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The year 2021 marked a decade of holopelagic sargassum (morphotypes Sargassum
natans 1 and VIII, and Sargassum fluitans 111) stranding on the Caribbean and West
African coasts. Beaching of millions of tons of sargassum negatively impacts coastal eco-
systems, economies, and human health. Additionally, the La Soufriére volcano erupted in
St. Vincent in April 2021, at the start of the sargassum season. We investigated potential
monthly variations in morphotype abundance and biomass composition of sargassum
harvested in Jamaica and assessed the influence of processing methods (shade-drying vs.
frozen samples) and of volcanic ash exposure on biochemical and elemental components.
S. fluitans 111 was the most abundant morphotype across the year. Limited monthly var-
iations were observed for key brown algal components (phlorotannins, fucoxanthin, and
alginate). Shade-drying did not significantly alter the contents of proteins but affected
levels of phlorotannins, fucoxanthin, mannitol, and alginate. Simulation of sargassum
and volcanic ash drift combined with age statistics suggested that sargassum potentially
shared the surface layer with ash for ~50 d, approximately 100 d before stranding in
Jamaica. Integrated elemental analysis of volcanic ash, ambient seawater, and sargassum
biomass showed that algae harvested from August had accumulated P, Al, Fe, Mn, Zn,
and Ni, probably from the ash, and contained less As. This ash fingerprint confirmed the
geographical origin and drift timescale of sargassum. Since environmental conditions
and processing methods influence biomass composition, efforts should continue to
improve understanding, forecasting, monitoring, and valorizing sargassum, particularly
as strandings of sargassum show no sign of abating.

algal blooms | biochemical composition | elemental composition | processing | volcanic ash

Opver the last two decades, there has been an increasing number of reports describing
seaweed (macroalgae) invasions and blooms affecting coastal environments and popula-
tions worldwide (1). These seaweed events have become more frequent and impactful as
the Anthropocene unfolds, with no sign of abating. They have a wide impact on coastal
biodiversity and communities and can exacerbate important socioeconomic and health
problems (2). One example of recent and now recurrent seaweed bloom events is the Great
Atlantic Sargassum Belt (GASB) (3), caused by floating mats of holopelagic sargassum
species (brown algae). Since 2011, annual stranding of millions of tons of sargassum
biomass has become a new normal in the Caribbean and West Africa (4). Several hypoth-
eses have been suggested to explain the emergence and recurrence of these sargassum
events, including physical (5) and chemical (6) drivers associated with climate change and
variability across the Tropical Adantic (7).

This holopelagic sargassum (referred to as sargassum hereinafter) biomass is formed by
assemblage of the morphotypes Sargassum natans1, S. natans V111, and Sargassum fluitans
I1I (8, 9). It represents an important element in carbon cycling and sequestration at the
local scale (10). In the initial years of sargassum events, the stranded biomass was seen as
a waste and most of it was discarded in landfills. However, in recent years, several directions
have been explored for its valorization (11), including the production of bioenergy as
liquid fuels (12, 13) and biogas (14-16), bioremediation (17), and for soil amelioration
(18, 19). Sargassum events are still considered an emergent risk (20), and progress has
been made regarding governance and management policies (21). One of the important
parameters to consider for the implementation of valorization through industrial processes
is potential changes in biomass composition depending on processing methods, as feed-
stock needs to be stabilized before subsequent uses. In line with this, we have previously
explored the impact of sample processing (frozen vs. sun-dried sargassum) using biomass
harvested during the summer 2020 in Jamaica (22). This study showed that this aspect
of the valorization chain had a significant impact on some of the key biochemical com-
pounds of the sargassum biomass that are also important for the support of its commercial
applications, including alginate, fucoxanthin, and phenolics. Another potential issue is
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the consistency of the feedstock and potential seasonal variations
(23). Stable value chains require predictable inputs of biomass
combined with a high content of the desired constituents, e.g.,
alginates that can be used as thickening agents in different indus-
tries, or bioactive compounds (e.g. fucoxanthin) that can be used
in functional food (nutraceuticals) or in cosmetics. The
EU-Roadmap for the blue economy reported that the seasonal
variation in biomass composition is a characteristic of seaweeds
that can affect the scalability of production and the logistical pro-
cesses (24). In the last few years, there have been increasing reports
on seasonal variations of the biochemical (25-27) and elemental
(28-30) composition of sargassum, as well as on seasonal changes
in the morphotype abundance (31-35).

Our focus here is on the 2021 sargassum season, during which
a substantial bloom was evident across the Equatorial Atlantic
from spring. This bloom was potentially exposed to the major
eruption of La Soufriere volcano, located on the island of St
Vincent, which persisted for around ten days from 9th of April
2021. The eruption produced an extensive plume at high altitude
that dispersed and deposited ash eastward, as predicted in previous
atmospheric simulations (36) and subsequently observed through
April 2021 (37). Considering the transport pathways of sargassum,
the ash deposition pattern had the potential to impact Caribbean-
bound sargassum. Volcanic ash fertilization of the surface ocean
has previously been observed in situ in the iron-limited extratrop-
ics in the northeast Pacific following eruption of the Kasatochi
volcano in the Aleutian island-arc in August 2008 (38), and in
the subpolar North Adlantic after the spring 2010 Eyjafjallajokull
volcanic eruption in Iceland (39). These natural fertilization events
were associated with massive and temporary increase of phyto-
plankton biomass. However, no study has as yet investigated the
potential impact of volcanic ash on the biochemical and elemental
composition of floating seaweeds.

In this context, the current study had three main objectives: i)
to investigate potential seasonal changes in the morphotype abun-
dance as well as in the biochemical and elemental composition of
beached sargassum; ii) to assess how the processing of seaweed
may affect the consistency of the feedstock; iii) to determine
whether sargassum mats have been in contact with volcanic ash
and how this may have influenced their biochemical and elemental
composition.

Results

Satellite Observations at the Regional Scale. Areas ofsargassum
over the annual cycle were aggregated for eight selected subregions
by sampling FA_density data (Fig. 1). The three subregions of
the Central Adantic (Fig. 1 A-C) follow previous analysis (5)
and were motivated by broad separation of dynamical regimes.
The East Caribbean region is split into East, Central, and West
subregions (Fig. 1 D-F). The north and south of Jamaica (Fig. 1 G
and H) were separately considered following a previous forecasting
approach (40). Data for 2021 are plotted with the thick lines,
alongside corresponding data for 2011 to 2020 (thin lines), to
indicate when and where sargassum in 2021 was exceptionally
extensive. We additionally indicate (with green shading) the 10-d
duration of the La Soufriére eruption (9 to 18 April).

We remark here on some general features of the 2021 area
coverage, relative to the previous years of extensive sargassum.
First, we note that the period of eruption coincided with a sub-
stantial reduction in sargassum area detected in the Western
Tropical North Atlantic (Fig. 1C). This was likely a consequence
of reduced visibility, consistent with the widespread extent of ash
particles in the atmosphere to the east of La Soufri¢re volcano.

https://doi.org/10.1073/pnas.2312173121

Following this period of reduced visibility, areas of sargassum sub-
stantially increased in the upstream Central Equatorial North
Adantic (Fig. 1A4), to an extent that exceeds all previous years over
days 115 to 125 (late April to early May). Sargassum area in the
Western Tropical North Adantic likewise increased at this time to
alevel exceeded only in 2018, leading to record mid-summer 2021
peaks through days 150 to 155 (early June) and days 175 to 205
(late June to late July).

Turning attention to the Caribbean, we note that sargassum
area remained exceptionally high late into the summer of 2021,
reaching and sustaining record levels over days 215 to 275 (August
to September) in the East sector (Fig. 1D), most notably over days
240 to 275 (September) in the Central sector (Fig. 1£), and to a
lesser extent in the western sector (Fig. 1F). Of consequence for
beaching around Jamaica (Fig. 1 G and H), areas of sargassum
were relatively high through late summer, more remarkably for
the southern sector, where areas exceeded previous records over
days 250 to 270 (most of September). Noting the progressively
later timing of excessive sargassum areas, and moving from the
Central Atlantic, across the Caribbean, to the Jamaican region,
we have considered below the associated advective timescale for
drifting sargassum, based on simulated forward trajectories from
the vicinity of volcanic ash deposition and backward trajectories
from the vicinity of Jamaica.

Simulating Drift of Sargassum and Volcanic Ash. To examine
the possible influence of volcanic ash on sargassum across the
Caribbean region during spring and summer of 2021, their
potential common drift timescales and pathways were evaluated.
By comparing the likely trajectories of ash and sargassum, we
assessed the extent to which specific elements associated with the
volcanic ash would have been available to the floating biomass,
hence potentially influencing the biochemical and elemental
composition of the floating seaweeds. Of importance was the
likely difference between the timescales and pathways due to ash
moving with the seawater, while exposed sargassum moves also
in response to surface winds; this should lead to a natural and
progressive downstream divergence of ash and sargassum.

We first considered ash deposition over an idealized triangular area,
based on observed dispersal of the plume (37), extending from
St. Vincent eastward to 50°W at 14°N and progressively southward
to 6°N (at 50°W). We seeded this area with particles in constant
concentration, added over 5 d. From this triangular area, we forward-
tracked both “sargassum particles,” based on an initial distribution in
early April 2021, subject to 1% windage, and “ash particles,” identi-
cally distributed but drifting with surface currents only. All particles
were tracked for 180 d, sampling currents and winds for a represent-
ative model hindcast year (1988). In Fig. 2, we showed the fractional
coverage and age statistics for the “sargassum” and “ash” particles.
‘There was a notable divergence of pathways, with advection of sar-
gassum particles that is more westward (Fig. 2C) compared to the
north—-westward advection of ash particles (Fig. 24). Combined with
the age statistics (Fig. 2 B and D), we evaluated a timescale of ~50 d
over which sargassum “shared” the surface layer with ash, assuming
this to remain present on the same timescale.

To further evaluate the provenance of sargassum reaching
Jamaica in late summer, we backtracked particles from this loca-
tion and time, obtaining the statistics shown in Fig. 3. The distri-
bution of fractional presence in Fig. 34 clearly reveals a primary
pathway via the western boundary current system, from the equa-
torial Adantic and through the Caribbean. The drift timescale
from Barbados to Jamaica was around 100 d, considering the
upstream flow located south of Barbados (Fig. 3B). This pathway
and timescale could be further related to the potential upstream
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Fig. 1. Regionally aggregated areas (km?)
of sargassum: (A) Central Equatorial North
Atlantic; (B) Central Tropical North Atlantic;
(0) West Tropical North Atlantic; (D) East
Caribbean-East; (E) East Caribbean-Central;
(F) East Caribbean-West; (G) North of Jamaica;
(H) South of Jamaica. Thick curves indicate

influence of ash fallout from La Soufri¢re volcano, as the particles
were backtracked from August. Considering the broad region from
the Lesser Antilles to the equatorial zone, mean age in the range
0f 90 to 120 d indicated that particles arriving off east Jamaica in
early August transited this region between early April and early
May. Given the eastward dispersion and deposition of ash across
the same region, we suggest that the sargassum arriving east of
Jamaica in early August was likely exposed to ash fallout.

We further noted high fractional presence to the north of
Jamaica, with age (days prior to arrival) increasing to the west,
indicating that some of the particles (hence sargassum) arriving
off east Jamaica may have arrived via a longer and hence slower
clockwise round-island flow. These particles drift westward to the
south of Jamaica, almost reaching the Yucatan Channel before
returning to the east. This alternative pathway provided additional

PNAS 2024 Vol.121 No.23 2312173121

2021, thin curves indicate 2011 to 2020,
and green shading indicates the timing and
duration of the major La Soufriére eruption
(9 to 18 April). In G and H, red vertical lines
indicate the timing of beach sampling over
May-October in the south of Jamaica.

context for drift timescale, and the extent to which sargassum may
have been subject to ash fallout, if located east of the Lesser Antilles
prior to the eruption of La Soufri¢re.

Changes in Morphotype Abundance within Sargassum Biomass
Harvested in Jamaica. Sargassum mats present in the Equatorial
Tropical Adantic Ocean are formed by the aggregation of two
different species represented by three distinct morphotypes:
S. natans1, S. natans V111, and S. fluitans I11. So far, no investigation
of potential variations of abundance of these morphotypes across
a full year of inundations events in Jamaica has been conducted.
Ovur data showed clear and significant changes in the abundance of
the three identified morphotypes throughout the year 2021 (Fig. 4
and Dataset S1 A-C). S. fluitans 111 was the most abundant species
in all samples analyzed, with values ranging between 59 and 86%

https://doi.org/10.1073/pnas.2312173121 3 of 12
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Fig. 2. Statistics of simulated 180-d forward trajectories from the triangular area representative of volcanic ash deposition in early April: (A) fractional presence
and (B) mean age, drifting with surface currents only (simulating ash dispersal); (C) fractional presence and (D) mean age, drifting with surface currents and

subject to 1% windage (simulating sargassum dispersal).

of the biomass DW. Quantities of S. natans fluctuated significantly
with S. natans I being the most abundant of the two morphotypes
all year round (13 to 32% of biomass DW). S. natans VIII was less
abundant at the end of the 2021 season, with up to 10% biomass

A from east of Jamaica; Iogm(fraction)

0
-100 -90 -80 -70 -60 -50 -40

0
-100 -90 -80 -70 -60 -50 -40

Fig. 3. Statistics of simulated 120-d backward trajectories for August released
over 1988 to 2010 off east Jamaica (white circle): (A) fractional presence; (B) mean
age (days before arrival off Jamaica). St Vincent is indicated with a red circle.
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DW in September and October. Profiles were very similar between
May and October, June and September, and July and August.

Elemental Composition of La Soufriére Volcanic Ash and
Potential Influence of Ash Exposure on Floating Sargassum.
Composition of two samples of ash that had fallen on Barbados
on the 11th and 13¢th April 2021 during the main deposition event
of the La Soufriere volcanic eruption was analyzed. Elemental
content in both samples was very similar, with Al, Ca, Fe, Na,
and Mg being the most abundant elements with amounts above
15,000 ppm (Table 1).

While macroalgae elsewhere in the tropics have been demonstrated
to be iron-limited (41), it is long established that S. natans and
S. fluitans in the western North Atlantic are phosphorus-limited (42),
with iron-limitation not examined. The cumulative deposition of vol-
canic ash during April may have raised the local concentrations of iron
and phosphorus substantially above background levels, and these ele-
ments could have been assimilated by floating sargassum. To test this
hypothesis, we considered background elemental concentrations in
seawater across the region of interest and available from the eGE-
OTRACES Electronic Adas (https://www.geotraces.org/geotraces-
intermediate-data-product-2021/) for the Western Atlantic GA02
section (43). Taking phosphate as an example, we noted from cli-
matology that dissolved i 1norgan1c phosphate in the upper ocean was
well below 0.5 pmol kg seawater in the region during April (44)
This corresponded to a background concentration of 0.5 pmol kg™
seawater of phosphorus. We then proceeded to estimate the implied
concentration of phosphorus associated with ash in seawater.

Taking a representative deposition depth of 1 cm of ash across a
broad area with a deposit density of 1,200 kg m™ % (36), and a mean
(averaging BM1 and BM2) phosphorus content of 515 ppm
(Table 2), we obtained an integral phosphorus flux (over the dep—
osition timescale) of 0.01 x 1,200 x 515/10° = 0.00618 kg m”
Assuming rapid mixing throughout an April surface mixed layer in
this region with representative thickness 50 m (45), this corresponds

pnas.org
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to a seawater phosphorus concentration of 1.236 x 10~ kg m™?, or
0.1236 g m . Taking the molar mass of phosphorus (1 mol =30.97
g), we obtain a concentratlon 0f0.00399 mol m™; takmg seawater
density 1,023 kg m™, this amounts to 3. 90 x 107 mol kg™ of
phosphorus in seawater, or 3.90 pmol kg™ for direct comparison
with climatology (maximum 0.5 umol kg 1. A minimum enrich-
ment factor was thus estimated at 7.8. We concluded that the cumu-
lative deposition of volcanic ash during April may have raised the

Table 1. Elemental composition of ash collected in
Barbados on the 11th (BM1) and the 13th (BM2) of April
2021, Only shown are elements with content >10 ppm
and As. The mean £ SD is reported for each measurement

Elements BM1 BM2

Al 88,359.87 + 599.84 86,944.36 + 1,436.78
Ca 62,171.10 £ 329.44 61,261.41 + 509.27
Fe 51,005.63 + 1,884.46 48,450.25 + 784.88
Na 24,050.41 + 245.12 24,770.91 + 178.63
Mg 20,435.85 + 518.77 17,673.39 + 350.84
Ti 4,848.69 + 169.45 4,824.63 + 49.00
K 3,722.97 +97.436 3,963.50 + 40.11
Mn 1,152.47 + 20.79 1,106.06 + 8.36

P 495.80+12.13 533.75+3.30
Sr 216.56 + 1.09 220.65+3.16

Vv 195.36 £ 15.10 177.61 £4.43
Ba 104.68 £2.22 112.59+1.44
Cu 83.75+0.70 93.60 £ 6.12
Zn 81.48 £2.10 76.06 + 0.85
r 73.68 £ 2.60 78.45 +0.83
Cr 34.25 +5.82 28.78 £ 0.84
Sc 26.65 + 0.59 24,78+ 0.04

\% 22.96 £ 0.44 24.25 +0.25
Co 17.79+£0.74 16.11+£0.18
Ni 14.66 + 0.836 12.32+0.27
Ce 12.35+0.28 13.27+£0.12
Rb 9.99 + 0.30 10.77 £0.13
As 1.23+0.04 1.35+0.03
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September

of statistical analysis, including of the post hoc test, are

October provided in Dataset S1 A-C.

local concentration of phosphorus in the upper ocean by (at least)
almost an order of magnitude above background levels. Repeating
this for the other trace elements measured in ash and available from
the e GEOTRACES atlas, we summarize the estimated mixed layer
concentrations for Al, Fe, Mn, B, Zn, Co, and Ni in Table 2. On
the basis of these estimates, it appears that the highest potential
seawater enrichment was in Fe and Al, for which concentrations
increased over background levels by four to five orders of magnitude;
Mn and Co were enriched by three to four orders of magnitude,
followed by Zn and Ni. Whether such enrichment levels are con-
sequential for sargassum depends on both the utility and bioavail-
ability of these elements. To the extent that the elements are
assimilated into growing sargassum and biologically inert, they can
provide information on an upstream encounter with the ash fallout,
and thus inform on the geographical origin and drift timescale of
floating sargassum, as considered in the next section.

Elemental Composition of Stranding Sargassum Samples. We
performed principal component analysis (PCA) to visualize
the elemental content of sargassum after different processing
methods and across a full season of beaching. Cluster analysis
supported the separation of the samples into two clusters, one
corresponding to those harvested in May (F/frozen and S/shade-
dried), June (F and S), July (F and S), and August (S) (cluster 1),
and the other grouping samples collected in August (F), September
(Fand S), and October (F and S) (cluster 2) (S Appendix, Fig. S1).
No clear distinction was observed based on the method used for the
processing of the samples, while discrimination was mainly supported
by the month of sampling. Most of the variance (PC1 = 39.6%) was
attributed to sampling before or after August, likely to be considered
as a transition month during the year 2021. Separation along PC1
was related to differences in the content of K, As, and Na in the
cluster 1 direction, and of Al, Ni, and Th in the cluster 2 direction.
Within this latter cluster, the variance in PC2 direction (16.7%)
supported the separation between samples harvested in September (F
and S) and those collected in October (F and S) and August (F) and
was mainly due to the differences in the content of Ba and Mn for
the September direction, and of Ca, Mg, Tl in the August direction.

To complete this analysis, a more thorough assessment of the
results was conducted. Only the main observations are reported
here, and a more exhaustive description of these results, including
p-values obtained by two-way ANOVA followed by the post hoc
Holm-Sidak test, is given in S/ Appendix, Text. Analysis of the

elemental composition of sargassum showed significant differences

https://doi.org/10.1073/pnas.2312173121
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Table2. Measured seawater and ash concentrations and estimated enrichment factors for seven selected
elements determined in both ash and sargassum, and available in the eGEOTRACES atlas for samples collected
along section GA02 (https://www.geotraces.org/geotraces-intermediate-data-product-2021/)

Measured mean
GEOTRACES concentration in

concentration in volcanic

Estimated concentration in

mixed layer after ash Estimated seawater

Elements the surface mixed layer (1) ash (ppm) exposure (2) enrichment factor (2)/(1)
Al ~30 nmol kg™ 87,652 760 umol kg ™. ~25x10*

Fe ~0.5 nmol kg™’ 49,728 209 pmol kg™’ ~42%x10°

Mn ~2 nmol kg™’ 1,129 4.82 umol kg™’ ~2,410

p < 0.5 umol kg™ 515 3.90 ymol kg™ 7.8 (minimum)

7n < 0.5 nmol kg™’ 79 0.283 pmol kg™’ 567 (minimum)

Co ~30 pmol kg™ 17 0.142 pmol kg™ ~4,700

Ni ~2 nmol kg™’ 13.5 0.054 pmol kg™ ~27

in the total element content between frozen (170,069.34 +
15,657.24 to 192,629.45 + 1,608.91 ppm) and shade-dried
(142,488.37 + 1,003.70 to 187,196.53 + 7,084.02 ppm) samples
(Dataset S2 A—C). This was clear when comparing samples col-
lected from July to October, in which the quantities of elements
were constantly lower in shade-dried compared to frozen samples.
When looking at monthly variations in total element content for
each type of sample, the only significant difference for the frozen
samples was observed between October and September. However,
among the shade-dried samples, more statistically supported dif-
ferences were found: Higher content of elements was quantified
in July compared with May and June and lower amounts in
September compared with all the other months except July.

A systematic examination of variations for individual elements
quantified in sargassum samples was then conducted (Fig. 5). We
only considered those for which content was determined to be
higher than 1 ppm, so Se, Mo, Ag, Cd, Sb, T1, Pb, Th, U, and
Co were excluded. The most abundant elements found in seaweed
samples were K, Ca, Na, and Mg, with amounts above 10,000
ppm (Fig. 5A4). Although significant variations were determined
when comparing the influence of sample processing on the total
content of elements, when looking at elements individually, lim-
ited statistical support was observed for the influence of processing
methods, except for Na, Ca, and Ni. Based on this, and to improve
clarity in subsequent analysis, only key statistically supported sea-
sonal/monthly variations for the frozen samples will be described.

Similar variations were observed for K and Na, with higher amounts
in May and June, lower in August, and then an increase in September
and October (Fig. 54). For Ca, the opposite trend was observed and
content was higher in August compared to the other months. Among
the elements for which a potential enrichment of seawater by volcanic
ash was suggested, B, Fe, and Al were quantified in a similar range and
showed a similar pattern of variations (Fig. 5B). Higher contents were
detected in August, and, in most of the cases, remained high during
September and October, with values above those measured in July and
previous months. Similar results were observed for Mn (Fig. 5C). In
contrast, As content decreased between July and AugustSeptember.
Znwas not detected in sargassum harvested in May and June (Fig. 5D),
but was quantified in samples collected in July and August, with fur-
ther content increase in September—October. The content in Ni almost
doubled between June and August, remaining above 5 ppm afterward.
Similarly, higher levels of Cu and Ba were determined in September—
October compared to May and June.

Biochemical Composition of Sargassum after Different

Processing Methods and across a Full Season. PCA was used
to evaluate the potential influence of processing methods and

https://doi.org/10.1073/pnas.2312173121

potential seasonal variations on biochemical parameters known to
be important for the physiology of brown algae, as well as being
relevant for the valorization of this biomass. Two distinct clusters
were observed, one containing the frozen (F) samples, and the
other corresponding to the shade-dried (S) samples (S Appendix,
Fig. §2). This suggests that most of the variance (PC1 = 31.5%)
among the samples analyzed is due to the methods used to process
the samples, in contrast with what was observed for the elemental
composition of the same samples. The separation between the
two clusters was due to differences between several parameters,
including alginate_mono that corresponds to the percentage
of the total sugars accounted for by alginate (mannuronic and
guluronic acid), the content of fucoxanthin and phlorotannins in
the direction of the F samples, and by the moisture content and
the amounts of mannitol and glucose in the direction of the S
samples. No clear trend was associated with the second component
(PC2 = 28.6%), which was mainly supported by the differences in
the protein and ash contents in one direction, and by differences
in the amounts of several monosaccharides and uronic acids in
the opposite direction.

Building on these results, a more in-depth investigation of the
results was conducted, and the most relevant observations are
reported in this section. A more exhaustive description, including
p-values obtained by two-way ANOVA followed by the post hoc
Holm-Sidak test, is presented in SI Appendix, Text. Ash produced
from seaweed biomass represented 37 to 39% of the sargassum
DW in frozen samples and 33 to 40% in samples after shade-drying
(Fig. 64 and Dataset S3 A and B). Moisture accounted for 8 to
9% and 10 to 14% of biomass DW in frozen and shade-dried
samples, respectively (Fig. 64 and Dataset S3 A and C). Very lim-
ited differences were observed across the period of sampling and
between the sample processing methods for the ash and moisture
contents in the samples investigated.

Protein content ranged between 28 and 36 mg/g biomass DW
in frozen samples and 29 to 35 mg/g biomass DW in shade-dried
samples (Fig. 6B and Dataset S4 A and B). No significant differ-
ences in the amount of proteins were determined between the two
processing methods. A slight decrease in the amount of proteins
was observed in June compared to other months. Quantities of phe-
nolics were more variable and usually higher in the shade-dried (0.17
to 0.43 mg/g biomass DW) compared to the frozen samples (0.22
to 0.27 mg/g biomass DW) (Fig. 6C and Dataset S5 A and B).
Very limited seasonality was detected for this class of compounds.
Contents in phlorotannins were systematically lower in shade-dried
(0.11 t0 0.24 mg/g biomass DW) compared to frozen (0.22 t0 0.32
mg/g biomass DW) samples (Fig. 6C and Dataset S5 A and C).

Seasonal variations were observed only in the shade-dried samples,
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Fig. 5. Elemental composition of sargassum harvested in Jamaica across the 2021 sargassum inundation season. Samples were all frozen prior to analysis. For
ease of visualization, elements were grouped by panel according to concentrations in seaweed biomass: (A) very high, (B) high, (C) medium, (D) low. The mean + SD
is reported for each measurement. Results of statistical analysis, including of the post hoc test, are provided in Dataset S2 A-C.

in particular a higher content in September and October com-
pared to May, June, and July. The amounts of the pigment fucox-
anthin were significantly higher in frozen samples (743 to 1,130
ug/g biomass DW) compared to shade-dried samples (33 to 54
ug/g biomass DW) (Fig. 6D and Dataset S6 A and B). There were
also clear seasonal variations in the frozen samples with higher
contents in August, September, and October compared to June
and July, as suggested by PCA.

One of the trademarks of brown algae is the prevalence of
peculiar complex polysaccharides and their monosaccharide com-
position. The total content of monosaccharides ranged between
142 to 183 and 113 to 205 mg/g biomass DW in frozen and
shade-dried samples, respectively (Fig. 6E and Dataset S7 A-E).
No clear trend was identified when assessing the impact of pro-
cessing methods on the quantities of monosaccharides between
frozen and shade-dried samples. In addition, no statistically sup-
ported seasonal variations were observed when comparing all the
frozen samples. After shade-drying, only an increased amount of
monosaccharides in September was observed when compared to
all other months (except June). The most abundant monosaccha-
rides were the mannuronic (M) and guluronic (G) acids, which
are the subunits of the cell wall polysaccharide alginate. M content
ranged between 69 and 89 mg/g and between 43 and 87 mg/g of
biomass DW for the frozen and shade-dried samples respectively.
For G, a wider range was observed in shade-dried (15 to 36 mg/g
biomass DW) compared to frozen samples (31 to 37 mg/g biomass
DW). No specific trend was identified between the processing
methods for M, while higher amounts of G were quantified in
frozen compared to shade-dried sample (except for September).
No monthly differences in frozen samples were monitored for
both M and G. Variations were observed in shade-dried with
significant higher content of M and G in September compared

PNAS 2024 Vol.121 No.23 2312173121

to other months. Alginates accounted for 10 to 13% and 6 to
12% of the biomass DW in frozen and in shade-dried samples
respectively, with usually significantly higher % in frozen com-
pared to shade-dried samples. No statistically supported monthly
variations were noticed in the frozen samples. In contrast, the
shade-dried samples showed significant lower alginate % in May
and July compared to June and September. The M:G ratios ranged
between 2.17 and 2.41 for frozen samples, and 2.44 and 3.06 for
shade-dried samples (S7 Appendix, Fig. S3 and Dataset S7 B and E).
Values were systematically higher in shade-dried compared to
frozen samples, and no statistically supported monthly changes
were observed within frozen or shade-dried samples.

Fucose is also an important monosaccharide in brown algae as a
constituent (main chain or branching) of the fucose-containing sul-
fated polysaccharides that are a key component of the brown algal
cell. It represented between 14 and 18 mg/g biomass DW in frozen
samples, and 12 to 26 mg/g biomass DW in shade-dried samples.
Content of this monosaccharide was generally higher in the latter,
as statistically supported in June and September. Seasonal variations
were observed only in shade-dried samples, in particular when com-
paring September with all other months (except June). The polyol
(sugar alcohol) mannitol is a form of carbon storage produced from
photosynthesis and is also involved in the physiological response
triggered in brown algae under abiotic stress conditions. Higher
quantities were measured in shade-dried (13 to 18 mg/g biomass
DW) compared to frozen samples (2 to 14 mg/g biomass DW).
Differences were statistically supported for the months July,
September, and October. Seasonal variations were observed only in
frozen samples, with statistical support for comparison between
months with the lowest contents (July, September, October) and
those with the higher amounts (May and June). Glucose is found
in the cell wall polysaccharide cellulose and in the carbon storage
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polysaccharide laminarin. It accounted for 4 to 6 mg/g biomass DW
in frozen samples, and 3 to 10 mg/g biomass DW in shade-dried
samples. Amounts of glucose were frequently higher in shade-dried
samples, with significant differences for biomass harvested in May
and June. No monthly differences were identified in the frozen sam-
ples. However, more glucose was found in shade-dried samples in
May—June compared to July—August—September—October. Other
less abundant monosaccharides and uronic acids (galactose, xylose,

https://doi.org/10.1073/pnas.2312173121

B for panel D, and Dataset S7 A-E for panel E.

mannose, rhamnose, arabinose, glucuronic acid, and galacturonic

acid) are discussed in S7 Appendix, Text.

Potential Interactions between Biochemical and Elemental
Composition. To explore possible interplay between the content
of biochemical compounds and of elements, a correlation analysis
was conducted using results obtained for the frozen/freeze-dried
samples. Focusing on biochemical compounds, we found strong
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correlations between mannuronic acid, guluronic acid, glucuronic
acid, galacturonic acid, and mannose (S/ Appendix, Fig. S4).
Contents in fucose, xylose, mannose, glucose, and galactose were
also significantly positively correlated. Negative correlations were
observed between glucuronic acid and phlorotannins/fucoxanthin,
as well as between proteins and mannitol. Regarding possible
interactions between the elements, content of As was strongly
negatively correlated with most of the elements investigated,
including Al, B, Ca, V, Mn, Fe, Co, Ni, Zn, Ag, Pb, Th, and U, but
positively correlated with Na and K content. Positive correlations
were also observed between Mn, Fe, Co, Ni, Cu, Zn, Ba, Pb, Th,
and U.

When assessing potential correlations between the content of
elements and of biochemical compounds, the most interesting
observations were probably the significant positive correlations
between mannuronic acid, guluronic acid, glucuronic acid, and
quantities of Na, K, and As, and the negative correlation between
these uronic acids and most of the other elements (Fig. 7). Positive
correlations between As and mannuronic and guluronic acids, the
constituents of the cell wall polysaccharide alginate, is in line with
results obtained in the other brown alga Laminaria digitata in
which accumulation of As was found in the cell wall and the cell
membranes (46). In addition, positive correlations were observed
between fucoxanthin and Mg, Al, P, Ca, Mn, Fe, Co, Ni, Cu, Ag,
TI, Th, and U, and negative correlations between this pigment
and Na, K, and As. This observation suggests that fucoxanthin
content may increase in response to some of these elements as part
of antioxidative processes (47).

Discussion

During Caribbean sargassum influxes, S. natans 1 and VIII, and
S. fluitans 111 have been shown to be the dominant morphotypes,
and their relative abundance varied across seasons, years, and
regions (31-35). S. fluitans 111 was the predominant morphotype
on the Mexican Caribbean coast between September 2016 and
May 2020 (31). In the same way, significant seasonal variation
was observed in the relative abundance of the three morphotypes
of sargassum in Barbados during the years 2021-2022 (34), and
S. fluitans 111 was the main morphotype across the sampling period
considered. Our results from Jamaica obtained for 2021 events
showed a similar trend, with S. fluitans 111 being the most abun-
dant morphotype observed after beaching, despite significant
variations in relative abundance across the year. One explanation
for this may be related to the higher growth rates observed for .
Sfluitans 111 at sea surface temperatures experienced within the
Tropical Adlantic (i.e., >26 °C) when compared to the two S.
natans morphotypes (48—50). It was further suggested that relative
morphotype composition is likely linked to seasons, meteorolog-
ical and oceanographic conditions, and to the oceanic suborigins
of sargassum that may vary across the year (7, 34). In light of
previous analysis showing some differences in the biochemical and
elemental composition of individual morphotypes that may be of
importance for valorization (43), we analyzed potential seasonal
variations of stranded biomass composition, as well as influence
of sample processing methods. For this, we focused on several
classes of compounds important for the biology and uses of brown
algae, and that we have already investigated in sargassum biomass,
i.e., proteins, phenolics, phlorotannins, fucoxanthin, monosac-
charides, and uronic acids (22, 51, 52).

No significant difference in the content of proteins was observed
between frozen and shade-dried samples. Similar results were
obtained when comparing sun-dried and frozen samples obtained
for biomass harvested in the same location in Jamaica in summer
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2020 (22), suggesting that processing methods do not significantly
alter the amount of proteins in sargassum biomass. Although phe-
nolic contents were frequently higher in shade-dried compared to
frozen samples, results were difficult to interpret due to variations
among some of the biological replicates. A lower content of phlo-
rotannins in shade-dried samples was observed compared to frozen
samples, and this is in contrast with previous results showing a
higher content for these compounds in sun-dried compared to
frozen samples (22). To explain this, we suggest that direct expo-
sure to the sun may trigger higher phlorotannin biosynthesis than
when shade-drying. For fucoxanthin, shade-drying showed similar
impact as sun-drying as both processing methods greatly reduced
the quantities of this pigment. While the total amount of mono-
saccharides was lower in sun-dried compared to frozen samples in
2020, no clear trend was observed in the current study, suggesting
that shade-drying may be less detrimental for the total amount of
monosaccharides than sun-drying. However, higher contents of
alginate were usually quantified in frozen samples compared to
shade-dried and sun-dried samples (22). Results obtained for both
fucoxanthin and alginate therefore suggest that biomass should
be processed shortly after harvesting to maximize extraction of
these valuable compounds.

The eruption of the La Soufri¢re volcano in April 2021 provided
the opportunity to investigate potential assimilation of elements
contained in the ash by floating sargassum. It has already been
reported that volcanic ash can fertilize iron-limited phytoplank-
ton, in particular, diatoms which share some phylogenetic history
with brown algae as both are Stramenopiles (38). Combined anal-
ysis of sargassum and volcanic ash drift suggests that ash and
sargassum overlapped for about 50 d and that biomass arriving in
Jamaica in early August was likely exposed to ash fallout. The
overall limited monthly variations observed in the biochemical
composition of sargassum harvested between May and October
indicates that volcanic ash exposure had limited impact on the
content of key compounds found in brown algal biomass. This is
in contrast with observations made when focusing on elemental
composition. We have calculated that volcanic ash had the poten-
tial to increase local seawater concentrations of P, Al, Fe, Mn, Zn,
Co, and Ni. When examining the elemental composition of sar-
gassum biomass beaching in Jamaica across the full 2021 year,
with a focus on frozen samples, we observed significant increase
in the content of B, Al, Fe, Mn, Zn, and Ni in algal samples har-
vested from August. We also noticed a significant decrease of As
content in sargassum biomass beaching after July. Nevertheless,
concentrations of this metalloid remained above maximum limits
permitted for several potential applications of sargassum biomass
including seaweed-derived meal and feed in Europe (40 pg/g DW)
(53), and for agricultural soils in different countries (15 to 50 pg/g
DW) (28). In plants, both phosphate and arsenic, owing to their
structural similarity, are taken up through the same mechanisms
(54). In line with this, and as observed in the samples analyzed in
our study, a negative correlation between P and As content was
observed in sargassum samples collected at sea (55) and after
stranding (56). It has also been shown in diatoms that As toxicity
and bioaccumulation decrease at elevated phosphate concentra-
tions (57). This suggests that floating sargassum had taken up
elements provided by the volcanic ash, and high concentrations
were maintained during the advection of the mats from the
Northern Tropical Atlantic to Jamaica. This elemental signature,
apparent in sargassum after approximately 3 to 4 mo of travel
from the volcanic fallout area to Jamaica, also supports that the
sargassum biomass has remained alive and afloat and has not suf-
fered significant mortality or sinking out of the surface layer over
this time period. This is important information, given that little
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or nothing is known about the longevity of sargassum thalli, espe-
cially in the Tropical Adantic.

Conclusion

In line with other recent studies in the Tropical Adlantic, S. fluitans
III was consistently the dominant morphotype beaching in
Jamaica from the Great Atlantic Sargassum Belt in 2021. Overall,
the biochemical composition of sargassum in 2021 was quite
homogenous throughout the year, showing no major seasonal
variations, and no apparent impact from exposure to volcanic ash,
except for the pigment fucoxanthin. This is important for valori-
zation as consistency of feedstock is a key factor to consider for
developing applications. In addition, changes in the biochemical
composition observed between processing methods should be
taken into consideration for the implementation of valorization
pathways. Sargassum exposed to volcanic ash from La Soufri¢re
volcano did show an increase in the elemental content of P, Al,
Fe, Mn, Zn, Ni, and a decrease in As. However, As levels remained
high enough to hamper some potential routes for uses of this
biomass. In the future, it is important to continue monitoring
over the long-term morphotype abundance, as well as biochemical
and elemental biomass composition, not only for valorization, but
also to assess the effect of atmosphere and ocean changes on the
biology and ecology of sargassum.

https://doi.org/10.1073/pnas.2312173121

Materials and Methods

Remote Sensing of Sargassum at the Regional Scale. To estimate the areal
extent of sargassum in selected subregions, satellite images provided by the Optical
Oceanography Laboratory at the University of South Florida via their website (https:/
optics.marine.usf.edu) were used. Daily maps of floating algae, "FA_density," were
provided as the mean of the seven past days (including the current day) following a
method previously described (58). FA_density images were assessed for three stand-
ardized regions: the Central Atlantic Region (38 to 63°W, 0 to 22°N); the Eastern
Caribbean (60 to 75°W, 10 to 23°N); and around Jamaica (75 to 82°W, 15 to 22°N).

Simulation of Sargassum and of Volcanic Ash Drift. To trace the source of
sargassum arriving near Jamaica, virtual "particles,” which are subject to the winds
and ocean currents of an eddy-resolving ocean model hindcast, were used. This
hindcast dataset comprises 5-d averages of surface winds and currents over 1988
t0 2010, obtained with the Nucleus for European Modelling of the Ocean (NEMO)
ocean model (59) in eddy-resolving global configuration (ORCA12), henceforth
NEMO-ORCA12.The ORCA12 configuration of NEMO has a horizontal resolution
atthe Equator of 1/12°, 0r9.277 km, close to the resolution in previous sargassum
drift calculations (60-62), and essential to best represent the swift and narrow
boundary currents that dominate the region.

Inforward tracking mode, particles are "released" hourly for 5 d in a triangular
area representative of ash deposition to the east and south of St Vincent, with
subsequent positions recorded at daily intervals for 90 d. The particle trajecto-
ries are calculated using the off-line Lagrangian ARIANE mass-preserving algo-
rithm (63) in "qualitative mode," with the 5-d mean horizontal velocity fields of
NEMO-ORCA12.ARIANE is based on an analytical solution for curvilinear particle
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trajectories across model grid cells. In this study, particles are constrained to
drift with surface currents and the trajectories are hence two-dimensional in
the latitude-longitude plane. As in previous studies of sargassum drift (64-66),
the surface-drifting particles representative of sargassum are also subject to
"windage," here specified as 1%. Particles representative of ash are not subject
to windage, which is hence specified as 0%.

Backtracking particles for up to 120 d from just east of Jamaica (prior to beaching,
subjectto 1% windage), we furtherassess the extent to which sargassum beaching in
south Jamaica may be potentially influenced by ash from La Soufriére. Particle data
from forward and backtracking experiments are statistically analyzed on a grid of
resolution 0.5° x 0.5°for fractional presence (number of particle transitions through
a grid cell divided by total number of transitions) and mean age (days adrift, since
the experiment started). We run the backtracking experiment for 23 hindcast years
spanning 1988102010, to account for interannual variability in winds and currents.

Sampling of Sargassum and Determination of Morphotype Abundance.
Sargassum was collected on six different occasions (May 1, June 5,July 12, August
12, September 13, and October 13, 2021) from Fort Rocky Beach, Port Royal,
Jamaica (17°56'13.9”N 76°49'02.8"W).The algal biomass was obtained by wad-
ing into the surf (in less than 1 m of water) and using a "surf net" to collect ~7 kg
portions from the water column. After transport to the laboratory and cleaning of
non-sargassum debris, three 2 kg portions of the freshly cleaned biomass had
the three dominant morphotypes (S. natans I, S. natans Vill, and S. fluitans /i)
separated visually, so morphotype ratios could be determined. The separated por-
tions were spread to dry in the shade where daytime temperatures ranged from
28.2 to 32.5 °Cand night-time temperatures from 25.0 to 27.2 °C.The material
was allowed to shade-dry for 36 h after which each subsample’s morphotypes
were weighed, recombined, and packaged for shipment. In addition, three 100
g portions of the unseparated biomass were packaged in separate Ziploc® bags,
frozen using liquid nitrogen within 2 h of packaging, and stored at —20 °C. All
fresh sample processing was completed within 3 h of collecting from the sea.
Frozen samples were then freeze-dried for 48 h in a Heto Power Dry PL3000
freeze dryer (Thermo Fisher Scientific). Both frozen and sun-dried samples were
milled to T mm diameter particle size using a SM 300 cutting mill (Retsh), and
stored before subsequent analysis.

Sampling of Volcanic Ash. Two samples of ash that had fallen on Barbados from
1110 13 April 2021 during the main deposition event were analyzed. Sample 1
was collected on the 11th of April 2022, and sample 2 on the 13th of April 2022
in Barbados, GPS coordinates 13°09"13.6”N 59°36"52.0"W.

Elemental Analysis of Seaweed and Volcanic Ash Samples. Approximately
0.1 g of dried sargassum samples was digested using a CEM MARS 6 microwave
digest system in 5 mL of concentrated subboiled nitric acid at 200 °C for 15 min
and then diluted with Milli-Q water before being subsampled and further diluted
to give an overall dilution of approximately 2,100 for further inductively coupled
plasma mass spectrometry analysis. The resulting samples were spiked to give an
Inand Re final concentration of 5 ppb to act as internal standards. The standards
were made from the IV-Stock-50 Inorganic Ventures environmental Standard
and were also spiked with In and Re at 5 ppb final concentrations. A suite of P
standards were also made from Inorganic Ventures single element P standard.

For the ash, approximately 0.1 g of the sample was weighed into a 15 mL
Savillex Teflon vial and digested in a mixture of subboiled concentrated nitric
acid and concentrated hydrofluoric acid (Romil SpA grade) sealed on a hotplate
at 130 °Covernight. The digestion acid was dried off and the samples redissolved
in 6 M HCl before being dried and redissolved to make a mother solution in
~3M HCI. A subsample was taken, dried, and redissolved in 3% nitric acid, con-
taining 5 ppb In and Re and 20 ppb Be to act as internal standards, to give a
total dilution of ~4,000.They were then analyzed against a suite of international
rock standards (Jb-2,JB-3,JGb-1,BHVO2,AGV-2, BCR-2, BIR-1,JG-2,and JR-2)
and the same standards as mentioned above to obtain the As concentration. All
seaweed and ash samples were run on an Agilent 8900 TripleQuad inductively
coupled plasma mass spectrometer (QQQ-ICP-MS) using standard He, He-HMI,
and oxygen modes depending on the element of interest.

Biochemical Analysis of Seaweed Samples. Contents of ash, moisture, pro-
teins, phenolics, phlorotannins, fucoxanthin, monosaccharides, and alginates
were determined as previously described (22).
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Statistical Analyses. Statistical tests for investigating potential significance
of changes in the abundance of the morphotypes across the six months of
sampling were conducted using SPSS Version 22. Shapiro-Wilk analysis was
used to test normality among all the parameters, and due to the assumptions
of the data, a univariate two-way ANOVA was performed, followed by a post
hoc Tukey test for all pairwise comparisons. The level of significance was set
at P-value <0.05.

Potential variations in the biochemical and elemental composition of the
biomass related to months of collection and processing of samples (frozen and
shade-dried) were investigated following several approaches. PCA and cluster
analysis were performed in RStudio on UV (unit variance)-scaled data to give
all variables equal influence on the analyses. Data were further analyzed using
SigmaPlot version 14.5. They were tested for normality using the Shapiro-Wilk
test and homogeneity of variance by the Brown-Forsythe test. Then, two-way
ANOVA was performed, followed by a post hoc Holm-Sidak test for all pairwise
multiple comparisons. The significance level was fixed at P-value <0.05 for all
the data analyses.

To explore possible relationships between biochemical and elemental com-
position, a test of association between paired samples using Pearson's product
moment correlation coefficient was performed using RStudio. The level of sig-
nificance was set at P-value <0.05.

Data, Materials, and Software Availability. The satellite datasets analyzed for
this study can be found at the website of the Optical Oceanography Laboratory
at the University of South Florida (https://optics.marine.usf.edu) (58), selecting
"Satellite Data Products,” and further selecting: “E. Caribbean" and “Jamaica”
from "Caribbean"; "Central Atlantic” from "South America." To download all daily
FA_density images for the E. Caribbean, Jamaica and Central Atlantic regions, we
used Matlab scripts that are archived on Zenodo (DOI: 10.5281/zen0d0.4899192)
(67). Particle statistics (forward tracking) and primary particle data (backward
tracking), along with the software used for the statistical analysis in Figs. 2 and
3, are also archived on Zenodo (DOI: 10.5281/zen0do.11086132) (68). Seawater
concentrations of elements used for calculation in Table 2 are available at https:/
www.geotraces.org/geotraces-intermediate-data-product-2021/(43).The ORCA12
hindcast dataset (archived at National Oceanography Centre, Southampton, UK) has
been partly lost through disk failure, subsequent to use in the drift calculations.
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