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The proliferation of pelagic Sargassum in the tropical Atlantic since 2011 is causing considerable
health and economic concerns as large amounts of this brown alga arrive and accumulate in coastal
ecosystems of western Africa and of the greater Caribbean Sea every year. Many hypotheses have
been proposed to explain the recurrence of Sargassum blooms since 2011 and their year-to-year
variability. Among the hypotheses being debated about the origin and nutrient source to support the
blooms are either: a) an increase in nutrient supply to the Atlantic Ocean via continental, or
atmospheric inputs, or b) long-distance transport of a seed population during the North Atlantic
Oscillation (NAO) event of 2009/2010 and stimulation of blooms in the tropical North Atlantic by
nutrient supply primarily due to seasonal vertical mixing of the upper water column. The aim of this
study is to address these alternate hypotheses. To this end, interannual numerical simulations (2002-
2022) representing the transport, growth, and decay of pelagic Sargassum have been developed at
basin scale. Our results confirm the role played by the NAO transport anomaly on the regime shift that
occurred in 2010, and the primary role of vertical mixing in the tropical Atlantic as the primary nutrient

source for the recurring blooms since 2011.

The Tropical Atlantic and the Caribbean Sea have seen massive annual
blooms of pelagic Sargassum since 2011'~ (Fig. 1). This phenomenon has
been the focus of particular attention from the scientific community and
civil society at the international level, since the arrival and stranding of the
alga has had economic and health consequences on coastal populations and
ecosystems of the northern Tropical Atlantic.

The reasons behind this proliferation and annual recurrence since 2011
are still being debated. On the one hand, there is the hypothesis of extensive
ocean fertilization by rivers or atmospheric inputs of nutrients™°. Two
independent studies, however, have suggested that riverine nutrient inputs
play a minor role in the annual development of cross-basin pelagic Sar-
gassum blooms and in the initial process of arrival of the alga in the tropical
Atlantic”®. The hypothesis that Saharan dust is the cause of the phenomenon
has also been discounted because of lack of evidence of a connection”.

Johns et al.’ examined wind observations, drifting buoy tracks,
numerical circulation model results, historical hydrographic and ocean
nutrient profiles, and satellite bio-optical and cloud data to demonstrate
that there were major anomalies in the circulation of the North Atlantic in

2009/2010 in response to an exceptionally strong (negative) North
Atlantic Oscillation (NAO) event. They advanced the hypothesis that
these anomalous currents transported Sargassum from the subtropical
North Atlantic gyre to the Central and Eastern Atlantic, and then south to
the tropics, where the alga found a favorable environment for its pro-
liferation. Historical oceanographic studies of the tropical equatorial
North Atlantic have shown that there is seasonal vertical mixing and
Ekman pumping due to the Trade Winds over a shallow nutricline*".
These vertical movements lead to nutrient inputs to surface water and
support phytoplankton blooms in the broader tropical Atlantic region™"’.
The same nutrients are available to support the seasonal blooming of
pelagic Sargassum.

The hypothesis of long-distance transport from the Sargasso Sea to the
equatorial North Atlantic generally runs up against the criticism that there is
no evidence of transport around 2010 in the historical time series of satellite
images of Sargassum distribution assembled to date® In that area, however,
detecting Sargassum from space is difficult because of broad cloud cover,
sunglint, and other problems that lead to substantial gaps in the Sargassum

'LEGOS, Université de Toulouse, IRD, CNRS, CNES, UPS, Toulouse, France. 2CNRM, Université de Toulouse, Météo-France, CNRS, Toulouse, France. *College
of Marine Science, University of South Florida, St. Petersburg, FL, USA. “Sorbonne Université (CNRS/IRD/MNHN), LOCEAN-IPSL Paris, France. *Centro de

Investigacion Cientifica y de Educacién Superior de Ensenada (CICESE), Ensenada, Baja California, Mexico.

e-mail: julien.jouanno@ird.fr

Communications Earth & Environment| (2025)6:95


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02074-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02074-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02074-x&domain=pdf
http://orcid.org/0000-0001-7750-060X
http://orcid.org/0000-0001-7750-060X
http://orcid.org/0000-0001-7750-060X
http://orcid.org/0000-0001-7750-060X
http://orcid.org/0000-0001-7750-060X
http://orcid.org/0000-0001-5782-2855
http://orcid.org/0000-0001-5782-2855
http://orcid.org/0000-0001-5782-2855
http://orcid.org/0000-0001-5782-2855
http://orcid.org/0000-0001-5782-2855
http://orcid.org/0000-0003-3159-5011
http://orcid.org/0000-0003-3159-5011
http://orcid.org/0000-0003-3159-5011
http://orcid.org/0000-0003-3159-5011
http://orcid.org/0000-0003-3159-5011
http://orcid.org/0000-0003-3954-506X
http://orcid.org/0000-0003-3954-506X
http://orcid.org/0000-0003-3954-506X
http://orcid.org/0000-0003-3954-506X
http://orcid.org/0000-0003-3954-506X
http://orcid.org/0000-0001-7031-5225
http://orcid.org/0000-0001-7031-5225
http://orcid.org/0000-0001-7031-5225
http://orcid.org/0000-0001-7031-5225
http://orcid.org/0000-0001-7031-5225
mailto:julien.jouanno@ird.fr
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02074-x

Article

50°N

40°N

Gulf Stream

30°N Subtropical Gyre

Sargasso Sea

20°N

10°N

Amazon

0°N plume

10°s

80°wW 60°W

Fig. 1 | Observed Sargassum distribution in the Tropical Atlantic. Sargassum
coverage obtained from MODIS AFAI in July 2021 (brown color scale; value
between 0.001% and 0.2%) and surface chlorophyll distribution in July 2021 (green
color scale; im mg m ) from GlobColour merged monthly product. Circulation
schematic of the surface currents is superimposed: the North Equatorial Current
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(NEC), the northern and southern branches of the South Equatorial Current (nSEC
and sSEC), the North Equatorial Countercurrent (NECC), the North Brazil Current
(NBC), the Caribbean Current (CC), and the Loop Current (LC). The blue contour
represents the 9 mm/day precipitation iso-contour and is taken to indicate the ITCZ
location.

coverage satellite data record. So, it is not clear that a transport event could so
far have been detected.

The lack of consensus on the causes and mechanisms controlling the
seasonal and interannual variability of the blooming of pelagic Sargassum in
the tropical central Atlantic translates into highly varied societal perceptions
of its causes'”. The idea that rivers, including the Amazon, Orinoco, Niger,
Congo, and even relatively smaller rivers like the Mississippi are fueling the
annual blooms in the tropical North Atlantic has become widespread even
though there is no scientific evidence that any of these rivers are the cause for
the blooms in the tropical Atlantic or at the scale of the entire North Atlantic
Basin. Here we provide further evidence to clarify the causes of the recurring
phenomenon of the Sargassum blooms in the tropical central North
Atlantic Ocean.

Results
Modeling strategy
To unravel the dominant processes that led to the initial establishment of the
Sargasso population in the tropical North Atlantic and the recurring Sar-
gasso blooms, we chose to use large-scale and long-term numerical simu-
lations of the Sargassum distribution. This framework allows us to test two
hypotheses: 1) the strongly negative 2009-2010 NAO phase triggers long-
distance southward transport of Sargassum; 2) this newly established
population of Sargassum blooms every year due to seasonal nutrient supply
by vertical mixing of the upper ocean and not due to land-derived nutrients
input via rivers from North or South America, or Africa. Multi-year mod-
eling of Sargassum requires accurate representation of the transport, growth,
and decay properties of the algae. Simulations are based on advances of the
Eulerian Sargassum model NEMO-Sarg which properly reproduces and
forecasts the seasonal evolution of pelagic Sargassum at basin scale'*".
The model represents pelagic Sargassum biomass through its carbon
(C), nitrogen (N), and phosphorus (P) uptake, release, and stock. The
biomass is transported by surface currents, wind drift and diffusion. The
model allows for variable biomass stoichiometry within the ranges
observed™*"”. Growth is limited by the N and P content of the tissues.
Nutrient uptake depends on the concentration of macronutrients and
micronutrients in the environment (NOs, PO, NH,, Fe), temperature, and

local wind (taken as a proxy for turbulence in the surface layers). A para-
meterization of diazotrophy is included™® since N fixation has been sug-
gested as an important source of N for Sargassum'™". Growth is also
dependent on photosynthetically available radiation, temperature, and
salinity”’. The temperature dependence of the pelagic species (Sargassum
Natans and Sargassum Fluitans) that make up the blooms has been the
subject of numerous studies, with no consensus emerging on the optimal
temperature and shape of the response curve’ . Here, we hypothesize a
generic morphotype with an optimal growth temperature between 26 and
28 °C, in line with several studies®*.

The pelagic Sargassum growth and distribution model is forced using
currents, temperature, and salinity from the GLORYS12 1/12° ocean
reanalysis™. Solar radiation and surface wind are obtained from the ERA5
atmospheric reanalysis 27. The wind reanalysis product provides a rea-
listic, time-varying surface ocean Trade Wind wind velocities, wind
stress”, and surface convergence fields associated with the Intertropical
Convergence Zone (ITCZ). The biogeochemical fields (NO;, POy, Fe,
NH,) are obtained from a global NEMO-PISCES simulation at %4°
resolution®. This biogeochemical NEMO-PISCES simulation is forced
using interannual atmospheric reanalysis and averaged climatologies for
river inputs, atmospheric deposition of dust, and the vertical distribution
of nutrients based on historical field observations (so they reflect seasonal
variations only, see detailed description of this simulation in Method
section). Sargassum simulations were initialized for January 1993 with a
Sargassum content of 2.10"° mgC m™ (equivalent to a fractional cover of
1.107%) in the Sargasso Sea only. Sargassum biomass was derived from C
content by considering a mean carbon-to-wet-weight ratio of 6% and is
compared to observed Sargassum cover by considering an average density
of 3.34kgm™ for pure Sargassum patches”. The period 2002-2022 is
analyzed since it allows direct comparison with MODIS satellite-derived
detections. A detailed description of the Sargassum model is given in the
Method section.

Drivers of the 2010/2011 tipping point
The seasonal distribution of Sargassum over the recent period is captured in
the long-term simulation and is illustrated in Fig. 2. The peak coverage of
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Fig. 2 | Seasonal and interannual variability of Sargassum biomass in model and
observations. a-d Seasonal cycle of Sargassum areal coverage (%) in the Tropical

Atlantic computed using MODIS detections and model outputs from 2015 to 2022.
The areal coverage is defined as the proportion of a pixel area occupied by Sargassum

mats. Here the pixel area is ~25 x 25 km. e Monthly mean time series of Sargassum
biomass estimated from MODIS and obtained from a NEMO-Sarg simulation
averaged from 100°W to 0°E and from 0°S to 30°N.

Sargassum in the tropical North Atlantic occurs in May, June, and July, with
Sargassum patches from the current and previous year together extending
from 30°W to the Loop current in the Gulf of Mexico, as seen in both the
model and observations. There is no evidence of large patches or amounts of
pelagic Sargassum east of 10°W or south of the Equator. In October,
November, and December, Sargassum quantities in the tropical Central
Atlantic are considerably lower and concentrated in the central Tropical
North Atlantic, mainly under the ITCZ, with a maximum near Sierra Leone.
The maintenance of Sargassum in this region during boreal winter is a key
factor for the development of the subsequent year’s bloom”.

There is a difference between historical field observations and the
remotely sensed Sargassum in the Sargasso Sea and more broadly in the
North Atlantic gyre. The North Atlantic gyre is the natural historical habitat
of pelagic Sargassum®. Pelagic Sargassum had been known to be char-
acteristic of the North Atlantic gyre and less abundant but present in the
Caribbean Sea and Gulf of Mexico as far back as C. Columbus’™*. Pelagic
Sargassum was observed historically to be at concentrations estimated to be
15 to over 50 times lower in the Caribbean Sea compared to the Sargasso
Sea®. Parr’ provides an extensive discussion of abundant Sargassum in the
northern and northwestern Gulf of Mexico, where Sargassum was described
as unhealthy and overgrown with epiphytes and epifauna (this is the area of
dispersal of the Mississippi River plume).

Thus far, remote sensing has not always effective in detecting Sargas-
sum in the Sargasso Sea (ref. 35 and Fig. S1). Remote sensing seems to miss
an important fraction of the biomass there. It has already been proposed that
there may be very large (10 to 100-fold) variations in the abundance of
Sargassum over time in the Sargasso Sea™’. Whether it is due to temporal
variations in historical Sargassum observations or the difficulty of observing
these patches at intermediate latitudes, it is not possible for us to know. Thus,
our model results for the Sargasso Sea may overestimate Sargassum abun-
dance compared to satellite-derived estimates.

The model does reproduce the regime shift that occurred in 2009-2010
and that led to the first pelagic Sargassum blooms in the tropical Atlantic in
2011 (see Fig. 2e and Supplementary Video 1). To analyze potential causes of
the regime shift and the recurrence of larger blooms in the tropical central
North Atlantic, we conducted sensitivity tests. The different runs included a
reference simulation (EXPO0) with all variables, a simulation with no inter-
annual variability of the ocean surface currents (EXP1), one with only
climatological nutrients taken from the 2000s decade (EXP2), one with no
interannual variability of the sea surface temperature (EXP3), one with no
nutrients in the Amazon plume area (EXP4), and one with no nutrients in
the West Africa upwelling (EXP5). The resulting total biomass integrated
over the area bound by 100°W to 0°E, 0°S to 30°N, is shown in Fig. 3.

A simulation with no interannual variability of currents was not able to
replicate the observed regime shift in 2009-2010 nor the annual Sargassum
distribution patterns observed after 2011 in the Caribbean and Tropical
Atlantic (EXP1 in Fig. 3). This is evidence of the role of the anomaly in the
circulation that occurred just before 2011. In this experiment, the wind
speed component was not filtered, so the interannual variability of the
windage was not suppressed. Figure S2 (and Supplementary Video 1) shows
that the pathway for the injection of North Atlantic Sargassum may have
been the North Equatorial Current, while the retroreflection of the North
Brazil Current and the North Equatorial Counter Current” " brought the
Sargassum into the ITCZ region in the following months. This is in line with
Lagrangian experiments’. The model likely underestimates the amount of
Sargassum that reached the retroflection region in 2011 when compared to
the satellite data record (Figs. S2 and S3). However, the timing of the regime
shift is well represented, indicating that the model captured the fundamental
process.

According to ref. 4 abnormally warm temperatures occurred in the
north Tropical Atlantic in 2010/2011. This is another indication of an
anomalous situation and may have contributed to the survival of Sargassum
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Fig. 3 | Sensitivity of the interannual Sargassum biomass to forcings. Time
evolution of the annual total biomass (in 10° tons) over the North Tropical Atlantic
(total integrated over 100°W to 0°E, 0°S to 30°N), estimated from MODIS detections
and obtained from a reference simulation (EXPO0), and simulations with no

interannual variability of the ocean surface currents (EXP1), climatological nutri-
ents taken from the 2000s decade (EXP2), no interannual variability of the sea
surface temperature (EXP3), no nutrients in the Amazon plume area (EXP4), and
no nutrients in the West Africa upwelling (EXP5).

during its transport to the south. A forced simulation which excluded
interannual variability of the SST (EXP3) replicated the regime shift, indi-
cating that the SST anomaly by itself may have not played a crucial role in the
tipping point. Since a very simple dependence on temperature is considered
in our model, these findings are worth revisiting in the future in the light of
an improved understanding of survival rates and temperature sensitivity of
growth and mortality traits.

Finally, in order to investigate the effects of nutrient forcing on the
system, a simulation was conducted using climatological nutrient data
(NOs, PO, Fe, NH,) from the 2000s decade instead of interannually varying
nutrients. Seasonal variability of the nutrient surface concentrations was
conserved, and this was done by taking the climatological average of the
NEMO-PISCES outputs over this decade. The simulation demonstrates a
shift in regime (see EXP2 in Fig. 3) despite no interannually varying nutrient
forcing, suggesting that such a shift could occur and could be maintained
without alterations of nutrient inputs over time.

Maintenance of the proliferation in the Sargassum belt

The reason for the higher growth rates in the Great Atlantic Sargassum Belt
(GASB) compared to the North Atlantic gyre (Figs. 4e, 5) is tempera-
ture, nutrient and light supply. The theory for the seasonal nutrient supply to
surface waters in the Sargasso Sea and light limitation of phytoplankton
growth was described by ref. 40 and many others. These processes also limit
Sargassum growth. The Sargasso Sea has high winds, cold temperatures and
low light in winter, compared to the tropical North Atlantic with favorable
temperature, ample nutrient supply by vertical mixing and high light regime
during January through April (Figs. 4 and 5). Phytoplankton, zooplankton,
and Sargassum in the temperate North Atlantic gyre derive their nitrogen
isotopic composition from underlying waters and the spatial and temporal
variations in vertical mixing"""”. Both in model and observations, the
maximum growth in the tropical North Atlantic occurs between January
and April (Fig. 4e). At this time, the growth rate is particularly high in the
western tropical Atlantic between the Lesser Antilles and the equator
(Fig. 5). During the boreal summer, the surface waters of the North Atlantic
typically become depleted in nutrients due to high stratification. Meanwhile,
the newly grown mass of Sargassum is advected toward the Caribbean
(Fig. S4a), and this new growth will reach the Gulf of Mexico toward the end
of the year.

From the data presented in Fig. S4f (see also ref. 11), PO4, NO3, and
NH, concentrations are elevated just beneath the surface in the western
Atlantic in the 0-15°N latitude range. These nutrients can be mixed upwards
toward the surface by wind mixing and Ekman pumping, and thus fuel the
high Sargassum growth rates observed in January-April. The biogeo-
chemical model reveals that surface waters in this region indeed receive the

majority of their phosphorus and nitrate from vertical mixing
(Figs. S5 and S6), while horizontal processes contribute to extending the
large phosphorus and nitrate concentration toward the Antilles and the
central tropical Atlantic (Fig. S5 and S6). Atmospheric nitrogen fixation in
the Sargassum model suggests that this source is also important in this
region (Fig. 5e). Nitrogen fixation is favored by temperatures in this region
(Fig. 5b) and sufficient phosphorus (Fig. S4e) and iron content in the surface
waters. This may further alleviate nitrogen limitation for Sargassum growth,
as suggested by several studies'".

The model indicates that the highest decay rates of Sargassum in the
Caribbean Sea and Gulf of Mexico occur between August and October
(Fig. 5f). This is due to thermal stress in response to elevated temperatures
during the peak of the western Atlantic warm pool, which extends from the
Gulf of Mexico to the eastern Caribbean during this period (Fig. $4b). Thus,
it seems that production within the pelagic Sargassum mass slows down
during this period even as the bloom enters the area and timing of extension
of the Amazon and Orinoco river plumes toward the central and northern
Caribbean Sea"**.

In the subtropical North Atlantic gyre, the seasonality of Sargassum
distribution (Fig. 4b) is different from that in the southeastern sector of the
GASB where blooms initiate every year (Fig. 4e). In the North Atlantic gyre,
growth peaks in boreal summer (July-August) and maximum Sargassum
biomass occurs in Fall, in agreement with early remote sensing
observations™. This is due to favorable surface temperatures, solar radiation
(Fig. 4c) as well as high nutrient content due to vertical mixing
(Figs. S5 and S6) in the northern part of the gyre above 30°N. Yet this growth
in the North Atlantic gyre leads to lower biomass than observed in the
GASB. The marked seasonal fluctuation in temperature and solar radiation
in the North Atlantic restricts the conditions of favorable habitat compared
to those in the tropical Atlantic (Figs. 4 and 5), where temperature and
irradiance are favorable for pelagic Sargassum growth (eastern GASB) and
biomass maintenance (western GASB) year-round (Fig. 4).

Discussion

This study presents results from a Sargassum transport-growth model based
on the current understanding of the alga’s physiology and transport pecu-
liarities. The model reproduces the hypothesized change in regime that
occurred in 2009-2010 in the North Atlantic Ocean to set up the recurring
blooms seen since 2011. There are many reports of physical oceanographic,
meteorological, and ecological anomalies and shifts that happened in the
North Atlantic around 2010*". The expansion in the geographic range of
pelagic Sargassum in the region is one more ecological process that changed
at that time. The results of the model demonstrate the role of the anomalous
currents in the subtropical North Atlantic in 2009-2010 in response to the
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negative NAO event and align with recent study by Johns et al.® which
highlighted abnormal transport from the subtropical gyre to the tropical
central North Atlantic area.

The biogeochemical fields used to force the Sargassum model were
obtained from modeling that include seasonal variations in river inputs and
atmospheric deposition but do not include their interannual variations.
Although their contribution to the biogeochemical cycles of the tropical
Atlantic has long been the subject of research, our results show that their
relevance on the ecological and physical regime shift of the North Atlantic in
2009-2010 was likely weak compared to those of the NAO event.

The analysis confirms that the conditions for growth in the tropical
Atlantic are more favorable to pelagic Sargassum growth than those in the
subtropical North Atlantic gyre. Further, the annual recurrence of Sargas-
sum blooms in the tropical Atlantic from January to April in the western
tropical Atlantic (Fig. 5a) is due to injections of high concentrations of
phosphorus and nitrogen to surface waters from vertical mixing (Fig. S5).
Nutrient inputs from the Amazon could also play a role during this period.
This hypothesis has been already advanced” but the most significant Sar-
gassum growth occurs in areas outside the plume’s zone of influence
(refs. 7,8 and this study). This view that the Amazon is not the primary
driver of the regime shift is confirmed by a simulation in which the nutrient
content of the Amazon plume is set to zero (EXP4), which suggests that the
regime change could occur even without nutrients associated with the
Amazon River (Fig. 3). This experiment shows a reduction in the amount of
Sargassum biomass of the order of 15% compared to the reference simu-
lation, which is in line with previous estimates’, that show that only 10% of
the Sargassum biomass occurs over the year in regions under the influence
of river plumes. The nutrient content (C:P and N:P ratio) of the Sargassum
represented by the model (Fig. 6) is consistent with recent observations that
show the GASB has a higher nitrogen and phosphorus content than
populations living in the Sargasso Sea’. This reflects Sargassum taking up the
nutrients that are available from whatever source is available and does not
represent evidence of riverine inputs.

While some studies also suggest that increased West African upwelling
could have stimulated sargassum blooms®, our model simulations did not
show a clear link between upwelling and bloom intensity. To investigate this
hypothesis, we conducted a sensitivity experiment where we removed
nutrients from a region associated with upwelling influence (10°N-30°N,
20°W-coast). As shown in Fig. 3, this had minimal impact on Sargassum
biomass, suggesting a weak link between upwelling and the regime shift or
population maintenance in the GASB. The distance between the upwelling
region and the primary bloom area might explain this minimal influence.
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The model fails to replicate the interannual variations in pelagic Sar-
gassum biomass seen in the satellite data record since 2011. The reasons for
the model’s biases in certain years, such as its inability to accurately repre-
sent the decay of Sargassum in 2016 and 2019, have not been entirely
determined. A coherence between the Atlantic Meridional Mode and the
interannual variability of Sargassum has been suggested™, with cool tem-
perature anomalies in the northern tropical Atlantic (2015, 2018) coinciding
with peaks of biomass. However, this relationship did not hold in recent
years (2020-2023) when temperatures were particularly warm and Sar-
gassum cover was particularly high. We believe that part of the problem is
that state of the art coupled physical-biogeochemical model at intermediate
resolution such as the one we used to force the Sargassum model do not
resolve vertical mixing and Ekman pumping well in the near-equatorial
zone, and that we also have limited knowledge of the variability in the depth
of the surface ocean stratification and depth of the nutricline in a North
Atlantic Ocean that has continued to change rapidly since 2010.

The limited knowledge of the physiological response of the different
morphotypes or the lack of knowledge of mortality factors (e.g. thermal
stress, bacterial environment) might also help explain the difficulty we have
in reproducing the interannual variability. Efforts must be made to improve
the representation and understanding of nutrient cycles in the region of
the GASB.

While this study confirms some findings on the role of the extreme
NAO event from 2009/2010°, one question that needs to be addressed is why
NAO events in past decades or centuries did not lead to connection between
the two regions. Unlike historical NAO minima, such as the record low of
1880/81%, this two-year event was distinctly associated with the “re-emer-
gence” of SST anomalies from the winter of 2009/10 during early winter
2010/11°*, While such occurrences are rare, weaker counterparts were
documented in 1969/70 and 1978/79%. One hypothesis could be that a
strong and persistent transport anomaly over two consecutive years of NAO
minima may be required for Sargassum to successfully reach the tropics.
Alternatively, recent climate change—potentially through rising SSTs—
could have played a role in facilitating its survival during transit. Our
modeling effort provides a foundation for tackling these questions.

The abrupt nature of Sargassum proliferation raises questions about its
long-term trajectory. While it’s possible that this is a transient event, we
cannot rule out the possibility of further expansion or shifts in distribution.
While increased surface temperatures could be detrimental to Sargassum in
the GASB™, it’s also conceivable that Sargassum could adapt to changing
conditions and expand its range. Future research will be necessary to elu-
cidate these possibilities.
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Fig. 6 | Mean Sargassum nutrient content in the model. Nutrient contents are shown as the ratios C:N (a, b) and C:P (¢, d), in the reference simulations, for the period
2015—2022. Two seasons are shown: May-June-July and October-November-December.
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Methods
Sargassum detection
The detection of holopelagic Sargassum is based on the Alternative Floating
Algae Index (AFAI”") and MODIS (Moderate Resolution Imaging Spec-
troradiometer) multispectral observations. The local deviation of the AFAI
from the background signal is used to retrieve the area coverage of Sar-
gassum, ie. the fraction of MODIS pixels covered by Sargassum. Daily
composites at 1km resolutions are derived from MODIS-Terra and
MODIS-Aqua snapshot acquisitions. The 1 km daily composites of areal
coverage are then downscaled on a regular grid of 0.25°(~25 km) horizontal
resolution. This allows for a near-real time basin scale description of the
Sargassum distribution in the Atlantic since the launch of MODIS in 2002,
Monthly averages of Sargassum areal coverage have been converted into
wet-weight biomass considering an average density of 3.34 kg m ™, and then
into carbon content C considering a mean carbon-to-wet-weight ratio of 6% .

The Sargassum transport-physiology model
The Sargassum model relies on the strategy used to represent the distribu-
tion of other macroalgae species such as Ulva®® with the difference that
here the algae is transported by a two-dimensional advection/diffusion/
reaction model to take account of its pelagic nature. The model used in this
study is an evolution of the NEMO-Sarg model *'*. Main differences include
a parametrization of diazotrophy, revisited decay function, and include the
negative influence of very low wind conditions on growth. The model
parameters and the values used in this study are given in Table 1.

The physiological behavior is described from three state variables: the
contents in carbon (C), nitrogen (N), and phosphorus (P), with local var-
iations reflecting the difference between uptake and loss rates.

oC
§:Uc—¢c
oN
EZUN_(/SN
oP
EZUP_SbP

where Ug, Uy, and Up are the uptake rates of carbon, nitrogen and phos-
phorus respectively, and @, Py, Op the loss rates, respectively.

The rate of carbon uptake reads as  follows:
U.=C- o - f(T)-£(S) - fU) - f(Q) - f(C), with yt,,,,, the maximum net
carbon growth rate, and the five subsequent terms standing for uptake
limitation by temperature (T), salinity (S) solar radiation (I), nutrient quota
(Q), and Sargassum density represented by the carbon content (C)
respectively.

The state variables are related between them through N and P quotas,
which represent the ratios of nitrogen and phosphorus to carbon in the
organism and are computed as N/C and P/C respectively.

The temperature dependence is as follows:

5 <u>z
fry= ¢\
with (T, = Tyyfor T<Top; Ty = Ty for T>T,,,}. Such function aims
at representing a limited temperature range favorable to growth as revealed
from ex-situ cultures™****,
A dependence on salinity is included in order to account for the
negative impact of salinity on growth which has been observed for low
salinities” and for high salinities”. The salinity limitation f{S) read as:

£(S) = ‘2—().02-(36—5)2

with S the sea surface salinity.
The dependence on light is expressed in order to represent photo-
inhibition at high solar radiation”:

1
D=1 coeman

We have very little information on the response curve f{Q) relating the
nutrient quota to Sargassum growth but experiments for brown seaweeds
suggest a hyperbolic relationship®’. So, the dependences on the internal
nitrogen and phosphorus pools are computed as hyperbolic curves f{Qn)

Table 1 | Sargassum model parameters

Parameter Description Parameters Unit References

Hmax Maximum uptake rate of carbon 0.05 d’ Order of magnitude given by ref. 15,21-24

Heme Optimal light intensity 180 Wm2 Estimated from 2°7°

Kn Half saturation constant for N uptake (NOz + NH,) 1.0 mmol m~2 This study

Kp Half saturation constant for P uptake (PO,) 1.0 mmol m~® This study

Kc Half saturation constant for Sargassum growth limitation due to Sargassum ~ 0.0002 mgC/m? This study
accumulation

st Lower temperature limit below which growth ceases, 20 °C Estimated from refs. 20,24

Tmax Upper temperature limit above which growth ceases 31 °C “

Topt Optimum temperature at which growth is maximum 27.5 °C “

ag Maximum quadratic mortality rate 140 This study

mp Background mortality rate 0.0015 d'mgC™’ This study

Km Half saturation constant for mortality 0.03 mgC™! This study

Tm Temperature threshold for mortality increase at the high temperature 29 °C

Vivmax Nitrogen maximum uptake rate 0.0 mgN (mgC) ' d™’ 5,79

Vemax Phosphorus maximum uptake rate 0.003 mgP (mgC) 'd’ “

Qnmin Minimum N quota 0.05 mgN (mgC) ' “

Qnmax Maximum N quota 0.08 mgN (mgC)~’ “

Qpmin Minimum P quota 0.002 mgP (mgC) ' “

Qpmax Maximum P quota 0.008 mgP (mgC) ' “

ay Windage parameter 1 % refs. 80,81
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and f(Qp) controlled by the minimum and maximum cell quota:

f(Q) = min(f[Qn],f[Qp])

flQy) = (M)

1- QNmin/QNmax

(@) = (%)

The nitrogen and phosphorus uptake rates Uy and Up depend on the
nitrogen (Vimax) and phosphorus (Vpp.,) maximum uptake rates, a
Monod kinetic that relates uptake to nutrient concentrations in the water,
and a function of quota which aims at representing downregulation of the
transport system for N and P when approaching the maximum quotas®

. [N] Q= Q)
UN - VNmax -C- (KN-%—[N]> ’ <QNV\:M_QNV\:1H).“WS
+VNﬁx ’ Caws

[P] > ( Qpmax — Qp )
Up=V -C- . O
F e <KP + [P ] QPmax - QPmin s

QNimin and Qp,y,;, are the minimum N-quota and P-quota for carbon
uptake, and Qpax and Qpyy,ax are the minimum N-quota and P-quota for
carbon uptake.

Vniix is the nitrogen uptake due to N fixation and has been para-
meterized following development in biogeochemical model NEMO-
PISCES': it is restricted to warm waters (>20°C) and is limited by the
availability of light and iron and favored in low-nitrogen (NO3 and NH4)
environments.

The nutrient uptake is limited at low wind speed as follows:

Ws—2
W5= 5

[24

where Ws is the wind speed at 10 m. This term is motivated by experiments™
which showed that mesocosm studies with standing water led to rapid decay
of Sargassum, whereas experimental setups in which thalli were kept in
continuous motion at the water surface allow Sargassum to grow.

The growth limitation function f[C] is computed as

_,_(_fa
fo=1 (Kc+[C]>

with K. a half saturation constant. This term aims at representing growth
limitation for large aggregations of Sargassum, because of limited access to
light and nutrient resources.

The carbon loss aims at representing mortality and stranding:

g =C (my+my) o+ (L= fIT) FS) - FUD + C g g

In the absence of study on the mortality of pelagic Sargassum, with the
exception of the possible role of Langmuir cells***, the mortality function
was constructed empirically. It is computed as the sum of a constant
background mortality 11, and a quadratic mortality term rm,,. It is increased
at high temperature by .. Mortality is limited when light, temperature and
solar radiation are favorable to growth.

The quadratic mortality m, is calculated as follows:

m, =a,C,

where a is the quadratic mortality rate. This term represents density-
dependent mortality factors, such as viral diseases or epiphyte
accumulation.

The temperature-dependent mortality factor is calculated as follows:

&r = -7 It aims at representing thallus senescence and bacterial
activity that could increase with temperature.

The stranding is a function of agymg which is a rate of Sargassum
stranding per unit of time, and 6j,,q which is defined as follows:

{810na = 1 if model grid cell is adjacent to one or more pixels of land,

O1una = 0 otherwise.

Losses of nitrate and phosphate are function of the loss of biomass and
internal N and P quotas:
Oy =¢c Qv ¢p=10¢c-Qp.
The transport of C, N, and P is resolved using 2D advection/diffusion
equations discretized on a grid at 1/4° resolution with a single vertical layer
representing a surface layer of water of one-meter depth. The surface

velocities used for the transport, account for surface currents plus the
windage effect.

AC,N.P)_ JC.N.P)

¢tmnsport(C7 N,P)=-U ox ay

+ K, - Vi(C,N, P), with

U, v= (“O7 VO) + Ry - (uIOm’ VlOm)7

where (,,V,) is the horizontal velocity vector obtained from daily outputs of
ocean forecast, «,,, is a windage coefficient, (149, V10rm) the components of
the wind field at 10m above the sea level, and Kj, a diffusion coefficient.

Forcing the Sargassum model

Sargassum dynamics are computed on a regular %4° grid from 15°S to 50°N
and from 100°W to 15°E with a time step of 1200 s. Tracers are advected
with the Monotone Upstream Scheme for Conservative Laws scheme and
diffused with a Laplacian horizontal diffusion®.

The model is forced using daily currents, temperature and salinity from
GLORYSI2 ocean reanalysis” interpolated at the model grid. GLORYS12
can be downloaded at https://data.marine.copernicus.eu/product/
GLOBAL_MULTIYEAR PHY_001_030/description.

Daily surface solar radiation and surface wind are obtained from ERA5
atmospheric reanalysis produced by the European Centre for Medium-
Range Weather Forecasts®.

Seawater concentrations of [N], [P], and [Fe] are obtained from an
interannual global physical-biogeochemical simulation at %°*, as the sum of
NO; and NH, for [N], and PO, for [P] in the upper surface layer. This
“NEMO-PISCES” simulation is based on the ocean component of the high-
resolution version of the earth system model developed by CNRM-CERFACS
for the sixth phase of the Coupled Model Intercomparison Project (CMIP6). It
uses the Nucleus for European Models of the Ocean (NEMO) Version 3.6
coupled to both the Global Experimental Leads and ice for ATmosphere and
Ocean (GELATO) sea ice model Version 67 and the marine biogeochemical
model Pelagic Interaction Scheme for Carbon and Ecosystem Studies version
2-gas (PISCESv2-gas)®. The ocean is run at a 0.25° of horizontal resolution with
75 vertical levels using a vertical zx coordinate with partial step bathymetry
formulation”. Ocean layers are distributed unevenly as a function of depth with
aresolution of 1 m at ocean surface to 200 m below 4000 m, with 35 levels being
in the first 300 m of depth. Details of the physical configuration are given in
ref. 28. The simulation has been forced at the surface by the atmospheric state of
JRA55-do v1.5.0”. The global domain was first spun-up under preindustrial
conditions over several hundred years, ensuring that all fields approached a
quasi-steady state. To avoid the warming jump between the end of the spin-up
and the onset of the reanalyses in 1958, the first 10 years of JRA55-do forcings
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were cycled 4 times from 1918 to 1958, and then the complete period of JRA55-
do atmospheric forcing was used from 1958 to 2022. Atmospheric CO, con-
centration is given as annual means as specified by CMIP6 protocols and is
linearly interpolated in time. PISCESv2-gas uses several boundary conditions
prescribed by climatologies, which represent the supply of nutrients from five
different sources: atmospheric deposition, rivers, sediment mobilization, sea ice,
and hydrothermal vents®”'. A revised parameterization of diazotrophy has
been used”. In this configuration, iron supply from sea ice melting and
hydrothermal vents have not been considered.

PISCESv2-gas uses different sources of initial conditions. Dissolved
inorganic carbon and alkalinity are initialized using the modern climatology
of the Global Ocean Data Analysis Project version 2 (GLODAPv2">").
Phosphate (PO,), silicate (Si), and nitrate (NOs) biogeochemical tracers are
initialized from the 2013 World Ocean Atlas (WOA2013""). Oxygen initial
conditions are also obtained from WOA2013"". Dissolved iron is not initi-
alized from observations but from a previous model simulation®. The other
biogeochemical tracers are initialized from global average estimates, as their
initialization is less critical and equilibrates rapidly.

Nutrient budget
The three-dimensional PO, budget solved in the “NEMO-PISCES” simu-
lation reads as follows:

aPO,

_ 9PO, 9PO, PO,
TR Fa e Vel ma 10
3 (. 9PO
—(K 4) 4+ sMms
+az< ? oz )+

in which PO, is the model phosphate concentration, (1, v, w) are the velocity
components, D)(PO,) is the lateral diffusion operator, and K, is the vertical
diffusion coefficient for tracers. The first three terms on the right-hand side
are the zonal, meridional, and vertical advections; the fourth and fifth terms
are the lateral and vertical diffusions. The last term, called “source minus
sink” (SMS), is the phosphorus change rate due to biogeochemical
processes, atmospheric deposition, and riverine inputs. The different terms
are computed on-line at the model time step and averaged over one-month
periods.

The different terms were computed for the last two years of the
simulations, were integrated vertically from the surface to 5 m depth and
averaged from January to April. On Figs. S5 and S6, they were grouped as
HAD (XAD + YAD + LDF), which combine horizontal advection and
diffusion, ZAD the vertical advection, ZDF the vertical diffusion, and SMS
the “source minus sink”. The budget for NOj is obtained and decomposed in
the same way.

Initialization of the Sargassum model

The model is initialized in January 1993 with Sargassum coverage of le-5 in
the western Atlantic (30°N-50°N) and the period 2002-2022 is analyzed.
The initial N and P content in Sargassum is derived from the initial C
content and N and P quotas are computed as the averaged values between
their respective minimum values (Qumin» Qpmin) and maximum values

(QNmax» QPmaX)-

Set of simulations

Sensitivity tests were carried out to isolate the influence of the variability of

certain parameters. The set of simulations generated is as follows:
EXPO is the reference simulation described above,
EXP1 is a simulation forced with high-pass filtered surface currents and a
cut-off period of 90 days. The seasonal cycle was previously filtered with a
Lanczos harmonic analysis and then added to the filtered time series to
conserve the seasonal cycle of the currents. It is worth noting that in this
simulation the winds, and so on the windage, are kept interannual.
EXP?2 is forced with climatological biogeochemical fields representative
of the 2000s, obtained by averaging the results of the 1/4° NEMO-PISCES
simulation over the period 2000-2009,

EXP3 is a forced simulation with a Lanczos high-pass filtered SST and a
cut-off period of 90 days. The seasonal cycle was previously filtered with a
Lanczos harmonic analysis and then added to the filtered time series to
conserve the seasonal cycle of SST.

EXP4 is a simulation forced with no nutrients in the Amazon plume area.
The Amazon plume area is delimitated at each time step by sea surface
salinities below 35 in the region 60°W-30°W and 0°-20°N.

EXP5 is a simulation forced with no nutrients in Senegal-Mauritania
upwelling. The is achieved by setting the nutrient concentrations at zero
in the area between 20°W and the West Africa coast and between 10°N
and 30°N.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The Sargassum surface coverage database was processed by AERIS/ICARE
data center at the University of Lille®. The OISST sea surface temperature is
available at https://www.ncei.noaa.gov/products/optimum-interpolation-
sst’””. The CCI+SSSv3.21 dataset is available at https://climate.esa.int/en/
projects/sea-surface-salinity/”. The GLORYS12 simulations are available at
Mercator Ocean International”.

Code availability

The Sargassum model is built upon the standard NEMO code (release 4.0.1,
rev 11533)* and the NEMO code modified to include the Sargassum
physiology and transport and the model outputs used in this study are
available in the Zenodo archive™.
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