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Changing drivers of the Great Atlantic
Sargassum Belt from physical forcing to
ecological control

Xing Zhou1,7, Lyuba Novi1,2,7, Mark E. Hay 3,4, Joseph P. Montoya 3,4,
Aderinsola Aliu5, Matthew J. Realff5 & Annalisa Bracco 3,6

Inundations of pelagic Sargassum plague the tropical Atlantic, with size and
impacts steadily increasing to surpass 30 million tons in 2025. Understanding
the drivers of Sargassum growth in the so-called Great Atlantic Sargassum Belt
is fundamental to developing effective mitigation strategies for affected
nations. We present a nonlinear regression model that both explains the sea-
sonal and interannual variability observedbetween 2011 and 2022 andpredicts
Sargassum concentrations in 2023 and 2024. The growth of Sargassum, initi-
ated by a prolonged negative phase of the North Atlantic Oscillation, is initially
enhanced through winter mixed layer deepening in response to stronger
winds. An additional overlooked driver is the recycling of nutrients within the
mixed layer, carried out by the community of organisms associated with
Sargassum and aging Sargassummats. This contribution increases over time to
become dominant in recent years, offsetting the increase in stratification in
2023 and 2024.

Massive and increasing inundations of pelagic Sargassum spp.
(mostly S. natans and S. fluitans, referred to simply as Sargassum
herein) have plagued the shores of the Caribbean and Gulf of Mexico
since 20111. Historically found in the Sargasso Sea and endemic to the
subtropical Atlantic Ocean, Sargassum blooms have been developing
in recent years also across the Intra-Americas Sea and the tropical
North Atlantic, from West Africa to South America, where its growth
is usually bounded by the South Equatorial Current and the North
Equatorial Counter Current (Fig. 1). This so-called Great Atlantic
Sargassum Belt or GASB has surpassed 20 million tonnes of Sargas-
sum and stretched for over 8000 km at its monthly peak, usually June
or July, every year since 2018. Given its large-scale coverage, growing
trend, and associated major remediation costs, the GASB represents
an expensive and ecologically worrisome challenge for Caribbean
and other nations with limited resources.

The GASB was initiated by a prolonged, highly negative phase of
the North Atlantic Oscillation during 2009–2010, which caused

anomalous southwardwinds that transported Sargassum spp. fromthe
Sargasso Sea to about 5 °N in the eastern Atlantic2,3. Its yearly recur-
rence and especially its intensification, however, remain a conundrum,
begging the question of nutrient supply to support Sargassum growth.
In the absence of a robust conceptual understanding of the drivers of
theGASBgrowth, the capacity to predict its long-termevolutionand to
formulate cost-effective strategies for mitigating Sargassum inunda-
tions remains constrained.

The fast growth of the GASB in recent years has been variously
attributed to increased nitrogen runoff from the Amazon and Congo
Rivers, increased atmospheric deposition, increased coastal upwel-
ling, increased vertical ocean mixing, increased sea surface tem-
peratures (SST), and an equatorial upwelling of phosphorus driving
nitrogen fixation1–8. While there has been an increase in nitrogen
discharge by the Amazon between 2014 and 2018, a direct, annual
correspondence between riverine NO3

−
flux and Sargassum biomass

is not apparent in the Hydrology and Geochemistry of the Amazon
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basin (HYBAM) observatory data8,9. Coastal upwelling cannot explain
the offshore genesis of the GASB, while atmospheric deposition at
the required rate would be detectable. More recently Podlejski and
co-authors6 pointed to surface ocean temperatures to explain
growth and decay of the blooms, but although temperature may
explain variations in the annual cycling of recent blooms, tempera-
ture alone cannot support the extraordinary growth trend, nor the
nitrogen and phosphorus enrichment of the GASB Sargassum
populations compared to those in the Sargasso Sea habitat7. Lastly,
equatorial upwelling8 has declined since 2022, while Sargassum
concentrations have continued to increase.

Among the proposed mitigation approaches, much interest
revolves around exploiting the Sargassum blooms as a marine carbon
dioxide removal (mCDR) strategy by either sinking the macroalga or
converting it into biofuels by leveraging the fact that carbon comprises
~27–30% of the dry mass of Sargassum collected in the intra-America
Seas9. Conversion can generate solid, liquid, or gaseous fuel. Solid fuel
methods include direct combustion, which is simple but produces poor-
quality fuel and harmful emissions, torrefaction, which heats Sargas-
sum in the absence of oxygen to produce charcoal with higher energy
density, and densification, where Sargassum is compressed into bio-
pellets for efficient fuel use in stoves and boilers10. Liquid fuel processes
include: (i) fermentation, where sugars from Sargassum are converted to
ethanol by the yeast Saccharomyces cerevisiae; (ii) pyrolysis, which pro-
duces bio-oil and gases at high temperatures; (iii) liquefaction which
involves the use of biomass at low temperature and high pressure to
form bio-oil; and (iv) transesterification, where lipids from the Sargas-
sum are extracted and converted into biodiesel11–13. In gaseous fuels,
gasification converts Sargassum into producer gas (CO, H₂, CH₄) for
energy use, while anaerobic digestion produces biogas (methane)
through microbial decomposition14. Each method varies in energy effi-
ciency, environmental impact, and practical use but in all cases the
scalability of mCDR options depends on the drivers of the GASB and on
its likelihood of continuing to plague the tropical and subtropical North
Atlantic.

In this work, we investigate how nutrients are supplied to the
GASB, why this supply has increased in the past decade, andwe build a

predictive model of past and future Sargassum concentrations. Our
nonlinear regression model describes the growth of the GASB from
January 2011 toDecember 2022, considering observational data and an
ecological hypothesis. Its robustness is tested by predicting the
observed Sargassum concentrations of 2023 and 2024. Specifically, we
show that the evolution of the GASB can be modeled and the Sargas-
sum concentrations predicted with a high degree of accuracy as a
response to mixed-layer deepening, and consequent upwelling of
nutrients, with an additional nutrient source provided by the com-
munity of organisms associated with the Sargassum. The contribution
of mixed-layer deepening has been decreasing since 2018, with the
input from the community of organismswithin and around Sargassum
consistently growing over time to dominate the nutrient supply to the
GASB in the past five years.

Results
The regression model
We built a non-linear regression model to describe the monthly evo-
lution of Sargassum biomass concentration from 2011 to 2022. We
then used the model to predict concentrations in 2023 and 2024.

First, we selected the variables that showed a statistically sig-
nificant change (see “Methods”) over the latitudinal band 1–15°N in
the direction of influencing and potentially amplifying Sargassum
growth in the GASB. We tested mixed-layer depth (MLD), SST, sea
surface salinity (SSS), eddy kinetic energy, eolian dust deposition,
and performed a hotspot of change evaluation15, in each season
separately and for yearly data. This methodology allows considera-
tion of changes in mean values, multi-year seasonal variability, and
extremes. A correlation analysis was adopted for the time series of
major riverine flow into the Tropical Atlantic. Among the variables,
only MLD and dust satisfied our criterion of statistical significance
(Fig. 2 and Supplementary Fig. 1). Mixed-layer deepeningwould allow
for greater entrainment of nitrogen and phosphorus-rich mode
waters into the surface mixed layer16, while an increase in dust from
the African continent would supplement micronutrients. SST was
also retained despite showing only amodest correlation and exerting
limited influence on model skill, as warming may improve the

Fig. 1 | The GASB. The Great Atlantic Sargassum Belt (GASB) in July 2023. NASA Scientific Visualization Studio (https://svs.gsfc.nasa.gov/5298/).
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conditions for Sargassum growth5. Riverine input of nitrate (NO3
−)

did not show any significant correlation with Sargassum biomass, in
agreement with8 (Supplementary Fig. 2).

Our analysis revealed that the mixed layer deepened in the
2011–2022 period over the GASB area compared to the 1999–2010
time interval, despite an increase in near-surface stratification con-
trolled by SST and salinity17,18. MLD changes were especially relevant in
winter and spring and from 2012 to 2020, when part of the GASB
domain deepened by more than 20%. An increase in Dust Aerosol
Optical Depth (DAOD) input characterized the same season. SST
changes, on the other hand, warmed the GASB by less than 0.2 °Cwith
a nearly homogenous signal in winter and fall (Supplementary Fig. 3).

The simultaneous MLD deepening and dust aerosol optical depth
(DAOD) increase point to wind intensification as the primary cause, as
verified by exploring changes in wind intensity and wind stress (Sup-
plementary Fig. 4). This trend is, in part, a response to interannual
variability in the AtlanticMeridionalOscillation (AMO)8, and in part the
result of a global intensificationofwind energy in the seconddecadeof
the XXI century, in agreement with a recent analysis of land surface
wind speed19. The intensification appears especially strong in the
Canary upwelling region with more nutrient-rich waters being pushed

towards the GASB from the northeast in winter, spring, and fall. This
change in the wind field in an upwelling system follows a general trend
in coastal upwelling systems associated with an increase in land-sea
temperature contrast20.

In addition to terms accounting for MLD deepening, dust
increase, and SST changes, our regressionmodel included a biological
contribution to describe the self-fertilization potential of the GASB.
This term is proportional to the pre-existing biomass concentration
under the hypothesis that old Sargassum mats and the Sargassum-
sphere - the community of interacting organisms associated with
Sargassum that includes a diverse array of aquatic species- may con-
tribute to the collection, concentration, and recycling of nutrients
within the ocean mixed-layer, effectively harvesting nutrients from a
broader volume around the Sargassum mat and concentrating nutri-
ents to feed the bloom. Just as birds roosting on islands forage broadly
for food, concentrate those nutritious resources back on the island,
and by doing so alter the growth, composition, and nutrient levels in
island vegetation and coastal oceans21–23, plankton feeding fishes,
shrimps, crabs, and other invertebrates associated with Sargassum
mats are thought to harvest plankton from surrounding waters and
concentrate these nutrients in the Sargassummats among which they

Fig. 2 | Mixed-layer deepening in the tropical Atlantic. A1–A4 (Left): Maps of
mixed layer depth change expressed as percentage differences between the peri-
ods 2011–2022 and 1999–2010, winter to fall (top to bottom). A 20% change inside

the GASB corresponds to roughly 8m in MLD. B1–B4 (Right): Time series of MLD
anomalies over 1999–2022 over the GASB area (black line in left panels) for each
season. Source data are provided as a Source data file.
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shelter and excrete nutrients9. Fishes associated with Sargassum floats
release nutrients24, and Sargassum can efficiently take-up short nutri-
ent pulses and grow over considerable periods following the uptake25.
When Sargassum decomposes, the remineralized nutrients become
available for phytoplankton uptake. The remaining phytoplankton
biomass and dissolved nutrients in themixed layer continue to sustain
the planktonic community as well as the Sargassum mats. These ani-
mals feed on passing phytoplankton and, through continual excretion,
release nutrients back into the Sargassumsphere, effectively pre-
conditioning the environment for the next bloom. With the surface
Tropical Atlantic and specifically the GASB being among the most
stratified regions due to salinity (e.g., ref. 26), the loss of dissolved
nutrients out of themixed layer through verticalmixing is slow, further
contributing to their retention.

To support the Sargassumsphere hypothesis, Fig. 3 shows the
nitrogen isotopic composition (δ15N) of Sargassum and of the common
mobile epibionts, Latreutes fucorum, mixed L. fucorum and Leander
tenuicornis (“shrimp”), and the crab Portunus sayi, all found in abun-
dance in Sargassummats. Samples were collected in coastal waters of
the US Virgin Island of St. Thomas in May 2024. The δ15N of our Sar-
gassum samples is lower than the δ15N of two major potential sources
of nitrogen in our study region. Subsurface NO3

− typically has a δ15N of
ca. 4.5‰ (e.g., refs. 27–29) while the δ15N of diazotrophs common in
the tropical and subtropical Atlantic (Trichodesmium and Diatom-
Diazotroph Associations, DDAs) typically ranges between −2 and
0‰30–32. In contrast, the δ15N of NH4

+ excreted by animals is ca. 3‰
lower than the δ15N of the organic matter being catabolized33,34, or ca.
6‰ lower than the animal biomass. The commonmobile epibionts on
Sargassum have δ15N values ranging between 1 and 5‰, which implies
an excretory flux of NH4

+ with a δ15N of −5 to −1‰, low enough to
account for the Sargassum δ15N values we measured.

For this self-fertilization term, we hypothesize that nutrients are
released in the mixed layer when the Sargassum bloom declines in
fall and winter, and that in any given month, the nutrients available
through this mechanism depend broadly on the 3-month average
biomass concentration of the previous year (assumed to be null prior
to 2011). We assumed, for example, that the Sargassum concentra-
tion in June 2018 depends on the average concentration observed
over May-June-July (MJJ) of 2017. Given that the lifespan of the spe-
cies abundant in the Sargassumsphere varies between 5 and 6
months (Latreutes fucorum) to few years (Portunus sayi), the annual

timescale is sensible. Our choice of using the 3-month average con-
centration of the previous year can be rectified to instead adopt the
annual average concentrations of the previous year without statisti-
cally significant changes in skill.

The Sargassumsphere hypothesis also assumes that not all
Sargassum is lost to sinking in the GASB. According to35 Sargassum
loss through sinking will occur only when the depth that a water
parcel originally at the surface approaches or exceeds 100m, which,
in the tropical Atlantic, corresponds to strong mixing events
occurring mostly in winter. This would support mats spending long
times near the surface especially between spring and fall36. The
Sargassumsphere contribution is further modulated by an attenua-
tion or amplification factor linked to changes in mixed layer depth.
For example, if the MLD inMJJ 2017 was deeper than average for that
season, the concentration of nutrients remineralized in the mixed-
layer because of the Sargassumsphere would be more diluted and
vice versa.

In summary, the modeled Sargassum concentration is described
by Eq. 2 (see “Methods”). The correlation coefficient (R) and mean
square error (MSE) between the observed time series and themodeled
ones are R =0.84 and MSE = 4.34 (Fig. 4A).

Key drivers of Sargassum growth
Sensitivity tests of the non-regression model were performed
eliminating each term in Eq. (2). The dominant terms were found
to be mixed-layer deepening and self-fertilization (Supplementary
Fig. 5), and their relative evolution through the years is shown in
Fig. 4B. This plot clearly shows that mixed-layer deepening was
crucial to the blooms between 2011 and 2018, while the self-
fertilization term is essential to capture the massive amounts of
Sargassum recorded after 2018.

If MLD deepening has been key in sustaining the GASB, then its
contribution would be reflected in the nutrient supply. We therefore
calculated a time-series of nitrogen (N) input based on the MLD
changes accounting for the lag thatmaximizes the correlationbetween
Sargassum concentration and MLD (lag1 = −3 months). We used a
reanalysis (see “Methods”) to evaluate how much excess N may have
been available in the mixed layer over the GASB region in each month
between January 2011 and December 2022, compared to the mean
value of N for the same month over the 1999–2010 period (Supple-
mentary Fig. 6). Considering that the N content is about 1.2% of the

Fig. 3 | Nitrogen composition in support of the Sargassumsphere hypothesis.
A Nitrogen isotopic composition (δ 15N) of Sargassum (sample number n = 10) and
the common mobile epibionts Latreutes fucorum (n = 24), mixed L. fucorum and
Leander tenuicornis (“shrimp”, n = 63), and Portunus sayi (n = 29). B Schematic
illustrating the importance of excreted ammonium in producing the δ 15N of

Sargassum, which is lower than the δ 15N of both subsurface nitrate and nitrogen
recently fixed by diazotrophs. Source data are provided as a Source data file. A has
been generated using R v4.5.2. B has been generated using Procreate v5.4, Adobe
Illustrator v29.6.1, and Microsoft Powerpoint v16.101.
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Fig. 4 | The regression model, key contributors to Sargassum growth, and its
prediction skill. A Observed (black) and modeled (green) time-series of Sargassum
concentrations inmillion of tonnes from Jan 2011 toDec 2022.BTimeevolutionof two
major factors influencing Sargassum growth: mixed-layer deepening and self-
fertilization.C Prediction of Sargassum concentrations obtained using Eq. 2, excluding

the dust and SST terms. The model was trained on data from 2011 to 2022 and MLD
knowledge is retained up to 3months prior. Correlation coefficient R andmean square
error MSE are calculated over the entire 2011–2024 period. For (A,C): DoF (degrees of
freedom)=43 considering the Sargassum data autocorrelated over 3 months and 5
parameters (144/3 – 5=43); p<0.01. Source data are provided as a Source data file.

Article https://doi.org/10.1038/s41467-026-72183-4

Nature Communications |         (2026) 17:4600 5

www.nature.com/naturecommunications


tissue elemental composition in GASB samples9, the amount of nitro-
gen introduced by MLD deepening is approximately 50% of that
required to sustain the observed biomass in the 12 years considered.

Model prediction skill
Lastly, the predictive skill of our model was evaluated by testing its
capacity to reproduce the Sargassum concentrations observed in 2023
and 2024. We used the coefficients derived from the 2011 to 2022
period alone, setting to zero those related to the dust and SST terms
for the predicted years, and verified that the prediction skill of Sar-
gassum inundations remains high whenever previous year concentra-
tions andMLD three months prior are known (Fig. 4C). This is the case
for yearsof extremewarming in theAtlantic, duringwhich the seasonal
cycle was been partially impacted, the MLD reverted to climatological
values, and the Sargassum growth occurred earlier37.

If we can predict the amount of Sargassum that will accumulate
over the next three months, we can proactively assess whether such
an increase will lead to beaching using available forecast models for
ocean currents3,38, and it would be possible to plan for offshore
harvesting to prevent Sargassum from reaching the shore. This
planning would involve determining the necessary number of
laborers, and associated operational costs required for efficient
harvesting. Once harvested, the Sargassum can be valorized into
biofuels or other products, converting the burden into a valuable
resource. Moreover, with accurate predictions, we can estimate the
potential biofuel production per month depending on the available
technologies. Our results show, however, that a sustainable har-
vesting process is critical to allow the natural replenishment of Sar-
gassum and ensure long-term balance in the ecosystem.

Discussion
Nutrient availability is key to the development of Sargassum
populations39, and enhanced nutrient input is required to explain the
sustained growth of the GASB since 20112. This work shows that
Sargassum growth in the GASB, with its strong interannual variability,
was initially enhanced through mixed layer deepening with a sig-
nificant, and increasing through time, contribution provided by the
recycling and remineralization of nutrients in the mixed layer by the
community of organisms associated with Sargassum and old Sar-
gassum mats. Consequently, the recent increase in stratification of
the tropical Atlantic in 2023 and 202437, has not limited the blooms,
since the Sargassumsphere contribution is now dominant. The

schematic in Fig. 5 summarizes the drivers of primary productivity
before 2011, between 2011 and 2020, and from 2020 onward in the
Tropical Atlantic.

The Sargassumsphere hypothesis and its role in self-fertilization
of the blooms is supported by our isotopic measurements. The com-
monmobile epibionts found in the Sargassumhaveδ15N values ranging
between 1 and 5‰, which implies an excretory flux of NH4

+ with a δ15N
of −5 to −1‰, low enough to account for the Sargassum δ15N values we
measured (Fig. 3).

Our nonlinear regression model represents a fundamental step
towards understanding how the Sargassum blooms that have plagued
the tropical Atlantic since 2011 are not just maintained but have been
growing over time. Our model quantifies the seasonal predictability of
these algal inundations and improves their seasonal forecast. In doing
so, it offers societal value by opening new avenues for proactive
planning and response, and by helping frame management responses
to mitigate the problem.

The role of mixed layer deepening, especially relevant in winter
and associated with increasing wind and wind stress intensity, sug-
gests that climate variability drove the GASB amplification since its
inception in 2011 up to about 2020. Mixed layer deepening has
supplied about half of the nitrogen required by the GASB, with bio-
mass from, or associated with, previous blooms contributing further
nutrients above the base of the mixed layer, especially since 2020.
The relative dominance of these two terms in explaining the
observed tendencies ensures that the Sargassum amplification in the
tropical Atlantic is likely to continue, and that the life cycle assess-
ment of mCDR options can assume at least as large if not larger
concentrations of Sargassum in the near future.

Methods
Monthly MLD, SSS, SST, and surface geostrophic velocity data from
January 1999 toDecember 2022wereobtained fromtheCMEMSglobal
ocean eddy-resolving GLORYS12V1 reanalysis at 1/12° horizontal reso-
lution (downloadedusing E.U. CopernicusMarine Service Information,
https://doi.org/10.48670/moi-00021, accessed on 11-03-2026). We
used the multi-year (MY) product available until June 2021 and the
interimmulti-year (MY-INT) product from July 2021 toDecember 2024.
For MLD, the monthly ocean mixed layer thickness defined by sigma
theta (mlotst variable) was considered. A comparison with MLD data
from state-of-the-art reanalysis datasets at 0.25° horizontal resolution,
the ORAS540 (downloaded using E.U. Copernicus Marine Service

Fig. 5 | Conceptual diagram of Sargassum growth. Drivers of primary pro-
ductivity including uptake of new nitrogen (green arrows), trophic and export
fluxes (black arrows), remineralization fluxes (red arrows), and nutrient injection

into the mixed layer of the GASB region before 2011, between 2011 and 2020, and
after 2020. The diagramhasbeengenerated using Procreate v5.4, Adobe Illustrator
v29.6.1, and Microsoft Powerpoint v16.101.
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Information, accessed on 11-03-2026) and SODA Version 3.3.141

(downloaded from APDRC at https://apdrc.soest.hawaii.edu/datadoc/
soda_3.3.1.php, accessed on 11-03-2026), was also performed.

The DAOD data were retrieved from the CAMS global reanalysis
(EAC4)42 monthly averaged fields from January 2003 (first available
month) to December 2022 at horizontal resolution of 0.75° (duaod550
– single level variable) (downloaded from the Copernicus Atmosphere
Monitoring Service (CAMS) Atmosphere Data Store, https://doi.org/
10.24381/d58bbf47, accessed on 11-03-2026).

For the calculation of multi-year changes the variables were bili-
nearly remapped to 1/4° horizontal resolution using CDO (Climate
DataOperator) available athttps://code.mpimet.mpg.de/projects/cdo,
to isolate variability at the mesoscale and larger.

In addition, we retrieved the horizontal (U) and meridional (V)
wind components at the 1000 hPa pressure level from the ERA5
monthly averaged reanalysis43 from Jan 1993 to December 2022,
available at 0.25° horizontal resolution (downloaded from the Coper-
nicus repository, Copernicus Climate Change Service (C3S) Climate
Data Store (CDS). https://doi.org/10.24381/cds.adbb2d47, accessed on
11-03-2026).

For the evaluation of the nitrogen input associated to MLD dee-
pening, we used the Global Ocean Biogeochemistry Hindcast (version
GLOBAL_MULTIYEAR_BGC_001_029, downloaded using E.U. Coperni-
cus Marine Service Information, https://doi.org/10.48670/moi-00019,
accessed on 11-03-2026) based on the PISCES biogeochemical model
and forced by the FREEGLORYS2V4 ocean physics, and the variable
monthly mole concentration of nitrate in sea water (NO3) in
[mmol/m3].

For the isotopic analysis shown in Fig. 3, we collected samples of
Sargassum and common mobile epibionts from waters south of St.
Thomas, USVI, in May 2024. All samples were frozen (−20 °C) imme-
diately after collection and dried after transport to Atlanta. We mea-
sured the isotopic composition of our dried samples by continuous-
flow isotope ratio mass spectrometry using a Micromass 100 inter-
faced to a Carlo Erba NA2500 elemental analyzer for online combus-
tion and purification of sample nitrogen and carbon. We used both
elemental (methionine) and isotopic (peptone) standards to check
instrument stability and to correct for analytical blanks44. We con-
servatively estimate that the overall analytical precision of our isotopic
measurements is better than ±0.1‰.

Variable selection
To select the variables included in the regression model, we first
investigated which changed in a statistically significant way after 2011
compared to the earlier period through a hotspot of change analysis15.
The non-parametric method, which does not assume a specific prob-
ability distribution for the data, is flexible and can be applied to
datasets regardless of their distribution. This analysis consists in cal-
culating a Standard EuclideanDistance index (SED) that aggregates the
changes in means, variability and extremes of the variable being
examined point-by-point according to:

SED=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Here NΔ is the total number of indicators per each variable, i the
index identifying each indicator, j identifies the season, and p95 is the
95th percentile computed spatially considering all grid points.
Therefore Δij is the ith indicator in the jth season (December-January-
February and so on). For each variable we considered (MLD, SST, SSS,
dust, eddy kinetic energy) we evaluated changes in means, variability
and extremes between two periods of equal length 2011–2022 and
1999–2010. For MLD and dust changes were statistically significant in
both means and extremes at least in some season, for SST only in

mean, while no significant changes were found for salinity and eddy
kinetic energy.

Multi-year seasonal means changes calculation
To evaluate changes, we first compared themulti-year seasonal means
over two periods of equal length, after the Sargassum bloom initiation
in 2011 (2011–2022) and before it (1999–2010), separately in each
season. For example, winter changes in MLD (ΔMLD, DJF) are computed
as ΔMLD, DJF = ysm(MLDDJF)(2011-2022)− ysm(MLDDJF)(1999–2010), where
ysm is the multi-year seasonal mean of MLD and then expressed as
percentual changes with respect to the pre-2011 conditions as Δ%MLD,

DJF = 100 × (ΔMLD, DJF/ysm(MLDDJF)(1999–2010)).

Regression model
For the regression model, we calculated the monthly time-series of
MLD, DAOD, and SST after removing the seasonal cycle over the study
area grid point by grid point. The de-seasonalized time-series were
then spatially averaged over an area broader than the GASB region and
bounded approximately between [89°W–15°W] and [1°N–15°N], to
account for the horizontal nutrient transport from the surrounding
ocean into the GASB domain. Other areas were tested as well (see
Sensitivity section further below). ForMLD and SST a runningmean (5-
months for MLD and 3-months for SST) was applied to the timeseries
to remove high frequency variability, while for DAOD a 3-months
moving sum accounted for its sliding cumulative effect (Dms). We then
determined the time lag within a range [−12 months, 6 months] that
maximized the absolute value of Pearson’s linear correlation coeffi-
cient between the de-seasonalized time series of the anomalies (with
respect to their mean value) of these averaged quantities and that of
monthly Sargassum biomass (Sobs). The lag is non-zero only for the
MLD, for which lag1 = −3months with <MLD> preceding Sobs where < >
indicates spatial averaging. The model is robust to the choice of a
running mean between 2 and 5 months, and of a lag between -1 and
-4 months. The functional choice of the MLD term accounts for the
nonlinear increase of nutrient concentrations with depth. A simple
linear dependence was chosen for SST, which anyway showed small
changes, and dust, where it accounts for its accumulation.

We modeled the self-fertilization term that depends on prior
concentration of Sargassum, Clag , considering a cubic dependence on
the MLD. Its functional form is therefore proportional to previous
concentrations and inversely proportional to the volume where the
concentrations retained close to the surface are easily diluted (i.e., the
mixed layer).

The modeled Sargassum biomass concentration, Y, is therefore
described by the equation

Y = f H½sgn fð Þ�,with f = ½sgn MLDð Þb1jMLDj b2j j
rm�lag1

+ b3 1�MLD3
rm�lag2

� �

Clag +b4Dms +b5SSTrm�
ð2Þ

where H(.) is the Heaviside function and sgnð:Þ the sign function. The
coefficients b1-b5 are determined by fitting Y to Sobs.

We also explored the use of a machine learning approach that
chose the terms froma library of functions in anunsupervisedmanner.
This approach, however, did not produce an easily explainable solu-
tion and was abandoned.

Relative role of the regression model’s terms
We quantified the relative role of each term in Eq. 2 by removing each
contribution, one at a time, as shown in Supplementary Fig. 5.
Removing the terms that depend on the MLD caused the correlation
between model and observed time-series to decrease to R = 0.66. An
even greater drop in skill was found when Clag (the Sargassumsphere
contribution) was not considered (R =0.58). On the other hand, only

Article https://doi.org/10.1038/s41467-026-72183-4

Nature Communications |         (2026) 17:4600 7

https://apdrc.soest.hawaii.edu/datadoc/soda_3.3.1.php
https://apdrc.soest.hawaii.edu/datadoc/soda_3.3.1.php
https://doi.org/10.24381/d58bbf47
https://doi.org/10.24381/d58bbf47
https://code.mpimet.mpg.de/projects/cdo
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.48670/moi-00019
www.nature.com/naturecommunications


minor changes are induced by neglecting the dust ðb4DmsÞ or SST
ðb5SSTrmÞ terms, with R = 0.81 or R =0.84, respectively.

Sensitivity of the regression model
Parameter sensitivity. There are two parameters that we initially
chose arbitrarily and that may have influenced the robustness of the
non-linear regression model results. These are the moving window
applied to the running mean for MLD (5 months) and SST (3 months),
and moving sum for dust (3 months), and the time lag parameter lag1
for MLD. We defined lag1 within a range from −12 months to
+6 months, selecting the value that maximized the absolute value of
the Pearson’s correlation coefficient between the averaged environ-
mental variables andmonthly Sargassum biomass. We found that lag1
values were consistently high between −1 and −4 months, with
−3 months typically showing the strongest correlation.

To evaluate the sensitivity of the model to these choices, we
conducted sensitivity tests by adjusting the moving window from 2 to
5 months and the lag1 value from −1 to −4 months. We compared the
new model outputs to the model results presented in the main text
(green area in Fig. 3) using two statistical metrics, the correlation
coefficient (R) and the mean squared error (MSE). We tested the sen-
sitivity separatelyby (1) changing themovingmeanwindow for SST, (2)
changing the moving sum window for dust, and (3) changing both the
moving mean window and lag1 for MLD.

All statistical metrics indicate that our non-linear regression
model is extremely robust. For the SST sensitivity tests, in all cases
R > 0.99 and MSE < 0.01. For dust, we obtained R > 0.98 and MSE <
0.40, and for MLD, R > 0.90 and MSE < 2.0. Furthermore, the
decrease in R values and the increase in MSE values from SST toMLD
suggest that Sargassum blooms are more sensitive to variations in
MLD, which is consistent with the conclusions presented in the
main text.

For the Sargassumsphere term, its functional form should be
proportional to previous Sargassum concentrations and inversely
proportional to the volumewhere the concentrations retained close to
the surface arediluted (i.e., themixed layer). If so, fromamathematical
standpoint, we can write an optimization problem in the form:

b3

Xlag = τ

lag =0
Wlag ×Clag ð1�MLD3

lag Þ ð3Þ

where each month’s Sargassum biomass contributes to the nutrient
pool mainly with a weight (Wlag) after part of it is lost minus a dilution
contribution. We then used MATLAB’s fminsearch program to opti-
mize the statistical model. To quantify uncertainty, the optimization
was repeated independently 50 times. The mean weight distribution
with error bars indicating the standard deviation across the 50 runs is
shown in Supplementary Fig. 7. Result indicated that it would be
possible to take the mean concentration over the previous 12 or
15 months as well, but using the three-months running mean
concentrations around the 12-month lag simplifies the formulation
whilemaintaining high skill metrics, making it easier to implement in a
forecasting framework.

Regional sensitivity. We furthermore tested whenever the pre-
conditioning of the GASB is linked mostly to Sargassum growing in
the Tropical and Equatorial Atlantic region (Supplementary Fig. 8A).
We used the ODATIS daily gridded Sargassum area coverage (https://
doi.org/10.12770/8fe1cdcb-f4ea-4c81-8543-50f0b39b4eca, accessed
on 15-04-2026) derived from satellite imagery and extracted con-
centrations over the Tropical and Equatorial Atlantic (longitude from
−55 to −20, latitude from 0 to 10) to re-run our statistical model
modifying the self-fertilization term. The resulting timeseries com-
pared to the observed ones with R = 0.76 and MSE = 3.57, indicating
that this region explains a substantial portion of the Sargassum
bloom observed across the broader area. This outcome can be

expected because the area at any time accounts for about 50% of the
total bloom (see for example newer datasets providing concentra-
tions by subdivisions at https://optics.marine.usf.edu/projects/saws.
html) and represents the area most impacted by upwelling (Fig. 2).
Nonetheless R decreases and the fit deteriorates, especially in the last
few years, when the impact of the Sargassumsphere is higher and the
growth is considerable also in the region excluded from the calcu-
lations. We also tested using only fall and early winter conditions as
bloom precursors, as suggested in ref. 30. In this case, the model
performance degraded significantly (R = 0.55 and MSE = 5.85) (Sup-
plementary Fig. 8B).

Limiting the model to data from the GASB area alone - therefore
limiting the region where MLD changes are calculated – caused only a
non-significant deterioration (R = 0.84 and MSE = 4.37), maintaining a
good fit especially from 2020 onward, supporting the hypothesis that
the role of the Sargassumsphere has increased over time.

Sensitivity to noise in the data
To test the sensitivity to uncertainties in the datasets used in our
regression model, we considered two of the most used reanalysis
products and quantified their differences in the representation of
SST and MLD with respect to GLORYS. The two ocean reanalysis
products, ORAS540 and SODA Version 3.3.141, have comparable reso-
lution being both created at 1/4° horizontal resolution, while GLORYS
has a higher resolution of 1/12°. We considered eleven years, from
January 1994 to December 2014, because this the common period to
all three products in their consolidated (validated) version, and cal-
culated the standard deviation of the deseasonalized and detrended
time series of SST and MLD over the region considered in our work,
finding σSST =0:04 and σMLD = 1:2567. We then performed Mon-
teCarlo simulations accounting for this uncertainty (Supplemen-
tary Fig. 9).

In relation to the Sargassum concentration data, we compared the
ones we used, adapted from ref. 30, with those published in ref. 1,
which however are limited to December 2018 (Supplementary Fig. 10).
Their difference is small and depends on the retrieval algorithms and
assumptions made therein, which are not provided in the referenced
papers. We verified that limiting our model to 2018 and retraining it
using each dataset, caused only a small change in the coefficients,
without impacting the model skill.

Properties of the regression model’s residuals
We used the outcome of the MonteCarlo simulations to evaluate the
residuals of the regression model, finding that they follow a Gaussian
distribution as shown by the standard Quantile-Quantile (Q-Q) plot
(Supplementary Fig. 11A). When considering single realizations, how-
ever, the variance of the residuals may show a dependence on the
values of the independent variables, with extreme events (both very
high and very low) producing the larger residuals and suggesting some
degree of heteroscedasticity. In addition, the residual autocorrelation
is large or moderate up to 2 months, indicating a weak positive linear
dependence between the model’s error in any given period and its
error 1-2 months earlier. Over longer lags or longer (we tested up to
16months) the Ljung–BoxQ test45 confirms that there is no statistically
significant autocorrelation (p >0.05).

We stress that short-lag dependence in residuals is common in
Earth system applications46, and some degree of heteroscedasticity
and autocorrelation can reflect underlying structural changes and
nonlinear responses in complex systems that may undergo
transitions47,48, as in our case, and is not linked to a failure of the
predictive model.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Sargassum biomass data until 2022 have been extracted from ref. 38,
using the manual extraction option of the online version of Web-
PlotDigitizer (https://automeris.io/WebPlotDigitizer.html, WebPlotDi-
gitizer version 4.7, 2024), available at https://automeris.io/
WebPlotDigitizer.html. Concentrations data for 2023 and 2024 were
provided by Julien Jouanno, calculated from the raw images following
the procedure detailed in ref. 3 and are available at https://zenodo.org/
records/19004539. The Nitrogen isotopic composition data presented
in Fig. 3 are available as xls file at https://doi.org/10.5281/zenodo.
19076636. Source data are provided with this paper.

Code availability
All codes developed for this work are available on Zenodo at https://
doi.org/10.5281/zenodo.19076636. See README and reproduce.docx
files for a complete description of the code’s functionality.

References
1. Wang, M. et al. The great Atlantic Sargassum belt. Science 365,

83–87 (2019).
2. Johns, E. M. et al. The establishment of a pelagic Sargassum

population in the tropical Atlantic: biological consequences of a
basin-scale long distance dispersal event. Prog. Oceanogr. 182,
102269 (2020).

3. Jouanno, J. et al. An extreme North Atlantic Oscillation event drove
the pelagic Sargassum tipping point. Commun. Earth Environ. 6,
95 (2025).

4. Gower, J., Young, E. & King, S. Satellite images suggest a new
Sargassum source region in 2011. Remote Sens. Lett. 4,
764–773 (2013).

5. Oviatt, C. A., Huizenga, K., Rogers, C. S. &Miller, W. J. What nutrient
sources support anomalous growth and the recent Sargassum
mass stranding on Caribbean beaches? A review. Mar. Pollut. Bull.
145, 517–525 (2019).

6. Podlejski, W. et al. Drivers of growth and decay of Sargassum in the
Tropical Atlantic: a Lagrangian approach. Prog. Oceanogr. 229,
103364 (2024).

7. McGillicuddy, D. J. et al. Nutrient and arsenic biogeochemistry of
Sargassum in the western Atlantic. Nat. Commun. 14, 6205
(2023).

8. Jung, J. et al. Equatorial upwelling of phosphorus drives Atlantic N2

fixation and Sargassum blooms. Nat. Geosci. 18, 1259–1265 (2025).
9. Lapointe, B. E. et al. Nutrient content and stoichiometry of pelagic

Sargassum reflects increasing nitrogen availability in the Atlantic
Basin. Nat. Commun. 12, 3060 (2021).

10. Sri, S. et al. Biomass valorization for bioenergy production. In Bio-
mass Conversion and sustainable Biorefinery, Green Energy and
Technology (eds Muhammad, A. R. et al. 67–97(Springer, 2024).

11. Angela et al. Valorization of Caribbean Sargassum biomass as a
source of alginate and sugars for de novo biodiesel production. J.
Environ. Manag. 324, 116364 (2022).

12. Indira, T. P. et al. Thermochemical conversion of sargassum for
energy production: a comprehensive review. BioEnergy Res. 15,
1872–1893 (2022).

13. David, R. A. et al. Biochar fromcommercially cultivated seaweed for
soil amelioration. Sci. Rep. 5, 9665 (2015).

14. Malinee, K. et al. Steamco-gasification of brown seaweed and land-
based biomass. Fuel Process. Technol. 120, 106–112 (2014).

15. Diffenbaugh, N. S. & Giorgi, F. Climate change hotspots in the
CMIP5 global climate model ensemble. Clim. Change 114,
813–822 (2012).

16. Palter, J. B. & Lozier, M. S. On the source of Gulf Stream nutrients. J.
Geophys. Res. 113, C06018 (2008).

17. Olmedo, E. et al. Increasing stratification as observed by satellite
sea surface salinity measurements. Sci. Rep. 12, 6279 (2022).

18. Sallée, J. B. et al. Summertime increases in upper-ocean stratifica-
tion and mixed-layer depth. Nature 591, 592–598 (2021).

19. Zeng, Z. et al. A reversal in global terrestrial stilling and its impli-
cations for wind energy production. Nat. Clim. Chang. 9,
979–985 (2019).

20. Syndeman, W. J. et al. Climate change and wind intensification in
coastal upwelling ecosystems. Science 345, 77–80 (2014).

21. Young, H. S., McCauley, D. J., Dunbar, R. B. & Dirzo, R. Plants
cause ecosystem nutrient depletion via the interruption of bird-
derived spatial subsidies. Proc. Natl. Acad. Sci. USA 107,
2072–2077 (2010).

22. McCauley, D. et al. From wing to wing: the persistence of long
ecological interaction chains in less-disturbed ecosystems. Sci.
Rep. 2, 409 (2012).

23. Graham, N. A. J. et al. Seabirds enhance coral reef productivity and
functioning in the absence of invasive rats. Nature 559,
250–253 (2018).

24. Lapointe, B. E. et al. Ryther revisited: nutrient excretions by fishes
enhance productivity of pelagic Sargassum in the western North
Atlantic Ocean. J. Exp. Mar. Biol. Ecol. 458, 46–56 (2014).

25. Schaffelke, B. & Klumpp, D. W. Short-term nutrient pulses enhance
growth and photosynthesis of the coral reef macroalga Sargassum
baccularia.Mar. Ecol. Prog. Ser. 170, 95–105 https://www.jstor.org/
stable/24831669 (1998).

26. Maes, C. & O’Kane, T. J. Seasonal variations of the upper ocean
salinity stratification in the tropics. J. Geophys. Res. Oceans, 119,
1706–1722 (2014).

27. Brandes, J. A. & Devol, A. H. A global marine fixed nitrogen isotopic
budget: Implications for Holocene nitrogen cycling. Glob. Bio-
geochem. Cycles 16, 1120 (2002).

28. Knapp, A. N., Sigman, D. M. & Lipschultz, F. N isotopic composition
of dissolved organic nitrogen and nitrate at the Bermuda
Atlantic time-series study site. Glob. Biogeochem. Cycles 19,
GB1018 (2005).

29. Knapp, A. N. et al. Nitrate isotopic composition between Bermuda
and Puerto Rico: implications for N-2 fixation in the Atlantic Ocean.
Glob. Biogeochem. Cycles 22, GB3014 (2008).

30. Carpenter, E. J. et al. Extensive bloom of a N2-fixing diatom/cya-
nobacterial association in the tropical Atlantic Ocean. Mar. Ecol.
Prog. Ser. 185, 273–283 (1999).

31. Holl, C. M. et al. Trichodesmium in the western Gulf of Mexico: N-
15(2)-fixation and natural abundance stable isotope evidence.
Limnol. Oceanogr. 52, 2249–2259 (2007).

32. Montoya, J. P., Carpenter, E. J. &Capone,D.G.Nitrogen-fixation and
nitrogen isotope abundances in zooplankton of the oligotrophic
North Atlantic. Limnol. Oceanogr. 47, 1617–1628 (2002).

33. Bada, J. L., Schoeninger, M. J. & Schimmelmann, A. Isotopic frac-
tionation during peptide bond hydrolysis. Geochim. Cosmochim.
Acta 53, 3337–3341 (1989).

34. Macko, S. A. et al. Kinetic fractionaion of stable nitrogen isotopes
during amino acid transamination. Geochim. Cosmochim. Acta 50,
2143–2146 (1986).

35. Jouanno, J. et al. Evolution of the riverine nutrient export to the
Tropical Atlantic over the last 15 years: is there a link with Sargas-
sum proliferation? Environ. Res. Lett. 16, 034042 (2021).

36. Johnson, D. L. & Richardson, P. L. On the wind-induced sinking of
Sargassum. J. Exp. Mar. Biol. Ecol. 28, 255–267 (1977).

37. England, M. H. et al. Drivers of the extreme North Atlantic marine
heatwave during 2023. Nature 642, 636–643 (2025).

38. Jouanno, J. et al. Skillful seasonal forecast of Sargassum prolifera-
tion in the Tropical Atlantic. Geophys. Res. Lett. 50,
e2023GL105545 (2023).

39. Lapointe, B. E. A comparison of nutrient-limited productivity in
Sargassum natans from neritic vs. oceanic waters of the western
North Atlantic Ocean. Limnol. Oceanogr. 40, 625–633 (1995).

Article https://doi.org/10.1038/s41467-026-72183-4

Nature Communications |         (2026) 17:4600 9

https://automeris.io/WebPlotDigitizer.html
https://automeris.io/WebPlotDigitizer.html
https://automeris.io/WebPlotDigitizer.html
https://zenodo.org/records/19004539
https://zenodo.org/records/19004539
https://doi.org/10.5281/zenodo.19076636
https://doi.org/10.5281/zenodo.19076636
https://doi.org/10.5281/zenodo.19076636
https://doi.org/10.5281/zenodo.19076636
https://www.jstor.org/stable/24831669
https://www.jstor.org/stable/24831669
www.nature.com/naturecommunications


40. Zuo, H. et al. The ECMWF operational ensemble reanalysis–analysis
system for ocean and sea ice: a description of the system and
assessment. Ocean Sci. 15, 779–808 (2019).

41. Inness, A. et al. The CAMS reanalysis of atmospheric composition.
Atmos. Chem. Phys. 19, 3515–3556 (2019).

42. Carton, J. A., Chepurin, G. A. & Chen, L. SODA3: a new ocean cli-
mate reanalysis. J. Clim. 31, 6967–6983 (2018).

43. Hersbach, H. et al. ERA5 monthly averaged data on pressure levels
from 1940 to present. Copernicus Clim. Change Serv. (C3S) Clim.
Data Store (CDS) https://doi.org/10.24381/cds.6860a573 (2023).

44. Montoya, J. P. Nitrogen stable isotopes in marine environments. in
Nitrogen in the Marine Environment, (eds Capone, D. G., Carpenter,
E. J., Mulholland, M. R. & Bronk, D. A.) 1277–1302 (Academic
Press, 2008).

45. Ljung, G.M. & Box, G. E. P. On ameasure of a lack of fit in time series
models. Biometrika 65, 297–303 (1978).

46. Linder, H. L., Horne, J. K. &Ward, E. J. Modeling baseline conditions
of ecological indicators: marine renewable energy environmental
monitoring. Ecol. Indic. 83, 178–191 (2017).

47. Scheffer et al. Early-warning signals for critical transitions. Nature
461, 53–59 (2009).

48. Seekell, D. A. et al. Conditional heteroskedasticity forecasts regime
shift in a whole-ecosystem experiment. Ecosystems 15,
741–747 (2012).

Acknowledgements
We thank the Google.org/Tides Foundation Grant TF2308-115588 for
funding our work (grant to A.B.), Dr. Julien Jouanno for providing the
Sargassum biomass concentration data for years 2023 and 2024, and
David A. Montoya for contributing to the schematic in Fig. 3 and Fig. 5.

Author contributions
A.B. conceived the project and wrote the paper together with X.Z.; X.Z.
and L.N. developed the regression models and performed analysis and
simulations, contributing equally. J.P.M., M.E.H., and A.B. collected the
nutrient data; J.P.M. analyzed them andperformed isotopic composition
analysis. M.J.R. and A.A. contributed to the data interpretation. All
authors contributed to the discussion and the final version of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-72183-4.

Correspondence and requests for materials should be addressed to
Annalisa Bracco.

Peer review information Nature Communications thanks Robert Marsh
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Article https://doi.org/10.1038/s41467-026-72183-4

Nature Communications |         (2026) 17:4600 10

https://doi.org/10.24381/cds.6860a573
https://doi.org/10.1038/s41467-026-72183-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Changing drivers of the Great Atlantic Sargassum Belt from physical forcing to ecological control
	Results
	The regression model
	Key drivers of Sargassum growth
	Model prediction skill

	Discussion
	Methods
	Variable selection
	Multi-year seasonal means changes calculation
	Regression model
	Relative role of the regression model’s terms
	Sensitivity of the regression model
	Parameter sensitivity
	Regional sensitivity

	Sensitivity to noise in the data
	Properties of the regression model’s residuals
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




