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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Climate change impacts on O. cf. ovata
dynamics in the Mediterranean is
investigated.

• Temporal changes in T◦ and chlorophyll
are the best predictors of abundance.

• In the future, O. cf. ovata blooms could
start earlier and finish later in the year.

• O. cf. ovata abundance are expected to
rise on the French, Spanish, and Adriatic
coasts.

• These changes may negatively affect
ecosystems, health, and the economy.
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A B S T R A C T

Fast environmental changes and high coastal human pressures and impacts threaten the Mediterranean Sea. Over
the last decade, recurrent blooms of the harmful dinoflagellate Ostreopsis cf. ovata have been recorded in many
Mediterranean beaches. These microalgae produce toxins that affect marine organisms and human health. Un-
derstanding the environmental conditions that influence the appearance and magnitude of O. cf. ovata blooms, as
well as how climate change will modify its future distribution and dynamics, is crucial for predicting and
managing their effects. This study investigates whether the spatio-temporal distribution of this microalga and the
frequency of its blooms could be altered in future climate change scenarios in the Mediterranean Western basin.
For the first time, an ecological habitat model (EHM) is forced by physico-chemical climate change simulations at
high-resolution, under the strong greenhouse gas emission trajectory (RCP8.5). It allows to characterize how O.
cf. ovatamay respond to projected conditions and how its distribution could shift over a wide spatial scale, in this
plausible future. Before being applied to the EHM, future climate simulations are further refined by using a
statistical adaptation method (Cumulative Distribution Function transform) to improve the predictions robust-
ness. Temperature (optimum 23–26 ◦C), high salinity (>38 psu) and high inorganic nutrient concentrations
(nitrate >0.25 mmol N⋅m− 3 and phosphate >0.035 mmol P⋅m− 3) drive O. cf. ovata abundances. High spatial
disparities in future abundances are observed. Namely, O. cf. ovata abundances could increase on the
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Mediterranean coasts of France, Spain and the Adriatic Sea while a decrease is expected in the Tyrrhenian Sea.
The bloom period could be extended, starting earlier and continuing later in the year. From a methodological
point of view, this study highlights best practices of EHMs in the context of climate change to identify sensitive
areas for current and future harmful algal blooms.

1. Introduction

Climate change is unequivocal and results from an unprecedented
rise in anthropogenic greenhouse gas concentrations (IPCC, 2023). Its
impacts are global and pervasive, including changes in seawater
physico-chemical properties (temperature, salinity, stratification, pH)
and ocean biogeochemistry (essential nutrients and carbon dynamics;
Doney et al., 2012; Gattuso et al., 2015; Hoegh-Guldberg and Bruno,
2010). Thus, in the Mediterranean Sea, under the RCP8.5 scenario
assumption that CO2 emissions continue to increase, the average sea
surface temperature (SST) is projected to increase by 2.7 to 3.8 ◦C at the
end of this century, compared to the end of the 20th century (Darmaraki
et al., 2019). For the same RCP8.5 scenario, coupled regional climate
change simulations also show a decrease in surface-layer salinity in the
Western basin, with anomalies ranging from − 0.42 to − 0.01 (Soto-
Navarro et al., 2020). These physico-chemical changes are expected to
have a profound effect onmarine ecosystems functioning and to alter the
historical biogeographic distribution of some marine species (Burrows
et al., 2011; Edwards and Richardson, 2004; Moullec et al., 2019;
Poloczanska et al., 2013; Wittmann and Pörtner, 2013).

Coastal regions represent a small fraction of the world’s ocean but
are of considerable socio-economic importance because they provide
many ecosystem goods and services to humans. It is estimated that 2.15
billion people of the world live in the near-coastal zone (Reimann et al.,
2023). Harmful Algal Blooms (HABs) occurring in coastal ecosystems
have received a lot of attention from researchers and stakeholders,
because of their significant negative consequences on human health,
food safety, the economy and marine ecosystems (Erdner et al., 2008;
Kouakou and Poder, 2019). HABs were estimated to cause an annual loss
to the European Union of ca. 1 billion dollars (Hoagland and Scatasta,
2006). For various types of aquaculture facilities, single HAB events
have been shown to result in losses in the hundreds of millions (Trainer,
2020). The possibility that climate change may increase certain HABs’
frequency and intensity and widen their seasonal occurrence window
and geographical distribution, is a matter of debate and concern among
the scientific community and stakeholders. It is stimulating research in
this direction (Anderson et al., 2012; Berdalet et al., 2017; Glibert et al.,
2014; Gobler et al., 2017; Moore et al., 2008; Tester et al., 2020).

In the Mediterranean Sea, Ostreopsis cf. ovata (Fukuyo, 1981), a
benthic dinoflagellate that can be toxic, has become common, regularly
blooming in summer. Massive abundances have been well documented
along the coasts of Spain, Italy, France, Algeria, Croatia, etc. (e.g.,
Carnicer et al., 2015; Cohu et al., 2013; Mangialajo et al., 2011, 2008;
Ninčević Gladan et al., 2019; Vila et al., 2001). Predominantly epiphytic
(on macroalgae and seagrass), cells are also found on abiotic substrates
(sediment, rocks or pebbles; Accoroni and Totti, 2016; Cohu et al., 2013;
Gémin et al., 2020; Meroni et al., 2018; Vila et al., 2001). Cells also
detach from this benthic habitat due to water motion and/or internal
cell rhythms (Ciminiello et al., 2014; Pavaux et al., 2021, 2020).
Ostreopsis cf. ovata blooms likely affect people, via direct contact with
cells floating in the seawater and inhalation of aerosols created at the
air-sea interface. Ostreopsis cf. ovata blooms have been associated with
acute (but mild) respiratory irritation, general malaise, headache, low
fever, eye irritation and dermatitis (Berdalet et al., 2022; Durando et al.,
2007; Gallitelli et al., 2005; Paradis et al., 2024; Pfannkuchen et al.,
2012; Tichadou et al., 2010; Vila et al., 2016). Toxic effects on marine
organisms, such as copepods, sea urchins, jellyfish, and mussels, have
also been reported (Faimali et al., 2012; Gorbi et al., 2013; Guidi-Guil-
vard et al., 2012; Neves et al., 2018; Pavaux et al., 2020). These health

and ecological impacts have been attributed to palytoxin analogues
(ovatoxins, putative palytoxin) produced by these microalgae, although
the direct cause-effect link has not yet been fully established (Tubaro
et al., 2011). While this microalgae socio-economic cost has not yet been
estimated across the European Union, several studies agree that
Ostreopsis spp. blooms could have a significant impact, particularly
affecting the beach visitors’ activities and the tourism industry (Berdalet
et al., 2022, 2017). The factors influencing the dynamics of Ostreopsis
bloom must be understood in this context. Information on O. cf. ovata
bloom proliferation is inferred, in part, from laboratory studies aiming
to define the optimal growth conditions of different strains from the
Mediterranean Sea (Carnicer et al., 2016; Granéli et al., 2011; Scalco
et al., 2012) or from other regions (reviewed by Tester et al., 2020). A
few studies, mainly focused on local scales (near the Ebro Delta, on the
French Riviera, on beaches around Monaco), have attempted to deter-
mine which environmental variables drive in situ seasonal patterns and
how these variables affect cell dynamics (Carnicer et al., 2015; Cohu
et al., 2013, 2011). A meta-analysis has examined those questions at the
scale of the north-western Mediterranean Sea with three-year data from
the beginning of the 21st century (Mangialajo et al., 2011). Still, no
systematic study has explored the distribution patterns over large tem-
poral (decades) or spatial (whole basin) scales. The relationship with
environmental conditions at those scales is therefore also unknown. The
consequences for O. cf. ovata blooms of shifts in those conditions due to
climate change have not been assessed either. In the context of ongoing
climate change, particularly in the Mediterranean region (Giorgi, 2006),
and the uncertainties about this benthic taxon’s potential increase (e.g.
Zingone et al., 2021), such a study is necessary. Indeed, forecasting shifts
in species distribution patterns in response to climate change is needed
to better understand and mitigate their harmful effects on human pop-
ulations and marine ecosystems. Modeling is one of the only tools
available to turn historical observations into such future predictions
(Araújo and Guisan, 2006; Benedetti et al., 2018; Melo-Merino et al.,
2020; Robinson et al., 2011, 2017).

Ecological Habitat Models (EHMs) are an effective approach to
predict biogeographic patterns of target species (Elith and Leathwick,
2009; Guisan and Thuiller, 2005; Robinson et al., 2011). EHMs quantify
the relationships between the presence (concentration) of species and
environment variables through a correlative statistical framework, to
define the species’ environmental habitat (Elith et al., 2008; Guisan and
Zimmermann, 2000; Peterson et al., 2015; Soberon and Peterson, 2005).
After assessing this relationship’s robustness, the model can be projected
in new locations, where the environmental variables are known but the
species have not been sampled to produce continuous maps of the spe-
cies’ potential distribution. Similarly, the model can be used with maps
of future environmental variables to project the shifts in the species’
potential distribution caused by climate change (Cheung et al., 2009;
Elith et al., 2010; Elith and Leathwick, 2009; Peterson et al., 2015).

In this study, an EHM was used to simulate the abundance of
Ostreopsis cf. ovata in the Western Mediterranean basin, under current
and future climate conditions. Ostreopsis cf. ovata abundance time series
were obtained as part of long-term monitoring programs. Reanalysis of
physical and biogeochemical data of the Mediterranean Sea were sta-
tistically corrected to match in situ environmental conditions with the
aim of using them as predictors of O. cf. ovata cell abundance. Current
and future climate simulations were also statistically corrected to fit the
distribution of reanalysis. The habitat model, once calibrated and tested,
was used to identify the main environmental variables influencing the
distribution patterns of O. cf. ovata and to shed light on what drives the
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occurrence of large blooms in certain regions. Finally, future trends in
bloom dynamics were assessed under a high greenhouse gas emission
scenario (RCP 8.5).

Numerous experimental studies conducted on O. cf. ovata suggest
that temperature, phosphate and nitrate concentrations are the most
important predictors of its abundance (e.g. Drouet et al., 2022; Jauzein
et al., 2018; Ellwood et al., 2020). It is anticipated that higher values of
these environmental parameters will correlate with an increase in the
abundance of O. cf. ovata benthic cells. Additionally, increased hydro-
dynamics are expected to reduce abundances due to the potential
resuspension of benthic cells in the water column (not sampled in the
present study).

2. Material and methods

The success of any habitat modeling approach hinges on the avail-
ability of (i) a dataset of species abundance/presence that spans a suf-
ficiently wide range of environmental conditions to delineate the habitat
(Elith et al., 2010) and (ii) gridded fields of environmental variables of
sufficient resolution to capture the conditions in which the observations
were made (Adachi et al., 2019). In addition, for climatic projections, it
is paramount that (iii) the fields of environmental conditions are
consistent between historical (up to current time) and future periods,
which means they must come from the same model run, and one the
model does not assimilate observed data in the historical period.
Otherwise, any change between historical and future distributions
would be attributable to a shift in the modeling method rather than to
climate change.

The following section outlines efforts to meet three specified condi-
tions. First, the 10-year monitoring programs are introduced, providing
data on O. cf. ovata abundances. Second, the regional climate and
biogeochemical models are presented, simulating the environmental
predictors’ values. Third, finer scale model products and two sets of in
situ data used to refine the regional models and ensure a better match
with the statistical distributions of environmental conditions associated
with recorded cell abundance. The series of statistical corrections
applied notably include a Cumulative Distribution Function transform
(CDF-t; Michelangeli et al., 2009, Vrac et al., 2012). Fourth, the
implementation of the EHM methodology is presented. The description
of all datasets, including details regarding the period retrieved, spatio-
temporal resolutions and extent are provided in Supplementary

(Tables A1, A2, A3, A4, A, Fig. A1).

2.1. Ostreopsis cf. ovata abundance data

Monitoring and research projects were carried out in France (Ville-
franche-sur-Mer), Monaco (Larvotto beach), and Spain (Llavaneres)
between 2007 and 2017, approximately weekly during June, July and
August (andmore occasionally beyond this period; Fig. 1 and Table A.1).
These months cover the whole blooming period, namely, the detection
of the first cells (lag phase or initiation), the exponential increase
(exponential phase), the population at blooming abundances (mainte-
nance phase) and the start of the decay of the bloom. This study is built
on the benthic, epiphytic O. cf. ovata cells, because this form constitutes
the bulk of the population and plays a crucial role as a reservoir for
blooms (Mangialajo et al., 2017).

At each location, 5 to 15 g of fresh weight (FW) of the most common
macrophytes (usually a mixture of Ellisolandia elongata (J.Ellis & Sol-
ander) K.R. Hind & G.W. Saunders, Halopteris scoparia (Linnaeus) Sau-
vageau, Jania rubens (Linnaeus) J.V Lamouroux Padina pavonica
(Linnaeus) Thivy, and Dictyota sp. (Linnaeus) Thivy) were carefully
sampled to avoid the detachment of Ostreopsis cells (Jauzein et al.,
2018). In Villefranche-sur-Mer and Monaco, the sampling methodology
followed Drouet et al., 2022. Depth of sampling is around 0.5 m (see
Cohu et al., 2013). Macroalgae and the surrounding seawater were
transferred in a 250 mL plastic bottle that was closed under water. The
whole sample was fixed with acidic lugol and kept at 4 ◦C, in the dark. In
the laboratory, the bottles were shaken to release epiphytic O. cf. ovata
cells from the macroalgae and the water was filtered through a 500 μm
mesh. Macroalgae were transferred back to the bottle, 100 mL of filtered
seawater were added, and a new shaking and filtration were conducted.
This procedure was repeated a second time. All filtered samples were
merged and the total seawater volume was noted. Macroalgae were
gently pressed to eliminate excess water and placed onto a tin foil for
fresh weight measurement. Ostreopsis cf. ovata cells were counted with a
1 mL Sedgewick-Rafter Counting Cell under a light microscope.
Ostreopsis cf. ovata abundance was expressed as the number of cells per
gram of fresh weight of macroalgae (cells.g− 1 FW). In Llavaneres, the
procedure was slightly different. Macroalgae were transferred to a bottle
containing 180 mL of in situ seawater filtered on GF/F and vigorously
shaken for 1 min. The water was filtered through a 200 μm mesh and
fixed in the same manner as above. The two procedures were compared

Fig. 1. Location of sampling stations in the North-Western Mediterranean Sea included in this study.
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and no significant difference could be detected (Berdalet and Vila,
unpublished).

2.2. Environmental predictors

2.2.1. Description of datasets

2.2.1.1. Physical climate model - CNRM-RCSM4. The physical properties
of seawater have been simulated by a regional climate model, run as part
of the Med-CORDEX initiative (Ruti et al., 2016). Med-CORDEX pro-
vides a large ensemble of high-resolution future climate change simu-
lations for the Mediterranean Sea (Darmaraki et al., 2019; Soto-Navarro
et al., 2020). However, due to computational and data-availability
constraints, only one of the available regional climate simulations was
used: the 1950–2100 scenario simulation performed with the CNRM-
RCSM4 (Centre National de Recherches Météorologiques - Centre
Européen de Recherche et de Formation Avancée en Calcul Scientifique
4) coupled regional climate system model (Sevault et al., 2014), itself
driven by the CMIP5 CNRM-CM5 global climate model (Voldoire et al.,
2013) following a high greenhouse gas emission scenario (Representa-
tive Concentration Pathway 8.5, RCP8.5). The CNRM-RCSM4 model
simulates the historical and future evolution of the oceanic, atmo-
spheric, land surface and river components of theMediterranean climate
system and has been widely evaluated and used to study past and future
evolutions of the Mediterranean Sea (Darmaraki et al., 2019; Pagès
et al., 2020; Sevault et al., 2014). The authors are aware that, by using
only one socio-economic scenario and only one physical simulation
chain among many other possibilities, the study does not explore the
uncertainties associated with any future climate projection. It explores
only one of the plausible future, which should be kept in mind when
interpreting the results.

Sea temperature, salinity, and the zonal (u) and meridional (v)
components of currents were retrieved for the first 6-m thick vertical
layer (https://www.medcordex.eu/, accessed 2020-03-20). From the
North to the South of the domain, the horizontal resolution of the
model’s ocean grid meshes varied from 9 to 12 km. The daily data over
the whole 1950–2100 period was averaged and cut to obtain weekly
values for three periods, called historical (1999–2017), mid-century
(2041–2060), and end-century (2081–2100). The u and v components
of the current were transformed into an along-shore component (current
tr: toward the right when looking at the coast) and a cross-shore one
(current tc: toward the coast), assuming those are more relevant to O. cf.
ovata cells living on the coast. More information about the CNRM-
RCSM4 model and its evaluation can be found in Sevault et al. (2014)
and about the scenario simulation in Darmaraki et al. (2019).

2.2.1.2. Biogeochemical model - Eco3M-S. The biogeochemical variables
(nitrate-NO3, phosphate-PO4, dissolved oxygen, and chlorophyll-a con-
centrations) were simulated by the Eco3M-S model, which represents
the dynamics of key elements (carbon, nitrogen, phosphorus, silicon,
oxygen) and plankton groups (Ulses et al., 2021). In our context, the
Eco3M-S model was forced by the physical CNRM-RCSM4 simulation
described above and weekly-averages of the mentioned variables were
computed over the same three periods. This Eco3M-S scenario simula-
tion was already used in Moullec et al. (2019) to assess the future evo-
lution of Mediterranean Sea ecosystems.

It is worth noting that climate model scenario simulations aim to
produce plausible climate statistics for any period simulated under a
given forcing for past or future periods. However, due to the intrinsic
chaotic nature of climate (often referred to as the “butterfly effect”),
climate scenario simulations do not match the observations at any pre-
cise point in time or space. Thus, they can be evaluated or used for their
statistical representation of the climate but not for their temporal cor-
relation with the observations. In addition, the spatial grid of the ocean
component of CNRM-RCSM4 is relatively coarse (between 9 and 12 km

for North to South of the domain) as is its vertical resolution, therefore
not representing well the study area. To approach the real conditions
better, reanalysis products from Marine Copernicus Environment
Monitoring Services (CMEMS) were used (see Section 2.2.1.2). By
combining historical in situ and satellite data with model simulations
the so-called data assimilation technique, these reanalysis reconstruct
past climate conditions and generate fields of multiple variables that
match observations as best as possible (Cossarini et al., 2021).

2.2.1.3. Copernicus reanalysis. The reanalysis distributed by the
Copernicus Marine Environment Monitoring Service (CMEMS, MED-
SEA_MULTIYEAR_BGC_006_008 http://marine.copernicus.eu/services
-portfolio/access-to-products, accessed 2020-03-20) was used. All vari-
ables were extracted for the surface layer (1.42 m depth) and the
1999–2017 period, over a grid of size 0.0625◦. Physical variables
(temperature, salinity, u and v components of current) were available at
daily temporal resolution and were averaged weekly. Biogeochemical
data (nitrate, phosphate, dissolved oxygen, and chlorophyll-a concen-
trations) were provided as weekly averages (G. Cossarini, pers. comm.).

While those reanalyses are much closer to the reality (by combining
past observations with models to generate consistent time series), they
still represent average conditions over pixels of size ~6 km× 6 km. Even
for pixels along the coast, this still covers mostly offshore waters, while
O. cf. ovata develops in very shallow coastal waters. To represent these
coastal conditions better, two in situ, coastal, measurement data sets
were collated (Sections 2.2.1.4 and 2.2.1.5).

2.2.1.4. Coastal data - SOMLIT. In situ measurements of temperature,
salinity, and concentrations of nitrate, phosphate, dissolved oxygen, and
chlorophyll-a, were gathered from the database of the SOMLIT network
(French monitoring network for coastal environments, https://www.
somlit.fr/ accessed 2020-11-08). The bi-monthly measurement were
extracted in the surface layer for three stations (Point B: 43◦41N, 7◦19E,
Frioul: 43◦15N, 5◦18E, and SOLA 42◦29N, 03◦09E) in the period
1999–2017.

2.2.1.5. Local data. Together with the monitoring of O. cf. ovata,
described in the previous section, temperature and salinity measure-
ments were taken with a microprocessor conductimeter WTW (Model
LF197) on the day and at the site where biological samples were
collected, in Monaco and Villefranche-sur-Mer (France). Other envi-
ronmental parameters were unfortunately not measured during the
french survey.

2.2.2. Statistical correction of environmental datasets
To model the abundance of O. cf. ovata as accurately as possible,

environmental datasets need to match the abundance records: weekly
resolution, representative of local (extremely coastal) conditions, in the
historical and future periods. To achieve this, the following steps were
taken (Fig. 2):

(1) Shift of the coastal in situ temperature records (Section 2.2.1.4) to
match the local ones (Section 2.2.1.5), taken immediately along
the beach (Fig. A.1);

(2) Shift of the reanalysed fields (Section 2.2.1.3) to better match the
coastal in situ times series (Section 2.2.1.4, with temperature
corrected at step 1) and be more representative of coastal
conditions;

(3) Interpolation and transformation of the historical and future
regional physical (Section 2.2.1.1) and biogeochemical (Section
2.2.1.2) model outputs to match the statistical properties of the
reanalyses (Section 2.2.1.3, corrected at step 2).

The first issue to overcome was using temperature collected during
the monitoring program in Monaco and Villefranche-sur-mer to correct
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the temperature of the “Point B” time series retrieved from the Somlit
database. The correction was made by performing a regression, between
Coastal and Somlit data (Point B) and corresponds to δIS-C (Fig. 2 (1)).
The regression has a high R-squared of 0.99 (with p-value <0.001).

Physical (CNRM-RCSM4) and biogeochemical (Eco3M-S) models
available, described above (“Description of datasets” section), do not
have a sufficient spatial resolution to be directly implemented to an
EHM as forcings variables. These models are indeed not able to perfectly
reproduce the local climate statistics. Errors or biases can be linked to
the model spatial resolution, the misrepresentation of physical processes
or external forcings, or simply to the climate chaotic nature. This
statement is particularly prevalent in coastal areas where models
struggle to describe different processes (Bensoussan et al., 2013). To fill
this gap, the CDF-t approach between first used observed coastal data
(monitoring program and Somlit database) was applied to correct
Copernicus reanalysis (CDF-t1; Table A.6). This method was then
applied between CNRM-RCSM4/Eco3M-S and corrected Copernicus
reanalysis (CDF-t2) to obtain the best product for historical and future
environmental data (Figs. 2, A.2). For clarity, the explanation of the
CDF-t is based on the application between Copernicus reanalysis and
CNRM-RCSM4/Eco3M-S simulations (CDF-t2). The CDF-t approach has
been developed by Michelangeli et al. (2009) to correct biases that can
occur in physical and biogeochemical models. CDF-t generally behaves
in a much better way than quantile mapping does (Michelangeli et al.,
2009; Vrac et al., 2012). A mathematical transformation is applied to the
CNRM-RCSM4/Eco3M-S CDFs to define new CDFs as close as possible to
the CDFs of corrected reanalysis. The CDF-t’s strength is to consider the
CDF change between historical and future CNRM-RCSM4/Eco3M-S
simulations. CDF-t mathematical transformation was calibrated be-
tween CNRM-RCSM4/Eco3M-S and corrected reanalysis for each envi-
ronmental variable available and applied separately. All coastal
available pixels were used (see Fig. 4b) with a weekly time resolution for
each dataset. New CDFs were then applied to the CDFs of CNRM-
RCSM4/Eco3M-S for current, mid-century and end-century periods at
the same spatial and temporal resolution.

In the present study, all computations related to the statistical
adaptation have been made through the CDF-t R package (Vrac and
Michelangeli, 2015). More theoretical and technical details can be found
in Michelangeli et al. (2009).

In addition, as the spatial resolution was different between Coper-
nicus and CNRM-RCSM4/Eco3M-S datasets, the later were interpolated
to the resolution of Copernicus data (0.0625◦ x 0.0625◦) using nearest-
neighbor approach and “FNN” R package (Beygelzimer et al., 2024).

The slope of change was derived for each predictors by fitting a linear
model between the point of focus and four points before it. The slope was
computed to capture the dynamic of changes in the environmental
predictors. U and v, representing the zonal (east-west) and meridional
(North-South) components of the current, respectively, were trans-
formed into three different current components: current along shore
(component of the ocean current that flows parallel to the coastline),
current cross shore (current flowing across the shore, perpendicular to
the shoreline), and total current speed. To calculate these variables, the
azimuth relative to the coast was computed for each pixel in the pro-
jected areas. The azimuth represents the angle between the shore and a
reference direction (the North), providing the orientation of the shore
for each pixel. Once the azimuth was determined, the equations below
allowed to derive new environmental variables:

current along shore = u.cos(azimuth) − v.sin(azimuth)

current cross shore = u.sin(azimuth)+ v.cos(azimuth)

These two equations transform the zonal (u) and meridional (v)
components of the flow into the components of the current along the
azimuth angle and perpendicular to it.

current speed =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√

This equation uses the Pythagorean theorem to compute the intensity
of the current.

Fig. 2. Flowchart describing the main steps of the methodology used for the present study. Steps are divided in four main parts: (1) Correction of temperature in-situ
data δIS-C (Somlit) from temperature sampled by monitoring programs using a linear regression, (2) Correction of Copernicus data from corrected in situ data with
CDF-t approach (CDF-t1), (3) CDF-t method used to get corrected historical and climate simulations (CDF-t2), (4) calibration of ecological habitat model and pro-
jection across space and time (current, mid- and end-century periods).
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2.3. Ecological habitat model

Extreme gradient boosting (XGBoost) modeling approach (Chen and
Guestrin, 2016) was used to model O. cf. ovata abundances. XGBoost is
an efficient gradient machine learning method, which combines two
algorithms: 1) simple and small regression trees, calculated on random
subsets data while minimising residuals and, 2) subsequently, boosting
which combines all the models in a unique solution. XGBoost models can
fit complex functions, which could reflect the complexity of O. cf. ovata
processes patterns.

Prior to modeling, environmental data were extracted by matching
the date and localities of the biological sampling points with the closest
pixels and date of Copernicus reanalysis corrected (environmental
characteristics at each sampling point are provided in Fig. A3). The
collinearity between predictors was then tested to limit possible biases
in predictors contributions, model predictive performances and pres-
ence of spatial autocorrelation (Dormann et al., 2013). Variance infla-
tion factors and a Spearman pair-wise correlation test between
predictors were performed. One of the two descriptors was removed
when correlation values of rS were above 0.8 (Dormann et al., 2013).
These analyses were performed using the usdm and corrplot R package
(Naimi et al., 2014; Wei and Simko, 2021). The selected environmental
predictors are: temperature, salinity, phosphate concentration, nitrate
concentration, chlorophyll-a concentration, current along shore
component, current cross shore component, current speed and dissolved
oxygen concentration with all slope values associated. Range values
across Ostreopsis sampling points are in Table A.7.

XGboost parameters (number of trees, learning rate, minimum sum
of weights of all observations required in a child and maximum depth)
were determined by using 4-fold cross-validation and gaussian distri-
bution. Different distributions (tweedie, poisson, quantile) were tested
but with inconclusive results or bad predictive performance. Before
calibration, abundance data were log10 transformed to get closer to a
Gaussian distribution. Best parameters were selected by minimising the
root mean square error (RMSE) on the validation portions, to avoid
possible overfitting (provided in Fig. A.4). The selected parameters are
number of trees = 600, minimum sum of weights of all observations
required in a child = 6 and maximum depth = 4, and learning rate =

0.01. The final XGboost model was used to predict O. cf. ovata abun-
dances. Two R2 were produced: a predictive R2 obtained during the
cross-validation approach and a descriptive R2 obtained with the full
model using all the predictive and observed abundance values.

The relative contribution of the environmental predictors to the
model was calculated by the gain (mean +/− SD) which takes each
predictor’s contribution for each tree in the model. A higher value of this
metric when compared to another variable implies that it is more
important for generating a prediction. The variable importance scores
were scaled between 0 (least important) and 1 (most important).

Partial dependence plots (pdp) were computed to examine the uni-
variate marginal effect of the most important predictors according to the
dependent variable in 100 resamples (Friedman, 2001). Specific values
(in the predictor range) were assigned to the variable of interest in the
training set while the others remained at their original values. Average
prediction was performed for each resample and a mean and standard
deviation were calculated for the 100 resamples. This approach was
implemented for the full range of each predictor at each decile. Pdp were
performed using R package ‘pdp’ (Greenwell, 2017).

Finally, fitted models were finally projected according to the his-
torical period (1999–2017) and future scenarios (mid-century:
2041–2060; end-century: 2081–2100). The projected area focused on
the western part of the Mediterranean Sea (5.5◦W, 19◦E, 32.5◦N, 46◦N).

To define the projected area of EHMs, the authors used literature and
expert knowledge on O. cf. ovata biology, ecology and bloom dynamics.
The microalgae grows in shallow coastal ecosystems and is described as
mainly epiphytic of macroalgae and phanerogam meadows but also
proliferates attached to hard-rock and sand substrates (Cohu et al., 2013;

Gémin et al., 2020). Maps of habitat types from EMODnet (https://
www.emodnet-seabedhabitats.eu, accessed 2020/03/20) was used and
retained pixels covered by at least 5 % of the following habitat types:
rock or other hard substrates, mixed sediment, coarse sediment, coarse
and mixed sediment, dead and alive meadows of Posidonia oceanica and
Cymodocea nodosa. Mud and sand habitats were not considered as O. cf.
ovata is not typically found in these substrates. Only the pixels closest to
the shore line were retained. The projected area is in Fig. 4b.

From these, spatial mean abundances per pixel across time for each
period were computed. The seasonal dynamics statistics (median,
quantiles 5 %, 25 %, 75 % and 95 %) on each period at the scale of the
Mediterranean Sea were extracted. To assess the persistence of the
bloom, the mean number of weeks when abundances above given a
threshold for each period was also computed. The selected threshold is
the quantile 90 of abundances in the current period.

3. Results

This section presents the results of the ecological habitat model
performance and the shape of the relationship between abundance and
abiotic predictors through the analysis of the partial dependence plot.
The assessment of the spatio-temporal abundance dynamics across space
and time for the current period, mid- and end-century is then described.

3.1. Ostreopsis cf. ovata ecological habitat model performance

Different performance metrics scores were produced using 4-fold
cross-validation and the full model to evaluate the performance of the
models. The first metrics provides the descriptive power of the model
based on the model fitted on all observations (no cross-validation). In
the space where the model is fitted (log1p-transformed) the descriptive
R2 is equal to 0.9 whereas in the original scale the associated R2 falls to
0.33. The model was initially fitted on bootstraps of the data (to tune the
parameters). For each bootstrap, some observations were not selected,
which allow estimating the quality of the predictions. According to
prediction obtained from the cross-validation procedure, predictive R2

has a value of 0.46 in log1p-transformed and 0.009 in the original scale.
These results highlight a biased estimation of the prediction where low
abundances tend to be overestimated, while high abundances seem to be
underestimated (Fig. A.5).

3.2. Current trend

The partial dependence plot (pdp) gives some insights into how a
species might respond to a given environmental variable. Pdps are
shown in Figs. 3 and A.6, ordered according to the environmental pre-
dictors’ importance to EHMs (only the first six more important variables
are displayed). The feature importance measured by the gain (±SD)
indicates which best capture abundance patterns and explain the current
species habitat.

The most important predictors of O. cf. ovata bloom intensity,
determined by the maximum cell concentrations attained, are seawater
temperature, seawater temperature slope and chlorophyll a slope
(Fig. 3), with a score ca. 0.26 (±0.069), 0.15 (±0.08) and 0.072 (±0.02),
respectively. They are followed by salinity, phosphate (PO4) and nitrate
(NO3) concentrations with score values of 0.05 (±0.01), 0.48 (±0.01)
and 0.46 (±0.01) respectively (Fig. 3). Expected abundances increase
with increasing values of these predictors with particularities. Namely,
temperatures from 24 to 26 ◦C constitute an upper optimal limit for
bloom intensity. High abundances are also found for high salinities
values whereas salinities below 37.5 were not recorded in the three sites.

For the chlorophyll-a slope, the ideal situation seems to be when
chlorophyll-a increases slightly (i.e. slope a bit above 0) corresponding
to the end of the blooming period; in contrast, decreases (after the
bloom) or strong increases (bloom initiation) are less favourable. Simi-
larly, the predicted abundance relative to the slope of temperature is

S. Fabri-Ruiz et al.
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Fig. 3. a) Partial dependence plots showing the influence on mean O. cf. ovata cell abundance by the six most important environmental predictors in our XGBoost
model, ordered by their relative influence, b) distribution of the order of importance of variables in the model.
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maximal when that slope is increasing rather slowly. Temperature in-
creases (corresponding to the beginning of spring/summer) and de-
creases (end of summer) do not correspond to good conditions. NO3 and
PO4 concentrations appear to have a positive relationship with cell
abundance, while the remaining 12 variables (Fig. 3b, salinity slope,
cross-shore current, chlorophyll-a, etc.) would play a less important role

in the model.
Monitoring samples tend to reveal a bloom beginning in June and

lasting until October. These observed abundances range from 1⋅101

cells⋅g− 1 FW of macroalgae to 1⋅106 cells⋅g− 1 FW of macroalgae, with a
maximum of ~8⋅106 cells⋅g− 1 FW of macroalgae in Llavaneres (Fig. 4a).
The bimodal distribution of observations is certainly due to the high

Fig. 4. a) Seasonal variability of the Ostreopsis cf. ovata cell abundances in the sampling localities (France, Spain and Monaco) in the present period (solid line/point)
and model prediction (dash line, transparent dot) in the present period (1999–2017), y-axis is in log scale. A loess regression for each category was applied with a
span of 0.15, b) modelled summer (June, July, August) mean abundance of Ostreopsis cf. ovata cells⋅g− 1 FW in the Western Mediterranean Sea in the current period.

S. Fabri-Ruiz et al.
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heterogeneity of sampling effort, with more samples in summer and
fewer in autumn. The pattern of EHM projected on corrected climate
models follows a similar trend as he observed data, with less intensity
during the summer when the blooms traditionally occur. Models were
also projected for periods not sampled during the monitoring program
(winter/spring) where abundances vary between 1⋅102 and 1⋅103

cells⋅g− 1 FW macroalgae but never reached zero.
In summer, the highest modelled current abundances are situated

along the Catalan and Valencian coasts in Spain, in South-Eastern
France, Southern Italy, the Adriatic Sea, and Algeria with >4.5⋅104

cells⋅g− 1 FW (Fig. 4b). In contrast, the lowest modelled abundances
(<1⋅104 cells⋅g− 1 FW) are mainly found in the Gulf of Lion. Intermediate
values (between 1⋅104 and 4.5⋅104 cells⋅g− 1 FW) would be found in
many coastal areas such as Eastern Italy or other parts of the French and
Spanish coasts.

The spatio-temporal dynamics provided by the model of O. cf. ovata
blooms are represented by the number of weeks when abundances
exceed the 90th percentile (Fig. 5). Blooms seem to begin in June in the
Gulf of Gabes, Southern Italy, and last mainly for one to two weeks in the
month. July is the most intense period, with blooms persisting
throughout the month in Southern Italy, the Adriatic Sea, and a few
localities in South-Eastern France. Along the Spanish coast, in North
Africa, Eastern Adriatic Sea, and the North of Corsica and Sardinia, O. cf.
ovata could persist for two to four weeks. In the other regions, the
blooming period is usually one week (Southern Sardinia, Gulf of Gabes,
Gulf of Lion, Balearic Island). The bloom lasts two to three weeks in
August along the Spanish coasts and in North Africa, with a patchy
distribution along the Italian coasts.

3.3. Effect of climate change on the seasonal of O. cf. ovata dynamics and
prediction on their summer spatial distribution

The seasonal dynamics across the whole study area were extracted
and plotted according to the time for the three periods, the current
period (1999–2017), the mid -century period (2041–2060), and the end-
century period (2081–2100) in Fig. 6.

Under the current period (1999–2017), the model shows the lowest
abundances occurring during winter and spring (January to May), the
same pattern as observed in the monitored localities (Fig. 4a). Increase
in abundance starts in June and reaches maximum abundances (median
~3.8⋅104 cells⋅g− 1 FWmacroalgae) in July. The 5% and 95% prediction
vary between 1⋅103 and ~1⋅106 cells⋅g− 1 FW macroalgae in summer,
consistent with the spatio-temporal heterogeneity of the species (Fig. 5).
A slow decline in abundance occurs at the end of the summer until
November.

Concerning the simulated future evolution of the O. cf. ovata abun-
dance under the RCP8.5 scenarios, two patterns are discernible (Fig. 6).
Firstly, the magnitude of the bloom intensity, in terms of cell concen-
trations during the summer/fall period is similar to the current period.
Secondly, the bloom’s time window will progressively extend, starting
earlier in the year -before June for the mid-century and mid-May for the
end-century- and lasting until mid-November for the mid-century and
December for the end-century (Fig. 6).

Summer mean abundances in future scenarios were compared to the
historical period (indicate years) by computing their differences (Fig. 7).
The projections reported high spatial variations. By the mid-century
(2041–2060; Fig. 7a), averaged abundance could increase slightly
along the Spanish coasts, Northern Africa and in the Balearic Islands,
and could decrease although very weakly in Eastern France and
Southern Italy. By the end-century (2081–2100; Fig. 7b), while

Fig. 5. Spatio-temporal dynamics between May and November of the bloom expressed in the mean number of weeks above quantile 90 of abundances (here above
4.2⋅104cells⋅g− 1 FW).
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abundances would still decrease in these areas, high increases are
simulated along Spanish and French coasts and in the Balearic Islands,
Adriatic Sea and North Africa.

The changes in the spatio-temporal bloom dynamics are heteroge-
neous across the Western Mediterranean Sea (Fig. 8). Spanish and

Balearic coasts are characterized by an increase in the number of weeks
above the selected threshold (here, quantile 90) of around one week in
the mid-century and between two to three weeks in the end-century for
the summer period (June, July, and August), when less than four weeks
per month achieved this threshold. The Italian coasts show a moving

Fig. 6. Seasonal distribution of the abundances of Ostreopsis cf. ovata in the Western Mediterranean basin in the present, mid-century and end-century periods. Solid
line represents weekly median values with shaded areas indicating quantiles 25 and 75 and dashed lines indicating quantiles 5 and 95 computed at the scale of the
study area.

Fig. 7. Difference between the mean summer abundances of Ostreopsis cf. ovata projected based on RCP8.5 scenario with respect to present values for a) the mid-
century and for b) the end-century. Negative values (blue) are related to a decrease in mean summer abundance whereas positive values (red) to an increase.
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Fig. 8. Changes in the spatio-temporal Ostreopsis cf. ovata bloom dynamics between May and November), expressed as the difference in the mean number of weeks
above quantile 90 of abundances (here above 4.2⋅104 cells⋅g− 1 FW) for a) the mid-century (2041–2060) and for b) the end-century (2081–2100) with respect to the
present climate.
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temporal window with an increase in the number of weeks in June (one
or two weeks) and a decrease in July and August. In North Africa, bloom
occurrences should expand in June and persist in the Gulf of Gabes until
August, while a decrease is observed along Algerian coasts in August.

4. Discussion

The present study developed a framework for using an innovative
statistical adaptation chain combining a global climate model, regional
climate models, statistical downscaling and EHMs to improve the pre-
diction of how global climate change may affect the spatial pattern and
temporal dynamics of O. cf. ovata blooms in the Western Mediterranean
Sea.

4.1. Predictive performance of EHMs to model Ostreopsis cf. ovata
abundance

The cross-validation procedure produced an unexpectedly low R2

while limiting the model overfit by minimising the RMSE (Fig. A.4). R2

score obtained between observed and predicted data from the full model
was high but the model under-predicts high abundances and over-
predicts low abundances (Fig. A.5). R2 is known to be sensitive to the
extent of dependent variables (Gelman and Hill, 2006) which range
between 17.5 cells⋅g− 1 FW macroalgae and 8⋅106 cells⋅g− 1 FW macro-
algae in this study. This could explain the low cross-validated R2 which
is compounded by the small amount of data available. This bias is re-
flected in the projection across space and time with for example summer
mean abundances which do not exceed 6.2⋅104 cells⋅g− 1 FWmacroalgae
(Fig. 4b).

Most EHMs studies mainly use presence/absence or presence-only
data as dependent variables (Benedetti et al., 2018; Fabri-Ruiz et al.,
2019; Gomes et al., 2018; Liu et al., 2016; Phillips et al., 2009). In the
present study, species habitat was modelled using cells abundance data.
It is known to provide greater ability to delineate species’ range
boundaries and produce more accurate models (Howard et al., 2014;
Yates et al., 2018). When presence-absence or presence-only data are
used, habitat suitability is partly lost because all presences are treated
equally. With abundances, the discrimination of suitable habitat is
higher, which is beneficial when EHMs are used to project species dis-
tribution across space and time.

4.2. Current temporal dynamics and spatial patterns

This is the first study conducted in the Western Mediterranean basin,
that models the large scale patterns and the role of physical and
biogeochemical environment on O. cf. ovata abundances based on the
most recent blooms in the area. The results obtained from current pro-
jections indicate high spatial heterogeneity at the scale of the NW
Mediterranean Sea. A recent study, aimed to determine the link between
O. cf. ovata abundances and impacts on human health, identified that
symptoms could start during the pre-bloom phase at 2⋅104 to 2⋅105

cells⋅g− 1 FW, and continue during bloom conditions, with higher
abundances of the microalga, namely 2⋅105–2⋅106 cells⋅g− 1 FW
(Berdalet et al., 2022). In this study, the obtained values are clearly
below these thresholds. This can be related to the difficulty of capturing
extreme values in the models.

In the model, high mean abundances and blooms observed in sum-
mer along the Catalan coast (Fig. 4a, b) are consistent with the main
reports on proliferation which occurred in this region and were related
to some mild cases of respiratory irritations and general malaise (Vila
et al., 2016, 2012, 2008). Along the Tyrrhenian coasts, similar symp-
toms have been documented in parallel with high cell abundances in
beaches affected by recurrent summer blooms (Ciminiello et al., 2014,
2013; Penna et al., 2005; Zingone et al., 2006). Some regions such as
Taormina in Sicily (Italy) are known for recurrent Ostreopsis spp. toxic
blooms every summer (Ciminiello et al., 2013).

In the model, high abundances and bloom extension in July/August
are observed in the Adriatic Sea. This is contrary to previous findings
indicating that blooms traditionally occur in early fall (end of
September) (Mangialajo et al., 2011). It is known that different popu-
lation of O. cf. ovata exists in the Mediterranean Sea. A DNA finger-
printing technique provided emerging evidence about the presence of
two distinct populations in the Eastern and Western basins (Italiano
et al., 2014) by toxicological profile (Guerrini et al., 2010) and ecolog-
ical data (Mangialajo et al., 2011; Totti et al., 2010). Populations from
different coastal areas should display marked differences in the bloom
time. However, in the present study, EHMs were performed with data
from the French, Monegasque and Spanish coasts but not from the
Adriatic Sea which could explain the differences. The amount of bio-
logical data was however not sufficient to test this hypothesis.

Bloom occurrences along French and Monegasque coasts were ex-
pected as high abundance of epiphytic because cells were already
detected (Cohu et al., 2013, 2011).

In the model, O. cf. ovata dynamics followed a marked seasonal
variability as previously described in different regions of the NW Med-
iterranean basin (Accoroni et al., 2015; Cohu et al., 2013; Mangialajo
et al., 2011; Vila et al., 2016). However, the literature and observed data
depict the existence of two peaks in summer (July–August) and autumn
(September–October) that the model does not capture (Fig. 4a; Man-
gialajo et al., 2011, Scalco et al., 2012). Considering monitoring pro-
grams occur mostly in summer as the bathing season generally ends in
September, there is insufficient data to adequately feed the model and
capture the full scope of seasonal environmental variability. This high-
lights the necessity for additional research throughout the whole year
(including winter time to examine in detail the dynamics of O. cf. ovata
(including cysts) and more accurately define the species’ habitat).

4.3. Relationship between abundance and predictors

Partial dependence plots and variable importance are consistent with
O. cf. ovata ecology (Fig. 3). The positive relationship between tem-
perature and abundance is consistent with several previous studies
(Asnaghi et al., 2017; Carnicer et al., 2015; Cohu et al., 2013; Scalco
et al., 2012), although there is no universal role (see revisions by Totti
et al., 2010, Tester et al., 2020). A study on the life cycle of O. cf. ovata
highlighted that temperature is a key factor for bloom onset because it
facilitates cyst germination (Accoroni et al., 2014). Regarding in vitro
experiments, temperature is recognized influencing on growth rate.
Scalco et al. (2012) identified an optimum between 22 ◦C and 26 ◦C and
Carnicer et al. (2015) between 24 ◦C and 28 ◦C. The observed optimum
temperature window is a bit different, which could be related to the
strains origin (Monaco - Larvotto beach, Villefranche-sur-Mer and Lla-
vaneres). This work shows an optimum temperature range between
23 ◦C and 26 ◦C; above this threshold temperature seems to limit the
growth rate as also documented by Drouet et al. (2022) on the Monaco-
French coast. The slope of chlorophyll and temperature is mostly a
marker of bloom phenology to capture seasonal dynamics. Nutrient
concentrations were also positively associated with O. cf. ovata abun-
dance. Nutrients availability is often considered as an important factor
in the control of (toxic or not) high biomass blooms. Nutrients are key in
determining the initiation andmaintenance of the bloom, as well as their
decay. Nutrient enrichment of coastal areas is often considered as an
explanatory factor. In the case of O. cf. ovata in the Mediterranean, some
blooms were documented on high nutrient conditions (Accoroni et al.,
2011; Meroni et al., 2018). However, no direct link between Ostreopsis
spp. distribution and phosphate concentration were found in some other
areas (Cohu et al., 2011; Vila et al., 2001). Nonetheless, increase in
nutrient availability might have an indirect impact onOstreopsis cf. ovata
development by fostering macroalgae growth or abundances (Medina-
Pérez et al., 2023).

Salinity seems to play a limiting role, as Ostreopsis species seem to
avoid salinities below 20 and blooms occur at a salinity higher than 37
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(Pezzolesi et al., 2012; Pistocchi et al., 2011). In this study, the salinity
range is small and above 37 because as monitoring was performed in
during summer in stations not affected by permanent and high fresh-
water runoff from big rivers that could lead to important salinity
fluctuations.

At the scale of the study area, hydrodynamics described by current
components depicts low relationship with O. cf. ovata distribution.
Several studies have highlighted that hydrodynamics could be one of the
main factors affecting blooms with higher abundances found in shel-
tered sites, compared to exposed ones (Chang et al., 2000; Mabrouk
et al., 2011; Selina et al., 2014; Shears and Ross, 2009; Totti et al., 2010).
However, the results cannot be compared due to the differences in time
scales. Blooms occur in very shallow waters and large variations in
turbulence over the course of the day appear to imply that cells are
released from the macroalgae and transported, whereas in the present
study the time resolution is on the order of a week. Further in-
vestigations are needed to better characterize “hydrodynamism” at the
scale of the Ostreopsis blooms to be implemented in EHM.

4.4. Temporal and spatial dynamics according to climate change

Climate change could modify the species growth rate and phenology
(Drouet et al., 2021; Figs. 4b and 5). The study’s results suggest that the
timing of seasonal Ostreopsis cf. ovata blooms could start earlier and last
longer in the year in the mid- and end-century in an RCP8.5 scenario.
The bloom window extension could be related to suitable conditions in
spring and autumn, in particular optimal temperature (between 23 ◦C
and 26 ◦C) and increased salinity (Fig. A.2c).

On the temporal scale, bloom intensity seems to remain at the same
range values in future conditions (Fig. 6). However, Figs. 7 and 8
highlight a high spatial heterogeneity in the intensity and duration of
bloom occurrences in the Western Mediterranean Sea. The observed
increases in abundance in some regions are in line with the established
understanding that warmer temperatures can enhance the growth rates
of this species (Carnicer et al., 2016; Granéli et al., 2011; Scalco et al.,
2012). The suitable conditions have however only occurred in June, and
are not persisting in July and August in some areas as observed in Italy
and along the Algerian coasts and are indicative of the complex in-
teractions between abiotic and biotic (including cells physiology) factors
determining blooms in nature. These results suggest that a high intensity
(i.e. with high cell abundances) bloom could persist with the same
magnitude or higher, compared to the historical period. These patterns
could have important consequences on coastal marine ecosystems,
human health, and the economy (see below).

For computational and data availability reasons, the current study
only explores one of the possible future evolutions of the Mediterranean
Sea under climate change although a major uncertainty affects regional
climate change projections (Darmaraki et al., 2019; Soto-Navarro et al.,
2020). Therefore, this study mostly focuses on exposing one plausible
future trajectory under a strong greenhouse gas emission scenario and
developing a methodological approach. It did not intend to identify the
most probable changes. In particular, among the existing Med-CORDEX
simulations for RCP8.5, CNRM-RCSM4 is one of the least warming
models (Darmaraki et al., 2019), which opens the avenue for plausible
changes with stronger ecosystem modifications. On the contrary, the
RCP8.5 scenario is (unfortunately) a pausible scenario that does not take
into account international mitigation strategies to limit greenhouse gas
emissions. Therefore, it represents a more pessimistic future than other
existing scenarios. Exploring all the sources of uncertainty in future
projections of Ostreopsis cf. ovata is beyond the scope of this study and
probably not feasible today for computational reasons.

4.5. Ecological and economic consequences of current and future
Ostreopsis cf. ovata patterns

4.5.1. Ecological consequences
In the future, increased abundance and duration of Ostreopsis cf.

ovata blooms, such as those observed in this study, could increase the
exposure of marine organisms to the toxins produced by this dinofla-
gellate, with unknown consequences for ecosystem functioning. Massive
proliferations of O. cf. ovata in the Mediterranean Sea are known to have
a negative effect at different trophic levels (see Pavaux et al., 2020 for
review). Toxins produced by this dinoflagellate have been recorded in
many marine organisms such as sea urchins, crabs, herbivorous fish,
mussels (Amzil et al., 2012; Biré et al., 2015, 2013). Because benthic
cells can be detached from the substrate by hydrodynamics, planktonic
or nekton organisms and filter feeders could also be impacted (Biré et al.,
2015; Neves et al., 2018; Vila et al., 2016). Mass mortalities of in-
vertebrates, such as sea urchin, related to O. cf. ovata blooms, have
already been described (Pavaux et al., 2019; Privitera et al., 2012) and
reprotoxic effects (impacts on reproduction) have been quantified on
copepods nauplii (Guidi-Guilvard et al., 2012; Pavaux et al., 2019).

4.5.2. Human health and economic consequences
If harmful O. cf. ovata blooms increase in intensity and duration in

some regions of the Mediterranean Sea, the incidence of human syn-
dromes associated with exposure to Ostreopsis-produced toxins could
increase. Scarce, but dramatic human poisonings due to ingestion of sea
products potentially contaminated with toxins of Ostreopsis spp. have
been documented in tropical regions following consumption of fish or
crustaceans (Onuma et al., 1999; Pavaux et al., 2020). In the Mediter-
ranean Sea, toxins produced by Ostreopsis cf. ovata can be found in
marine organisms and have already reached the threshold set by the
European Food Safety Authority (Biré et al., 2015, 2013; Brissard et al.,
2014). Fortunately, no seafood poisoning due to Ostreopsis toxins has
been reported in the Mediterranean zone until now. Most of the time,
mass human intoxications due to O. cf. ovata blooms in the Mediterra-
nean Sea were related to recreational activities with direct skin and
mucosae contact and/or inhalation of seawater aerosols by inhabitants
or people conducting professional activities near the sea, including
conductingOstreopsismonitoring (Berdalet et al., 2022; Ciminiello et al.,
2014; Vila et al., 2016). Often these poisonings are not very dangerous,
but they can easily overwhelm hospital emergency facilities, potentially
delaying the treatment of other patients.

As previously mentioned, the Mediterranean countries’ economy is
strongly linked to the sea, through fishing, aquaculture and, above all,
recreational beach tourism. Indirect and long-term effects of chronic
exposure to HABs caused by O. cf. ovata in current and future climate
conditions could induce a significant reduction in tourist flow, lost
revenue for businesses which serve the hotel or restaurant industry, and
a decrease in recreational uses of the sea (Berdalet et al., 2022).

4.6. A new framework for modeling HABs in a context of climate change

EHMs have proved to be a useful, valuable, and cost-effective tool to
quantify potential changes in species distribution, especially in data-
poor areas (Fabri-Ruiz et al., 2019; Guillaumot et al., 2019). In this
context, modeling species distribution remains challenging and there-
fore the present study proposes a new framework by using statistical
modeling chain approach to improve environmental data and obtain
consistent predictors for EHM in coastal areas. This approach for
modeling and projecting harmful algal species could: i) inform the
environmental conditions / variation may favor HABs occurrence; ii)
assist scientists and stakeholders to design and implement effective
future monitoring programs, iii) help to identify regions that are
particularly sensitive to HABs and therefore help to develop warning
systems adapted to future climate conditions, iv) design strategies to
minimise anthropogenic pressures in the coastal environments and thus
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prevent the occurrence of disruptive HAB events in the near future.

4.7. Limitations and future research needed

The study does not take into account the various sources of uncer-
tainty in projecting changes in environmental data due to the numerical
cost of the modeling chain used. These include uncertainty in model
choice, uncertainty in natural variability and uncertainty in socio-
economic scenarios. It is therefore acknowledged that the study exam-
ines only one of many possible future climate and biological scenarios.
The study does not claim to predict the future, but rather explores the
methodological approach to linking global climate change with changes
in species abundance, taking into account their biology and ecology.

Several limitations are associated with using EHMs to study climate
change impacts. These models do not provide direct causal links be-
tween environmental parameters and species abundance (Dormann
et al., 2012; Fabri-Ruiz et al., 2021). They do not explicitly account for
the underlying processes that influence these response variables, and
lack explicit integration of demographic processes and biotic in-
teractions, and as a result EHMs have often struggled with limited ability
to accurately extrapolate across different spatial and temporal contexts
(Elith et al., 2010; Guillaumot et al., 2020). In contrast, mechanistic
models may offer more realistic predictions and greater potential for
transferability, as they are based on parameters of species responses to
environmental conditions derived from experimental data. Although
mechanistic models appear to be more effective at defining species’
fundamental niches, they are also susceptible to provide inaccurate
prediction (Fabri-Ruiz et al., 2021; Yates et al., 2018) and their use has
so far been restricted to a few well-studied taxa (Buckley et al., 2011;
Evans et al., 2015; Thomas and Bacher, 2018). An interesting approach
for further investigation of the present study could be the combination of
a correlative and a mechanistic model using a Bayesian framework
(Guillaumot et al., 2022). The mechanistic model could be based on the
Cardinal Temperature Model with Inflection that describes how an or-
ganism’s growth, development, or other physiological processes respond
to temperature. It incorporates an inflection point, which represents the
temperature at which the rate of growth or development changes di-
rection, typically from increasing to decreasing. Ecophysiological
studies led on Ostreopsis could be used to build this model (Drouet et al.,
2024). The combination of the correlative and mechanistic model in a
hybrid approach could exploit the strengths of both models to improve
the accuracy of estimating the potential ecological species habitat
(Castro et al., 2020; Fabri-Ruiz et al., 2021; Kearney and Porter, 2009;
Pertierra et al., 2020).

5. Conclusion

This study represents a significant step forward in comprehending
the potential impact of climate change on the spatial-temporal distri-
bution of Ostreopsis cf. ovata blooms in the Western Mediterranean Sea.
By employing a robust ecological habitat model integrated with high-
resolution climate change simulations under the RCP8.5 scenario, the
study emphasized the importance of environmental factors, such as
temperature, salinity, and inorganic nutrient concentrations, that in-
fluence O. cf. ovata abundances. While the overall intensity of blooms
might not see significant changes, the study reveals two important
trends: i) blooms are likely to begin earlier and last longer into the year,
and ii) there will be noticeable differences in bloom patterns across the
Western Mediterranean Sea. Such changes in bloom dynamics pose
potential risks to marine ecosystems, public health, and economic ac-
tivities due to the toxic nature of O. cf. ovata. The results highlight the
usefulness of ecological habitat models within a strong statistical
framework for providing precise predictions, and they underline the
importance of regular monitoring sampling program to develop more
informed and accurate forecasts regarding the future state of marine
environment, in particular regarding HABs.
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Boutoute, M., Réveillon, D., Hervé, F., Siano, R., Jauzein, C., 2024. Ecophysiological
responses of Ostreopsis towards temperature: a case study of benthic HAB facing
ocean warming. Harmful Algae 135, 102648. https://doi.org/10.1016/j.
hal.2024.102648.

Durando, P., Ansaldi, F., Oreste, P., Moscatelli, P., Marensi, L., Grillo, C., Gasparini, R.,
Icardi, G., Surveillance, C.G. for the L.S.A, 2007. Ostreopsis ovata and human health:
epidemiological and clinical features of respiratory syndrome outbreaks from a two-
year syndromic surveillance, 2005–06, in north-west Italy. In: Weekly Releases
(1997–2007), 12, p. 3212.

S. Fabri-Ruiz et al.

https://doi.org/10.1016/j.scitotenv.2024.174726
https://doi.org/10.1016/j.scitotenv.2024.174726
https://doi.org/10.4081/aiol.2016.5591
https://doi.org/10.4081/aiol.2016.5591
https://doi.org/10.1016/j.marpolbul.2011.08.003
https://doi.org/10.1016/j.marpolbul.2011.08.003
https://doi.org/10.1016/j.hal.2014.02.003
https://doi.org/10.1016/j.hal.2015.04.002
https://doi.org/10.1016/j.hal.2015.04.002
https://doi.org/10.1002/asl.877
https://doi.org/10.3390/md10020477
https://doi.org/10.1146/annurev-marine-120308-081121
https://doi.org/10.1146/annurev-marine-120308-081121
https://doi.org/10.1111/j.1365-2699.2006.01584.x
https://doi.org/10.1016/j.hal.2017.02.003
https://doi.org/10.1016/j.hal.2017.02.003
https://doi.org/10.1111/ecog.02434
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0055
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0055
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0055
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0060
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0060
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0060
https://doi.org/10.1016/j.hal.2022.102320
https://CRAN.R-project.org/package=FNN
https://doi.org/10.1016/j.hal.2013.04.007
https://doi.org/10.1016/j.hal.2013.04.007
https://doi.org/10.3390/md13085425
https://doi.org/10.3390/md13085425
https://doi.org/10.3390/md12052851
https://doi.org/10.1890/11-0066.1
https://doi.org/10.1126/science.1210288
https://doi.org/10.1126/science.1210288
https://doi.org/10.1016/j.envres.2015.08.023
https://doi.org/10.1016/j.envres.2015.08.023
https://doi.org/10.1016/j.hal.2016.06.002
https://doi.org/10.1016/j.hal.2016.06.002
https://doi.org/10.1111/ddi.13073
https://doi.org/10.1080/00288330.2000.9516913
https://doi.org/10.1145/2939672.2939785
https://doi.org/10.1111/j.1467-2979.2008.00315.x
https://doi.org/10.1016/j.hal.2012.12.002
https://doi.org/10.1016/j.hal.2012.12.002
https://doi.org/10.1021/es405617d
https://doi.org/10.1016/j.marpolbul.2011.09.022
https://doi.org/10.1016/j.marpolbul.2011.09.022
https://doi.org/10.1016/j.hal.2013.01.002
https://doi.org/10.3389/fmars.2021.741486
https://doi.org/10.1007/s00382-019-04661-z
https://doi.org/10.1007/s00382-019-04661-z
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1111/j.1365-2699.2011.02659.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/1462-2920.15406
https://doi.org/10.1016/j.hal.2022.102184
https://doi.org/10.1016/j.hal.2022.102184
https://doi.org/10.1016/j.hal.2024.102648
https://doi.org/10.1016/j.hal.2024.102648
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0195
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0195
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0195
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0195
http://refhub.elsevier.com/S0048-9697(24)04875-7/rf0195


Science of the Total Environment 947 (2024) 174726

16

Edwards, M., Richardson, A.J., 2004. Impact of climate change on marine pelagic
phenology and trophic mismatch. Nature 430, 881–884. https://doi.org/10.1038/
nature02808.

Elith, J., Leathwick, J.R., 2009. Species distribution models: ecological explanation and
prediction across space and time. Annu. Rev. Ecol. Evol. Syst. 40, 677–697. https://
doi.org/10.1146/annurev.ecolsys.110308.120159.

Elith, J., Leathwick, J.R., Hastie, T., 2008. A working guide to boosted regression trees.
J. Anim. Ecol. 77, 802–813. https://doi.org/10.1111/j.1365-2656.2008.01390.x.

Elith, J., Kearney, M., Phillips, S., 2010. The art of modelling range-shifting species.
Methods Ecol. Evol. 1, 330–342.

Ellwood, N., Pasella, M., Totti, C., Accoroni, S., 2020. Growth and phosphatase activities
of Ostreopsis cf. ovata biofilms supplied with diverse dissolved organic phosphorus
(DOP) compounds. Aquat. Microb. Ecol. 85, 155–166. https://doi.org/10.3354/
ame01946.

Erdner, D.L., Dyble, J., Parsons, M.L., Stevens, R.C., Hubbard, K.A., Wrabel, M.L.,
Moore, S.K., Lefebvre, K.A., Anderson, D.M., Bienfang, P., Bidigare, R.R., Parker, M.
S., Moeller, P., Brand, L.E., Trainer, V.L., 2008. Centers for oceans and human
health: a unified approach to the challenge of harmful algal blooms. Environ. Health
7, S2. https://doi.org/10.1186/1476-069X-7-S2-S2.

Evans, T.G., Diamond, S.E., Kelly, M.W., 2015. Mechanistic species distribution
modelling as a link between physiology and conservation. Conserv. Physiol. 3,
cov056 https://doi.org/10.1093/conphys/cov056.

Fabri-Ruiz, S., Danis, B., David, B., Saucède, T., 2019. Can we generate robust species
distribution models at the scale of the Southern Ocean? Divers. Distrib. 25, 21–37.

Fabri-Ruiz, S., Guillaumot, C., Agüera, A., Danis, B., Saucède, T., 2021. Using correlative
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distribution modelling. Application to Southern Ocean marine species. Prog.
Oceanogr. 188, 102438 https://doi.org/10.1016/j.pocean.2020.102438.
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Galàn, P., Gallardo, C., Gualdi, S., Goncalves, M., Jorba, O., Jordà, G., L’Heveder, B.,
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