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Since 2011, coastal areas of the Caribbean Sea and the Tropical Atlantic Ocean have been exposed to massive
influxes of pelagic sargassum algae. Coastal sargassum accumulations and brown water associated with their
decomposition represent a new pressure threatening ecosystems, human health and the socio-economic sector.

r;r:il:g:;;gscale There is still a lack of well-calibrated monitoring methods to accurately characterise sargassum pressure at the
Management scale of a territory. This study aimed to develop a methodology for quantifying, locating, and monitoring the
Mangroves dynamics of sargassum pressure on Martinique’s coastal environment (Lesser Antilles). Monthly aerial moni-

toring and daily records of in situ cameras were used to develop pressure indicators for sargassum accumulations
and brown water. Thanks to these indicators, we identified the areas most exposed to sargassum pressure: the
innermost parts of the bays characterised by low hydrodynamic conditions, particularly the mangroves, and very
exposed to prevailing winds. In these areas, dense accumulations persist all over the year, even during lulls in
sargassum influxes. Coastal marine habitats, such as seagrass meadows, are mainly exposed to brown water,
particularly during heavy rainfall, which causes brown water to spread offshore. Our methodology has proved to
be an effective tool for territorial diagnosis, enabling the identification of sites at stake and periods at risk. It
provided a better understanding of spatial variations and drivers of exposure to three different decomposition
states of sargassum (stranded, stagnant and brown water). These data are invaluable to managers, researchers,
and entrepreneurs and can be helpful to other regions that are exposed to sargassum influxes as part of health,
socio-economic, or environmental impact studies.

Seagrass meadows

1. Introduction

Since 2011, massive influxes of holopelagic sargassum species
(Sargassum natans and Sargassum fluitans) have reached the coasts of the
Caribbean, the Gulf of Mexico and West Africa (Gower et al., 2013).
These influxes originate from a new source region outside the Sargasso
Sea, the North Equatorial Recirculation Region (NERR) (Franks et al.,
2016). In this region, sargassum rafts follow the seasonal migration of
the Inter-Tropical Convergence Zone (ITCZ) (Johns et al., 2020). In
summer, sargassum algae expand both westward and eastward, forming
the Great Atlantic Sargassum Belt (GASB) (Wang et al., 2019). While the
ocean circulation mainly drives the distribution of sargassum, the
occurrence of a bloom leading to massive influxes could be explained by
several drivers (Marsh et al., 2023), such as the Atlantic Meridional
Mode and the Atlantic Nino (Skliris et al., 2022), sea surface tempera-
ture patterns, (Wang et al., 2019), and nutrient availability through

discharges from large rivers such as the Amazon (Lapointe et al., 2021),
upwellings in the open ocean and along the coast of African, hurricanes
(Oviatt et al., 2019) and possibly Saharan dust (Wang and Hu, 2016).
The multiplicity of basin-scale drivers explains the great interannual
variability in sargassum influx intensity since 2011 (Wang et al., 2019;
Skliris et al., 2022). The accumulation and decomposition of large
amounts of sargassum along the shoreline have significant negative
impacts on human health and well-being (Resiere et al., 2018; Mendez-
Tejeda et al., 2019), socio-economic sectors such as tourism and fish-
eries (Solarin et al., 2014; UNEP-CEP, 2021), and coastal ecosystems
(van Tussenbroek et al., 2017; Rodriguez-Martinez et al., 2019). It has
become a serious concern for public policy-makers and stakeholders in
the affected territories (UNEP-CEP, 2021).

Forecasting and monitoring data on sargassum influxes are essential
for anticipating and adapting local management actions. The scientific
research effort on this topic has significantly increased over the last
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decade (Fidai et al., 2020). Forecasting sargassum influxes relies heavily
on satellite imagery to detect sargassum in the Atlantic Ocean (Maréchal
et al., 2017; Arellano-Verdejo et al., 2022). Several forecasting bulletins
are now accessible online, such as the Sargassum Outlook Bulletin of the
University of South Florida (USF), the Sargassum Inundation Risk (SIR)
developed by the National Oceanic and Atmospheric Administration
(NOAA) and the USF, the Sub-Regional Outlook Bulletin of UWI-
CERMES (Centre for Resource Management and Environmental
Studies), and the forecast bulletin of Météo France, the official French
meteorological administration. Monitoring sargassum influxes along the
coast relies on various methodologies presented in the scientific litera-
ture. Some are based on satellite data, such as the methodology devel-
oped by Leon-Pérez et al. (2023), using the Random Forest model
combined with Sentinel-2. Their algorithm enables the differentiation of
fresh sargassum, decomposing sargassum and brown water resulting
from decomposition along the shoreline (10 m resolution). Other
methodologies involve data collected in situ. Some studies use data from
participatory science and crowdsourcing initiatives to estimate the level
of accumulation of stranded sargassum based on photos taken by a
network of volunteers (Arellano-Verdejo and Lazcano-Hernandez,
2021). This estimation can be carried out by eye, as demonstrated in the
Sargassum Watch project (Iporac et al., 2022). Four classes established
by Collado-Vides et al. (2018) are used to estimate the quantity of
stranded sargassum visualised in the photos. Image analysis can also be
performed using artificial intelligence (AI) algorithms, such as con-
volutional neural networks (CNN) used in the “Collective View” appli-
cation (Arellano-Verdejo and Lazcano-Hernandez, 2021), or through
semantic segmentation (SS) (Arellano-Verdejo et al., 2022). These al-
gorithms automatically classify each image pixel into categories such as
sargassum, sea, beach, vegetation, etc. Other studies have monitored
sargassum stranding dynamics along the coast using in situ cameras. The
area covered by stranded sargassum is determined by Al with Machine
Learning (Rutten et al., 2021) and Deep Learning (Valentini and
Balouin, 2020; Uribe-Martinez et al., 2022).

While these methods are helpful in quantifying sargassum accumu-
lations across both the Atlantic Ocean and coastal regions, they have
several limitations. Satellite detection of sargassum can be affected by
various factors, including atmospheric humidity, clouds, solar radiation,
water depth, turbidity and sand haze (Wang and Hu, 2016). According
to the sensor resolution, the pixel size may not accurately measure the
area covered by sargassum (Hu et al., 2021). These biases can lead to
disparities between the biomass estimated by satellite and that
encountered on beaches (Rodriguez-Martinez et al., 2022). Higher res-
olution can improve the accuracy of the measured area, such as with
Sentinel-2 (10 m resolution) and the new generation of Dove satellites (3
m resolution). Nevertheless, it is still insufficient to determine the depth
and, consequently, the volume of sargassum accumulations. The volume
can vary significantly due to the great variability in raft shape, size and
thickness at sea, and on the coast, where sargassum accumulations form
thick mats (Ody et al., 2019). The same problem applies to camera data.
The area covered by sargassum is reported without considering the
density of the biomass. Currently, limited scientific publications esti-
mate the volume of stranded or potentially stranded sargassum and
calculation methods vary (Fidai et al., 2020). For example, Rodriguez-
Martinez et al. (2022) used hotel beach cleaning data to estimate vol-
umes of stranded sargassum. These data are limited to a number of sites,
and volumes can be overestimated as reported volumes can also include
sand and seagrass debris. The protocol proposed by Baldwin et al.
(2022), linking image acquisition by unmanned aerial vehicles with in
situ biomass measurements, is suitable for a station-based study. How-
ever, it does not allow for quantifying strandings at the scale of a ter-
ritory. Finally, participatory data collection tools provide a large but
sporadic dataset of accumulation levels (Arellano-Verdejo and Lazcano-
Hernandez, 2021).

Our study aimed to develop a more accurate method to evaluate the
pressure of sargassum on the coastal environment while working on the
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scale of Martinique (Lesser Antilles). Aerial and in situ camera moni-
toring programmes were conducted to collect data that we used to
design pressure indicators on different spatial and temporal scales. The
developed indicators were compared with other data to test their
robustness and usefulness for public policies and local authorities. The
study focused on the level of exposure to sargassum pressure in coastal
marine habitats, such as mangroves, seagrass meadows, and coral reefs,
due to the important ecosystem services they provide for the region
(Barbier et al., 2011).

2. Materials and methods
2.1. Terminology used in this study

The terms used in this manuscript are defined in Table 1.

2.2. Study area

The study was conducted in Martinique, a French Caribbean island in
the Lesser Antilles (Fig. 1). Its tropical climate depends on the Azores
anticyclone and the Inter-Tropical Convergence Zone (ITCZ). It is
characterised by a dry season, from February to April and a wet season,
from July to October. Dry and wet seasons are separated by two rela-
tively distinct inter-seasonal periods. The North Equatorial Current
(NEC) and the North Brazilian Current (NBC) influence the Lesser
Antilles. The NEC induces a westerly to southwesterly flow off
Martinique (Actimar, 2020). The NBC retroflexion causes large anticy-
clonic eddies, which episodically reach the south of the Lesser Antilles.
The wind regime is characterised by the northeast trade winds, which
flow in the same direction as the Atlantic currents. This means that
prevailing winds affecting Martinique come from the northeast, east and
southeast. On the Atlantic coast of Martinique, the surface current flows
predominantly from south to north. It bifurcates in the southern part of
the island with a northwesterly branch. Tidal currents are generally
weak and have minimal impact on surface circulation. The deep current
is similar to the surface current. Swells mainly come from the north,
northeast and east (Pujos et al., 1992). Therefore, sargassum rafts come

Table 1
Terminology used in this manuscript.
Term Definition
sargassum: holopelagic brown algae of the genus Sargassum (C. Agardh,

1820) (S. fluitans, S. natans)

a floating mass of drifting sargassum

arrival of sargassum rafts in coastal areas

a phenomenon where sargassum washes ashore and becomes
deposited on beaches or onshore areas

sargassum that has been deposited onshore

sargassum that remains stationary in the water due to
accumulation along the coast or behind an obstacle. While it
may still be floating (particularly the upper part), it is often
submerged due to the accumulation of successive arrivals
and ongoing decomposition.

gathering of sargassum at the coast or behind an obstacle,
either on land in the case of stranded sargassum or in the
water in the case of stagnant sargassum

leachates and organic particles from sargassum

sargassum raft:
sargassum influx:
sargassum stranding:

stranded sargassum:
stagnant sargassum:

sargassum
accumulation:

brown water:

decomposition
sargassum brown initially introduced by van Tussenbroek et al. (2017), this
tide: phenomenon is interpreted here as a massive accumulation

of holopelagic sargassum along the coast accompanied by a
discharge of brown water, which has a negative connotation.
spatial entity associated with sargassum decomposition
states (stranded, stagnant or brown water), typically
represented as a polygon in a geographic information system
(GIS)

direct stress exerted by sargassum (stranded, stagnant and/
or brown water) on the environment or individuals, which
may lead to potential impacts

sargassum feature:

sargassum pressure:
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Fig. 1. Location of Martinique in the Caribbean Sea (A), aerially monitored coastline and locations of in situ monitored cameras (B). Site 1: Trésor, Site 2:
Galion, Site 3: Cayol, Site 4: Barrier of Cayol, Site 5: Bourg du Robert, Site 6: Pointe Hyacinthe, Site 7: Sable blanc, Site 8: Barrier of Cap Est, Site 9: Taupiniere, Site
10: Anse Caffard. Base maps: World Country Polygons VHR — World Bank Group (A), BD TOPO® 2019 — IGN (National Institute for Geographic and Forestry In-

formation) (B).

from the Atlantic Ocean, driven by the NEC, NBC, and trade winds, and
mainly affect the Atlantic and south coasts of Martinique. The precise
location of coastal sargassum accumulations is challenging to predict
due to geometry of the coast and associated local hydrodynamics, which
remain poorly documented due to the lack of small-scale studies.

2.3. Monitoring strategy

Two complementary monitoring programmes were conducted to
characterise the intensity, location, and frequency of sargassum influxes
and related pressure along the coast of Martinique.

The purpose of the aerial monitoring was to locate and quantify
sargassum pressure along the entire exposed coastline of Martinique
(Fig. 1). The monitoring was conducted monthly via gyrocopter flights
between May 2022 and December 2023. During each of the 20 flights,
every section of the shoreline with sargassum accumulations and brown
water was photographed. In contrast to unmanned aerial vehicles, this
approach allows for the observation at a very high resolution of an entire
territory. This method is the first to quantify sargassum accumulations at
this scale. Preliminary work was carried out by the DEAL Martinique
(Direction de I’Environnement, de I’ Aménagement et du Logement de la
Martinique), a department of the French Ministry of Environment, using
a rotorcraft to characterise massive influxes in 2018 and 2019. In
addition, the CEVA (Centre d’Etude et de Valorisation des Algues / algae
technology and innovation centre) has conducted airborne monitoring
for several years to characterise green tides of Ulva algae in Brittany
(France), which is similar in some ways to sargassum brown tides.

The in situ camera monitoring aimed to determine the dynamics of
sargassum influxes and associated pressure at a site scale. Daily obser-
vations of ten cameras were conducted between January 2022 and
December 2023 (Fig. 1). The system, described by Valentini and Balouin
(2020), comprises smartphone cameras (SOLARCAM ©), autonomous
thanks to a solar panel. The cameras have a resolution of 12 million
pixels and are set to take one photo per hour between 7 a.m. and 5 p.m.
They are user-friendly, affordable, and provide real-time image viewing
on a dedicated website. We chose this system because it was successfully
used for a previous morphodynamics and sargassum monitoring pro-
gramme in Martinique (Bouvier, 2024). The study sites were selected in
collaboration with territorial managers for their ecological interest and

to represent presumed differences in sargassum pressure, with a di-
versity of bay exposure and hydrodynamics (Fig. 2). The calculation of
the bay exposure is illustrated for “Trésor” (site 1). It represents the
opening angle through which sargassum rafts can reach the site by
drifting with the prevailing winds. Hydrodynamic conditions are
determined based on field observations. This monitoring approach is
complementary to aerial monitoring, as it takes account of accumulation
dynamics associated with environmental conditions. The study of
accumulation dynamics includes exposure time in characterising
sargassum pressure, while aerial monitoring provides a snapshot of the
situation at a given time.

2.4. Indicators of sargassum pressure

The methodology described in the following sections and illustrated
in a flowchart (Fig. 3) was validated by the statistical analyses presented
in paragraph 2.5.1.

Firstly, a grid covering the entire coastal environment of Martinique
with a cell area equivalent to 100,000 m? was created in QGIS (see
Fig. 2). Each coastal cell was cut to only include areas likely to be
affected by sargassum (sea and foreshore). Some cells were then merged
and recut to ensure a minimum of 100,000 m2. This grid made it possible
to consider comparable geographical features and consequently identify
which sites (cells) are the most exposed to sargassum pressure. The
objective was to determine sargassum pressure inside each coastal cell of
the grid. Aerial monitoring provided data for quantifying sargassum
pressure in all coastal cells once a month. In situ camera monitoring
provided data to quantify sargassum pressure in the cell corresponding
to the camera’s field of view at each study site daily (Fig. 2).

2.4.1. Frequency of sargassum influxes (Fsarg)

The quantity of sargassum accumulated on the coast depends on the
frequency and intensity of sargassum influxes. Daily in situ camera ob-
servations enabled us to monitor sargassum influxes. Each day, the
presence/absence of a new influx at each study site was reported in a
database. In the event of a new influx, the intensity was visually esti-
mated using four classes (Fig. 4). For each site, the monthly frequency of
influxes (Fsarg) was calculated by dividing the number of days with a
new influx by the total number of days monitored monthly.
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Fig. 2. Sites monitored by in situ cameras. The study area of each site is defined by a cell within a grid that encompasses the entire coastal zone of Martinique. The
dimensions of each grid cell are 100,000 m?, with the exception of the recut coastal cells, which may possess a larger area. In the site Barrier of Cayol (4), two cells
are considered due to the observed drift of sargassum accumulations along the sargassum barrier. Base map: ORTHO HR® 2017 — IGN.

2.4.2. Sargassum area

We estimated the sargassum surface area during both monitoring
surveys, where sargassum features were classified as stranded, stagnant,
or brown water (Appendix A, Fig. A.1).

2.4.2.1. Aerial monitoring. For all 20 flights, every sargassum feature
visible along the coastline in the aerial photographs was digitised using
QGIS. The ORTHO HR® 2017 from the IGN (National Institute for
Geographic and Forestry Information) was used as the reference layer.
The digitisation process used raw photographs instead of georeferenced
ones because the lengthy georeferencing process would have been
impractical for an average of 500 photos per flight. Therefore, the
boundaries of sargassum features were visually transferred from the raw

aerial photographs to the ORTHO HR® in QGIS using a multitude of
visual reference points, including the coastline, residential structures,
pontoons, reefs, seabed, and other pertinent features (Appendix A,
Fig. A.2). The area of each sargassum feature (polygon) was then
calculated.

2.4.2.2. In situ camera monitoring. The cameras were programmed to
capture one photograph per hour between 7 a.m. and 5 p.m., resulting in
a total of 11 photographs per day. This equates to nearly 8,000 photo-
graphs per site throughout the two-year study period. The quantity of
data did not allow the digitisation of sargassum features observed in the
time-lapse images of each camera in QGIS. Consequently, the area of
stagnant sargassum and brown water was visually estimated each day by
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Fig. 3. Methodological flowchart of the development of sargassum pres-
sure indicators.

comparing the visual observations in each photograph to five predefined
classes digitised in QGIS (Table 2). These classes were digitised in each
camera-monitored grid cell using the ORTHO HR® 2017 from IGN
(Fig. 5). The digitised classes correspond to the most frequently
encountered layout of sargassum accumulations. They were created
before the study monitoring period and serve as a visual standard. Since
the recorded area corresponds to the upper limit of the estimated range,
the visual estimate of the area is overestimated (Table 2). Between each
successive class, the area increases by a factor of two until it reaches the
theoretical maximum area of the study cell, which is 100,000 m?
(Fig. 2). The maximum class is 100,000 m? (cell area), as this is the
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Medium influx
Windrows of sargassum or small
patches

Small influx
Scattered filaments of sargassum

Large influx Extreme influx
Large sargassum raft or multiple - Exceptionally large or numerous
patches

sargassum rafts

Fig. 4. Classes used to evaluate the intensity of sargassum influxes with an
example at four in situ camera-monitored sites (2, 5, 7, 10). Inspired by Ody
et al. (2019).

Table 2
Classes of sargassum area estimated during the land-based camera
monitoring.

Estimated range area (A) Recorded area

0 < A < 6,250 m? 6,250 m?
6,250 m? < A < 12,500 m? 12,500 m?
12,500 m? < A < 25,000 m? 25,000 m?
25,000 m? < A < 50,000 m? 50,000 m?
> 50,000 m? 100,000 m?

=P Recorded stagnant
sargassum area = 25,000 m?

=3 Calculated stagnant.-
% sargassum area = 25,776 m?

Fig. 5. Example of area determination of stagnant sargassum by camera in Petit
Galion (site 2) on February 28, 2023 (A) and comparison with the area calcu-
lated from the digitised features during the aerial monitoring the same day (B).

largest sargassum feature measured in our data. The class size doubles
from one class to the next to ensure consistency with the density scores
explained in the following section. The class “6,250 m?” was added to
ensure that small areas observed by the camera in situ correspond more
closely to those obtained during aerial surveys. After reviewing the 11
photographs per day, the area range was determined using key visual
reference points, such as pontoons. In the event of a sargassum influx,
the visually estimated area was recorded once the sargassum raft had
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accumulated on the shore. The detected area was recorded daily in a
database for each site. Of all the sites monitored by cameras, only Anse
Caffard (site 10) has a beach where sargassum can strand. The other sites
consisted of mangrove areas, urbanised zones or sargassum barriers,
where the potential stranding zones were very limited or non-existent,
which is also the case for many accumulation zones across Martinique.
Therefore, the surface area of stranded sargassum was only estimated for
site 10. As the beach is around 3,000 m? at this site (i.e. half the area
used as the upper limit of the first class), the area of stranded sargassum
recorded was always 6,250 m?.

2.4.3. Sargassum density

For each sargassum feature, the density of stranded and stagnant
sargassum was visually estimated using four classes and associated
scores (Fig. 6) in both the aerial and in situ camera monitoring surveys.
The density classes involve finding a compromise between acquisition
time and data accuracy. Visual estimation has some subjectivity, but
distinct classes have been created to minimise this. To determine the
score of each class, sargassum surface area captured by a camera before
and after it reached the coast was measured (Appendix, Fig. A.3). The
area of the sargassum raft decreased by half as it accumulated on the
coast. The quantity of sargassum remained constant as the raft
approached and accumulated on the coast, doubling the density. As a
result, the density score doubles from one class to the next. For brown
water, the density score was set at 0.3. This choice is explained below.
Although field measurements were planned to assess the reliability of
our density estimations, we could not carry them out due to technical
constraints.

2.4.4. Sargassum quantity (Qsarg) and sargassum pressure index (Psqrg)
The quantity of sargassum in each polygon was determined by
multiplying the area by the density score. The total quantity of
sargassum in each grid cell (Qsarg) was calculated by summing the
quantity of all sargassum features (polygons) contained in the cell
(stranded, stagnant, and brown water) (Fig. 7). A sargassum pressure
index (Pg,rg) was developed to improve the interpretability of the values
by dividing the total quantity within a grid cell by a theoretical
maximum quantity. According to our observations, the theoretical
maximum quantity was set at 200,000, corresponding to a cell con-
taining 100,000 m? of stagnant sargassum with a medium density (score
= 2). The sargassum pressure index was distributed between five classes
for better visual assessment (Table 3, Fig. 8), set to match observations
in the field. The density of brown water was set to 0.3 so that a 100,000
m? surface area covered with brown water would have a Pgarg value of
15% (100,000 x 0.3 / 200,000 x 100), placing it in the medium class. We

Ecological Indicators 171 (2025) 113211

A quantity of stranded sargassum +
In situ camera monitoring on quantity of stagnant sargassum +
quantity of brown water
February 28, 2023

x 100

Psarg =
200,000

0 + 25,000 x 4 (high density) + 0
x 100

Psarg =
200,000

Psarg =50 % | Extreme sargassum

pressure

For each polygon:
Quantity (Q) = Area x Density

Q1 =5,461x8
Q2=18,426 x 4
Q3=307x8
Qs=1,582x2
Qs =65,339x 0.3

142,614
_ X
200,000

|

Fig. 7. Example of calculation of the sargassum pressure index (Pgag) from
camera time-lapse (A) and from the digitized features of the flight (B) in the
grid cell of Petit Galion (site 2) on February 28, 2023.

Aerial monitoring on X
February 28, 2023

Psarg =

Extreme sargassum
pressure

Table 3
Sargassum pressure index (Pgarg) classes.

Pgarg (%)
0 Nil

Sargassum pressure

0 < Pgarg < 12,5 Low
12,5 < Psarg < 25 Medium
25 < Pgarg < 50 High
> 50 Extreme

determined that a grid cell fully covered by brown water, without
stranded or stagnant sargassum, would correspond to medium pressure.
Such cells are typically located farther offshore, where brown water is
more diluted than closer to the shore. This results in lower pressure than
a grid cell covered by stagnant sargassum. This is consistent, as brown
water represents a much smaller volume of organic material per unit
area than sargassum accumulations. We chose 15% to leave enough
margin to account for grid cells exceeding 100,000 m? (which can
happen with modified coastal cells; see Fig. 2). This ensures the pressure
index does not shift into the high-pressure class. The potential area of
stranded sargassum is much smaller than that of stagnant sargassum or
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Low density, D =1
Scattered sargassum (wrack)

Medium density, D = 2
Continuous thin layer of
sargassum

S
e e

x@};}g‘ R
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‘ sargassum forming a mat

*

Extreme density, D = 8
Highly compacted mat from
successive influxes

Extreme density, D =8
Highly compacted sargassum
from successive influxes
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Compacted sargassum on the
coast or behind an obstacle
Medium density, D = 2
Continuous and uncompacted

sargassum (as a raft)
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Scattered sargassum

Fig. 6. Classes of density and associated scores (D) for stranded (A) and stagnant (B) sargassum.
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Fig. 8. Example of calculation of the sargassum pressure index (Psarg) in all coastal cells from the digitised features of the 10th flight (February 28, 2023), with a

focus on the municipality of Le Francois.

brown water. Therefore, the total quantity of sargassum (Qsarg) and the
pressure index (Psag) are primarily driven by the area and density of
stagnant sargassum. For the calculation of Psag (Fig. 7), we obtained a
difference of 21% between Pgyg values from the two monitoring
methods. However, the sargassum pressure was classified in the same
category (extreme). This difference can be attributed to in situ camera
monitoring limitations, which provide less precise values than aerial
monitoring. Visually estimating surface areas is inherently qualitative,
with only five possible values. The recorded density represents the
predominant value, and variations of density within accumulations are
not accounted for, in contrast to digitised sargassum features from aerial
monitoring. In addition, brown water may be difficult to detect,
depending on light conditions and the camera’s field of view.

2.5. Data analysis

All spatial analyses were performed using QGIS (version LTR 3.34.5)
from the QGIS project (QGIS.org, 2024), and all statistical analyses were
conducted in RStudio (version 2024.04.1+748) from the R Core Team
(2024).

2.5.1. Validation tests

2.5.1.1. Digitisation from raw images vs georeferenced images. The digi-
tisation process used raw aerial photographs instead of georeferenced
ones (Appendix A, Fig. A.2). For consistency, we made sure that the two
methods were statistically comparable. Thirty images among the 20
flights were randomly selected and georeferenced in QGIS. For geore-
ferencing, 15 to 25 control points, a projective transformation algorithm
and a nearest neighbour resampling were used. Sargassum features were
digitised from the georeferenced images. The difference between the
total area of polygons digitised from the raw images and the one digi-
tised from the georeferenced images was calculated for each image and
each sargassum state. The bias corresponds to the mean of differences. A
Passing-Bablok regression (Passing and Bablok, 1983), suitable for non-
parametric data, was then conducted. The Passing-Bablok line of best-fit
(y =b x x + a) and its confidence interval (CI) were calculated by using
the “mcreg” function from the “mecr” package (Potapov et al., 2023). If 1
is within the confidence interval of the gradient (b) and 0 within the

confidence interval of the y-intercept (a), the two methods are compa-
rable within a 95% confidence interval.

2.5.1.2. Aerial monitoring method vs in situ camera monitoring method for
calculating the sargassum pressure index (Psqrg). The area of sargassum
features is a quantitative variable in the aerial monitoring method,
whereas it is a categorical variable in the in situ camera monitoring
method (Fig. 5). Given this difference in precision, we verified that the in
situ camera monitoring and the aerial monitoring were statistically
comparable for calculating the sargassum pressure index Psarg. As in
Fig. 7, we compared Pga values derived from aerial monitoring
(Psarg_flight) and those derived from in situ camera monitoring (Psarg_-
cam) on the day of each of the 20 flights. This comparison was made for
all in situ camera-monitored sites. The bias or mean of differences be-
tween Pgyg flight and Pgyrg_cam was calculated and a Passing-Bablok
regression was performed.

2.5.2. Difference in dynamics of sargassum influxes and pressure index
between sites

We hypothesised that exposure to sargassum influxes (Fsarg) and
pressure (Psarg) depends on the bay exposure angle and hydrodynamic
conditions of the site. Study sites were selected to present differences in
these two variables (Fig. 2). We tested this hypothesis by performing a
Factor Analysis of Mixed Data (FAMD) using the “FAMD” function in the
“FactoMineR” package (Le et al., 2008).

2.5.3. Seasonal dynamics of sargassum influxes and associated pressure at
the scale of Martinique

The monthly influx frequency at Martinique’s scale was calculated
by averaging the frequencies of all the in situ camera-monitored sites, for
each category of influx intensity (small, medium, large, extreme). The
same was done for the sargassum pressure index. These two variables
were compared with the external data presented in Table 4. The aim was
to find a link between the sargassum biomass in the Central Atlantic
Ocean, the forecast models, and the influxes observed in Martinique.
Monthly precipitation was also taken into account to study its role in
sargassum pressure dispersion. The linear relationship between our
variables (Fsarg, Psarg) and external variables (Table 4) was tested by
constructing a correlation matrix using Spearman’s test in the “corrplot”
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Variables Source of data Description

Biomass USF USF
https://optics.marine.usf.edu/pro
jects/saws.html

Risk MF Météo France
https://meteofrance.mq/fr/sarga South Atlantic, South coast
sses

Risk NOAA/ NOAA/USEF https://cwecgom.aoml.

USF noaa.gov/SIR/
Precipitation Météo France
https://meteo.data.gouv.fr
coasts.

Monthly sargassum biomass (million tons) in the Central Atlantic Ocean (including the Caribbean Sea and the Gulf of
Mexico) from the Sargassum Outlook Bulletin, estimated by satellite data (7-day Floating Algae index)

Risk of influx of the 4-day forecast bulletin (1: low, 2: medium, 3: high, 4: very high) on three coastal zones: North Atlantic,

Weekly Sargassum Inundation Risk (1: low, 2: medium, 3: high) on coastal zones of Martinique using the Alternative
Floating Algae Index values in the neighbourhood (50 km) of each coastal pixel.

Monthly precipitation (mm) was calculated using open access data from Météo France (basic climatological data — decadal
agro). A Martinique-wide average was calculated taking into account weather stations located on the south and Atlantic

package (Wei and Simko, 2021). The comparison between our data and
external data also allowed us to test the robustness of the methodology
developed.

2.5.4. Exposure of coastal marine communities to sargassum

We calculated the total surface area exposed to sargassum for each of
the 20 flights for every coastal marine community using QGIS and
Martinique’s 2023 coastal marine habitats layer (Nicet, 2024) provided
by the French Biodiversity Agency. In addition, the total coastal length
of mangroves exposed to sargassum during each flight was determined
using the 2019 land use layer (OCS GE) provided by GéoMartinique and
IGN. Exposure was categorised into brown water, stagnant sargassum by
density class, stagnant sargassum all densities combined, and sargassum
across all states combined. The maximum area or length exposed to
sargassum across the 20 flights was selected for each category. Finally,
the maximum exposure across all states was compared to the total sur-
face area of each marine community and the total coastal length of
mangroves in Martinique.

3. Results
3.1. Validation tests of the methodology

3.1.1. Digitisation from raw images vs georeferenced images

The mean percentage difference between the area of total sargassum
measured by the “raw method” and that measured by the “georef
method” is close to 0 (Table 5). For stranded and stagnant sargassum and
brown water, 1 is within the confidence interval (between Upper CI and
Lower CI) of the gradient (b), and 0 is within the confidence interval of
the y-intercept (a) (Fig. 9). Thus, Passing-Bablok regression indicates
that the “raw method” and the “georef method” for measuring the
sargassum area are comparable within a 95% confidence interval,
regardless of the sargassum state.

3.1.2. Aerial monitoring method vs in situ camera monitoring method to
calculate the sargassum pressure index (Psqrg)

The bias between P, values from the aerial monitoring method and
Psarg values from the in situ camera monitoring method equals 0.69,
which is negligible. 1 is within the confidence interval of the gradient,
and 0 is within the confidence interval of the y-intercept of the Passing-
Bablok equation (Fig. 10). Accordingly, the two methods are

Table 5

Bias of the digitisation from raw images compared to the digitisation from
georeferenced images. Bias represents the mean of differences expressed in m>
and percentage. Standard deviations are indicated (+ SD).

Sargassum Difference (m?) Percentage difference (%)
stranded —108 + 348 —39+274
stagnant —181 + 2,466 —21+128
brown water +3,338 + 16,049 +4.3 £12.9
Total +1,061 + 9,460 —0.2 + 16.3

comparable for calculating the sargassum pressure index.

3.2. Location of sites most exposed to sargassum pressure along the coast
of Martinique

The aerial monitoring provided a monthly snapshot of sargassum
pressure along the coast from May 2022 to December 2023 (20 flights in
total) (Appendix A, Fig. A.4). The sargassum pressure index allowed for
easy identification of high-risk areas at the island scale on each map. The
mean value of Psyg over the 20 flights identified the most exposed sites
to sargassum pressure, i.e., those with the highest mean quantities of
sargassum along the coast of Martinique surveyed in this study (Fig. 11).
Grid cells with high and extreme mean pressure (Psarg > 25%), 23 in
total, are located in the innermost part of the bays. They are charac-
terised by low hydrodynamic conditions, most of which (20/23) feature
mangrove habitats. Twenty-one sites are exposed to northeast wind and
22 to easterly wind.

3.3. Difference in dynamics of sargassum influxes and pressure index
between sites

The in situ camera monitoring was used to record the occurrence and
intensity of sargassum influxes and to calculate the sargassum pressure
index (Psarg) daily at each site (Appendix A, Fig. A.5).

Sites monitored by in situ cameras were exposed to influxes that
varied from one another on average (Fig. 12). The sites with the highest
mean frequencies (Fsirg) were generally those with the highest fre-
quencies of small influxes and not necessarily those with the most
intense influxes. The sites also had different mean quantities of
sargassum, i.e. mean Pg,, (Fig. 12). The sites displaying the highest
quantities were not necessarily those with the greatest influx frequency.

Differences between sites are reflected in the daily dynamics of
sargassum influx and pressure (Appendix A, Fig. A.5). The sites with the
highest mean Pg,rg were those where the quantity of sargassum varies
the least over the year: Trésor (1), Cayol (3), Petit Galion (2), Pointe
Hyacinthe (6) and Sable Blanc (7). At these sites, sargassum pressure
was rarely zero, e.g. Pgarg never dropped below 25% at Trésor or below
10% at Cayol. In contrast, Psarg fluctuations were much greater at Barrier
of Cayol (4), Bourg du Robert (5), Barrier of Cap Est (8) and Anse Caffard
(10). These sites can experience peaks of sargassum quantity during
intense influxes, followed by a rapid decline of the sargassum pressure
index.

Differences in exposure to sargassum influxes (Fsag) and pressure
(Psarg) between sites can be explained by site’s exposure angle and hy-
drodynamics (Fig. 13). The first two dimensions of the FAMD express
76% of the total inertia and are, therefore, sufficient for interpretation.
The quantitative variables Figrg, Finedium and Exposure_angle are signifi-
cantly correlated with the first dimension (p-value < 0.05). The quan-
titative variable Py, and the qualitative variable Hydrodynamics are
significantly correlated with the second dimension (p-value < 0.05).
Thus, the exposure angle influences the influx frequency (Fsarg), While
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hydrodynamics influence the level of sargassum pressure (Psqrg). The
frequency of medium influxes is the highest, along with that of small
influxes (Fig. 12), and is positively correlated with the exposure angle
(Fig. 13). Consequently, Feqium is representative of the sites’ overall
exposure to influxes. On the other hand, large influxes (Figrg) are
strongly positively correlated with the sargassum pressure index,
reflecting large accumulations of sargassum over time. The distribution
of sites on the graph of individuals and categories (Fig. 13) is consistent
with the results shown in Figs. 12 and A.5. Sites are plotted on the
horizontal axis according to their exposure to influx: the lowest on the
left with Taupiniere (site 9), the highest on the right with Anse Caffard
(site 10). They are then divided on the second bisector according to their
level of sargassum pressure: the lowest, bottom left, with Taupiniere, the
highest, top right, with Trésor (site 1). To the exception of Cayol (site 3),
the sites with the largest exposure angle are those with the highest

frequency of medium influxes: Barrier of Cap Est (site 8), then Barrier of
Cayol (site 4), and to a lesser extent Anse Caffard and Trésor. Barrier of
Cap Est, Barrier of Cayol and Anse Caffard are the only sites with high
hydrodynamics.

3.4. Seasonal dynamics of sargassum influxes and pressure at the scale of
Martinique

Our local observations, i.e. the monthly influx frequency (Fsarg), the
sargassum pressure index (Psarg), and the area of stranded and stagnant
sargassum and brown water show a similar pattern over time with the
biomass of sargassum in the Central Atlantic Ocean and the influx risk of
Météo France and NOAA/USF forecast bulletins (Fig. 14). This collin-
earity is statistically confirmed by the correlation matrix (Fig. 15). All
these variables, except the brown water area, are significantly positively
correlated (Spearman test, p-value < 0.05).

In 2022, the sargassum biomass in the Central Atlantic Ocean clearly
increased from April onwards, peaked in June, and declined to very low
levels from October to the end of the year (Fig. 14.A). In contrast, 2023
saw a marked increase in biomass from January onwards, peaking in
March and gradually declining to reach its lowest value in November.
Forecasts and observed sargassum influxes (Fsarg) and pressure (Psarg) in
Martinique were generally consistent with these trends, but we noted
several differences. In 2022, the peak influx of sargassum (and peak
pressure) in Martinique occurred in August, two months after the
biomass peak observed in the Atlantic. The peak influx of sargassum in
February 2023 did not coincide with an increase in sargassum biomass
in the Atlantic Ocean. The intensity of sargassum influxes and pressure
in February 2023 was similar to that observed in August 2022 (~50%
and 40%, respectively). The biomass peaked in March 2023 (13 million
tons) but remained much lower than in June 2022 (20.4 million tons). In
addition, the risk predicted by Météo France declined more drastically
from April 2023 than the sargassum biomass, influx frequency and
pressure.

Changes in the surface area of stranded (Fig. 14.B) and stagnant
(Fig. 14.C) sargassum over time measured through aerial monitoring
were generally consistent with Farg and Pgarg values calculated from in
situ camera monitoring (Fig. 14.A). However, the dynamics differed
among the three sargassum states (stranded, stagnant, and brown
water). Area variability was much more pronounced for stagnant
sargassum than for other states, with three peaks in August 2022 (187
ha), in January 2023 (213 ha) and in February 2023 (229 ha). During
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Fig. 11. Mean value of the sargassum pressure index (Ps..g) over the 20 flights in each cell along the coast of Martinique. Grid cells with an extreme average
pressure (mean Pg,g > 50 %) are illustrated by aerial photography.
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Fig. 12. Mean sargassum pressure index (Mean Pg,) and mean frequency of influx according to influx intensity (Mean F,.¢) between January 2022 and December
2023 at each in situ camera-monitored site.

the lull in influxes (October to December), the surface area of stranded observed the opposite for stagnant sargassum. In calm periods, the
sargassum remained unchanged in 2022, whereas it was very low in proportion of extreme density accumulations predominated in both
2023, with practically only low-density stranded sargassum. We 2022 and 2023. Changes in the surface area of brown water over time

10
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(Fig. 14.C) differed from that of stranded and stagnant sargassum.
Brown water spread over a much larger area, peaking in September
2022 at 2,200 ha and July 2023 at 1,600 ha. Moreover, the surface area
of brown water was only correlated to the area of stranded sargassum
(Fig. 15). However, we noted that monthly variations in the surface area
of brown water have closely followed variations in mean precipitation
up to August 2023.

3.5. Exposure of coastal marine communities to sargassum

Assessing sargassum pressure along Martinique’s coast revealed that
marine communities are mainly exposed to brown water (Table 6).
About 53% of the fringe mangrove occurring around the island is
affected by sargassum, representing 46 km in total, 22 km of which are
exposed to stagnant sargassum. Mangroves face a significantly higher
proportion of high-density and extreme-density sargassum than other
coastal communities. The largest exposed areas were recorded for sea-
grass communities, with 13% of the area occurring in Martinique (about
730 ha) affected by sargassum. Of this, 22 ha are subject to high-density
sargassum, while 5 ha face extreme-density sargassum. About 7% of
mixed communities, consisting of seagrass, algae, coral, sponge, and/or
gorgonian species, are exposed to sargassum. In contrast, algal com-
munities, sponge and gorgonian communities, and coral communities
are the least affected, with only 1.2%, 0.5%, and 0.3% of their surface
areas exposed, respectively.

4. Discussion

We have developed a methodology that combines two complemen-
tary monitoring approaches in space and time, allowing us to assess the
pressure exerted by sargassum at the scale of Martinique. The validation
tests (Figs. 9 and 10) and the consistency of our results with external
data (Figs. 14 and 15) demonstrated the reliability of the new method.
This work achieved the objective of quantifying sargassum pressure
across Martinique using locally available tools, with the future goal of
assessing the response of coastal ecosystems to varying levels of
sargassum pressure. If this method is suitable for a territorial diagnosis,
it is currently too complex and costly to be used for routine monitoring
in Martinique or other territories. The main disadvantage of the aerial
monitoring method is the time of the digitisation process, even without
the additional step of georeferencing. In addition, it is recommended to
fly vertically over the coastline to facilitate the processing of aerial
images. However, with only 1.5 h of flight time to cover the exposed
coastline, we were forced to cut across bays and move away from the
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coastline to save time, resulting in oblique photographs requiring a well-
trained eye for adequate interpretation. Besides, brown water is more
complicated to digitise rather than sargassum accumulations because
there are fewer reference points in the open sea. Although brown water
could also be confused with other sources of organic matter, such as
estuarine discharges, it is important to note that Leon-Pérez et al. (2023)
successfully distinguished their spectral signature using a multi-index
approach, combining Sentinel-2 spectral bands with vegetation,
seaweed, water, and water quality indices. Moreover, in this study, we
demonstrate that it is generally possible to visually detect brown water,
as it is often physically connected to its source — coastal sargassum ac-
cumulations, which were also digitised. Our data and observations
showed that brown water was typically darker than estuarine dis-
charges, which can be attributed to the large quantities of phlorotannins,
polyphenols present only in Phaeophyceae, released by decaying
sargassum (Powers et al., 2019). To ensure data quality, brown water
was not digitised when the source of the coloration was uncertain, such
as in areas where mixing occurs near estuaries. The peaks in stagnant
sargassum observed in August 2022, January 2023, and February 2023
(Fig. 14) highlight another limitation of aerial monitoring: each flight
represents a snapshot in time, which means the surface area measured
can vary significantly depending on the time at which the survey
occurred. Flights taken during massive sargassum influxes, of which the
three peaks are a representation, revealed a considerably large area of
sargassum. A few hours later, after the rafts accumulated on the coast,
the area observed would have been much smaller (Appendix A, Fig. A.3).
Hence, there is a need to consider sargassum density and supplement the
data with daily monitoring to obtain dynamic information. However,
the frequency of flights in our study was largely sufficient to characterise
the average coastal exposure to sargassum pressure, while accounting
for seasonal and interannual variability. Finally, aerial monitoring
obviously depends on the availability of an aircraft, and the associated
costs vary depending on the equipment used and the service provider.
The cost and processing time are not suitable for daily monitoring, and
additional in situ camera monitoring is needed to assess temporal pat-
terns. However, a successful camera installation requires certain con-
ditions that limit the sites that can be monitored. These conditions
include a network connection, a suitable field of vision, a secure place to
prevent theft, and sufficient light for the solar panel. Brown water is
particularly difficult for the camera to detect because of the angle of
view and the light conditions. In addition, the further away the camera is
installed from the site, the more difficult it is to detect sargassum in-
fluxes, particularly small ones. This is probably why Trésor (site 1) and
Barrier of Cap Est (site 8) have the lowest frequency of small influxes
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Fig. 14. Monthly dynamics of sargassum influxes and associated pressure in Martinique from January 2022 to December 2023 (A). Monthly variations in
the area of stranded sargassum (B), stagnant sargassum (C) and brown water (D) in Martinique from May 2022 to December 2023. Our data: Fgpai, Fmediums
Flarge> Fextreme Tepresent the mean influx frequency (Fsarg) according to the influx intensity among all in situ camera-monitored sites. Pg, represents the mean
sargassum pressure index (total quantity / theoretical maximum quantity x 100) among all in situ camera-monitored sites. Areas of stranded/stagnant sargassum and
brown water were calculated by summing the area of all sargassum features of each flight. External data: see Table 4.

while they have the highest frequency of medium influxes (Fig. 12).
There may, therefore, be an underestimation of influxes depending on
the site. Given these limitations, other tools may be considered for
quantifying sargassum pressure. For instance, Degia et al. (2024) used
Google Earth Pro to create sargassum inundation hazard maps for
Barbados, a small Caribbean island. They employed a simple, cost-
effective approach to identify areas, mainly beaches, exposed to
sargassum and coastal assets, generating valuable planning tools for the
entire island. However, sargassum quantification is less precise, relying
on a three-class magnitude index without actual area measurements.
Additionally, brown water is not considered, and no distinction is made
between stranded and stagnant sargassum. This approach could be

12

suitable for territories with limited data acquisition resources, offering
an overview of priority sites. However, it does not quantify the spatial
extent of sargassum pressure on the coastal environment. It is also less
suitable for territories like Martinique, where most of the exposed
coastline consists of mangrove habitats or urbanised areas. Sargassum
typically cannot strand on these types of coasts and remains stagnant.
Therefore, it is particularly important to measure both the surface area
and the density, which can vary greatly, in order to accurately estimate
sargassum pressure. Although improvements are required to adapt it for
routine monitoring, our method provides key information on the spatial
variability and dynamics of sargassum pressure, distinguishing between
stranded sargassum, stagnant sargassum, and brown water. The
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Fig. 15. Correlation matrix between our local observations of sargassum
and external data (monthly means, all sites combined). Our data: influx
frequency according to the intensity of influx event (F1 small, F2 medium, F3
large, F4 extreme), sargassum pressure index (Psarg), area of stranded sargassum
(Area str), stagnant sargassum (Area sta) and brown water (Area brw). External
data: see Table 4. Only significant correlation coefficients are displayed
(Spearman test, p-value < 0.05).

differentiation of these three decomposition states will enable the sub-
sequent assessment of their respective impacts on the ecosystems they
threaten.

Aerial monitoring identified the most exposed sites to sargassum
pressure during the 20 flights (Figs. 11 and A.4) and confirmed our
hypothesis. They are all located inside bays with low hydrodynamics;
most are mangroves. Most are exposed to prevailing winds, which are
the northeast trade winds. The exposure angle determines the exposure
to sargassum influxes, which influences the intensity of sargassum ac-
cumulations, while hydrodynamic conditions control the residence time
of these accumulations. This is well illustrated by our detailed analysis of
influx dynamics and pressure levels at contrasting sites, which were
monitored daily by cameras (Figs. 12, 13, A.5). The sites with the most
frequent influxes (Fsarg) are those with the widest angle of exposure,
facilitating the entry of sargassum rafts in the bay (Fig. 2). However,
these sites can have very different sargassum accumulation dynamics,
depending on their hydrodynamics (Fig. A.5). Sites with low hydrody-
namics showed sargassum accumulations throughout the study period,
suggesting that the consequence of low hydrodynamics is prolonged
exposure to sargassum pressure. As sedimentation zones, the innermost
parts of the bays are particularly affected. This is particularly true in
mangroves (Fig. 11), where sargassum remains trapped for longer

Table 6
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periods. The extremely low decomposition rate of soil organic matter in
mangrove forests (Middleton and McKee, 2001) could explain the
persistence of decaying sargassum all over the year, even during lulls in
massive influxes. Hence, the duration of exposure to sargassum largely
depends on the rate of its degradation in areas with low hydrodynamic
conditions. The dynamics of sargassum accumulation can significantly
vary at sites with high hydrodynamics (Fig. A.5). A large quantity of
sargassum can momentarily invade a site and quickly disappear over the
following days. We observed that energetic waves can effectively
remove stranded and stagnant sargassum accumulated nearshore and
transfer them offshore, as previously observed by Rutten et al. (2021). At
sites 4 and 8, equipped with sargassum barriers, we observed that
sargassum rafts pass through the reef channels and accumulate along the
sargassum barrier, remaining close to the reef channels. Strong currents
in the channels can remobilise stagnant sargassum and export them
outside the barrier reef. Consequently, in coastal areas with strong hy-
drodynamics, the exposure time to sargassum depends mainly on swell
and current conditions, which are influenced by meteorological condi-
tions. The methods employed to collect sargassum can also influence the
level of pressure. Offshore collection operations (e.g. at sites 4, 5, and 8)
reduce the residence time of accumulations. At Bourg du Robert (site 5),
a sargassum barrier facilitates the convergence of sargassum rafts to-
wards a designated collection point on land equipped with a backhoe
loader. This may explain why an inner part of the bay, like site 5, has a
relatively average pressure level despite having one of the highest influx
frequencies (Fig. 12). However, it was observed that sargassum barriers
are degrading rapidly due to their year-round immersion and the forces
generated by currents and sargassum accumulations. It can happen,
therefore, that they break, and all or part of stagnant sargassum previ-
ously retained by the barrier reaches the coast. This could explain the
high level of sargassum pressure at Cayol (site 3), which is usually
protected by the sargassum barrier.

While the exposure angle and hydrodynamics drive spatial varia-
tions, the dynamics of sargassum growth and transport in the Atlantic
Ocean influence temporal variations in the frequency and intensity of
influxes (Figs. 14 and 15). In 2022, the Atlantic sargassum biomass
peaked in June, and massive influxes occurred on the coast of
Martinique in August. This 2-month time lag coincides with the results
of Putman et al. (2018) on the sargassum transport pathways from the
Equatorial Atlantic to the Caribbean Sea. The authors found that
sargassum rafts drifting with the North Brazil Current and the Guiana
Current in spring generally reach the Caribbean in two months. The
seasonal patterns observed in 2022 were consistent with those docu-
mented in previous years, with biomass peaks occurring in June (2018,
2020, 2021) or July (2015, 2019) (University of South Florida, 2024). In
contrast, 2023 showed a particular seasonality, with an early increase in
sargassum biomass from January to April, without the usual bloom in
June. Since June 2023, record-breaking temperatures have been recor-
ded across the globe as a consequence of climate change (World Mete-
orological Organization (WMO), 2024). According to the work of
Hanisak and Samuel (1987), the maximum sargassum growth occurs at
temperatures ranging from 22 to 28 °C. Exceptional sea surface

Maximum area (ha) or coastal length (km) of coastal marine communities exposed to sargassum in Martinique as recorded during the 20 flights, compared
to the total area or coastal length of these communities at the scale of Martinique (%). The columns ’All densities’ and ’All states’ both represent the maximum
area or coastal length of sargassum recorded from a single flight out of the 20, with "All densities’ disregarding density and ’All states’ disregarding decomposition
state. Mixed communities = seagrass, algae, coral, sponge and/or gorgonian species.

Coastal marine communities Brown water Stagnant sargassum All states % Total Martinique
Low density Medium density High density Extreme density ~ All densities
Algae (ha) 91 15 9 2 0 24 107 1.2
Coral (ha) 13 1 1 0 0 2 13 0.3
Mixed (ha) 16 1 1 1 0 2 16 6.7
Sponge and Gorgonian (ha) 3 8 1 0 0 8 8 0.5
Seagrass (ha) 724 6 35 22 5 53 731 13.0
Mangrove (km) 24 4 12 9 7 22 46 529
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temperature recorded in 2023 may have influenced sargassum popula-
tion dynamics and prevented the summer bloom. Moreover, the 2023 El
Nino-Southern Oscillation (ENSO), associated with higher air temper-
atures, resulted in precipitation deficits over Mexico and the Amazon
(WMO, 2024). This event may also have limited population growth by
reducing the Amazon’s discharges, which are known to be a nutrient
source for sargassum (Lapointe et al., 2021). It should also be noted that
the intensity of sargassum influxes in Martinique does not appear to be
proportional to the sargassum biomass in the Atlantic Ocean. In June
2022, sargassum biomass reached a record of 24.2 million tonnes, sur-
passing the previous record of 20.4 million tonnes in June 2018 (Wang
etal., 2019). In January 2023, the biomass of sargassum was 8.7 million
tonnes. Although this figure represents a record for this month compared
with previous years, it remains well below the values recorded in June
2022 (University of South Florida, 2024). However, the peak influxes
observed in Martinique in August 2022 was relatively similar to that of
February 2023 (Fig. 14.C). This is also the case for the sargassum
pressure index. This result highlights the limitations of satellite obser-
vations in forecasting the location and intensity of nearshore influxes at
the local scale, given the local hydrodynamics, winds and coastal con-
figurations. However, they can be good indicators of sargassum pressure
on a territorial scale.

Furthermore, it seems crucial to differentiate the various states of
sargassum (stranded, stagnant and brown water) when characterising
the coastal pressure, as they have distinct dynamics (Fig. 14.B, C, D).
During the lull in sargassum influxes, from October to December, most of
the stranded sargassum has a low density (Fig. 14.B), whereas stagnant
sargassum has almost exclusively an extreme density (Fig. 14.C). This
contrast in density is probably due to the difference in the decomposi-
tion rate of sargassum in the open air and in water. Studies have shown
that 48 h of sun exposure is enough to dry out stranded sargassum,
resulting in a rapid decline in its density (Tonon et al., 2022; Trench
et al., 2022; Paredes-Camacho et al., 2023). For stagnant sargassum, the
decomposition rate of organic matter in water can be extremely low,
particularly in mangroves (Mcleod et al., 2011). In these areas, the
density remains very high all year round, as observed at Trésor (Ap-
pendix A, Fig. A.5). Regarding brown water dynamics, we noted a cor-
relation between changes in brown water surface area and the
seasonality of precipitations (Fig. 14.D). Estuaries and mangroves are
the areas where brown water diffusion is the greatest (Appendix A,
Fig. A.4). Heavy precipitation induces an increase in river discharge and
an extension of the turbid plume at the mouth of estuaries (Lahet and
Stramski, 2010). If there are massive accumulations of sargassum
around the estuary mouth, brown water can extend offshore as the flow
increases. Tidal currents can also reinforce this phenomenon. In man-
groves, heavy rainfall can play an important role in sediment resus-
pension and offshore export because currents induced by rainwater
runoff during ebb tides can be more intense than tide-induced currents
(Schwarzer et al., 2016). Consequently, the remobilisation of high-
concentrated sargassum debris trapped in mangroves can also occur,
leading to the offshore dispersion of brown water through rainwater
runoff.

Finally, quantifying and locating sargassum pressure at Martinique’s
scale highlighted the territory’s current environmental challenges. Our
results revealed that mangroves and seagrass meadows are the most
exposed marine coastal habitats to sargassum pressure (Table 6). Over
one-fifth of the total seagrass area and half of the total fringe mangrove
line are exposed to sargassum pressure. Mangroves appear to be the
main receptacle for extremely dense and persistent accumulations of
sargassum along coastal areas. The consequences of this new source of
eutrophication can lead to mangrove death (Lovelock et al., 2009;
Hernandez et al., 2020). Further from the coast, seagrass meadows and
mixed communities are mainly exposed to brown water. van Tussen-
broek et al. (2017) observed that sargassum brown tide caused the
mortality of coral colonies and the replacement of the seagrass climax
species Thalassia testudinum by macroalgae. Our findings are, therefore,
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highly alarming, as mangroves, seagrass meadows and coral reefs are
vulnerable ecosystems already subject to numerous anthropogenic
pressures (Goldberg and Wilkinson, 2004; Grech et al., 2012; Turschwell
et al., 2020). Future research is required to assess the state of coastal
ecosystems in relation to sargassum pressure levels, which will be the
focus of our upcoming work.

5. Conclusion

The methodology developed in this study allows for a better char-
acterisation of spatial and temporal variations in coastal sargassum
pressure at the island scale. This case study has improved our general
knowledge of the pressure dynamics, depending on the state of
decomposition of sargassum (stranded, stagnant, brown water), the
location of influxes and the time of year. Our substantial sampling effort
provides valuable data for managers, researchers and entrepreneurs in
Martinique and other territories in the Caribbean and beyond that face
health, socio-economic, and environmental issues due to sargassum
brown tides. This is of great interest to local authorities, as it enables the
identification of sites at stake (via aerial monitoring) and periods at risk
(via in situ camera monitoring). This includes locating the areas most
susceptible to sargassum accumulation and the spatial extent of brown
water towards the open sea. This latter information is particularly
valuable for assessing the exposure of marine habitats to sargassum
pressure. Daily observations of sargassum influxes and accumulations
are also helpful for stakeholders and residents to adapt their responses
according to pressure level. Indeed, the local variability of sargassum
influxes justifies the implementation of in situ monitoring alongside
forecast bulletins, allowing for more efficient and cost-effective man-
agement through pressure-adjusted interventions. Near-real-time
monitoring also provides important insights for future sargassum val-
orisation companies. Local observations are complementary to satellite
data used in current forecasting and can also be used to improve
stranding forecast algorithms. Depending on the objectives, it is possible
to use aerial or in situ camera-only monitoring. However, we recommend
combining the two methods for a complete assessment of sargassum
pressure in the study area (spatial extent and dynamics). Territorial
diagnosis could be followed by long-term in situ camera monitoring in
high-risk areas, where management actions are a priority. In this case,
our method could be improved by AT algorithms, which have been used
in several studies (Valentini and Balouin, 2020; Rutten et al., 2021;
Arellano-Verdejo et al., 2022; Uribe-Martinez et al., 2022). Combining
our density score with automatically detected areas would reduce the
time required for data acquisition and processing. It would also be
helpful to conduct field measurements of sargassum volume under
various conditions, for example, for each density class defined in this
study. This would improve the accuracy of sargassum quantification,
which is particularly important for adjusting collection operations. Pe-
riodic flights could be maintained for long-term monitoring to verify the
effectiveness of management measures, particularly the reduction in the
spatial extent of sargassum pressure. The choice of methodology and
precision for quantifying sargassum pressure depends on available re-
sources and objectives and must be adapted to the specific features of
each territory.
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