCFI), and research institutions (for example,
CERMES, UNAM, and INTEC) led to the development of early management protocol models (Almela
et al. 2023a). During these formative years, a relatively smalbédicated group of stakeholders
worked often in isolatio® to devise solutions and provide tools for affected communities. It is during
the learning curve that the discussion forum, International Sargassum Network (SargNet), was
established within a univatg context, reaching at present time more than 500 members interchanging
information from seminars to publications. These efforts facilitated information exchange and spurred
the creation of initiatives such as the ongoing Sargassum Podcast Serieqjinialyegwailable through

social media and platforms such as YouTube (https://www.youtube.com/channel/UCZreM59¥NCzIm
C7zZdra2PXg). The publication of the first white paper on the subject, supported by UNEP, and first
made publicly available in 2018 and resd in 2021, marked a significant advancement capturing the
state of the knowledge at the time. This white paper made possible the understanding of sargassum beir
a seasonal event in which we would need to learn to live with. Important knowledge gajuentdied,

and various impacis such as those on the economy and héaltlere acknowledged (United Nations

Environment ProgrammeCaribbean Environment Programme, 2021).

The third phaseRigure 18) involves increased efforts, eadyage pilot programs focused on
scaling up, and exploration of collection and storage technologies. This phase reveals that such progres
is challenging and requires greater investment. In the third phase, local cdiesmanei still in the dark
dealing with health and pollution as well as losses of jobs and fisheries (see sections 4, 5, and 6), an:
while barriers and different collection methods were established, although ecosystems and local

populations living outsideuristic places were not attended.

The sargassum process transitionfragn a surpris€o a learning to cope, followed by pilot
initiatives for valorization, and improvements in forecasting, into a maturation phase of our
understanding of sargassum, reflected in the present review, with more than 500 publications from 2011
to September 202and more coming up rapidly. Just in the last four months of 2025, important
integrative publications came out demonstrating a more complex yet clarifying understanding of the
mechanisms sustaining thegassum bloom. This greater understanding has grown alongside expanded
research capacity, with numerous established and-earfer scientists now conducting research
programs worldwide. Responses are now more thoroughly planned, and in some areasiopisefoar
peak season have already been made (see sections 5 and 6).
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A new phase is underway, the fourth phaSigyre 18) marked by integrated efforts and a
generation that has only known sargassum on their coasts, while both young and old continue to see
local solutions. Although many stakeholders are engaged in various facets of the issue, there are
understandable sigrd stakeholder fatigue. Ecosystems continue to decline, biodiversity loss remains
to be fully assessed, and evaluating challenges posed by newly introduced species is essentia
Managerial responses inmae places have clear plans, while other sites, depending on the government
involvement and resources available, are put in place anehvagalhged, health issues remain in the
early stages, with a lack of strong groups and government public health teargsafpotentially large
number of locals starting to show symptoms to lergn exposure (@4 years) to sargassum (see
section 5). Tourism industries in some places, such as the Mexican Caribbean and Dominican Republic
have invested in equipment, to@ad development of response plans, positioning themselves to deal
with the seasonal arrivals (see section 6). While scientific research advances through collaboration
valorization is a different process, where collaboration and competition coexistuffibbemnof starups
established, successful or not, is difficult to follow, an important challenge developed in the third phase
that needs to be addressed in the fourth phase to direct funding based on lessons learned. In the four
phase regulations and mas that are starting to be defined, such as the case of Mexico, and other
countries that created a series of general definitions and guidelines for sargassum uses (see section !
will be tested in practice, as interpretation and enforcement of suclatiegslevolve.

. Ll seianms o commiToes
- Temporary seasonalresponses

+ Dominated by uncertainty
+ Locals and ecosystems suffering the consequences

Ir ing number of
* Lessons learned and acceptance of a new reality, some governments
engaging

ions and inter i i were triggered with
organized fundings
Ir ing funds for 5 of logical and
socioeconomic impacts
* Locals and
initiatives

lack of public health

* Increase in number and diversity of stakeholders

Ph ase 3: P i th an d + Establishment, success and failure to start-ups, and exploration of
i and storage ques. Calls for legal definitions to guide
Sca l| ng u p management, collection, storage and heavy metals.
2023 and OngOIng . . . * Publication, management plans, scientific meetings sharing information
va lO rization. Sol[ d increases collaborations. Understanding the phenomenon as a
. aigy planetary symptom
SC |ent|f| ca dva nces . ll.q:;a:s and ecosystems suffering consequences, few public health
initiatives
Phase 4' Pla neta ry + Massive amount and diversity of stakeholders
> * Presence of major funding agencies
Sym pto m SCO p e. *+ Solid and established scientific research groups
2025 and ongoing e . « Time for integration under expert working groups
SC ence D | p lo ma Cy + Serious steps towards supporting locals and ecosystems are needed
* Role of Science Diplomacy
Su p p (0] rt * Accepting the global reality and difficulty to reduce the bloom under

business-as-usual scenarios

FIGURE 18. TIMELINE AND EVOLVING PHASES OF THE SARGASSUM PHENOMENQWIODIFIED AND INSPIRED FROMALMELA ET
AL. (20230) AND ALLEYNE ET AL. (2025).THE WAVY TIMELINE ARROW SHOWS THAT THE PROCESS HAS NOT BEEN LINEAR
AND THE OPEN END TIMES SHOW THE FACT THAT ALL PHASES ARE STILL OCCURRING IN DIFFERENT REGIONS WITH DIFFERENT

LEVELS OF DEVELOPMENT
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At this moment, principles of integrated coastal management in tandem with a coherent system
based on a comprehensive governance of sargassum including appivilie architecture that
articulates legal frameworks, environmental regulations, managewiai¢g and technologies, as well
as industrial operation, and financial and commercial mechanisms are needed. The fourth sargassum e
needs complex integrative efforts to move forward and address problems by providing-sasstte

solutions.

7.2 Evolution of regional and international

funding response

From 2015 onward, national and supranational agencies began organizing and providing
resources and guidance to local and regional communities. Efforts in the eastern Caribbean island:
differed from those in Mexico, Puerto Rico, and the Dominican Repdhlitding universities, research
centers, donors, governments need to be mapped. Countries and institutions involved in the process al
diverse, some examples are: France (ARN, AFD) , Brazil (FAPSP), Netherlands (NWO)), UK
(SeaSINC)Canada (NFRF), Japahiough UNDP), Korea (KOICA), Germany (BIZ), Spain (AECID)
and EU (Global Gateway Investment Agena@aong many others; equally important are the institutions

conducting research with international, or local support: Mexico (UNAM, CINVESTAYV), West Indies,

UBEC Phase | (funded by The World Bank){ |

$90M
SFF Investigation Il (funded by BMZ)+
[

SFF Investigation | (funded by BMZ) 4

SARSEA (funded by AFD)+

SARGMARINE (funded by GEF)+ | $10M |

SARGCOOP Il (funded by INTERREG-CARAIBE)
SARGASTREAM (funded by Government of Canada — NFRF) - | $3.5M |

Improving national capacities (funded by Embassy of Japan){ | $12.5M |

FEF Sargasses Mexique (funded by FEF, France) €0.1M

FEF ArgrOsARGAZO (funded by FEF, France)- €0.1M

DR Monitoring & Management (funded by KOICA)- $11M |

Climate-Resilient Circular Economy (funded by BMZ) 1

BioWaste (funded by BMZ)+ €10M |

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
Year
FIGURE 19. TIMELINE AND BUDGET ALLOCATION OF MAJOR SARGASSUMRELATED PROJECTS OCCURRING WITHIN
THE CARIBBEAN REGION. EACH HORIZONTAL BAR REPRESENTS A PROJEGS DURATION, WITH THE TOTAL BUDGET
IN MILLIONS OF EUROS( (DRUSDOLLARS ($). PROJECTS INCLUDE REGIONAL MONITORINGMANAGEMENT, AND

RESEARCH INITIATIVES INVOLVING VARIOUS TECHNICAL AND PARTNER ORGANIZATIONS
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(CERMES), USA (FIU, UM, SFU), INTEC (Dominican Republic), Netherlands (N1OZ), Brazil (USP),
and many others that are producing data and publications as well as training new scientists and manage
in the topic.All of the above have been important contributors supporting the advance of knowledge,
valorization, and management strategiggures 19 and 20are examples that need to be completed by

a systematic collection of information. Initiatives such as the Caribbean Programme for Sargassum anc
SARGCOOP miked a shift toward international, muligency funding programs that advanced
collaborative science and fostered the creation of robust international groups. This momentum is
reflected in the significant increase in scientific publications two years 20tE9, and a boom of
publications and reviews in 2025. Mapping objectives, goals, localities and receptors of those fundings
is of utmost importance to organize future endeavbigue 19 and 20Q. While all fundings are
welcomed, overlapping and lack obramunication among donors, even from the same countries,
reflects the lack of an international organization that facilitates the communication and development of
funding strategies that will sustain collaborative working groups and provide real solubieres mvost
needed.

EU/BMZ (0.4%)
INTERREG-CARAIBE (3.7%) FEF (0.1%)

AFD (5.1%), Canadi ‘(“2‘2%)"" Donor Info
e World Bank $90M (1 projects)
GEF (6.4%) \NR W BMZ $14.8M (4 projects)
w \l/ Embassy of Japan $12.5M (1 projects)
KOICA (7%) KOICA $11M (1 projects)
Q GEF $10M (1 projects)
= AFD $8M (1 projects)
SR (8%)// \World Bank (57.5%) INTERREG-CARAIBE $5.761M (1 projects)
Canada $3.5M (1 projects)
/ =4 EU/BMZ $0.65M (2 projects)

/

BMZ (9.5%)

FIGURE 20. DISTRIBUTION OF MAJOR DONOR CONTRIBUTIONS TO SARGASSURELATED PROJECTS IN THE
CARIBBEAN ISLANDS. THE PIE CHART SHOWS EACH DONO@ RELATIVE PERCENT CONTRIBUTION TO THE TOTAL
FUNDING. THE TABLE BELOW PROVIDES ADDITIONAL INFORMATION, INCLUDING THE TOTAL FUNDING AMOUNT
AND THE NUMBER OF PROJECTS ASSOCIATED WITH EACH DONOBMZ= GERMANY'S FEDERAL MINISTRY FOR

EconoMic COOPERATION ANDDEVELOPMENT, KOICA= KOREA INTERNATIONAL COOPERATIONAGENCY, GEF=

GLOBAL ENVIRONMENT FACILITY AFD= AGENCEFRANCAISE DE DEVELOPPEMENT, FEF=FONDSEQUIPE

FRANCE, EU= EUROPEANUNION
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7.3 Science diplomacy as a tool to develop a

roadmap

As we enter the fourth era of the sargassum issue, integrative frameworks are needed to develo
comprehensive roadmaps and governance architectures that take into consideration the multidimension:

problem at all levels, while supporting local and regialelelopment.
7.3.1 Creating sustainable solutions throudagration

Addressing the sargassum crisis requires mobilizing the now large and diverse number of
stakeholders, financial resources, and promoting cooperation while managing ecological, health, anc
socioeconomic realities hitting local communities hard. The fougthve are entering demands a legal
framework that can guide environmental regulations to protect biodiversity and ecosystems, ensure
people get the health services, advance the management technologies and industrial operations, ar
establish financial meemismg all while supporting local economies and navigating international
jurisdictions. As an international problem with local impacts, sargassum sits at the intersection of science
and diplomacy, where advances in science diplomacy can help create aapofamntegrating

stakeholders and delivering lasting solutions.
7.3.2 Definition of science diplomacy

Science diplomacyHigure 21) is using scientific collaboration and knowledge exchange to build
international relationships, address global challenges, and inform policy decisions that transcend
national borders during normal times, as well as maintain dialogue during politicain®riRuffini
2020). Science diplomacy operates where science meets foreign policy; it enables researchers
institutions, and governments to tackle shared problems like climate change, pandemics, and ocea
conservation that norggle country can handle alone. The framework encompasses three interconnected
dimensions:diplomacy for science (facilitating international research collaborationsgience in
diplomacy (using scientific expertise to inform foreign policy), asailence for diplomacy(improving
international relations through scientific cooperation). This ancient practice recognizes that pressing
challenges require coordinated international efforts beyond any single nation's capbeatyy

applicable to the Atlantigvide sargassum problem.
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mechanisms.

Science Diplomacy Dimensions

Science for

Diplomacy: Diplomacy for

. Science:
_ \mproving Facilitating
international

relations through international

LSl research
scientific collaborations
cooperation

Science in Diplomacy:
Using scientific expertise
to inform policy

FIGURE 21.THE THREE DIMENSIONS OF SCIENCE DIPLOMACY

research collaborations

7.3.3 Science diplomacy in the sargassum context

The sargassum bloom crisis exemplifies science diplomacy in action, affecting nations across the
Caribbean, Gulf of Mexico, West Africa, and Brazil, ranging from understanding the triggers, origins,
and maintenance of this regional bloom through time tallonanagement practices. Avoiding
international conflicts and supporting ecologically friendly practices have required a deep scientific
understanding of this planetalgvel problem. The recognition of the scope has been slow; however, it
is becoming clar that sargassum is a symptom of a planetary problem that needs coordinated

international action, within local contexts. Science diplomacy can tackle this through several coordinated

7.3.4 Diplomacy for Science: Facilitating international

The sargassum bloom characteristics make dvosser collaboration indispensable. Diplomatic
channels and international agreements should facilitate essential research collaborations. Efforts shoul
secure multilateral funding by framing sargassum asasedhregional challenge rather than isolated

national problems, enabling collaborative solutions beyond individual countries' capacities. Therefore,
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diplomatic efforts are important to focus on finding funds directed towards critical needs detected for

@ ravie

this fourth era. Creating a group to make a diagnostic of funding sewsesrch nodes will help
organize the needs within the four axes to addressatgassum problem (basic knowledge, monitoring,
sociceconomic and cultural, health issues, and legal frames). Recognizing and learning from previous
experiences on the role of agencies such as ANR, EU, GEF, GIZ, and many others, will help design the
nex steps for diplomatic efforts Flgure 22). International organizations like UNESCO's
Intergovernmental Oceanographic Commission and UNEP's Caribbean Environment Program, OECS
serve as platforms to bring diplomatic efforts into the international realm. The combination of efforts at
the nationalyregional, and international channels will enable scientists to access funding, share data,
coordinate research, and publish collaborative findings, as well as provide best practices for managemer
and local solutios. Bilateral agreements, visiting scholar programs, and joint research centers, have and
will facilitate researcherdéds mobility. These |
funds and projects, expedite the ability to share critleh, and coordinate efforts across national and

international research institutions beyond political boundaries.

Diplomacy for Science: Facilitating international research collaborations

SUPPORTING
SCIENTIFIC
RESEARCH

SUPPORTING
MONITORING &
FORECASTING

SUPPORTING
SOCIOECONOMIC
EVALUATION

SUPPORTING
DEVELOPMENT OF
REGULATIONS &
PROTOCOLS

Coordinate and support
international research
integration mobilizing

fundings and meetings

Facilitate the collaboration
among different monitoring
scales groups.

Identify local, regional, and
international economic &
social costs and
opportunities. Develop
public health working
groups.

Align legal
frameworks for use &
applications

Map centers of excellence
Map information hubs/data-bases
and data reservoirs
Al supporting deep-data analysis
International work shops

Map groups conducting
meonitoring at different scales,
promote collaboration and
support multiple scales
multiple approaches efforts

Map public Health actors
Map government, private sectors
and NGOs with potential impact
on the valorization and job
producing stakeholders

Map legal status at each country
Map laws and conventions
existing that can be applied to all
national to international levels
Promote the establishment of new
laws when needed.
Promote international laws and
definitions of Sargassum

FIGURE 22.6 [PLOMACY FOR SCIENCEOROADMAP.
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7.3.5 Science in Diplomacy: Using scientific expertis;e

to inform policy

Scientific evidence and expert advice inform foreign policy decisions and diplomatic
negotiations. Addressing sargassum requires government officials and diplomats to understand the
complex science behind the sargassum bloom. Advances in our understainttieglinks between
climate change, oceanographic circulation patterns, and nutrient loading triggering and maintaining the
bloom, as well as ecosystem consequences of managerial or valorization practices, are extraordinaril
complex scientific concept§cientific advisors must collaborate with diplomats. Creating scientific
expert groups to support the four axes to address the sargassum problem will ensure diplomats will mak
the best and scientifiobased decisionHgure 23). Scientists can help negotiators to recognize that
sargassum management requires coordinated action, bloom predictions need multinational monitoring
networks, and solutions like biomass harvesting or barrier systems have ecological and econemic trade
offs. The presence of scientistspporting diplomats at international climate conferences ensures that
scientific evidence showing sargassum as a symptom of global oceanic changes driven by rising

temperatures, altered nutrient cycles,

Science in Diplomacy: Using scientific expertise to inform policy
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FIGURE 23.6 @ENCE INDIPLOMACY OROADMAP.
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and shifting currents will be understood. Understanding complex mechanisms will help frame the
sargassum as a climate issue deserving of international attention and funding. Scientific documentatior
of economic losses, ecological impacts, and public healtiterns justifies resource allocation when
Caribbean nations negotiate with international funding agencies. Expert testimony demonstrates tha
immediate draconic solutions such as sinking of massive amounts of sargassum, while politically
appealing, mayrove less effective than investing in early warning systems anetéomgadaptation
strategies. In the end, this aspect guarantees that policy decisions are based on ecological facts inste

of being driven by political expediency.

7.3.6 Science for Diplomacy: Improving international

relations through scientific cooperation

Scientific cooperation builds trust, improves relationships, and fosters dialogue between nations.
Sargassum has created unexpected diplomatic opportunities across Latin American countries and th
Caribbean, uniting countries with complicated hist@ieslonial histories, ecological, economic, and
language diversity, and with different governance systearsund a common environmental threat.
Networks like SargNet provide neutral platforms where researchers, managers, and policymakers cal
communicate freelyabout monitoring and management, regardless of language or other differences.
Scientists are facilitating communication across countries of the impacted region with different online
resources such as the Sargassum Hub keeping the community informed ojtnaccess website

(https://sargassumhub.oygthe Sargassum Monitoring site providing open information of landings from

ci ti z e n 6hgtps:fsargassumnesitoriig.com/greand the Sargassum Watch System Bulletin

providing open access forecasting information used by all communities involved

(https://optics.marine.usf.edu/projects/saws.htddint research expeditions have facilitated peteon

person connections, i nternational conferences
solutions, and collaborative publications have demonstrated mutual respect and shared goadss The cr
strengthens regional identity as nations recognize their ecological and economic interdependence ir
ways they might not have before. The challenge has elevated smaller Caribbean nations in internatione
forums, giving them a voice in global ocean gonaace and creating partnerships with larger nations
and organizations (see sargassum Declaration at the UNOC 13). This common ground extends to othe

regional issues like fisheries management, climate adaptation, and marine conservation.
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7.3.7 Three interconnected dimensions working in

concert

Science diplomacy can help move forward the solution to the sargassum crisis integrating all
three dimension®iplomacy for sciencepromotes collaboration by securing funding and promoting
collaborative research addressing the four axes of knowledge to address the sargassum problen
establishing dataharing agreements, facilitating researcher mobility, and creating frameworks for
coadinated basic knowledge gaps, monitoring, socioeconomic, health, and legal joint research across
multiscale multinational search groupsScience in diplomacyensures evidendeased decisions
through expert advisors informing negotiations and scientists providing data that justifies funding, and
shapes policy language (such as sargassum as a symptom of a planetary problem) at forums like clima
conventions, URP meetings, and other international foru@sience for diplomacybuilds human
relationships that make cooperation possible. Platforms like SargNet and Sargassum Hub allow
stakeholders with different backgrounds to buiélationships and work together on shared
environmental challenges, fostering trust and strengthening regional solidarity. Together, these
dimensions prove the crisis cannot be solved by governments, or private sector or science or diplomac
alond it requires integration where scientific knowledge informs policy, diplomatic mechanisms enable
collaboration, and scientific cooperation builds relationships necessary for coordinated regional
responses to this unprecedented environmental challenge. We dmurthasargassum era, where the
problemto-opportunity is quite beyond valorization and economy, but an opportunity for the impacted

nations to build londasting relationships for a new regional perspective and a unified Caribbean.
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Recommendations

This is a global problem linked to climate change and requires action plans that integr
global and local scales.

Incorporate concepts and guidelines from Science Diplomacy practices.

There is a need to map different sectors, as donors from various countries are duplicatir

and often lack engagement with local communities.

Identification and mapping of leading stapis already making progress in the fiel
necessary.

Itis important to map the specific vocations and needs of the different islands within the
region.

An international task force composed of specialists and degaisaders should be establis
to provide ongoing evaluation of current knowledge and solutions, facilitate data shari

foster collaborations for collective understanding and managermtré ssue.
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Conclusions and Final

Recommendations

The scientific advances since 2011 are significant, however important gaps in knowledge to allow
us to better understand the bloom needs attention. While studies on impact and management are prese
there are only a few, managers are busy managing. Agn¢eianred protocols at international, regional,
and national level are needed to better manage, protect and empower stakeholders and citizens at larc
At the basic scientific level, research combining genetic, biochemical and physiological traits and
morphdogical taxonomy of morphotypes should be encouraged. Prioritize studies on sargassum
physiology, its microbiomads rol e, particul ar
availability in multifactorial experiments are needed to inforedptive models. Those studies will
allow for a better understanding of the links between global change (climate and nutrients enrichment of
oceans) and permanence and persistence of the bloom. To strengthen monitoring and forecastin
systems, we suggedddressing satellite data limitations related to cloud cover, sun glint, and detection
of small patches. Funding regional monitoring programs that track sargassum morphotypes and integrat
remote sensing technologies with citizen science to enhance neaishestion and trajectory modeling
are encouraged. At impact and management levels we suggest promoting multidisciplinary and
international groups to define the legal status of sargassmaste or resourcéeat international,
national, and local levels. Thegroups should include UN agencies, conventions and laws, such as the
UNCLOS. We suggest including in the conversations the Sargasso Sea Commission and Alliance, tc
benefit from their long history and lessons learned. Systematic evaluations of pultii@hdaconomic
losses are urgent needs requiring direct funding and active search for experts in the field, a lack of studie
in this area is felt as an abandonment of local communities directly impacted and that after 14 years
have not yet seen any ingwements in their livelihood and health. Valorization of sargassum as well as
potential opportunities including analysis of supply chain and marketing should be analyzed between
different sectors of the society, including private sector, academia anchgeerdr The valorization
must go hand in hand with standardized protocols for safe harvesting and processing of sargassum fc
commercial use, particularly regarding toxic metal screening (e.g., arsenic). Involving the private sector
to support innovationsni mechanized and manual collection technologies tailored to sensitive
ecosystems ignportant andghould go in tandem with funding research on lergn ecological impacts
of largescale removal and develop resilience thresholds. All different managerial strategies and
protocols will need to take into consideration any public health consequencgsprbposed practice.

Finally, a longlasting transformation will require the empowerment of local communities and the
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fostering of regional cooperation. Investing in acapacity building, including the local knowledge
with the international and regional knowledge within an inclusive framework, will allow for self

sustained practices with clear benefits for all.

White Paper - Navigating the Sargassum Crisis

81



References

AbdoolGhany, A.A., Babler, K.M., Bogumil, D., Pollock, S., Li, J., Manning, S.R. and-Galariele, H.M., 2025. Use
of Deep Sequencing to Evaluate Transitions in Microbial Communities in Stranded Sardassumational
journal of microbiology20251), p.3915271.

AbdoolGhany, A.A., Blare, T. & Solgabriele, H.M. 2023. Assessment3drgassunspp. management strategies in
southeast FlorideResources, Conservation & Recycling Advan&8s200175.

AbdootGhany, A.A., Sahwell, P.J., Klaus, J., Gidley, M.L., Sinigalliano, C.D. & ®adbriele, H.M. 2022. Fecal
indicator bacteria levels at a marine beach before, during, and after the €®\4butdown period and
associations with decomposing seaweatifmuman presenc&cience of The Total Environme851:158349.

AckahBaidoo, A. 2013. Fishing in troubled waters: oil production, seaweed and com#mwuahygrievances in the
Western Region of Ghan@ommunity Development JourndB:406 20.

Addico, G.N.D. & deGraftlohnson, K.A.A. 2016. Preliminary investigation into the chemical composition of the
invasive brown seaweeBargassumalong the west coast of Ghanafrican Journal of Biotechnology
15:218491.

Aldana Arana, D., Gil Cortés, T.P., Castillo Escalante, V. & Rodriglazinez, R.E. 2024. Pelagic Sargassum as a
potential vector for microplastics into coastal ecosysté&hgcology 4:139 52.

Alleyne, K.S.T., Irvine, J. & Oxenford, H.A. 2022. Sargassum Monitoring Protocol: monitBangassungpecies
Morphotypes. SargAdapt Good Practice Guide Series No. 3.

Alleyne, K.S.T., Neat, F. & Oxenford, H.A. 2023a. An analysis of arsenic concentrations associat8drgatssum
influx events in Barbado$/arine Pollution Bulletin 192:115064.

Alleyne, K.S.T., Neat, F. & Oxenford, H.A. 2023b. A baseline assessment of the epiphytic community associated with
pelagicSargassunm the Tropical AtlanticAquatic Botany186:103635.

Alleyne, K.S.T., Small, M., Corbin, M., Valles, H. & Oxenford, H.A. 2023c. Fsemming fauna associated with
influxes of pelagicSargassumimplications for management and harvestiRpntiers in Marine Science
10:1090742.

Al l eyne, K.S. T., Johnson, D., Neat, F.., Oxenford, H. A
composition of pelagi§argassunnflux events is linked to oceanic origiBcientific Reports13:3753.

Alleyne, K.S., Speede, R., Oxenford, H.A. and McConney, P., 2025. History, current status and future perspectives of
sargassum management in the Eastern Caribbean SIDS: A story from the frbfattméul Algae p.102910.

Alliance, D.C.N. 2019. Prevention and cleam of Sargassunmn the Dutch Caribbean. Report.

Almela, V.D., Addo, K.A., Corbett, J., Cumberbatch, J., Dash, J., Marsh, R., Oxenford, H., Tonon, T., Van Der Plank,
S., Webber, M. and Tompkins, E.L., 2023a. Science and policy lessons learned from a decade of adaptation to
the emergent risk of sargassuproliferation across the tropical AtlanticEnvironmental Research
Communicationss(6), p.061002.

Almela, V.D., Tompkins, E.L., Dash, J. & Tonon, T. 2023b. Brown algae invasions and bloom events need routine

monitoring for effective adaptatioBnvironmental Research Lettetk9:013003.

White Paper - Navigating the Sargassum Crisis

82



Integration and Synthesis: The Sargassum Phenomenon

Clvarez Canali, D., Sans: n, M. , Sangi |, C. & Tron
SargassuifPhaeophyceae) revealed low molecular diversity in contrast to high morphological variability in
the NE Atlantic Oceanlournal of Phycology60:1528 56.

AmadorCastro, F., Garci€ayuela, T., Alper, H.S., Rodrigud#artinez, V. & CarrilleNieves,D. 2021. Valorization
of pelagic sargassum biomass into sustainable applications: Current trends and challeunges. of
Environmental Managemer283:112013.

AmaralZettler, L.A., Dragone, N.B., Schell, J., Slikas, B., Murphy, L.G., Morrall, C.E. & Zettler, E.R. 2017.
Comparative mitochondrial and chloroplast genomics of a genetically distinct f@argdissunsontributing
to recent fAGol den Ti &wmlsgy and Bvoldtitne51626.st er n At l anti c.

Amorim, J. P. M. D., Carmo, A. M. C. D., & Matrtinelli Filho, J. E. (2025). Sargassum transport to the Amazon Coast:
Explaining the stranding through meteorological and oceanographic condimmsful Algae 149 102955.
https://doi.org/10.1016/j.hal.2025.102955

AndradeCanto, F., BeroiVera, F.J. & Goni, G.J. 2022. CarriersSdrgassunand mechanism for coastal inundation
in the Caribbean SeRhysics of Fluids34:1 10.

Antonio-Martinez, F., Henaut, Y., Vegéepeda, A., Ceréfrlores, A.l., Raigozdigueras, R., Cetklavarro, N.P. &
EspinozaAvalos, J. 2020. Leachate effects of pelagargassunspp. on larval swimming behavior of the
coral Acropora palmataScientific Reports10:3910.

Appelt, A.M. and Miltion, S.L. 2025. Physiological effectsRsH#rgassunbeach coverage on three species of sea turtle
hatchlings. Journal of Coastal Research 41(6): %89

Aquino, R., Noriega, C., Mascarenhas, A., Costa, M., Monteiro, S., Santana, L., Silva, I. et al. 2022. Possible Amazonian
contribution to Sargassum enhancement on the Amazon ContinentalSgietice of The Total Environment
853:158432.

Areola, F., Osanyinlusi, O., Soyinka, O. 2025. The benefits and challenges of sargassum seaweed to the local fishing
communities in Nigeria. Journal of Research and Review in Sciencellll: 1

Ardron, J., Halpin, P., Roberts, J., Cleary, J., Moffitt, R. & Donnelly, B. 2011. Where is the Sargasso Sea? A Report
Submitted to the Sargasso Sea AllianBrike University Marine Geospatial Ecology Lab & Marine
Conservation Institute. Sargasso Sea Alliance Science Report. QePibs

Arellano-Verdejo, J. & Lazcandlernandez, H.E. 2020. Crowdsourcing 8argassunMonitoring Along the Beaches
in Quintana Rooln MataRivera, M. F., ZagaFlores, R., Arellano Verdejo, J. & Lazcano Hernandez, H. E.
[Eds.]GIS LATAM Springer International Publishing, pp.i42.

ArellanoVerdejo, J. & Lazcandlernandez, H.E. 2021. Collective view: mappiBgrgassundistribution along
beachesPeer]J Computer Sciencé:.e528.

Arellano-Verdejo, J. & Lazcandlernandez, H.E. 2024. Towards sustainable coastal management: aerial imagery and
deep learning for highesolutionSargassunmapping.Peerd 12:€18192.

Arellano-Verdejo, J., Lazcanblernandez, H.E. & Cabanillé&eran, N. 2019. ERISNet: deep neural network for
Sargassundletection along the coastline of the Mexican CaribbBaerd 7:€6842.

Arellano-Verdejo, J., Lazcanblernandez, H.E., Prado Molina, J., Mendoza Castillo, U. de J., Jiménez Escudero, V.M.,
Osorno Covarrubias, F.J., Gomez Rodriguez, G. et al. 2025. Towards enhanced Sargassum monitoring in the
Caribbean Se&cientific Reports15:8965.

Arellano-Verdejo, J., SanteRomero, M. & Lazcandlernandez, H.E. 2022. Use of semantic segmentation for mapping

Sargassunon beachesPeerd 10:€13537.

White Paper - Navigating the Sargassum Crisis
83



Integration and Synthesis: The Sargassum Phenomenon

Arita, J.T., Iporac, L.A.R., Bally, N.K., Fujii, M.T. & Colladvides, L. 2023. Integrative literature analysis of
holopelagicSargassun{Sargasso) in the Western Atlantic (202022): status, trends, and gapbycology
3:447 58.

Bach, L.T., Tamsitt, V., Gower, J., Hurd, C.L., Raven, J.A. & Boyd, P.W. 2021. Testing the climate intervention
potential of ocean afforestation using the Great Atlantic SargaBsitnNat Commuril2:2556.

Avila-Mosqueda, S.V., van Tussenbroek, B.l., G#gaez, J.R. 2025. Changes in Seagrass Landscape Configuration
in a Caribbean Reef Lagoon Indicate an Ecosystem Shift After Repeated Disturanastss(1), 8

Bach, L.T., Tamsitt, V., Gower, J., Hurd, C.L., Raven, J.A. & Boyd, P.W. 2021. Testing the climate intervention
potential of ocean afforestation using the Great Atlantic Sargassum Belt. Nat Commun. 12:2556.

BakerAustin, C., Oliver, J.D., Alam, M., Ali, A., Waldor, M.K., Qadri, F. & Martinkzttaza, J. 2018Vibrio spp.
infections.Nature Reviews Disease Primedsli 19.

Baldwin, K., Oxenford, H.A. & Weekes, J. 2019. A Geospatial Approach to Quantifying Stréadgassunseaweed
Using Droneslin 72nd Annual Gulf and Caribbean Fisheries Institytp. 253 4.

Bartlett, D. & Elmer, F. 2021. The impact®argassunmundations on the Turks and Caicos Islafis/cology 1:83
104.

Bauta, J., Calbrix, E., Capblancq, S., Cecutti, C., Peydecastaing, J., Delgado Raynaud, C., Rouilly, A. et al. 2024a.
Global chemical characterization of sargassum spp. seaweeds from different locations on Caribbean islands: A
screening of organic compoundnd heavy metals conterfdhycology 4:190 212.

Bauta, J., Vacdedina, G., Delgado Raynaud, C., Simon, V., Vandenbossche, V. & Rouilly, A. 2024b. Development
of a Binderless Particleboard from Brown Seaweed Sargassum spp. Materials (Basel). 17:539.

Bennett, M., March, A., Li, H., Lallemand, P., MaréchalPJ. & Failler P. 2025. Qualitative and quantitative
assessment of Sargassum valorisation solutions for the Caribbean. Journal of Environmental Management
381:124954https://doi.org/10.1016/j.jenvman.2025.124954

Bénuffé, D., Radouani, F., Quemener, M., Ozier, O., Fay, F., Lescop, B., Rioual, S. et al. 2022. Influence of sargassum

on marine corrosion of carbon and stainless steels immersed in seawater on French West IndieXE&ast.
International Materials Research Congress

Berline, L., Ody, A., Jouanno, J., Chevalier, C., André.].Thibaut, T. & Ménard, F. 2020. Hindcasting the 2017
dispersal oSargassunalgae in the Tropical North AtlantiMarine Pollution Bulletin 158:111431.

BeronVera, F.J., Olascoaga, M.J. & Miron, P. 2019. Building a Makeiey framework for surface ocean inertial
particle dynamicsPhysics of Fluids31:096602.

Bilba, K., Onésippe PotirgrC. & Arséne, MLA. 2023. Invasive biomass algae valorization: assessment of the viability
of Sargassunseaweed as pozzolanic materiaurnal of Environmental Manageme42:118056.

Black, J.T., Whitmire, S.L., Smith, E.M., Scaroni, A.E. & Van Bloem, S.J. 282bgassunbrown tide impacts
nearshore water quality and seagrasses in Jobos Bay, PuertBiBgEmnchemistryl168:36.

Blare, T., AbdooiGhany, A.A. & SoleGabriele, H.M. 2023. Cost Estimates for Producing Sargassum spp. Compost.
EDIS 2023.

Bonner, G., BeroiVera, F.J. & Olascoaga, M.J. 2024. Charting the coursgaofassum Incorporating nonlinear
elastic interactions and life cycles in the MaikRiley model PNAS Nexus3:451.

Brooks, M., Coles, V., Hood, R. & Gower, J. 2018. Factors controlling the seasonal distribution of pelagic
SargassunMarine Ecology Progress Series99:1 18.

Brooks, M.T., Coles, V.J. & Coles, W.C. 2019. Inertia influences pel8gigassumadvection and distribution.
Geophysical Research Letter6:26108.

White Paper - Navigating the Sargassum Crisis
84


https://doi.org/10.1016/j.jenvman.2025.124954

Integration and Synthesis: The Sargassum Phenomenon

Brooks, W.R., Hutchinson, K.A. & Tolbert, M.G. 2007. Pela§argassunMediates Predation Among Symbiotic
Fishes and Shrimp&ulf of Mexico Scienceb.

Butler, James N, Morris, B.F., Cadwallader, J. & Stoner, AW. 1983. Studi&arghssumand theSargassum
community. Bermuda Biological Station, Ferry Reach, Bermuda.

CabanillasTeran, N., Hernande&rana, H.A., RuizZarate, M-A., VegaZepeda, A. & Sanche@onzalez, A. 20109.
Sargassunblooms in the Caribbean alter the trophic structure of the sea Wddiema antillarumPeerd
7.:e7589.

Calvin, K., Dasgupta, D., Krinner, G., Mukherji, A., Thorne, P.W., Trisos, C., Romero, J. et al. 2023. IPCC, 2023:
Climate Change 2023: Synthesis Report. Contribution of Working Groups I, Il and Il to the Sixth Assessment
Report of the Intergovernmentaduffel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)].
IPCC, Geneva, Switzerland.

Caribbean Agricultural Research and Development Institute (CARDI). n.d. Sargassum seaweed and its use in crop and
livestock production: Policy brief. Caribbean Agricultural Research and Development Institute.

Carpenter, E.J. 1972. Nitrogen fixation by a bfeen epiphyte on pelagBargassumScience178:12079.

Centre for Resource Management and Environmental Studies (CERMES). n.d. SargAdapt. The University of the West
Indies at Cave Hill, Barbados. Available at:
https://lwww.cavehill.uwi.edu/cermes/reseamijects/sargassum/sargadapt.aspx

Changeux, T., Berline, L., Podlejski, W., Guillot, T., Stifgaruvreau, V., Connan, S. & Thibaut, T. 2023. Variability
in growth and tissue composition (CNP, natural isotopes) of the three morphotypes of holGaigagsum
Aquatic Botany187:103644.

Chévez, V., UribeMartinez, A., Cuevas, E., Rodrigubtartinez, R.E., van Tussenbroek, B.l., Francisco, V., Estévez,

M. et al. 2020. Massive Influx of Peladgiargassunspp. on the Coasts of the Mexican Caribbean 22020:
Challenges and Opportunitiédlater. 12:2908.

ChavezVergara B.; SolleireRebolledo E.; LopeMartinez R.; BeltraPaz O.; Cenicere&6mez A.E.; Yafiez
Mendoza G. 2025. The release of arsenic is a hidden risk duringghe @ecomposition of landed sargassum
litter. Aguatic Botany 1199: 103884

Chereau, E. 2019. Monitoring and evaluation of Sargassum collection opeyasiamsnary report. Agence de la
Transition Ecologique (ADEME), SAFEGE, and SUEZ, France. 227 pp.

Cipolloni, O-A., Gigault, J., Dassié, E.P., Baudrimont, M., Gourvesy.PAmaraltZettler, L. & Pascal, PY. 2022.

Metals and metalloids concentrations in three genotypes of p8agiassunfrom the Atlantic Ocean Basin
scale.Marine Pollution Bulletin 178:113564.

CisnerosRamos, K.l., GutiérreCastafieda, M., Magaflaallegos, E., Villega®afieda, A.G., Monreyelazquez,

L.V., BarbaSantos, M.G., Gaxiol€ortés, M.G. et al. 2024. From Inundations to Golden Opportunity: Turning
HolopelagicSargassunspp. into a Valuable Feed Ingredient through Arsenic RemBlagitology 4:384 93.

Cl osse, A, On®si ppe Potiron, c. ., Ars ne, M. A., & Bi l
Sargassum sp. in cement mortar composites for housing or building purposes. International Journal of Current
Science Research and Review, 883), . https://doi.org/ 10.471921/ijcsrr/ )

Corbin, M. & Oxenford, H.A. 2023. Assessing growth of pel&gcgassunin the Tropical AtlanticAquatic Botany
187:103654.

Corbin, M., Alleyne, K., Oxenford, H.A. & Vallés, H. 2024. Clinging fauna associated with nearshore pelagic
Sargassumrafts in the Eastern Caribbean: implications for coastalvater harvesting.Journal of

Environmental Managemer252:120077.

White Paper - Navigating the Sargassum Crisis
85



Integration and Synthesis: The Sargassum Phenomenon

CruzRivera, E., Flore®iaz, M. & Hawkins, A. 2015. A fish kill coincident with denSargassunaccumulation in a
tropical bay Bulletin of Marine Sciencé1:455 6.

Cuevas, E., Uribdartinez, A., AriasMartinez, N., Carrillo, L., Reyeklendoza, O., RodrigueZlores, M. A., Garcia
Nava, H., Andrade, F., GudifBlizondo, N., & Flores/i d al , X. (2025) . Ocean dr
compared to Sargassum spp. Distributiothe Mexican Caribbeakstuarine, Coastal and Shelf Scieng24,
109436. https://doi.org/10.1016/j.ecss.2025.109436

da Silva Parente, .M., Lyra, G.P., Bueno, C., Tonin, F.G. & Rossignolo, J.A. 2024. Holistic evaluation of ceramic clay
properties withSargassum sppsh replacementonstruction and Building Materialgl35:136680.

Davis, D., Simister, R., Campbell, S., Marston, M., Bose, S., McQNson, S.J., Gomez, L.D. et al. 2020. Biomass
composition of the golden tide pelagic seawealgjassum fluitanandS. natangmorphotypes | and VIII) to
inform valorisation pathway&cience of The Total Environmeb#3134.

de Boer, M.N. & Saulino, J.T. 2020. Marine megafauna (cetaceans, turtles, seabirds & elasmobranchs) associate with
pelagicSargassunoff Suriname Academic Journal of Surinam&1:41 66.

de Lanlay, D.B., Monthieux, A., Banydeen, R., Jéanrent, M., Resiere, D., Drame, M. & Neviere, R. 2022. Risk of
preeclampsia among women living in coastal areas impacted by sargassum strandings on the French Caribbean
island of MartiniqueEnvironmental Toxicology and Pharmacolo§y:103894.

del Real, A.E.P., Vantelon, D., Catrouillet, C., Khatib, I., Tucoulou, R., Rivard, C., Schoeder, S., Gigault, J., Davranche,
M. 2025. Plastic debris accumulated®argassunalgae stranded biomass are vectors for different As (V) and
As (Ill) forms. Journal of Hazardous Materials 482: 136579

Descloitres, J., Minghelli, A., Steinmetz, F., Chevalier, C., Chami, M. & Berline, L. 2021. Revisited estimation of
moderate resolutioBargassunfractional coverage using decametric satellite dataSB. Remote Sensing
13:5106.

Devault, D.A., Massat, F., Lambourdiére, J., Maridakis, C., Dupuy, L.,-Rénétte, A. & Dolique, F. 2022a.
Micropollutant content ofSargassumdrifted ashore: arsenic and chlordecone threat assessment and
management recommendations for the CaribbEanironmental Science and Pollution Resea$166315
34.

Devault, D.A., Massat, F., Baylet, A., Dolique, F. & Lopez]JP2022b. Arsenic and chlordecone contamination and
decontamination toxicokinetics Bargassumsp. Environmental Science and Pollution Resea16 16.

Dibner, S., Martin, L., Thibaut, T., Aurelle, D., Blanfuné, A., Whittaker, K., Cooney, L. et al. 2022. Consistent genetic
divergence observed among pela§argassunmorphotypes in the western North Atlantidarine Ecology
43:€12691.

Dierssen, H.M., Chlus, A. & Russell, B. 2015. Hyperspectral discrimination of floating mats of seagrass wrack and the
macroalga&argassunn coastal waters of Greater Florida Bay using airborne remote seRsimgte Sensing
of Environment167:24758.

Doyle, E. & Franks, J. 201&argassunfract Sheet. Gulf and Caribbean Fisheries Institute.

EscobaiMedina, F.J., Riverdrmenta, J.L., HernAndezamora, G., Salaz&truz, B.A., ZapiérCastillo, S. & Flores
Hernandez, C.G. 202%argassurnmodified asphalt: effect of particle size on Its physicochemical, rheological,
and morphological propertieSustainability 13:11734.

Espinosa, L.A. & Li Ng, J.J. 2020. The risk of sargassum to the economy and tourism of Quintana Roo and Mexico.
Working Paper No. 20/02.

Faria, J., Piazzese, L., Ramalhosa, P., Eberling, A., Devesa, M., Benadon, C., Silva, R. et al. 2025. Biodiversity on the
move: epibiotic communities associated with pela@argassumin the northeast AtlanticMarine
Environmental Researc07:107101.

White Paper - Navigating the Sargassum Crisis
86



Integration and Synthesis: The Sargassum Phenomenon

Fidai, Y. A., Dash, J., Tompkins, E., Atiglo, D. Y., Jaygpnashigah, PN., Sowah, W. N. A., & Addo, K. A. (2025).
Sargassum Biomass Movement and Proliferation in the Eastern Tropical AtlRhiicology 5(2), 17.
https://doi.org/10.3390/phycology5020017

Fidai, Y.A., Botelho Machado, C., Dominguez Almela, V., Oxenford, H.A., Jagamshigah, PN., Tonon, T. &
Dash, J. 2024. Innovative spectral characterisation of beached pgtagEssuntowards remote estimation
of biochemical and phenotypic properti&sience of The Total Environme814:169789.

Florida Department of Health. 2024. Florida Healthy BeaelBesach water quality monitoring database. Available at:
https://www.floridahealth.gov/environmenta¢alth/beachvaterguality/index.html Last accessed October
25, 2025.

Franks, J.S., Johnson, D.R., Ko, D.S., Sandhelzio, G., J.R., H. & M., L. 2011. Unprecedented influx of pelagic

Sargassunalong Caribbean island coastlines during summer 2011. Proceedings of the Gulf and Caribbean

Fisheries Instituteia.

GarciaSanchez, M., Graham, C., Vera, E., Escaltamcera, E., Alvarefilip, L. & van Tussenbroek, B.l. 2020.
Temporal changes in the composition and biomass of beached pstagmssunspecies in the Mexican
CaribbeanAquatic Botany167:103275.

Garc2a Trejo, D. , Segura Meza, J. A., Rosales Silvest.
Ortiz Mart2nez, V. M. (2025) . Tertiary water treatr
coefficient and removal capacity. Tiary Water Treatment & Reuse, 11, 408072.
https://doi.org/10.1016/j.jwrt.2025.2098

Garcza Uit z, K., & Cruz Arge¢ell o, J. C. (2024yela Uso de
construccion: Revision. Métodos & Materiales, 14(1). https://doi.org/10.15517/mym.v14i1.56675

Gaskill, M. (2013). Significant sargassum. Alert Diver, Divers Alert Network. Retrieved from https://dan.org/alert
diver/article/significanisargassum/

Gavio, B., Santodartinez, A., Gavio, B. & SanteMlartinez, A. 2018. Floatingargassunin Serranilla Bank,
Caribbean Colombia, may Jeopardize the race to the ocean of baby seaActdi€®ioldgica Colombiana
23:311 4.

Glibert, P.M. & Burkholder, J.M. 2018. Causes of Harmful Algal BloomsShumway, S. E., Burkholder, J. M. &
Morton, S. L. [Eds.Harmful Algal Blooms1st ed. Wiley, pp.i138.

Gobert, T., Gautier, A., Connan, S., Rouget;LM.Thibaut, T., StigePouvreau, V. & Waeles, M. 2022. Trace metal
content from holopelagi€argassunspp. sampled in the tropical North Atlantic Ocean: Emphasis on spatial
variation of arsenic and phosphor@hemosphere308:136186.

GodinezOrtega, J.L., Cuatla@ortés, J.V., LopeBautista, J.M., Tussenbroek, B.l. van, God#@etega, J.L., Cuatlan
Cortés, J.V., LopeBautista, J.M. et al. 2021a. A natural history of float@aggassumspecies (Sargasso) from
Mexico. In Natural History and Ecology of Mexico and Central AmericsechOpen.

Gold Standard Foundation. 2023. Methodology for collection of sargassum and other macroalgae to avoid emissions
from decomposition and to use for beneficial products. Version 1.0, Gold Standard for the Global Goals.
Available at: https://globalgoals.goldsidard.org/standards/436_V1.0_ WM_Methodolégycollectionof-
macroalgado-avoid-emissionsrom-decomposition.pdf

Gonzalez Fernandez, L.A., Navarro Frometa, A.E., Carranza Alvarez, C., Flores Ramirez, R., Diaz Flores, P.E., Castillo
Ramos, V., Sanchez Polo, M. et al. 2023. Valorization of Sargassum biomass as potential material for the
remediation of heawnetalscontaminated waters. International Journal of Environmental Research and Public
Health. 20:2559.

White Paper - Navigating the Sargassum Crisis
87


https://www.floridahealth.gov/environmental-health/beach-water-quality/index.html

Integration and Synthesis: The Sargassum Phenomenon

Goodwin, D. S., Siuda, A. N. S., & Schell, J. M. (2022). In situ observation of holopelagic Sargassum distribution and
aggregation state across the entire North Atlantic from 2011 to 2@&®r] 10, e14079.
https://doi.org/10.7717/peerj.14079

Gower, J. & King, S. 2008. Satellite images show the movement of flo&ngassunin the Gulf of Mexico and
Atlantic OceanNat Prec

Gower, J., King ,S., Borstad ,G. & and Brown, L. 2005. Detection of intense plankton blooms using the 709 nm band
of the MERIS imaging spectrometémternational Journal of Remote Sensi2§:200512.

Gower, J., Young, E. & King, S. 2013. Satellite images suggest Sasyassunsource region in 201Remote Sensing
Letters 4:764 73.

Gower, J.F.R. & and King, S.A. 2011. Distribution of floatargassunin the Gulf of Mexico and the Atlantic Ocean
mapped using MERISnternational Journal of Remote Sensi3g@:1917 29.

Gower, J., & King, S. (2020). The distribution of pela§iargassunobserved with OLClInternational Journal of
Remote Sensing1(15), 56695679. https://doi.org/10.1080/01431161.2019.1658240

Gray, L.A., Bisoné Leédn, A.G., Rojas, F.E., Veroneau, S.S. & Slocum, A.H. 2021. Carbisgmegative emissions
solution toSargassunspp. lowcost collection device and sustainable disposal mefogtology 1:49 75.

Guiry, M.D. & Guiry, G.M. 2025. AlgaeBase. Available At: https://www.algaebase.org.

Hamel, K. 2024. Societal impacts of harmful macroalgal blooms on Caribbean Communities. Ph.D Thesis.

Hamel, K., GarcigQuijano, C., Jin, D. & Dalton, T. 2024. Perceiv8drgassunmevent incidence, impacts, and
management response in the Caribbean Binine Policy 165:106214.

Hanisak, M. Dennis & Samuel, M.A. 1987. Growth rates in culture of several species of Sargassum from Florida, USA.
In Ragan, M. A. & Bird, C. J. [Eds.Twelfth International Seaweed Symposiudpringer Netherlands,
Dordrecht, pp. 393404.

Hanson, R.B. 1977. Pelaggargassuncommunity metabolism: Carbon and nitrogéournal of Experimental Marine
Biology and Ecology29:107 18.

Hatt, D.C., Bally, N.K., Iporac, L.A.R., Olszak, S., Campbell, J.E. & Coldiies, L. 2024. Comprehensive analysis
of biomass, nutrient, and heavy metal contributions of pelB@igassunspecies (Phaeophyceae) inundations
in south FloridaPhycology 4:235 55.

Hatt, D. C., Nauer, F., Colladdides, L., & Campbell, J. E. 2025a. Physiological Responses of Pelagic Sargassum
(Phaeophyceae) to Thermal Stress Vary by Species and Morphappied Phycology6(1), 1-19.

Hatt, D., Iporac, L. A. R, Arita, J. T., Bally, N. K., & Colladddes, L. 2025b. Assessing the interconnectivity across
complex dimensions of monitoring pelagic species of Sargassum and the role of citizen Heientid.Algae
102939.

He, J. & Mahadevan, A. 2021. How the source depth of coastal upwelling relates to stratification adduwwirad.of
Geophysical Research: Oceani®6:€2021JC017621.

Henson, S. A,, Cael, B. B., Allen, S. R., & Dutkiewicz, S. (2021). Future phytoplankton diversity in a changing climate.
Nature Communicationd 2(1), 5372. https://doi.org/10.1038/s414821-25699w

HernandezaNufiez, H. & Euamvila, J.I. 2025. Velocity ofSargassumm migration in the Caribbean observed with
Landsat 8/9 and Sentinel 2 A/B image®yoS one20:e0319391.

Hernandez, W.J., Morell, Julio M. & and Armstrong, R.A. 2022. Using-héglolution satellite imagery to assess the
impact ofSargassunmundation on coastal ared®mote Sensing Lettefs3:24 34.

Hinds, C., Oxenford, H., Cumberbatch, J., Fardin, F. & Cashman, A. 2016. Golden Tides: Management Best Practices
for Influxes of Sargassum in the Caribbean with a Focus on @igaBentre for Resource Management and
Environmental Studies (CERMES), The Maiisity of the West Indies, Cave Hill Campus, Barbados.

White Paper - Navigating the Sargassum Crisis
88



Integration and Synthesis: The Sargassum Phenomenon

Hong, Z., Long, D., Shan, K., Zhang;M., Woolway, R. I., Liu, M., Mann, M. E., & Fang, H. (2025). Declining ocean
greenness and phytoplankton blooms in low to-laifudes under a warming climat8cience Advances
11(42), eadx4857. https://doi.org/10.1126/sciadv.adx4857

Hu, C. 2009. A novel ocean color index to detect floating algae in the global oResnste Sensing of Environment
113:211829.

Hu, C., Barnes, B.B., Qi, L., Gower, J.F.R., Jiao, J. & Xie, Y. 2025. Monitoring p&aggassunn the Atlantic Ocean
from space: principles and practicearmful Algae 144:102840.

Hu, C., Zhang, S., Barnes, B. B., Xie, Y., Wang, M., Cannizzaro, J. P., & English, D. C. (2023). Mapping and quantifying
pelagic Sargassum in the Atlantic Ocean using Abaltid mediunresolution satellite data and deep learning.
Remote Sensing of Environme289, 113515. https://doi.org/10.1016/j.rse.2023.113515

Hu, C., Hardy, R., Ruder, E., Geggel, A., Feng, L., Powers, S., Hernandez, F. et al. 2016a. Sargassum coverage in the
northeastern Gulf of Mexico during 2010 from Landsat and airborne observations: Implications for the
Deepwater Horizon oil spill impact sesssmentMarine Pollution Bulletin 107:15 21.

Hu, C., Murch, B., Barnes, B., Wang, M., MaréchaPR J.Franks, J., Johnson, D. et al. 201&rgassuniVatch Warns
of Incoming SeaweedEos 97.

Huffard, C.L., von Thun, S., Sherman, A.D., Sealey, K. & Smith, K.L. 2014. Pekagigassuntommunity change
over a 4@year period: temporal and spatial variabillit§ar Biol. 161:273551.

Iporag L.A.R., Hatt, D.C., Bally, N.K., Castro, A., Cardet, E., Mesidor, R., Olszak, S. et al. 2022. Comivasety
monitoring reveals spatiotemporal variation of sargasso inundation levels and morphotype dominance across
the Caribbean and South Floridaquatic Botany182:103546.

Iporac, L.A.R., James, W.R. and Colladaes, L., 2023. Characterizing potential resource use of sargassimant
sea wrack by terrestrial invertebrate fauna during sargasso influxes in South Hetidaine, Coastal and
Shelf Science291, p.108414.

Irvine, J., Oxenford, H. A., Cumberbatch, J., McConney, P., Hinds, C., Speede, R., Desrochers, A., Degia, K., & van
Tussenbroek, B. (2023). Managing sargassum shoreline inundations: A toolbox (Vol. 5). SargAdapt Good
Practice Guide Series, University of eth West Indies, Cave Hill Campus. Available
at:https://www.cavehill.uwi.edu/cermes/vepntent/uploads/sites/38/Research
Projects/Sargassum/Docs/Tools/Vol_05_ Sargassum_Inundation_Management_ToothqpdfvV1

Jin, D., Wang, A., & Dalton, T. 2025. Economic impacts of sargassum events in Puerto Rico, USVI, and coastal Florida.
Harmful Algael50: 102996

Jocelyn, T-F., Areanely, GS.A., Carolina, MS., Sara, GB., Alethia, V:-M. & Carlos, A-Z.J. 2023. Presence of
microplastics deposited Bargassunsp. on sandy beachd®egional Studies in Marine Sciené$:103152.

Johns, E.M., Lumpkin, R., Putman, N.F., Smith, R.H., Mllarger, F.E., T. RuedRoa, D., Hu, C. et al. 2020. The
establishment of a pelagic Sargassum population in the tropical Atlantic: Biological consequences ef a basin
scale long distance dispersakat.Progress in Oceanograph$82:102269.

Johnson, C., Dubbs, L.L. & Piehler, M. 2023. Reframing the contribution of p&agiassunepiphytic N fixation.

PLOS ONE18:e0289485.

Johnson, D., Ko, D., Franks, J., Moreno, P. & San¢hglzio, G. 2012. Th8argassunmvasion of the eastern Caribbean
and dynamics of the equatorial north AtlanticThe 65th Gulf and Caribbean Fisheries Institi@anta Maria,
Colombia.

Jouanno, J., Berthet, S., Mulgarger, F., Aumont, O. & Sheinbaum, J. 2025a. An extreme North Atlantic Oscillation
event drove the pelagargassuntipping point. Communications Earth & Environmer@:95.

White Paper - Navigating the Sargassum Crisis
89



Integration and Synthesis: The Sargassum Phenomenon

Jouanno, J., Almar, R., Mullétarger, F., Morvan, G., Van Tussenbroek, B., Benshila, R., Marchesiello, P. et al. 2025b.
Socicecological vulnerability assessment3argassunarrivals.Scientific Reports15:9998.

Jung, J., Duprey, N. N. , Foreman, A.D., D6OIlivo, J.P.,
Cardoso, G.O. and Wald, T., 2025. Equatorial upwelling of phosphorus drives Atlantic N2 fixation and
Sargassum bloombslature Geosciencgp.17.

Kergosien, N., Helias, M., Le Grand, F., Cérantola, S., Simon, G., Nirma, C., Thibaut, T. et al. 2024.-Modoho
chemotyping of holopelagiSargassumspecies causing massive strandings in the Caribbean region.
Phycology 4:340 62.

Laffol ey, D. doA, Roe, H.S., Angel , M.V., Ardron, J.,
management of the Sargasso Sea.

Lankes, J.D., Page, H.N., Quasunelfa, Torkelson, J.F., Lemaire, C., Nowicki, R.J., Blasius, L. et al. 2025.
Quantifying coradalgal interactions in an acidified oce&argassunspp. exposure mitigates low pH effects
on Acropora cervicornidealth.Frontiers in Marine Sciencel2:1487102.

Lapointe, B.E. 1986. Phosphotlimited photosynthesis and growth dargassum natansand Sargassum
fluitangPhaeophyceae) in the western North Atlariieep Sea Research Part A. Oceanographic Research
Papers 33:3919.

Lapointe, B.E. 1995. A comparison of nutridimiited productivity inSargassum natarisom neritic vs. oceanic waters
of the western North Atlantic Ocedrimnology and Oceanograph#0:625 33.

Lapointe, B.E., Brewton, R.A., Herren, L.W., Wang, M., Hu, C., McGillicuddy, D.J., Lindell, S. et al. 2021. Nutrient
content and stoichiometry of pelag@argassumeflects increasing nitrogen availability in the Atlantic Basin.
Nature Communicationd.2:3060.

Lapointe, B.E., West, L.E., Sutton, T.T. & Hu, C. 2014. Ryther revisited: nutrient excretions by fishes enhance
productivity of pelagicSargassunin the western North Atlantic Oceadournal of Experimental Marine
Biology and Ecology458:46 56.

LaraHernandez, J.A., Enriquez, C., Zavalaalgo, J., Cuevas, E., Van Tussenbroek, B. & UNaatinez, A. 2024.
Sargassuntransport towards Mexican Caribbean shores: Numerical modeling for research and forecasting.
Journal of Marine System241:103923.

Laval, M., Aimene, Y., Descloitres, J., Courtrai, L., Duasteto, P., SalazaBaribay, A., Costa da Silva, A. et al. 2025.

The Influence of wind on the spatial distribution of pelgg@rgassunaggregations in the Tropical Atlantic.
Water. 17:776.

Laval, M., Belmouhcine, A., Courtrai, L., Descloitrek, SalazaGaribay, A., Schamberger, L., Minghelli, A. et al.

2023. Detection oBargassunfrom sentinel satellite sensors using deep learning apprBachote Sensing
15:1104.

Leal Bauti st a, R. M. , Rodr2guez Garc?a, J. c., Acost a
leachate generated by Sargassum spp. in the Mexican Caribbean: Part 1 spatial variations. Water, 16(9), 1251.
https://doi.org/10.3390/w16091251

Leemans, L., MagafA@allegos, E., Van Katwijk, M.M., Lamers, L.P.M., Smolders, A.J.P., Bouma, T.J., Christianen,
M.J.A. et al. 2025. Iron ctimitation of Sargassum fluitang\quatic Botany196:103807.

LégerPi gout , M. Navarro, E., M®nar d, F., -Ruet al.t2024., S.,
Predominant heterotrophic diazotrophic bacteria are involv&éigassunproliferation in the Great Atlantic
SargassunBelt. The ISME Journall8:9.

White Paper - Navigating the Sargassum Crisis
90



Integration and Synthesis: The Sargassum Phenomenon

LeonPérez, M.C., Reisinger, A.S. & Gibeaut, J.C. 2023. Sptrmporal dynamics of decaying stages of pelagic
Sargassunspp. along shorelines in Puerto Rico using Google Earth Enllagne Pollution Bulletin
188:114715.

Liranzo-Gémez, R.E., Gbmez, A.M., Gébmez, B., Gonzdleznandez, Y. & Jauregidaza, U.J. 2023. Characterization
of sargassum accumulated on Dominican beaches in 2021: Analysis of heavy, alkaline andeskaline
metals, proteins and fatslarine Pollution Bulletin 193:115120.

Littler, M.M. 1979. The effects of bottle volume, thallus weight, oxygen saturation levels, and water movement on
apparent photosynthetic rates in marine al@agiatic Botany7:21 34.

L-pez Sosa, L. B. , Rodr2guez Torres, G. M., Rodr2guez
Garc?a, c. A., & Morales M8xi mo, M. (2025) . Mul ti
composites for application as bioconstructioraterials. Journal of Building Physics, 48(5), 7820.
https://doi.org/10.1177/17442591241276396

Lyra, G.P., Colombo, A.L., Duran, A.J.F.P., Parente, I.M. da S., Bueno, C. & Rossignolo, J.A. 2024. The Use of
Sargassunspp. ashes like a raw material for mortar production: composite performance and environmental
outlook.Materials (Basel, Switzerland}.7:1785.

Machado, C.B., Maddix, @M., Francis, P., Thomas,-8., Burton, JA., Langer, S., Larson, T.R. et al. 2022. Pelagic
Sargassunevents in Jamaica: Provenance, morphotype abundance, and influence of sample processing on
biochemical composition of the biomaSgience of The Total Environmehb2761.

MagafiaGallegos, E., Garci&anchez, M., Graham, C., Oliv@xtiz, A., Siuda, A.N.S. & Van Tussenbroek, B.1. 2023a.
Growth rates of pelagiBargassunspecies in the Mexican Caribbe@dmquatic Botany185:103614.

MagafaGallegos, E., Villegad/ufioz, E., Salag\costa, E.R., Barb&antos, M.G., Silva, R. & van Tussenbroek, B.I.
2023b. The effect of temperature on the growth of holopelBgigassunspeciesPhycology 3:138 46.

Maréchal, JP., Hellio, C. & Hu, C. 2017. A simple, fast, and reliable method to pr&€digjassumvashing ashore in
the Lesser AntillesRemote Sensing Applications: Society and Environrbebw 63.

Marsh, R., Oxenford, H.A., Cox, ®.L., Johnson, D.R. & Bellamy, J. 2022. Forecasting seastaiglassunevents
across the tropical Atlantic: Overview and challen@esntiers in Marine Scienceé:914501.

Marsh, R., Skliris, N., Tompkins, E.L., Dash, J., Dominguez Almela, V., Tonon, T., Oxenford, H.A. et al. 2023.-Climate
sargassum interactions across scales in the tropical AtIRMES Clim 2:e0000253.

MartinezCano, M., Doranteécosta, A.E., LardGonzalez, R., Salgaedernandez, E. & Ortifeballos, A.l. 2024.

Effect of Sargassum on the behavior and survival of the earth&isenia FetidaBulletin of Environmental
Contamination and Toxicology13:36.

Martinez, B., Viejo, R.M., Carrefio, F. & Aranda, S.C. 2012. Habitat distribution models for intertidal seaweeds:
responses to climatic and relimatic drivers.Journal of Biogeography39:1877 90.

Maurer, A.S., Gross, K. & Stapleton, S.P. 2022. Bea8ardassunalters sand thermal environments: Implications for
incubating sea turtle eggkurnal of Experimental Marine Biology and Ecolo§%6:151650.

Maurer, A.S., Stapleton, S.P., Layman, C.A. & Burford Reiskind, M.O. 2021. The Atgartigssunmnvasion impedes
beach access for nesting sea turtsnate Change Ecologp:100034.

Mayorga, J.I.M., Quiroga, S.Y., PosaRastrepo, |I. and GarcRamos, K.A., 2025. Frelving clinging flatworms
(Rhabditophora, Polycladida) associated with Sargassum from the Caribbean Coast of CBionlib&rsity
Data Journaj 13, p.e150699.

McGillicuddy, D.J., Morton, P.L., Brewton, R.A., Hu, C., Kelly, T.B., Solow, A.R. & Lapointe, B.E. 2023. Nutrient

and arsenic biogeochemistry ®rgassunmn the western AtlantidNature Communicationd4:6205.

White Paper - Navigating the Sargassum Crisis
91



Integration and Synthesis: The Sargassum Phenomenon

Mel | ado Lira, E. A., et al . (2025) . Brown al gae: Sarg
oxychloride cement. Sustainable Chemistry and Pharmacy, 44, 101969.
https://doi.org/10.1016/j.scp.2025.101969

MendezTejeda, R. & Rosado Jimenez, G.A. 2019. Influence of climatic factoB&aaassunarrivals to the coasts of
the Dominican RepublicdOMS 10:22 32.

Mendonga, I.R.W., Theirlynck, T., Zettler, E.R., Amazadttler, L.A. & Oliveira, M.C. 2024. Microbiome changes in
a stranding simulation of the holopelagic macroalgae Sargassum natans and Sargassun®Ofieaansnd
Coastal Researcly2:€24037.

MendozaBecerril, M.A., Servier&Zaragoza, E., Mazariegd4llarreal, A., RiveraPerez, C., Calder, D.R., Vazquez
Delfin, E.F., FreilePelegrin, Y. et al. 2020. Epibiont hydroids on beach&msgassumnin the Mexican
CaribbeanPeerd 8:€9795.

Michotey, V., Blanfuné, A., Chevalier, C., Garel, M., Diaz, F., Berline, L., Le Grand, L. et al. 2020. In situ observations
and modelling revealed environmental factors favouring occurren®bb in microbiome of the pelagic
Sargassumesponsible for strandingScience of The Total Environmeii#i8:141216.

Milledge, J.J. & Harvey, P.J. 2016. Golden tides: problem or golden opportunity? The valoris&argagsunirom
beach inundationslournal of Marine Science and Engineeridgs0.

Milledge, J.J., Maneein, S., Arribas Lopez, E. & Bartlett, D. 2@2Bgassunnundations in Turks and Caicos: methane
potential and proximate, ultimate, lipid, amino acid, metal and metalloid anairsagies 13:1523.

Mincer, T.J., Bos, R.P., Zettler, E.R., Zhao, S., Asbun, A.A., Orsi, W.D., Guzzetta, V.S. et al. 2023. Sargasso Sea
Vibriobacteria: Underexplored potential pathovars in a perturbed haliastr Researc?42:120033.

Mi ron, P., Ol ascoaga, M.J., Beron Vera, F.J., Putman, N
sarine d®aassum | ikred dri fters Expl ai n &edophisical Researcht i a l p
Letters 47:e2020GL089874.

Modestin, E., Devault, D.A., Baylet, A., Massat, F. & Dolique, F. 2022. Arsenic in Caribbean bivalves in the context of
Sargassurbeachings: A new risk for seafood consumErszironmental Monitoring and Assessmer@i4:553.

Mo hammed, A, War d, K. R. , Lee, K. Y., & Dupont, V. (2
assessment of composite calcium alginate bioplastics derived from Sargassum. Green Chemistryi, 25, 5501
5516. https://doi.org/10.1039/D3GC01019H

Monroy-Velazquez, L.V., Rodriguelglartinez, R.E., van Tussenbroek, B.l., Aguiar, T., S@lss, V. & Briones
Fourzan, P. 2019. Motile macrofauna associated with peBsgigassunn a Mexican reef lagooldournal of
Environmental Managemer252:109650.

Moreira, L. & Cabrera, R. 2006. Evaluacién de la biomasaalroalgas marinas.

Nielsen, B.V., Milledge, J.J., Hertler, H., Maneein, S., Al Farid, M.M. & Bartlett, D. 2021a. Chemical characterisation
of Sargassunmundation from the Turks and Caicos: seasonal and post stranding clRimgesdogy 1:143
62.

Ni r ma, c., Stiger Pouvreau, V., Levasseur, M. , Touboul
taxonomy: Studying glycolipidic chemomarkers in pelagargassunspp.(Phaeophyceae) using molecular
networking.Journal of Phycology

NOAA Southeast and Caribbean Regional Team (SECART). st¢assuninundation Events (SIE) Addendum for
the Guide to Integrated NOAA Disaster Resilience in the Southeast and Carilla¢gianal Oceanic and
Atmospheric Administration

NORMA Oficial Mexicana NOMO010-STPS2014, Agentes quimicos contaminantes del ambiente laboral

Reconocimiento, evaluacion y control. Retrieved from:

White Paper - Navigating the Sargassum Crisis
92



Integration and Synthesis: The Sargassum Phenomenon

https://www.gob.mx/cms/uploads/attachment/file/680155/NOM-STPS2014.pdf [Accessed October 29,
2025]

Noonan, J.M., Ross, P.G., Fate, S.M., Smith, E.G. and Kritagfield, S.A., 2025. Pelagic Sargassum Species and
the Sargassum Nudibran@cyllaea pelagicd.inné, 1758 Recorded from the Coastal Bays of Virginia.
Northeastern NaturalisB82(3), pp.N63N69.

Ody, A., Thibaut, T., Berline, L., Changeux, T., AndréMJ, Chevalier, C., Blanfuné, A. et al. 2019. From In Situ to
satellite observations of pelagiargassundistribution and aggregation in the Tropical North Atlantic Ocean.
PL0S Onel4:e0222584.

Olascoaga, M.J., Bereviera, F.J., Miron, P., Trifianes, J., Putman, N.F., Lumpkin, R. & Goni, G.J. 2020. Observation
and quantification of inertial effects on the drift of floating objects at the ocean suPlagsics of Fluids
32:026601.

Olguin-Maciel, E., LealBautista, R.M., Alzatéaviria, L., DomingueMaldonado, J. & Tapidussell, R. 2022.
Environmental impact ofSargassumspp. landings: an evaluation of leachate released from natural
decomposition at Mexican Caribbean co&stviron Sci Pollut Re29:9107180.

OrtegaFlores, P.A., Servier@aragoza, E., De Andslontafiez, J.A., Freikelegrin, Y., Robledo, D. & Méndez
Rodriguez, L.C. 2022. Trace elements in pel&gicgassunspecies in the Mexican Caribbean: Identification
of key variables affecting arsenic accumulatio®irfluitans Science of The Total Environme806:150657.

Oxenford, H.A., Cox, SA., Van Tussenbroek, B.I. & Desrochers, A. 2021. Challenges of turniraifymssunerisis
into gold: Current constraints and implications for the Caribbelaycology 1:27 48.

Oyesiku, O0.0. & Egunyomi, A. 2014. Identification and chemical studies of pelagic massBargdssum
natangLinnaeus) Gaillon an&. fluitans(Borgessen) Borgesen (brown algae), found offshore in Ondo State,
Nigeria.African Journal of Biotechnology 3.

Pachauri, S., Pachauri, A., Sevilla, N.P.M., Pathak, D., Mittal, K., Samy, P.M.A. & Kazi, H. 2025. The impact of
Sargassum on human and environmental health: a study in Méxidealth and Climate Changé&lsevier,
pp. 175222,

Paerl, HW., Otten, T.G. & Kudela, R. 2018. Mitigating the expansion of harmful algal blooms across the freshwater
to-marine continuumEnvironmental Science & Technolog2:551929.

Parr, A.E. 1939. Quantitative observations on the pel@gigassunvegetation of the western North AtlantBull.
Bingham Oceanogr. Col6:17 94.

Pereravalderrama, S., Colruyt, G., Rossin, L., Petit, A., Sk@gjarke, T., & Corbin, C. 2026. Strengthening regional
cooperation: The role of the Cartagena Convention in addressing the sargassum inundations challenge in the
wider CaribbeanHarmful Algae.151: 103028

Perez Perez, J. 2022. Impacts of floating Sargassum accumulation on the fringing m&hgzopbora mangl@
southwestern Puerto Rico: A case study. University of Puerto Rico at Mayagiiez, Mayaguez, Puerto Rico.

Phlips, E. & Zeman, C. 1990. Photosynthesis, growth and nitrogen fixation by epiphytic forms of filamentous
cyanobacteria from pelag®argassumBulletin of Marine Sciencel7:613 21.

Phlips, E. J., Willis, M., & Verchick, A. 1986. Aspects of nitrogen fixation in Sargassum communities off the coast of
Florida.Journal of Experimental Marine Biology and Ecolod®2(23), 99119.

Podlejski, W., Berline, L., Nerini, D., Doglioli, A. & Lett, C. 2023. A n&argassundrift model derived from features
tracking in MODIS imagedVarine Pollution Bulletin 188:114629.

Poore, C. (2024). Transforming troublesome seaweed into a feedstock of the future. Andlinger Center for Energy and
the Environment, Princeton University, 17 July 2024.

https://engineering.princeton.edu/news/2024/07/17 transfortrindple someseaweedeedsock-future

White Paper - Navigating the Sargassum Crisis
93



Integration and Synthesis: The Sargassum Phenomenon

Pries, A., Netburn, A.N., Batchelor, H. & Hermanson, V.R. 2023. A little bit of Sargassum goes a long way: Seafloor
observations ofargassum fluitangndSargassum natans the Western Atlantic OceaRrontiers in Marine
Science10.

Putman, N.F. & Hu, C. 2022. SinkirBargassumGeophysical Research Letter9:2022GL100189.

Putman, N.F., Beyea, R.T., Iporac, L.A.R., TrifigriesAckerman, E.G., Olascoaga, M.J., Appendini, C.M. et al. 2023.
Improving satellite monitoring of coastal inundations of pel&girgassunalgae with wind and citizen science
data.Aquatic Botany188:103672.

Putman, N.F., Goni, G.J., Gramer, L.J., Hu, C., Johns, E.M., Trinanes, J. & Wang, M. 2018. Simulating transport
pathways of pelagicSargassumfrom the Equatorial Atlantic into the Caribbean Sé&ogress in
Oceanography165:20%14.

Putman, N.F., Lumpkin, R., Olascoaga, M.J., Trinanes, J. & Goni, G.J. 2020. Improving transport predictions of pelagic
SargassumJournal of Experimental Marine Biology and Ecolo§®9:151398.

Ram2rez Pinto, c. A., Cruz, J. C., Escobar, B. , Garc?a
(2025). Development of Sargassum spp. ash as filler material on cement composites with low carbon dioxide
production. Magazine of Concet Research, 77(9 10), 580 590. https:/

Ramlogan, N.R., Mcconney, P. & Oxenford, H.A. 2017. Seconomic impacts of Sargassum influx events on the
fishery sector of Barbados. CERMES Technical rep88N

Resiere, D., Mehdaoui, H., Florentin, J., Gueye, P., Lebrun, T., Blateau, A., Viguier, J. et ab&g28sunseaweed
health menace in the Caribbean: Clinical characteristics of a population exposed to hydrogen sulfide during the
2018 massive strandin@linical Toxicology 1i 9.

Resiere, D., Valentino, R., Neviere, R., Banydeen, R., Gueye, P., Florentin, J., Cabié, A. et al. 2018. Sargassum seaweed
on Caribbean islands: an international public health contémLancet392:2691.

Ricart, A.M., Krauselensen, D., Hancke, K., Price, N.N., Masqué, P. & Duarte, C.M. 2022. Sinking seaweed in the
deep ocean for carbon neutrality is ahead of science and beyond theEathicmental Research Letters
17:081003.

Robledo, D., Vazquebelfin, E., FreilePelegrin, Y., VasqueElizondo, R.M., QuiMinet, Z.N. & SalazaGaribay, A.

2021. Challenges and opportunities in relatiorstzgassunevents along the Caribbean S€sontiers in
Marine Science8:699664.

Rodriguez, A. M., Torres, J. B., Lee, R. L., & Pupo, A. R. (2025). Condiciones meteorologicas favorables para los
arribos de sargazos en CuBa&vista Cubana de Meteorolog&i(1). https://ctid.com/2377/v31nlell

RodriguezMartinez, R.E., Gomez Reali, M.A., Torr€®nde, E.G. & Bates, M.N. 2024. Temporal and spatial variation
in hydrogen sulfide (k5) emissions during holopelagic Sargassum spp. decomposition on beaches.
Environmental Researc47:118235.

RodriguezMartinez, R.E., Jordabahigren, E. & Hu, C. 2022. Spatiemporal variability of pelagiSargassum
landings on the northern Mexican CaribbeaRemote Sensing Applications: Society and Environment
27:100767.

RodriguezMartinez, R.E., Medin&almaseda, A.E., Blanchon, P., Monfbglazquez, L.V., Almaz&Becerril, A.,
DelgadePech, B., VasqueYeomans, L. et al. 2019. Faunal mortality associated with massive beaching and
decomposition of pelagiBargassumMarine Pollution Bulletin 146:2015.

RodriguezMartinez, R.E., QuintanRali, G., TrujaneRivera, K.l., Herrera, R., GarcRivas, M. del C., Ortiz, A.,
Castafieda, G. et al. 2023argassunandings have not compromised nesting of loggerhead and green sea

turtles in the Mexican Caribbealournal of Environmental Manageme@89:113614.

White Paper - Navigating the Sargassum Crisis
94



Integration and Synthesis: The Sargassum Phenomenon

RodriguezMartinez, R.E., Roy, P.D., Torrescawalle, N., CabanillasTeran, N., CarrilleDominguez, S., Collado
Vides, L., GarcigBanchez, M. et al. 2020. Element concentrations in pelagic Sargassum along the Mexican
Caribbean coast in 204819.Peer] 8:€8667.

RodriguezMartinez, R.E., Torre€onde, E.G. & Jordabahlgren, E. 2023a. Pelag&argassuntleanup cost in
Mexico.Ocean & Coastal Managemer237:106542.

RodriguezMartinez, R.E., van Tussenbroek, B.l., Nava@werrero, G., Amardiauricio, E.J., MoreDominguez, G.,
GonzélezRivera, L.I. (Eds.) 2023b. Estrategia Integral para el Manejo y Aprovechamiento del Sargazo
(EIMAS) en Quintana Roo. Secretaria de lBgéa y Medio Ambiente de Quintana Roo y Deutsche
Geselischatft fur Internationale Zusammenarbeit (G1Z) GmbH. México.

RodriguezMartinez, R.E., Torre€onde, E.G., RoselléDruker, J., Cabanilla¥eran, N. & Jauregtiaza, U. 2025.

The Great AtlanticSargassunBelt: impacts on the central and western Caribb&aaview. Harmful Algae
102838.

RodriguezRodriguez, Y., Soldevilkkdernandez, L.I., Guevara, M.A., Gandini, G. and Jaurezizia, U.J., 2025.
Assessment of a Sargassiased Liquid Biofertilizer for Enhanced Banana Cultivation in S18a#le Family
Farms.Case Studies in Chemical and Environmental Enginegprigd1252.

RosasDiaz, F., VallesCapetillo, E., LépefSerna, D. & JuéreAlvarado, C.A. 2025. Taguchi experimental matrix
optimization of two planbased concretes witBargassunm{Sargassum fluitansand peanut shellAfachis
hypogaeyaggregateDiscover Civil Engineering2:61.

Rosell6nDruker, J., McAdarOtto, L., Suca, J.J., Seary, R., Gay@Gaballero, A., Escob&Briones, E., Hazen, E.L. et
al. 2023. Local ecological knowledge and perception of the causes, impacts and eBactmsfunmassive
influxes: a binational approachcosystems and PeoplE9:2253317.

Rossignolo, J.A., Felicio Peres Duran, A.J., Bueno, C., Martinelli Filho, J.E., Savastano Junior, H. & Tonin, F.G. 2022.
Algae application in civil construction: A review with focus on the potential uses of the p8agjassum
spp. biomasslournal of Environmental Managemef03:114258.

Ruffini, P. B. 2020. Conceptualizing science diplomacy in the practitidrieen literature: a critical review.
Humanities and Social Sciences Communicatidfis, 1-9.

Rutten, J., Arri aga, J., Mont oy a, L.D., Mari fo Tapi a,
B.l. et al. 2021. Beaching and natural removal dynamics of pefaigassum n a fringing ree:
Journal of Geophysical Research: Oceah26:€2021JC017636.

Ryther, J.H. 1956. The Sargasso Sxentific American194:98 108.

Salter, M.A., RodrigueMartinez, R.E., Alvarefilip, L., JordarDahlgren, E. & Perry, C.T. 2020. Pela§argassum
as an emerging vector of high rate carbonate sediment import to tropical Atlantic coa&loted. and
Planetary Changel95:103332.

SanchezRubio, G., Perry, H., Franks, J.S. & Johnson, D.R. 2017. Occurrence of ggdagassunin waters of the
U.S. Gulf of Mexico in response to weathetated hydrographic regimes associated with decadal and
interannual variability in global climat&ishery Bulletin 116:93 106.

Sapsford, F., 2024. The cost of neglecting the sargassdsednternational Journal of Marine and Coastal Law
39(3), pp-593601.

Sastre, M.P., Carrera, A., Rosa, B., Wang, M., Ant@aatillo, L., MeléndeDiaz, J. & OrtizZayas, J.R. 2023.
Changes in the phytoplankton composition of Laguna Grande (Fajardo, Puerto Rico) following the 2015
Sargassumspp. bloomLife: The Excitement of Biolog$0:203 42.

Schell, J.M., Goodwin, D.S., Volk, R.H. & Siuda, A.N.S. 2024. Preliminary explorations of environmental tolerances
and growth rates of holopeladgsargassunmorphotypesAquatic Botany190:103723.

White Paper - Navigating the Sargassum Crisis
95



Integration and Synthesis: The Sargassum Phenomenon

Schell, Jeffrey M., Goodwin, D.S. & Siuda, A.N.S. 2015. Rec@atgassumnundation events in the Caribbean:
Shipboard observations reveal dominance of a previously rare@reanography28:8 10.

Schiariti, J.P. & Salmon, M. 2022. Impact $argassunfccumulations on Loggerheaf4retta caretty Hatchling
Recruitment in SE Florida, U.S.8ournal of Coastal ResearcB8:725 34.

Schling, M., Compean, R.G., Pazos, N., Bailey, A., Arkema, K. & Ruckelshaus, M. 2022. The economic impact of
Sargassum: Evidence from the Mexican coast. IDB Working Paper NeWBB1384.

Semeleer, E. 2021. Framing environmental change and adaptation governance: The case of Sargassum seaweed in the
Caribbean. MSc Thesis, Wageningen University, Arnhem, Netherlands, 61 pp.

Sevilla, N.P.M., Rodriguez, S.P., Acufia, E.M. & Escob¥das, D.C. 2025. Massive presenceSafrgassunon the
coasts of Quintana Roo, Mexico, and its relationship with human health and air do&igalth and Climate
Change Elsevier, pp. 2233.

Siuda, A.N.S., Blanfuné, A., Dibner, S., Verlaque, M., BoudouresquE,, ©Connan, S., Goodwin, D.S. et al. 2024.
Morphological and molecular characters differentiate common morphotypes of Atlantic holopelagic
SargassuniPhycology 4:256 75.

Skliris, N., Marsh, R., Appeaning Addo, K. & Oxenford, H. 2022. Physical drivers of pelagic sargassum bloom
interannual variability in the Central West Atlantic over ZIATMP0.Ocean Dynamics

Solarin, B.B., Bolaji, D.A., Fakayode, O.S. & Akinnigbagbe, R.O. 2014. Impacts of an invasive s&tavgassum
hystrixvar. fluitans (Bgrgesen 1914) on the fisheries and other economic implications for the Nigerian coastal
waters.|OSR Journal of Agriculture and Veterinary Sciencdi 6.

Sosa Olivier, J. A., Laines Canepa, J . R. , Guerrero Z8§
Garc? a, H. K., & Evia L:-pez, B. (2022) . Bi oenerget
Caribbean: The determination of thalorific value and washing mechanism. AIMS Energy, 10(1)635
https://doi.org/10.3934/energy.2022003

SosaGutierrez, R., Jouanno, J. & Berline, L. 20Zargassunmaccumulation and transport by mesoscale eddies.
EGUsphere2025:113.

SosaGutierrez, R., Jouanno, J., Berline, L., Descloitres, J. & Chevalier, C. 2022. Impact of tropical cyclones on pelagic
SargassumGeophysical Research Lette#9:€2021GL097484.

Speede, R., Alleyne, K. & Cox,-3.L. 2024. Innovations foBargassumesiliencelDB Publications

Széchy, M.T.M.D., Guedes, P.M., Badlaves, M.H. & Oliveira, E.N. 2012. Verification oSargassum
natangLinnaeus) Gaillon (Heterokontophyta: Phaeophyceae) from the Sargasso Sea off the coast of Brazil,
western Atlantic Ocearl. 8:638.

TejadaTejada, P., RodrigueRodriguez, Y., Rodriguez De Francisco, L.E., Pddrodomo, O. & Boluda, C.J. 2021.

Lead, chromium, nickel, copper and zinc levelSamgassurspecies reached the coasts of Dominican Republic
during 2019: A preliminary evaluation for the use of algal biomass as fertilizer and animal féedimgjogia
y ciencias del agudl2:124 63.

Teyssier, M., Desrosiers, C., Hellio, C., & Kerninon, F. (2025). Assessing sargassum pressure on coastal habitats using
a spatial and temporal approach at the territorial sc&eological Indicators 171, 113211.
https://doi.org/10.1016/j.ecolind.2025.113211

Theirlynck, T., Mendonga, I.R.W., Engelen, A.H., Bolhuis, H., Coliafides, L., van Tussenbroek, B.l., Garcia
Sanchez, M. et al. 2023. Diversity of the holopela§argassunmicrobiome from the Great Atlantic

Sargassum Belt to coastal stranding locatibtasmful Algae 122:102369.

White Paper - Navigating the Sargassum Crisis
96



Integration and Synthesis: The Sargassum Phenomenon

Thomas, B. & Cumberbatch, J. 2024. Giving Voice to the Invisible Through the Use of Participatory Videos to
Communicate Communitievel Vulnerability to Pelagi®argassunnfluxes in the Eastern Caribbedournal
of Participatory Research Methads.

Tomenchok L.E., AbdootGhany, A.A., Elmir, S.M., Gidley, M.L., Sinigalliano, C.D. & Sefgabriele, H.M. 2021.
Trends in regional enterococci levels at marine beaches and correlations with environmental, global oceanic
changes, community populations, and wastewaténastructure. Science of The Total Environment
793:148641.

Tonon, T., Machado, C.B., Webber, M., Webber, D., Smith, J., Pilsbury, A., Cicéron, F. et al. 2022. Biochemical and
elemental composition of pelaggargassunbiomass harvested across the CaribbBagcology 2:204 15.

TorresConde, E.G. & Martinebaranas, B. 2020. Analisis espatémporal y oceanogréafico de las arribazones de
Sargassum Pelagico en las playas del este de La HabanaR€vista de Investigaciones Marind$:23 41.

TorresConde, E.G. 2022. Is simultaneous arrival of pel&pacgassunmand Physalia physalia new threat to the
Atlantic coastsEstuarine, Coastal and Shelf Scien2@5:107971.

TorresConde, E.G., MartineParanas, B. & Prieto, L. 2021. The Havana littoral, an area of distributidPhfgsalia
physalisin the Atlantic OcearRegional Studies in Marine Scienée:101752.

Trinanes, J., Putman ,N.F., Goni ,G., Hu ,C. & and Wang, M. 2023. Monitoring p8kagjassuninundationpotential
for coastal communitiegournal of Operational Oceanography6:48 59.

United Nations. (1982). United Nations Convention on the Law of the Sea (UNCLOS).
https://www.un.org/depts/los/convention_agreements/texts/unclos/unclos_e.pdf

United Nations Environment Programme€aribbean Environment Programme (2021). Sargassum WhiteiPaper
Turning the crisis into an opportunity. Ninth Meeting of the Scientific and Technical Advisory Committee
(STAC) to the Protocol Concerning Specially PregecAreas and Wildlife (SPAW) in the Wider Caribbean
Region. Kingston, Jamaica.

United Nations Environmental Programme. (2025). Proposal for a Cartagena Convention Established Working Group
on Sargassum. UNEP(DEPI) CAR 1G.49/INF.14

University of South Florida Optical Oceanography Lab, 2025. Sargassum Watch Bulletin.
https://optics.marine.usf.edu/projects/saws.html

Uribe-Martinez, A., BerrieBueno, D., Chavez, V., Cuevas, E., Almeida, K.L., Fontes, J.V.H., Van Tussenbroek, B.I.
et al. 2022. Multiscale distribution patterns of pelagic rafts of sarg&mggssunspp.) in the Mexican
Caribbean (20142020).Frontiers in Marine Science:920339.

US EPA, O. 2023a. Sargassum Inundation Events (SIEs): Impacts on Human Health. Available At:
https://lwww.epa.gov/habs/sargassiumandatioreventssiesimpactshumanhealth (last accessed April 9,
2025).

US EPA, O. 2023b. Management Methods f&argassum Inundation Events (SIEs). Available At:
https://lwww.epa.gov/habs/managemamdthodssargassunanundationreventssies (last accessed January 29,
2025).

Valdés, C. E., Gonzalez, M. H., & Lee, R. L. (2025). Condiciones oceanicas favorables para el arribo de sargazos a las
costas cubanaRevista Cubana de Meteorolog8i(1), 1i 10. https://ctid.com/2377/v31nlel2

Valentini, N. & Balouin, Y. 2020. Assessment of a SmartphBased Camera System for Coastal Image Segmentation
andSargassunmonitoring.Journal of Marine Science and Engineeri8g23.

van der Plank, S., Cox,-8., Cumberbatch, J., Mahon, R., Thomas, B., Tompkins, E.L. & Corbett, J. 2022. Polycentric
governance, coordination and capacity: The caseSafgassuminfluxes in the CaribbeanCoastal
Management50:285 305.

White Paper - Navigating the Sargassum Crisis
97


https://optics.marine.usf.edu/projects/saws.html

Integration and Synthesis: The Sargassum Phenomenon

van der Plank, S., Cumberbatch, J., Thomas, B., Corbett, J. & Tompkins, E.L. 2025. Analysis oftime nglahses of
adaptation through the lens of an emergent R&dtgassunmadaptation policy analysis in the Caribbean.
Phycology 5:2.

van Sebille, E., Zettler, E., Wienders, N., Amatattler, L., Elipot, S. & Lumpkin, R. 2021. Dispersion of surface
drifters in the Tropical Atlantid=rontiers in Marine Science’.

van Tussenbroek, B.I., Hernandez Arana, H.A., RodrigMietinez, R.E., EspinozAvalos, J., CanizaleElores, H.M.,
GonzélezGodoy, C.E., Barb&antos, M.G. et al. 2017. Severe impacts of brown tides causgarpgssum
spp. on neashore Caribbean seagrass communitiéarine Pollution Bulletin 122:27281.

V8squez EI i zon d-Delfin, E.. &MRobledd/ Pz 2p24e Growth and photosynthetic physiology of
holopelagicSargassuniPhaeophyceae) under laboratory condititig/cological Research

VazquezDelfin, E., FreilePelegrin, Y., SalazgBaribay, A., ServierZaragoza, E., MéndeRodriguez, L.C. &
Robledo, D. 2021. Species composition and chemical characterizat®argdssumnflux at six different
locations along the Mexican Caribbean co&stence of The Total Environmen95:148852.

VéazquezDelfin, E., GalindeDe Santiago, C., Pared€hi, A., RiosVazquez, A., Benavidelsahnstein, A., Khatun, K.

& Brodie, J. 2024. Marine macrophyte strandings in the Yucatan peninsula: Citizen science as a potential tool
for long-term monitoring Aquatic Botany190:103728.

Vital, V., Brown, M., Galloway, J., Egan, K. & Martinez, F. 2024. Nearsls@aegassunmanagement: policy analysis
and agency gaps assessment.

Wang, M. & Hu, C. 2016. Mapping and quantifyiBgrgassundistribution and coverage in the Central West Atlantic
using MODIS observation®emote Sensing of Environmet3:35067.

Wang, M. & Hu, C. 2021. Satellite remote sensing of pel&gigassunmacroalgae: The power of high resolution and
deep learningRemote Sensing of Environme264:112631.

Wang, M., Hu, C., Barnes, B.B., Mitchum, G., Lapointe, B. & Montoya, J.P. 2019. The Great ABargassunBelt.
Science365:83 7.

Wang, M., Hu, C., Cannizzaro, J., English, D., Han, X., Naar, D., Lapointe, B. et al. 2018. Remote S&@miggssium
biomass, nutrients, and pigmer@eophysical Research Lettedb.

Webster, R.K. 2013. Development and implementation of Sargassum early advisory system (SEAS). 81.

WECAFC (2023). Report of the nineteenth session of the Western Central Atlantic Fishery Commission, Bridgetown,
Barbados and virtual sessiorii 8 September 2023. FAO Fisheries and
and Agriculture Organization of the Unitéthtions, Rome, Italy. https://doi.org/10.4060/cd2922t

Wernberg, T., Thomsen, M.S., Connell, S.D., Russell, B.D., Waters, J.M., Zuccarello, G.C., Kraft, G.T. et al. 2013. The
footprint of continentakcale ocean currents on the biogeography of seawiedS. One8:e80168.

Williams, A. & Feagin, R. 2010Sargassumas a natural solution to enhance dune plant grottivironmental
Management46:738 47.

Winge, O. 1923. The Sargasso Sea, its boundaries and vegetation. Report on the Danish Oceanographical Expeditions
190810 to the Mediterranean and Adjacent Seas.

Wisser, D., Fekete, B.M., Vérosmarty, C.J. & Schumann, A.H. 2010. Reconstructing 20th century global hydrography:
a contribution to the Global Terrestrial NetweHkydrology (GTNH). Hydrology and Earth System Sciences
14:1i 24.

Yaw Atiglo, D., JaysorQuashigah, PN., Sowah, W., Tompkins, E.L. & Addo, K.A. 2024. Misperception of drivers of
risk alters willingness to adapt in the case of sargassum influxes in West &fobal Environmental Change
84:102779.

White Paper - Navigating the Sargassum Crisis
98



Integration and Synthesis: The Sargassum Phenomenon

Zhang, Y., Barnes, B.B., McGillicuddy Jr., D.J. & Hu, C. 202Sargassunenrichment in mesoscale eddies of the
Great AtlanticSargassunBelt. Geophysical Research LetteE2:e2025GL114601.

Zhang, Y., Barnes, B. B., Goodwin, D. S., Siuda, A. N. S., Schell, J. M., McGillicuddy, D. J., Lapointe, B. E., Qi, L., &
Hu, C. (2025b). Dramatic decline of Sargassum in the north Sargasso Sea sindda20fb Geoscienge
18(12), 12661272. https://doi.org/10.1038/s415625-018635

Zufiga, P., Riley, W., Waters, R., Johnson, G., Greer, L. & Wirth, K.R. 2019. Browning of the golden tide: Impacts of
accumulatedsargassunon sea water quality in Ambergris Caye, Belia&U Fall Meeting Abstracts, San
Francisco, CA

White Paper - Navigating the Sargassum Crisis

99



Integration and Synthesis: The Sargassum Phenomenon

Appendix A

Abbreviations
AFAI: Alternative Floating Algae Index

FAl: Floating Algae Index

GASB: Great Atlantic Sargassum Belt

HAB: Harmful Algal Blooms

HYCOM: Hybrid Coordinate Ocean Model

ITCZ: Intertropical Convergence Zone

MCI: Maximum Chlorophyll Index

MERIS: Medium Resolution Imaging Spectrometer
NERR: North Equatorial Recirculation Region
SST: Sea Surface Temperature

VIIRS: Visible Infrared Imaging Radiometer Suite
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Appendix B

Glossary

Biofuels: renewable fuels made from organic materials (algae, plants, animal fats, etc.)
Bioplastics: plastics derived from renewable sources, like plants, rather than petroleum.

Bioremediation: the process of using microorganisms, such as bacteria, to clean up contaminated soil

and groundwater

Biosorption: a method that utilizes biological substances to extract contaminants from water and other

solutions
Bycatch: the unwanted capture of marine creatures during commercial fishing for other species
Elastic: ability of a material to deform under stress and then return to its original shape.

Intertropical Convergence Zone (ITCZ): itis a band of low pressure near the equator, where northeast

and southeast trade winds converge, affecting wind, current, and wave activity in its elastic region.
Holopelagic: to spend the entire lifecycle in the open sea

HYCOM (Hybrid Coordinate Ocean Model): simulate largescale ocean currents affecting sargassum

transport

Hypoxia: the dissolved oxygen levels in a body of water are too low to support the majority of aquatic

life
Inertia: the tendency of an object to resist changes in its velocity.

Lagrangian models: predict the movement of floating particles by integrating windage, waves, and

current data

Particle Tracking: Vi rtual si mul ation of the release of ¢

over time
Stokes drift: movement induced by waves.

Windage: influence of partial winds on sargassum mats
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Appendix C

Methodology Used to Conduct Systematic Review

Five databases were used to identify and analyze empirical published research papers focused o
pelagic species @dargassunin the Atlantic: Web of Science, Scopus, ScienceDirect, Google Scholar,
and PubMed. The systematic review was conducted following the Preferred Reporting Items for
Systematic Reviews and Mefmalyses (PRISMA) guidelines. A broad literature search waduziad
in each database using the search query design and keywords shown in Table C1 below to filtel
publications solely focused atetailing aspects of pelag®argassunin the Atlantic. Keywords were
used to search published articles' titles, keywords, and abstract sections. Search results were restricte
to research articles published in English, Spanish, or Portuguese between January 2011 and Septemt
2025. The initihsearch contained 2,845 publications. A further systematic review of the literature was
conducted using the filtering processes outlined in Figure C1 (shown below) to ensure the removal of
duplicates and to ensure ththe evidence was focused on pelagic specieSanfjassunwithin the
Atlantic. Eligibility assessments based on criteria detailed in Table C1 were performed independently in
an unblinded standardized manner by two reviewers. Disagreements between reviewers were resolve
by discussion between the two reviewefsid agreement could be reached, a third reviewer was used.
There were 685 publications selected for pel&@pegassumn the Atlantic in our initial review. A
secondary filter was applied to thigliection to determine the state of the research conducted since the
onset of the 2011 bloom. The final analysis contained approximately 554 published articles which are

listed in Appendix D.
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“pelagic Sargassum” OR “Sargassum fluitans” OR “Sargassum natans”
AND Atlantic

!

Web of . . Elsevier Google
3 ScienceDirect
Science Scopus Scholar

[ Keywaords applied to search: ]

PubMed

Documents
Documents Documents Documents Documents returned:
returned: returned: returned: returned: n=46
n=484 n=836 n=198 n=1,281

=
2
=
@
(3]
=
-
c
]
T

Total: 2,845 publications

__ Duplicates removed
n=774

Number of full-text articles
screened
n=2,071

Screening

_ — — —] Primary exclusion criteria used to filter
(see Table 1)

Number of full-text articles

screened

Eligibility

Publications
- — ——| Secondary exclusion criteria used tofilter | _ _|  excluded
(see Table 1) n=131
Publications
identified:
n=554

Figure C1. Flow diagram detailing article selection process for scientific systematic review
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Table C1.Criteria of inclusion and exclusion used to filter and select eligible published articles for

scientific systematic review presented within this review.

*Important note: Although the included articles listed here were selected following standard scientific
review protocols, certain excluded mate@alsuch as papers published before 2011, topical review

articles, and gray literature (e.g., governmental regbmsy still becited within the text to ensure that

the broader state of research is accurately represented.
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