




across the central Atlantic (movie S1). The re-
duced seed populations from 2012, higher SSTs
in the growth phase, and limited nutrients to-
gether appeared to lead to a nonbloom year in
2013 (table S2 and movie S1).
In 2014, Sargassum grew rapidly during spring

and summer. Unlike 2011, the first Sargassum
aggregation was identified in early January in
the central east Atlantic. This rapid growth can
likely be attributed to the nutrient enrichment
from theWest Africa upwelling fromwinter 2013
to spring 2014 (table S2). The bloom continued to
develop when reaching the central west Atlantic,
where the Sargassum was nourished by high
riverine nutrients accumulated in 2013–2014
(table S2 and Fig. 2B). The favorable growth
conditions (higher nutrients and lower SSTs) in
the central east Atlantic and central west Atlantic
would also have sustained the winter bloom,
providing higher-than-usual seed populations to
initiate the massive bloom in 2015 (table S2).
In 2015, although the initial Sargassum growth

rate was not as high as that in 2014, the seed

population was much larger than it was in pre-
vious years. This, along with higher nutrients
from the central east Atlantic in spring and early
summer as well as from the Amazon River from
2014 to 2015, led to a massive Sargassum bloom
in 2015 (table S2). The higher concentrations of
Sargassum required more nutrients to sustain,
which would also explain the lower change
rate in spring 2015 (Fig. 3, A and B). From fall to
winter, Sargassum decreased faster than in
2014 under comparatively warmer waters and
reduced nutrients (table S2). This significant
decrease continued until February 2016.
In 2016, only a small amount of Sargassum

survived from 2015 and it was located in the
central east Atlantic. The early growth was lim-
ited by the lower nutrient supply from West
African upwelling from winter 2015 to spring
2016 (table S2). When the Sargassum was trans-
ported eastward to the central east Atlantic after
December 2016, however, it grew faster because
of local nutrient enrichments (table S2), provid-
ing seed populations for the 2017 bloom.

In 2017, the bloom generally developed faster
than in 2016 possibly as a result of higher nu-
trient supplies from the Amazon River and the
West Africa upwelling since winter 2016 (table
S2). During winter 2017, the Sargassum change
rate wasmuch higher than it was in 2016, which
would also have benefited from the lower SSTs
and the higher availability of nutrients. The large
amount ofSargassum that developed in thewinter
months helped to form the bloom in 2018.
Overall, the recent bloom events show connec-

tions to nutrient enrichment and climatic varia-
tions.HigherwintertimeNorthAtlanticOscillation
(NAO) values in the bloom years correlated well
with lower SSTs and stronger upwelling (Fig. 2)
(36, 37). Evidence for nutrient enrichment is also
found in the Sargassum nutrient compositions.
Specifically, the N:P ratios of the recent neritic
samples show an increasingly P-limited growth
compared with the historical baselines, which
would be a result of long-term nutrient enrich-
ment, especially N enrichment, in recent years
(24). Other evidence to support recent nutrient
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Fig. 2. Environmental conditions and climate indices used to explain interannual changes of GASB. (A) Mean NAO index averaged from
December to February (winter NAO) for 1990–2018. (B) Seasonal mean discharge anomaly of the Amazon River from 1990 to 2018 measured at the
Obidos station. (C) Latitude-averaged (from 5°S to 23°N) Sargassum monthly areal coverage density from 2009 to 2018. (D) Latitude-averaged monthly
mean SST anomaly from 2009 to 2018. In (C) and (D), the vertical lines mark the locations of 88°W, 61°W, 50°W, 38°W, and 15°W, representing the
Yucatan peninsula coast, Barbados coast, the Amazon River mouth, the middle of the central Atlantic, and the West Africa coast, respectively.
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enrichment in the central west Atlantic comes
from increased deforestation and fertilizer use in
Brazil and increasedwater-columnnitrogen from
2010 to 2018 (fig. S4).
The interannual changes in Sargassum blooms

could be accounted for by changes in seed pop-
ulations and oceanographic conditions, but a
critical question remains: Can we predict future
blooms based on these hindcast analyses? The
following conditions appear to be associated with
massive Sargassum blooms at magnitudes com-
parable to those in 2015 and 2018: (i) large seed
populations during winter as a result of the
previous year’s bloom; (ii) higher nutrient supply
from theWest Africa upwelling in wintermonths,
which can be inferred from higher chlorophyll
levels and lower SSTs in satellite imagery; and (iii)
higher nutrient supply from the Amazon River
input but normal or lower SSTs during the cur-
rent year. If these conditions are met, then a
massive bloom is likely to occur in the central
Atlantic, followed by severe beaching events in
the Caribbean Sea in later months. Furthermore,
during November to December, the Sargassum
change rates showed negative correlations with
SSTs (fig. S7, A and B), suggesting that the former
might serve as an indicator for possible blooms
in the following year (Fig. 3A, inset), with a lead
time of at least 3 to 4 months.
Finally, we recognize that there are active

discussions within the research community on

the mechanisms driving the recent trends of
Sargassum blooms. The explanation presented
here is based on the physical connectivity across
several regions, on the analysis of several envi-
ronmental factors, on limited field studies, and
on the satellite-based Sargassum observations.
These modeling and observationally based analy-
ses, although reasonable to the best of our knowl-
edge, still require validation in the future and
admittedly may not rule out other explanations.
Conversely, the recurrent GASB clearly shows a
regime shift after 2011 in bloom patterns and
possibly in oceanographic conditions as well. A
critical question is whether we have reached
the point where recurrent GASB and beaching
events may become the new norm. Under con-
tinued nutrient enrichment due to deforesta-
tion and fertilizer use in agriculture (fig. S4),
along with the substantial mass of Sargassum
seed populations lingering in the tropics (movie
S1), the answer is likely positive, and more re-
cent satellite observations between January
and April 2019 also support this interpretation.
However, the considerable Sargassum accu-
mulations along the pathway of the GASB
underline the need for multidisciplinary re-
search to better understand their ecological
and biogeochemical impacts (24, 38), as well
as their impacts on coastal environments, tour-
ism, economies, and human health (39), espe-
cially if the role of Sargassum changes from

that of an essential habitat to that of a severe
and perpetual nuisance.
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Fig. 3. Sargassum biomass and change rate from April 2011 to December 2018. (A) Monthly mean Sargassum biomass in the Caribbean Sea
and central Atlantic.These estimates represent lower bounds because satellite measurements are insensitive to Sargassum accumulations in the vertical
direction. The inset shows the correlation between the mean change rate in November and December (derived from the mean biomass change from
October to December) with the annual mean Sargassum biomass in the next year. The red dot marks the data from 2019 (biomass averaged between
January and April 2019) (B) Sargassum monthly change rate since 2011. The gray dashed line marks the climatological change rate between 2011
and 2018 except for 2013.
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