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Abstract: In recent years, the occurrence of Ostreopsis ovata (O. ovata) Harmful Algal Blooms (HAB)
has increased in the coasts of the Ligurian Sea, causing problems to the marine environment and
human health. Favourable conditions for O. ovata bloom are triggered by many drivers, many of
which are still under investigation, but we hypothesize that this phenomenon can be simulated using
a reduced number of major meteo-marine factors, namely water temperature and remixing. Satellite
and model data obtained and derived from Copernicus service, namely Sea Surface Temperature
(SST) and Significant Wave Height (SWH), were therefore investigated as possible proxies of these
local factors. A simplified conceptual model, built on such proxies, was developed and applied to
yield a synthetic indicator informative on O. ovata abundance. The model was tested in two study
areas in the Ligurian Sea, Marina di Pisa and Marina di Massa in Tuscany, Italy. The results obtained
show that the synthetic indicator is able to account for about 35% of the temporal variability of
O. ovata bloom occurrence in the two study areas.

Keywords: harmful algal bloom; Ostreopsis ovata; Ligurian Sea; satellite; model; sea state conditions;
sea surface temperature; significant wave height

1. Introduction

Ostreopsis is a potentially toxic dynoflagellate which is predominantly benthic [1–3]
Ostreopsis ovata (O. ovata), in particular, is the dominant species in the Mediterranean [4,5].
This algae grows in semi-closed coastal areas; it is preferentially epiphytic on macroalgae [6],
and on different substrata [7] where it forms a mucilaginous film [8]. O. ovata occurrence
in water column is caused by detachment from the substrate and resuspension caused by
wave-induced turbulence and/or by exceedingly high abundances [9].

O. ovata was originally widespread in tropical and subtropical areas, but in recent
decades it has also been found in temperate zones and in the Mediterranean Sea [10] The
cause of the recent increase of bloom occurrence in these areas is actually subject to multiple
interpretations, in some cases controversial, invoking climate change and pollution [11,12].
According to the Intergovernmental Panel on Climate Change [13] since the early 1980s,
the occurrence of Harmful Algal Blooms (HAB) has increased in coastal areas in response
to warming, deoxygenation and eutrophication, depending on species-specific responses
to the interactive effects of climate change and other human drivers. In Mediterranean
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areas, O. ovata blooms occur from spring to autumn, with a certain inter-annual variability.
Abundance peaks in the Ligurian Sea are mostly recorded in mid-summer (end of July) [14].

The recent worldwide spread of O. ovata harmful algal blooms is causing problems
for the marine environment and human health—epidemiological and clinical features
of respiratory syndrome [15]—in many seaside resorts. In Italy, the first cases of these
harmful effects on humans were observed along the northern coast of Tuscany in 1998 [16].
Exposure to the toxins produced by O. ovata can cause bio-intoxication in humans, non-
lethal in itself [17], and also suffering or mortality in marine benthic communities [18].
O. ovata can be harmful, threating coastal food web and fisheries [19]. Understanding the
environmental conditions that can trigger the bloom can therefore be important not only
as an aid to protect marine biodiversity, but also to support the tourism sector. Therefore,
after selecting the main environmental and ecological bloom triggering conditions, satellite
and model data could be used in sight of detecting and predicting this phenomenon.

The most widely used techniques for algal bloom detection are based on standard
data from ocean colour satellites and concern extensive algal blooms, covering sea area
large enough to be directly observed by space instruments [20–22]. These techniques are
therefore inapplicable to the direct monitoring of O. ovata blooms, which usually occur
in small areas close to the coastline. An alternative method is provided by products
obtained through remote sensing technology and modelling, which are used as proxies of
phenomena occurring at a small scale and very close to the coast [23]. The efficiency of
this method obviously depends on the selection of satellite or numerical model products
informative about the environmental factors most relevant for algal bloom occurrence, that
must therefore be known from previous investigations.

Understanding the role of coastal sea drivers in biological phenomena is, however,
complicated, because of the complexity of the relationships between the physical, biogeo-
chemical, and biological parameters. The environmental and ecological drivers involved in
O. ovata growth and bloom dynamics are modulated by complex interactions among biotic
(intra- and inter-specific relationships) and abiotic (meteo-marine) drivers, and the chain
of factors triggering the bloom is still object of research [24]. In the case of O. ovata bloom
dynamics, many studies show that the role of environmental drivers is complex and, in
some cases, contradictory, with notable differences at basin scales [25].

The relevance of these drivers has been investigated in several studies, which have
also provided the basis for the development of specific models e.g. [26]. For example, a
conceptual model of annual O. ovata bloom was developed by Accoroni et al. [27], who
highlighted the synergistic effect between local hydrodynamic conditions, temperature, and
nutrients availability as N and P (sampled in situ), suggesting that favourable conditions
for bloom onset are when calm sea conditions occur in the days immediately preceding
the bloom, after reaching a water temperature threshold necessary for excystment, and
when N:P ratio is around Redfield. Some authors [28–30] have elaborated explanatory
models performing multiple correlations of bloom dynamics with coastal ocean variables,
highlighting the importance of temperature.

The current research was built on these studies but focused on a different objective.
Although O. ovata bloom is a complex phenomenon driven by many factors, our working
hypothesis was that specific, major meteo-marine datasets obtainable by satellite and model
techniques are able to explain a significant part of the temporal phenomenon variability. In
particular, the possibility of monitoring O. ovata HAB triggering conditions via products
distributed by Copernicus, the European Union's Earth observation programme [31], could
help us better and sustainably manage the environment hosting this species.

In accordance with these premises, the current study is aimed at developing and
testing a simplified model to predict O. ovata bloom dynamics on the basis of operational
Copernicus Marine Service products. This objective was pursued relying on both the
findings of previous investigations about this subject and the results of statistical analyses
conducted over readily available observations.
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The study therefore started with a short review of the most important factors involved
in O. ovata bloom triggering conditions, in order to select the most suitable.

The results of this bibliographic analysis were then experimentally assessed using
observations taken in two study areas along the Tuscany coast (Central Italy) over an
eight-year period (2012–2019). This allowed the development of a simplified conceptual
model for the prediction of O. ovata bloom triggering conditions based on the Copernicus
products, which was tested against the same observations.

2. Literature Review on the Main Drivers of O. ovata Bloom

In this section, we first analyse the major meteo marine factors involved in O. ovata
bloom triggering conditions, namely identified in surface temperature and sea state param-
eters (i.e., waves). Further potential drivers have also been investigated, mainly acting at
local scale or at a resolution not addressable by remote coastal observations, and difficult to
model in coastal areas: for these reasons, they will not be part of the simplified conceptual
model proposed as a reference in this paper for the onset of O. ovata bloom.

2.1. Temperature

Temperature is one of the main drivers in O. ovata bloom onset, as it affects cyst
germination at the beginning of the season [32]. Accoroni et al. [33] hypothesize, from
in vitro observations, that a temperature threshold around 25 ◦C for resting cyst excystment
needs to be reached for at least 5 days at the beginning of the season after a 5-month
dormancy period. The seasonality of O. ovata blooms shows peaks in early summer [34,35]
and appears to be related to benthic cysts, as they provide seed stocks for blooms [36,37].
Bloom can persist until temperature values are much lower than that threshold, apparently
because once O. ovata cysts are germinated, this vegetative form seems to actively proliferate
even if temperature values decrease; for the same reason, bloom can also occur after the
temperature maximum [38]. Hydroclimatic conditions, and especially spring temperature
anomalies, may have an important impact on the period of bloom appearance [39].

Of equal importance, O. ovata bloom events occur within an optimal temperature
range [40]. In fact, there is a correlation between maximum cell concentrations and water
temperature, as is also reported by [41]. Optimal growth temperature ranges are different
at the basin level for the Mediterranean Sea, as well as sea temperature allowing bloom
occurrence. Specifically, in the north-western Mediterranean Sea, bloom generally occurs
when seawater temperature exceeds 24–26◦C [42]. The positive role of water temperature
in enhancing the magnitude of the bloom most probably consists of the direct effect on
epiphytic cell proliferation; a large source cell stock on benthos is positively correlated with
the bloom magnitude in water column [43]. The relationship between O. ovata proliferation
and temperature is not the same in all geographic areas [44].

In summary, temperature is crucial either at the beginning of the season, in reaching
a threshold necessary for excystment, and as an optimal temperature range enhances the
bloom magnitude.

2.2. Hydrodynamic Conditions

As previously reported, hydrodynamics is considered a major factor affecting the
O. ovata abundance in many studies. Low energetic sea conditions, occasionally interrupted
by the occurrence of short time events of water remixing, characterizes the environment in
which O. ovata thrives and blooms: shallow waters in semi-closed areas, such as enclosed
gulfs and artificial reefs for coastal erosion containment [45,46]. The removal of the artificial
breakwater reefs from an O. ovata bloom hot-spot area in Conero Riviera, in fact, led to a
marked decrease of O. ovata abundances in the following years [47].

Benthic O. ovata cells are only lightly attached to the substrata, and can then be easily
removed and resuspended in the water column under the effect of wave-induced turbu-
lence; significantly higher abundances (on epiphytic cells) are observed in the sheltered
sites compared with the exposed ones [48]. Therefore it is important to underline that
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hydrodynamics may as well have an important effect on the temporal variability of bloom
occurrence, because stormy events can result in a sudden decrease of cell abundances on
the benthic substrata, after which high density of cells is re-established following a few
days of calm sea conditions [49].

In particular, some authors [50] observed that in order to have a bloom in water
column, an effective short time event of cell resuspension by wave action, followed by a
period of calm sea conditions, is needed. The effect of water motion on cell resuspension
is stronger on a benthic mat formed by a large number of cells, produced during the
intense growth period [27]. A marked effect of hydrodynamic conditions is in fact generally
observed in those areas where high abundances are reached, as observed by Richlen and
Lobel [51], who also observed a positive correlation of O. ovata abundances with water
motion. The mechanisms causing cell detachment from the benthic substrate need to be
fully understood.

In summary, in areas suitable for O. ovata growth, characterized by low water energy
and weak water exchange, conditions favouring bloom occurrence are short term episodes
of water mixing with resuspension of cells and sediments [52] throughout the surf zone, in
most cases driven by wave action, followed by calm sea conditions.

2.3. Other Potential Drivers

As previously noted, O. ovata bloom is a complex phenomenon, involving different
factors in addition to water temperature and hydrodynamics: the most important ones are
briefly reviewed hereinafter.

As for response to nutrients, controversial results are found in literature. Worldwide
O. ovata appears to proliferate both in eutrophic and oligotrophic areas, and key role seems
to be played by the N:P [53].

As O. ovata is a benthic species, it is affected by the action of other benthic organisms,
and by trophic relations among species, such as allelopathy; Ternon et al. [54] highlighted
the allelopathic effect of both benthic and planktonic diatoms on O. ovata growth.

Besides that, other drivers could have important roles, such as organic nutrients, sub-
strate characteristics, competitive and trophic interactions, or regulation of dinoflagellates
by parasites [55,56].

Regarding the effect of salinity for the bloom development, several authors have
suggested that benthic dinoflagellates proliferation is favoured by low salinity waters,
while others reported higher values in the north-western Mediterranean Sea, [57,58].

None of these factors are included in the simplified conceptual model proposed here,
since, as mentioned previously, standard operational data are not available at the time and
spatial scales needed; moreover, the role of some of these factors in bloom onset still needs
to be fully investigated.

Consequently, attention was focused on the two major drivers identified, i.e., sea water
temperature and hydrodynamic conditions, the importance of which was analysed using
observations taken in two study areas.

3. Materials and Methods
3.1. Study Areas and Periods

The study areas are located on the coast of Tuscany, Italy, facing the Ligurian sea
(Figure 1a, red squares). The Marina di Pisa study area is located south the Arno river
mouth, and belongs to the municipality and province of Pisa (PI) (Figure 1b), and Marina
di Massa in the central part of the Apuan coast, east of the port of Marina di Carrara, and
belongs to the municipality of Massa (MS), in the province of Massa-Carrara (Figure 1c).
Three O. ovata ARPAT (Agenzia regionale per la protezione ambientale della Toscana,
Tuscan Environmental Protection Agency) sampling sites are found in Marina di Pisa, and
four in Marina di Massa [59]. Both areas are subject to recurrent O. ovata bloom and are
characterized by the geomorphological characteristics suitable for O. ovata growth described
in Section 2.2. In fact, both study areas are strongly affected by coastal erosion [60], so that
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costal defences were built to mitigate that pressure. As a side effect, these structures have
created a compartmentation in water mirrors, with a consequent weak water exchange,
suitable for algal bloom development. ARPAT samples O. ovata during growth and bloom
season, from June to September, and data are published by ISPRA (Istituto Superiore per
la Protezione e la Ricerca Ambientale). We selected the years 2012–2019, as in this period
the same number of O. ovata samplings per year at the same sampling frequency for every
monitoring station was available.
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3.2. O. ovata Measurements

O. ovata cell concentration data in water column as number of cells per litre are here
obtained from ARPAT, as they are measured within the national coastal marine monitoring
program [61]. Water samples are collected within the first meter of submerged area, in
proximity of the substratum [62]. Sampling of water and analyses are performed monthly in
June and September, every 10–15 days in July and August, and intensified in case of bloom;
eight samples plus the possible additional ones per year are taken for each monitoring
station. Data of the period 2012–2019 were selected for this work, in the areas of Marina
di Pisa (3 sampling stations) and Marina di Massa (4 sampling stations). For the statistics,
we evaluated the accumulated cell/L number and average surface temperature of the
stations belonging to each sampling area (Marina di Pisa and Marina di Massa), so that
131 observations of cell/L could be used (67 in Marina di Pisa and 64 in Marina di Massa
sampling sites).
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Although ecologically the evaluation of abundance of cells on the substrate is more
significant, as they provide seed stock for bloom, in this study we considered cell abun-
dances in water column, as blooms of cells that are in the water column are the ones more
directly affecting humans by contact or inhalation. Local agencies in fact monitor samples
in water column, according to the Ministry of Health guidelines [63]. Moreover, Mangialajo
et al. [64] observed a relatively good correlation between epiphytic and planktonic cell
abundances. Bloom in water column was defined as number of cells per litre above the
threshold of 10,000 according to Italian law [65], indicating the limit to shift from the alert
to the emergency phase. These guidelines were recently updated, differentiating thresholds
according to environmental conditions [66].

3.3. Satellite and Model Data

The possibility of using a daily continuous dataset of satellite Sea Surface Temperature
(SST) is essential, as in situ monitoring data available in this study are only taken on the
same O. ovata sampling day. Satellite SST refers to a skin temperature, from approximately
10 µm to 1mm below the surface depths, depending on the observation frequency band
(e.g., infrared or microwave). Thus, generally speaking, this may not be straightforwardly
taken as representative of sub-surface temperature or deeper in the water column (‘bulk’
temperature). Nevertheless, many studies have shown that under certain meteo-marine
conditions (for low sun radiative forcing or when mechanical mixing processes are active),
SST values may be representative of water temperatures to depths up to a few meters in the
open ocean [67]. In shallow coastal waters where benthic habitats live, additional factors
can affect the correspondence between SST and the temperatures experienced by subtidal
organisms: however, many studies e.g. [68] apply SST as proxy for temperatures influencing
benthic organisms in subtidal habitats. SST data selected for this study are supercollated
merged multisensor SST remapped over the Mediterranean Sea at 1/100-degree spatial
resolution, daily mean L3S (SST_MED_SST_L3S_NRT_OBSERVATIONS_010_012) [69].
Data are distributed by the Copernicus Marine Service (CMEMS), a European Union
service which provides data about the physical and biogeochemical ocean. These SST
products are based on the night-time images collected by the infrared sensors mounted on
different satellite platforms: ATSR ENVISAT, MODIS (on both Aqua and Terra satellites),
AVHRR, on METOP satellite), and NOAA satellites, SEVIRI, installed on MSG.

Similarly, the definition of the hydrodynamic conditions in the days before O. ovata
sampling requires a daily continuous dataset. Some authors have already used Significant
Wave Height (SWH) as a proxy for mechanical energy entering the system for studying
plankton dynamics e.g. [70]. SWH is a reference parameter in oceanography; it is a function
of the energy associated to any sea state defined as the integral of wave spectrum in the
direction/frequency domain. In this work SWH was chosen to define the sea state threshold
which brings the energy needed for water remixing, proper for creating the conditions
favouring O. ovata bloom onset. As for SWH hourly data, the dataset was produced
by a numerical model chain based on the fifth-generation atmospheric reanalysis ERA5
dataset, produced by ECMWF and distributed through C3S service (Copernicus Climate
Change). The wind forcing for the wave model was based on a dynamical downscaling
of the ERA5 reanalysis, obtained through a nested domain configuration based on the
BOLAM/MOLOCH atmospheric limited-area models [71]. Wave data were extracted by
a wave hindcast, realized using the WaveWatch III model (hereafter WW3) run with an
unstructured grid and with a variable resolution up to 500 m in our coastal areas. Wave
data were validated on eleven offshore buoys (Alghero, Alistro, Cap Corse, Capo Mele,
Civitavecchia, Giannutri, Gorgona, La Revellata, La Spezia, Livorno offshore, Monaco) and
three coastal buoys (Castiglione, Gombo and Bastia).

The hindcast data are expanded to cover 40 years in order to provide a dataset for
different scopes such as climatological studies and extreme value analysis. They are
focused on the wind and wave climates of the Ligurian and Tyrrhenian seas (north-western
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Mediterranean Sea). In these areas, the coastal resolution of 500 m is relevant for the
analysis of coastal processes.

In this work, SST was extracted from the valid pixel closest to location where O. ovata
was sampled according to the closest pixel method of Clay et al. [72]; significant wave
height (SWH) was extracted from the grid point closest to the same location, similarly to
the method of [73].

3.4. Data Analysis

The data analysis consisted of two main steps. Firstly, the environmental conditions
that can affect O. ovata bloom dynamics in the two study areas were characterized by
means of descriptive and statistical methods, focusing on the impact of SST and SWH. It
is to be noted that O. ovata monitoring is based on water sampling within a few meters
from the coast, where direct satellite observations are not possible because of issues due
to observation contamination from sea bottom and land contributions to the measured
radiation. To evaluate if in our study the use of Copernicus SST as a proxy the coastal
values was acceptable, we compared in situ temperature values, measured by ARPAT
during O. ovata sampling, with the closest available Copernicus data, see Section 3.3. To
investigate the role of sea state, SWH is here used as a proxy, and more specifically for
local hydrodynamics, since in our area waves, more than other factors such as tides, cause
coastal water motion. On the basis of previous works already mentioned and local direct
observations, we defined hydrodynamic events able to resuspend the O. ovata cells (from
here on referred to as “wave remixing events”) according to Douglas scale, excluding severe
storms, as at least 10 consecutive hours of SWH major or equal 0.7 m, reaching 2 m at least
once. The role of hydrodynamic conditions in O. ovata bloom onset was assessed comparing
the number of wave remixing events and of blooms, the latter computed cumulating blooms
occurring in the O. ovata sampling stations for each study area and calendar year (months
from June to September), from here on indicated as “cumulated bloom number”.

Secondly, based on the results of the bibliographic analysis and of the previous ex-
perimental step, a simplified conceptual model was developed and applied to the data of
the two areas in order to assess its capability to explain the cell/L variations referring to
bloom events.

The results of the statistical analyses performed are described in the following section.
In all cases, the significance level of the correlations found was determined through a
standard Student’s t-test.

4. Results
4.1. Environmental Framework and Bloom Occurrence

The climatological wave conditions of the two study areas for the target period are
summarised in Figure 2. The model is able to take into account major coastal processes
(mainly, refraction), but is still representative of offshore wave conditions (around 500 m
from the coastline). Wave conditions in the surf zone and coastal hydrodynamic processes
(waves, wave-induced currents and bottom stress) depend on many additional factors such
as coastline morphology and human-made structures.

Directional roses of both study areas (Figure 2) from WW3 model show, between 2012
and 2019 (June to September), prevailing wave directions from W to SW (270◦ to 210◦),
associated with ‘libeccio’ wind conditions; within these, motions from W-SW (Massa) and
S-SW (Pisa) include the highest frequency of high waves (> 1.5 m).

Marina di Pisa and Marina di Massa are 40 km distant from each other with a similar
coastline orientation, so, climatologically speaking (especially if considering only temper-
ature and waves), they are close. In spite of that, the blooms occur differently in the two
study areas. In Figure 3 the number of blooms for each study area is referred to the sum of
O. ovata samplings showing a number of cell/L above the threshold in each study year
(Figure 3). A slightly negative correlation (R = −0.35) is found between the number of
blooms in Marina di Pisa and in Marina di Massa. This highlights the complexity of the



J. Mar. Sci. Eng. 2022, 10, 461 8 of 18

bloom occurrence phenomenon, i.e., the fact that most of the bloom interannual variability
is due to local factors that cannot be accounted for at the scale we are using in our analysis.J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 8 of 19 
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Figure 3. Number of blooms per year. In grey are the averages computed from 3 stations in Marina
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respective standard deviations.

4.2. Role of Temperature

The correlation between measured and estimated SST shows a significant correlation
in both the Marina di Pisa and Marina di Massa sites (R = 0.71 in both cases). In addition,
in Marina di Pisa, the differences are randomly distributed, with an average value of about
1.5 ◦C; a similar, slightly worse average error is also found in Marina di Massa, but in
this case with a systematic tendency to temperature underestimation. However, for our
purposes we consider such difference ranges to be largely acceptable, and thus we used
CMEMS satellite SST data in the closest pixel to estimate water temperature in O. ovata
sampling sites.
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Marina di Massa shows a higher number of days (413) with an average SST above
the threshold (25◦, see Section 2.1) compared to Marina di Pisa (349). The SST trend in
Marina di Pisa shows a year, 2014, in which the lowest average temperature among all
the years was recorded, 23.6 ◦C. Only for 5 consecutive days was SST slightly above the
threshold (average: 25.5◦C), and this occurred during the first week of August. The average
temperature of the period (June to September) in the years 2012–2019 in this study area was
24.6◦C. The trend in Marina di Massa SST was more stable, and the average temperature of
the period was about 24.6 ◦C (Figure 4).
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Figure 4. Number of days within the study period, for each year, when SST was above threshold. In
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Figure 5a,b show the linear regressions of average log accumulated cell/L versus
average SST in June, at the beginning of O. ovata growth and bloom season for the 8 study
years. In both cases, the correlation is highly significant.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 10 of 19 
 

 

  
(a) (b) 

Figure 5. Scatter plot of monthly average temperature in June versus monthly averages of log ac-
cumulated cell/L in June, for every year, in Marina di Pisa (a) and Marina di Massa (b) (** = highly 
significant correlation, p < 0.01).  

4.3. Role of Hydrodynamic Conditions 
The scatter plot for Marina di Pisa confirms that there is an overall significant statis-

tical correlation between the accumulated bloom number and the wave remixing events 
number per year (Figure 6a). In Marina di Pisa, the years showing the highest number of 
blooms are 2012 and 2017 (Figure 3), and they also show the highest periods of number of 
hours with SWH above the threshold, namely, 50% higher than the average of the whole 
study period (data not shown). The year 2019 shows no bloom: as temperature conditions 
were favourable for bloom occurrence, this absence could be explained by a possible lack 
of water remixing events, in fact the number of hours with SWH above threshold (as de-
fined in Section 3.4) is only the 10% of the average of the whole study period (data not 
shown). 

This situation is partly different for the second study area, Marina di Massa (Figure 
6b). In this case, in fact, the statistical correlation between accumulated bloom number 
and number of wave remixing events per year is low and not significant (Figure 6b, thin 
line, R2 = 0.03). On the contrary, the regression obtained excluding 2017 data shows a 
significant correlation between the two variables (Figure 6b, solid line, R2 = 0.43).  

4.4. Simplified Conceptual Model 
The current section illustrates a conceptual model of O. ovata bloom which is based 

on the previously reviewed ecological and physiological knowledge of the phenomenon 
and on the results of the experimental data analysis performed. Such information is used 
to simulate a significant part of O. ovata bloom temporal variability based on the available 
large-scale drivers obtained from Copernicus products. The possible identification of re-
lationships between O. ovata bloom and satellite and model data obtained from Coper-
nicus service could allow to operationally predict the onset of favourable condition for O. 
ovata HAB. 

Figure 5. Scatter plot of monthly average temperature in June versus monthly averages of log
accumulated cell/L in June, for every year, in Marina di Pisa (a) and Marina di Massa (b) (** = highly
significant correlation, p < 0.01).



J. Mar. Sci. Eng. 2022, 10, 461 10 of 18

The year 2014 showed the lowest number of days above the temperature threshold in
Marina di Pisa (Figure 4).

4.3. Role of Hydrodynamic Conditions

The scatter plot for Marina di Pisa confirms that there is an overall significant statistical
correlation between the accumulated bloom number and the wave remixing events number
per year (Figure 6a). In Marina di Pisa, the years showing the highest number of blooms
are 2012 and 2017 (Figure 3), and they also show the highest periods of number of hours
with SWH above the threshold, namely, 50% higher than the average of the whole study
period (data not shown). The year 2019 shows no bloom: as temperature conditions were
favourable for bloom occurrence, this absence could be explained by a possible lack of
water remixing events, in fact the number of hours with SWH above threshold (as defined
in Section 3.4) is only the 10% of the average of the whole study period (data not shown).
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This situation is partly different for the second study area, Marina di Massa (Figure 6b).
In this case, in fact, the statistical correlation between accumulated bloom number and
number of wave remixing events per year is low and not significant (Figure 6b, thin line,
R2 = 0.03). On the contrary, the regression obtained excluding 2017 data shows a significant
correlation between the two variables (Figure 6b, solid line, R2 = 0.43).

4.4. Simplified Conceptual Model

The current section illustrates a conceptual model of O. ovata bloom which is based on the
previously reviewed ecological and physiological knowledge of the phenomenon and on the
results of the experimental data analysis performed. Such information is used to simulate a
significant part of O. ovata bloom temporal variability based on the available large-scale drivers
obtained from Copernicus products. The possible identification of relationships between
O. ovata bloom and satellite and model data obtained from Copernicus service could allow to
operationally predict the onset of favourable condition for O. ovata HAB.

As previously noted, a relevant role of seawater temperature and hydrodynamics in
driving the bloom is suggested by several descriptive studies performed in the Ligurian
Sea. The model is therefore based on the hypothesis that the bloom temporal variability can
be partly described by major meteo-marine drivers correlated with temperature and wave-
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induced motion, assumed as the main driver of coastal hydrodynamics in our target areas.
We consequently refer to a simplified conceptual model, built on ecological observations
and centred around the connected roles of sea temperature and sea state (i.e., wave) in
triggering the bloom, as well as in driving bloom development.

The simplified conceptual model developed is schematized in Figure 7. Thresholds
were established from the literature above, with some minor adjustments from local direct
observations which were defined during the calibration phase (see below).J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 12 of 19 
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4.5. Identification of O. ovata Bloom Triggering Conditions

For the model development, we considered SST and SWH in the two weeks before the
O. ovata sampling day, and the accumulated number of cell/L for each O. ovata sampling
site (single day).

The simplified conceptual model therefore yields a synthetic indicator informative on
O. ovata abundance based on the following evidence: 1. A short period with highly energetic
wave-induced hydrodynamics is necessary to promote an O. ovata bloom; 2. This period
must be followed by some days with relatively calm sea conditions (for us corresponding
to SWH below about 0.7 m); 3. The SST during these last days must exceed a threshold (for
us corresponding to about 25◦ C).

The daily maximum wave height averaged over about one week is therefore kept only
if followed by a period with relatively calm sea conditions as defined above, and high SST;
otherwise, the wave height is set to 0. The selected mean SWH is then regressed versus the
logarithm of the cell number in the day following the second period.

The periods and thresholds for SWH and SST were calibrated specifically for Pisa and
Marina di Massa based on a trial-and-error strategy. The resulting model parameterization
is summarized in Table 1 for the two study areas. The lengths of the periods considered for
computing mean SWH and SST are similar in the two cases, and the same is for the SWH
and SST thresholds; all these values are close to the reference ones mentioned before. The
linear regressions found for the two study areas are shown in Figure 8a,b, respectively; in
the latter case, the data of 2017 were excluded, as done previously. Moderate but statistically
significant correlations are found in both areas, with r around 0.6. The intercepts and slopes
of the regressions are slightly different for Marina di Pisa and Marina di Massa.

Table 1. Periods and thresholds for the two study areas obtained by trial error strategy.

Station Threshold SST
(◦C)

Days of SST
above Threshold

Threshold SWH
(m)

Days with SWH
under Threshold

Days with SWH
above Threshold

Marina di Pisa 24.5 7 0.7 5 7

Marina di Massa 23.5 7 0.77 4 7
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5. Discussion

The current investigation is based on the results of previous studies which suggested
the possibility of predicting a wide part of O. ovata bloom occurrence through the use of
two main large-scale drivers, SST and SWH patterns, derivable from available satellite
and model data. Consequently, our approach differs from purely data-driven statistical
methods and cannot account for local factors that affect the timing and intensity of O. ovata
blooms such as the size of the inoculum present at the beginning of the growth season,
intrinsic specific growth under different environmental conditions, loss factors such as
grazing, parasite attacks or natural cell death [63]. Conversely, the same approach should
reproduce the occurrence of O. ovata blooms and, possibly, their temporal variability, using
major descriptors of the most effective meteo-marine conditions.

To validate this hypothesis, statistical analyses were first conducted on the relation-
ships between these drivers and O. ovata blooms accumulated over relatively long time
periods (one to a few months).

Among the meteo-marine conditions, temperature is crucial at the beginning of the
O. ovata growth and bloom season, as a period of temperature above threshold is needed
for the process of excystment, as reported in the previous sections. In the study areas, the
beginning of growth occurs in June, when these conditions are particularly variable. In this
period, the turn from the weather instability typical of the end of spring to the onset of
weather stability characterizing summer takes place. Weather conditions in this period are
therefore particularly variable from year to year, in contrast with those of the following,
more stable months, when temperature is expected to be stably favourable for O. ovata
growth and possible bloom. The relevance of June temperature for bloom occurrence is
currently demonstrated by Figure 5a,b, which show the linear regressions of average log
accumulated cell/L versus average SST in June for the 8 study years. In both cases, the
correlation is highly significant. The role of temperature as one of the main drivers is also
confirmed by the 2014 Marina di Pisa case: sea state conditions suitable for the bloom
occurred, but no bloom was observed. This is probably connected with the fact that, as
previously reported, the lowest average temperature among all the years in exam was
recorded in this site, 23.6◦C. The summer sea temperature threshold of 25◦C was reached
only for 5 consecutive days, but during the first week of August, probably too late in
the season; in fact, the importance of reaching temperature threshold in June for bloom
occurrence is shown in Figure 5 and the following comments. Therefore, the fact that no
bloom occurred in 2014 in Marina di Pisa may be explained by the temperature almost
constantly under threshold, as sea conditions were favourable for bloom occurrence.

A similarly significant correlation was found in the first study area between number
of wave remixing events per year and accumulated bloom number in the whole season.
This relationship, however, is not able to exhaustively describe the behaviour of O. ovata, as
it emerges for the second study area. This is mainly due to the bloom occurrence in 2017,
which shows a peculiar behaviour with respect to the other years: in spite of favourable
conditions both in terms of number of wave remixing events, which is one of the highest in
the period (6 events versus an average of 3.5 events in the study period), and temperature
(Figure 4), only a single bloom occurred at the beginning of the season (Figure 3).

The relationships found confirm the importance of these major drivers in regulating the
bloom, but are of limited utility to predict the phenomenon. Hence, a simplified conceptual
model was applied to yield a synthetic indicator based on daily SST and SWH estimates,
where the growth of O. ovata requires a few days of significant water motion followed by
around a week of calm conditions and of temperature above threshold. The indicator had to
be calibrated for each site, due to the importance of local factors, and accounted for around
35% of the daily variability in O. ovata cell number, with the exclusion of a peculiar year
for Marina di Massa (2017). Despite only moderate prediction capability being achieved,
this is a promising result, taking into consideration that the model includes only two of
the large number of factors involved in the complex O. ovata bloom triggering process,
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such as organic nutrients, substrate characteristics, competitive and trophic interactions, or
regulation of dinoflagellates by parasites.

Marina di Massa 2017 is therefore a case in which local-scale drivers that are not
part of the simplified conceptual model seem to have controlled the bloom dynamics. As
previously noted, the same local drivers could in any case be determinant in controlling
most bloom variability in each specific site. We can only hypothesize about these drivers, as
we have no additional data. We know that benthic systems are complex, as they may suffer
abrupt alterations due to cascade effects triggered by the action of some organisms and/or
environmental changes. Pichierri et al. [74] suggest that, in addition to the abiotic factors
causing O. ovata blooms, such as hydrodynamics, water temperature and also nutrients,
secondary metabolites with allelopathic effects should be considered, to better understand
the bloom dynamics. Pfannkuchen at al. [75]. suggest that for O. ovata minute advantages
during the initiation of a mass appearance play a crucial role in determining which species
dominates. According to those works, we hypothesize that allelopathy, a prevalent natural
phenomenon in terrestrial and aquatic ecosystems, may be one of the factors having caused
the 2017 bloom anomaly in Marina di Massa; this, however, remains a hypothesis, as no
additional data were available to support experimental trials. Specifically, macrophytes
can produce allelochemicals that can be considered as natural algaecides able to suppress
the development of plankton and to prevent HAB in water bodies. Gharbia et al. [76],
highlighted that some macroalgae can produce allelopathic substances that inhibit O. ovata
vegetative cells growth. Accoroni et al. [77], examined the allelopathic interactions between
O. ovata and seaweeds, that compete for space in the same habitat. Fresh and dried thalli
of Dictyota dichotoma and Rhodymenia pseudopalmata were found to significantly inhibit
the growth of O. ovata; in particular, Rhodymenia pseudopalmata is found in the study area
of Marina di Massa [78]. Phytoplankton as well can produce allelopathic compounds:
Pichierri et al. [79] observed a marked decrease of O. ovata growth occurred when cells were
exposed to diatom filtrates. We can therefore hypothesize that in 2017 both macrophytes
and phytoplankton could have the had an allelopathic effect on O. ovata in Marina di Massa.

6. Conclusions

The current study investigated if data available from Copernicus core services, i.e.,
satellite data from CMEMS, as well as model data obtained through downscaling of
Copernicus climate services can provide information on drivers of O. ovata bloom dynamics,
in spite of the fact that it occurs very close to the coast. The study has been conducted in two
Tuscany study areas, Marina di Pisa and Marina di Massa, using measurements of O. ovata
from in situ sampling. We preliminarily verified that Copernicus SST can be used in shallow
coastal waters, comparing such variable with in situ observation of sea temperature; we
used the state of the art WW3 model for simulating coastal wave conditions.

The analyses performed indicate that the use of SST from satellite and SWH from
local models is effective in explaining the main behaviour of O. ovata in both study sites,
according to a simplified conceptual model derived also from previous works but calibrated
with local measurements. In particular, the study demonstrated that: the June temperature
trend in relation to the given threshold explains a large part of the respective bloom
occurrence, due to the strong dependence of O. ovata growth on a favourable start of the
summer season. The total number of cells/blooms in a growing season is controlled by
local sea state, due to the importance of proper resuspension conditions. Locally calibrated
regression models based on SST and SWH patterns as derived from the examined data
sources can account for around 35% of the daily variability in O. ovata growth.

These findings are more defined for Pisa than for Massa, indicating the importance of
local factors which cannot be considered through the examined variables. The latter site,
in fact, includes observations from a peculiar year, 2017, when O. ovata growth seems to
be anomalously inhibited by some factors not included in the analysis, and we argue that
could be the combined action of some organisms and benthic conditions (not observed in
this work).
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It can therefore be concluded that, although O. ovata growth and bloom are expected to
be sensitive to a large number of drivers, and the role of many of them still needs to be fully
understood, temperature and sea conditions are able to explain the main temporal patterns
of these phenomena. More particularly, the satellite and model data used in this study carry
information useful to identify the onset of favourable conditions for O. ovata HAB, in spite
of the fact that it occurs very close to the coast, an area which is not usually suitable for
satellite observation and where physical variables that determine resuspension are difficult
to be precisely modelled unless very detailed ultra-high-resolution hydrodynamic models
are implemented at each site. We verified that Copernicus SST can be used in shallow
coastal waters, comparing such values with in situ observation of sea temperature; we used
the state of the art WW3 model for coastal wave conditions.

These considerations support the possibility to build a more advanced model pre-
dicting favourable conditions for O. ovata bloom, based on a wider range of standard
operational satellite and model data, after having clarified the role of additional drivers
such as nutrients, salinity, and also other species interactions. Such analyses will require
the extension of the study to other areas and years in which similar environmental issues
have been or are being detected.

Author Contributions: Conceptualization, C.L. and A.O.; methodology, C.L., F.M. A.O.; software,
C.L, F.M., M.P., G.B., V.V.; validation, C.L., F.M.; formal analysis, F.M., C.L., G.C.Z., S.T., M.P., G.B., V.V;
investigation, F.M., A.O., C.B.; writing—original draft preparation, C.L., F.M., A.O.; writing—review
and editing, C.B., G.C.Z., F.M., A.O.; supervision, C.B., B.G., A.O.; project administration, C.B., A.O.,
B.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data involved in this study are reflected in the relevant figures
and tables, and there is no additional data to be provided.

Acknowledgments: This study was conducted using E.U. Copernicus Service Information. Ostrepsis
ovata in situ sampling data were provided by ISPRA and ARPAT within the national coastal marine
monitoring program (Directive 2006/7/EC). The authors want to thank two anonymous JMSE
reviewers for their insightful comments on the first draft of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Accoroni, S.; Romagnoli, T.; Colombo, F.; Pennesi, C.; Di Camillo, C.G.; Marini, M.; Battocchi, C.; Ciminiello, P.; Dell’Aversano,

C.; Dello Iacovo, E.; et al. Ostreopsis cf. ovata bloom in the northern Adriatic Sea during summer 2009: Ecology, molecular
characterization and toxin profile. Mar. Pollut. Bull. 2011, 62, 2512–2519. [CrossRef] [PubMed]

2. Pistocchi, R. A review on the effects of environmental conditions on growth and toxin production of Ostreopsis ovata. Toxicon
2011, 57, 421–428. [CrossRef] [PubMed]

3. Totti, C.; Percopo, I.; Cerino, F.; Accoroni, S.; Cucchiari, E.; Pennesi, C.; Romagnoli, T.; Rindi, F.; Perrone, C. Allelopathic
interactions between the hab dinoflagellate Ostreopsis cf. ovata and macroalgal hosts. Eur. J. Phycol. 2011, 46, 56–57.

4. Battocchi, C.; Totti, C.; Vila, M.; Masò, M.; Capellacci, S.; Accoroni, S.; Reñé, A.; Scardi, M.; Penna, A. Monitoring toxic microalgae
Ostreopsis (dinoflagellate) species in coastal waters of the Mediterranean sea using molecular PCR-basedassay combined with
light microscopy. Mar. Pollut. Bull. 2010, 60, 1074–1084. [CrossRef] [PubMed]

5. Perini, F.; Casabianca, A.; Battocchi, C.; Accoroni, S.; Totti, C.; Penna, A. New approach using the real-time PCR method for
estimation of the toxic marine dinoflagellate Ostreopsis cf. ovata in marine environment. PLoS ONE 2011, 6, e17699. [CrossRef]
[PubMed]

6. Bomber, J.W.; Aikman, K.E. The ciguatera dinoflagellates. Biol. Oceanogr. 1989, 6, 291–311.
7. Bianco, I.; Sangiorgi, V.; Penna, A.; Guerrini, F.; Pistocchi, R.; Zaottini, E.; Congestri, R. Ostreopsis ovata in benthic aggregates

along the Latium Coast (middle Tyrrhenian Sea). Int. Symp. Algal Toxins 2007, SITOX, 29.
8. Aligizaki, K.; Nikolaidis, G. The presence of the toxic genera Ostreopsis and Coolia (Dinophyceae) in the north Aegean sea,

Greece. Harmful Algae 2006, 5, 717–730. [CrossRef]

http://doi.org/10.1016/j.marpolbul.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21903227
http://doi.org/10.1016/j.toxicon.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/20920514
http://doi.org/10.1016/j.marpolbul.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20188383
http://doi.org/10.1371/journal.pone.0017699
http://www.ncbi.nlm.nih.gov/pubmed/21408606
http://doi.org/10.1016/j.hal.2006.02.005


J. Mar. Sci. Eng. 2022, 10, 461 16 of 18

9. Vila, M.; Garcés, E.; Masó, M. Potentially toxic epiphytic dinoflagellate assemblages on macroalgae in the NW Mediterranean.
Aquat. Microb. Ecol. 2001, 26, 51–60. [CrossRef]

10. Accoroni, S.; Romagnoli, T.; Pichierri, S.; Colombo, F.; Totti, C. Morphometric analysis of Ostreopsis cf. ovata cells in relation to
environmental conditions and bloom phases. Harmful Algae 2012, 19, 15–22. [CrossRef]

11. Hallagraeff, G.M. Ocean climate change, phytoplankton community responses, and harmful algal blooms: A formidable predictive
challenge. J. Phycol. 2010, 46, 220–235. [CrossRef]

12. Granéli, E.; Vidyarathna, N.K.; Funari, E.; Cumaranatunga, P.R.T.; Scenati, R. Can increases in temperature stimulate blooms of
the toxic benthic dinoflagellate Ostreopsis ovata? Harmful Algae 2011, 10, 165–172. [CrossRef]

13. Intergovernmental Panel on Climate Change (IPCC). IPCC Special Report on the Ocean and Cryosphere in a Changing Climate; Pörtner,
H.-O., Roberts, D.C., Masson-Delmotte, V., Zhai, P., Tignor, M., Poloczanska, E., Mintenbeck, K., Alegría, A., Nicolai, M., Okem,
A., et al., Eds.; Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2019.

14. Mangialajo, L.; Bertolotto, R.; Cattaneo-Vietti, R.; Chiantore, M.; Grillo, C.; Lemee, R.; Melchiorre, N.; Moretto, P.; Povero, P.;
Ruggieri, N. The toxic benthic dinoflagellate Ostreopsis ovata: Quantification of proliferation along the coastline of Genoa, Italy.
Mar. Pollut. Bull. 2008, 56, 1209–1214. [CrossRef] [PubMed]

15. Durando, P.; Ansaldi, F.; Oreste, P.; Moscatelli, P.; Marensi, L.; Grillo, C.; Gasparini, R.; Icardi, G. Ostreopsis ovata and human
health: Epidemiological and clinical features of respiratory syndrome outbreaks from a two year syndromic surveillance,
2005–2006, in northwest Italy. Eurosurveillance 2007, 12, 23.

16. Sansoni, G.; Borghini, B.; Camici, G.; Casotti, M.; Righini, P.; Rustighi, C. Fioriture algali di Ostreopsis ovata (Gonyaula-
cales:Dinophyceae): Un problema emergente. Biol. Ambient. 2003, 17, 17–23.

17. Tichadou, L.; Glaizal, M.; Armengaud, A.; Grossel, H.; Lemée, R.; Kantin, R.; Lasalle, J.-L.; Drouet, G.; Rambaud, L.; Malfait,
P.; et al. Health impact of unicellular algae of the Ostreopsis genus blooms in the Mediterranean Sea: Experience of the French
Mediterranean coast surveillance network from 2006 to 2009. Clin. Toxicol. 2010, 48, 839–844. [CrossRef]

18. Shears, N.T.; Ross, P.M. Blooms of benthic dinoflagellates of the genus Ostreopsis; an increasing and ecologically important
phenomenon on temperate reefs in New Zealand and worldwide. Harmful Algae 2009, 8, 916–925. [CrossRef]

19. Aligizaki, K.; Katikou, P.; Milandri, A.; Diogène, J. Occurrence of palytoxin-group toxins in seafood and future strategies to
complement the present state of the art. Toxicon 2011, 57, 90–399. [CrossRef]

20. Blondeau-Patissier, D.; Gower, J.F.R.; Dekker, A.G.; Phinn, S.R.; Brando, V.E. A review of ocean color remote sensing methods
and statistical techniques for the detection, mapping and analysis of phytoplankton blooms in coastal and open oceans. Progr.
Oceanogr. 2014, 123, 23–144. [CrossRef]

21. Rodríguez-Benito, C.V.; Navarro, G.; Caballero, I. Using Copernicus Sentinel-2 and Sentinel-3 data to monitor harmful algal
blooms in Southern Chile during the COVID-19 lockdown. Mar. Pollut. Bull. 2020, 161, 111722. [CrossRef]

22. Izadi, M.; Sultan, M.; Kadiri, R.E.; Ghannadi, A.; Abdelmohsen, K. A Remote Sensing and Machine Learning-Based Approach to
Forecast the Onset of Harmful Algal Bloom. Remote Sens. 2021, 13, 3863. [CrossRef]

23. Santos, M.; Oliveira, P.B.; Moita, M.T.; David, H.; Caeiro, M.F.; Zingone, A.; Amorim, A.; Silva, A. Occurrence of Ostreopsis in two
temperate coastal bays (SW iberia): Insights from the plankton. Harmful Algae 2019, 86, 20–36. [CrossRef] [PubMed]

24. Meroni, L.; Chiantore, C.; Petrillo, M.; Asnaghi, V. Habitat effects on Ostreopsis cf. ovata bloom dynamics. Harmful Algae 2018, 80,
64–71. [CrossRef] [PubMed]

25. Vila, M.; Riobó, P.; Bravo, I.; Masó, M.; Penna, A.; Reñé, A.; Montserrat Sala, M.; Battocchi, C.; Fraga, S.; Rodriguez, F.; et al.
Three-Year Time Series of Toxic Ostreopsis Blooming in A NW Mediterranean Coastal Site: Preliminary Results. Kalliopi A. Pagou
2010, 102, 57.

26. Bensoussan, N.; Cebrian, P.E.; Dominici, J.M.; Kersting, D.K.; Kipson, S.; Kizilkaya, Z.; Ocaña, O.; Peirache, M.; Zuberer, F.;
Ledoux, J.-B.; et al. Chapter 3: Case studies: 3.6. Using CMEMS and the Mediterranean Marine Protected Areas sentinel network
to track ocean warming effects in coastal areas. J. Oper. Oceanogr. Copernic. Mar. Serv. Ocean State Rep. 2019, 12, s65–s73.

27. Accoroni, S.; Glibert, P.M.; Pichierri, S.; Romagnoli, T.; Marini, M.; Totti, C. A conceptual model of annual Ostreopsis cf. ovata
blooms in the northern Adriatic Sea based on the synergic effects of hydrodynamics, temperature, and the N:P ratio of water
column nutrients. Harmful Algae 2015, 45, 14–25. [CrossRef]

28. Asnaghi, V.; Pecorino, D.; Ottaviani, E.; Pedroncini, A.; Bertolotto, R.; Chiantore, M. A novel application of an adaptable modeling
approach to the management of toxic microalgal bloom events in coastal areas. Harmful Algae 2017, 63, 184–192. [CrossRef]

29. Ottaviani, E.; Asnaghi, V.; Chiantore, M.; Pedroncini, A.; Bertolotto, R. Statistical methods for the analysis of Ostreopsis ovata
bloom events from meteo-marine data. In Proceedings of the CLADAG 10th Scientific Meeting of the Classification and Data
Analysis Group of the Italian Statistical Society, Cagliari, Italy, 8–10 October 2015.

30. Ottaviani, E.; Magri, S.; De Gaetano, P.; Cuneo, C.; Chiantore, M.; Asnaghi, V.; Pedroncini, A. A Machine Learning Based
Approach to Predict Ostreopsis Cf. Ovata Bloom Events from Meteo- Marine Forecasts. Chem. Eng. Trans. 2020, 82, 409–414.

31. Le Traon, P.Y.; Reppucci, A.; Alvarez Fanjul, E.; Aouf, L.; Behrens, A.; Belmonte, M.; Bentamy, A.; Bertino, L.; Brando, V.E.; Kreiner,
M.B.; et al. From Observation to Information and Users: The Copernicus Marine Service Perspective. Front. Mar. Sci. 2019, 6, 22.
[CrossRef]

32. Sgrosso, S.; Esposito, F.; Montresor, M. Temperature and daylength regulate encystment in calcareous cyst-forming dinoflagellates.
Mar. Ecol. Prog. Ser. 2001, 211, 77–87. [CrossRef]

http://doi.org/10.3354/ame026051
http://doi.org/10.1016/j.hal.2012.05.003
http://doi.org/10.1111/j.1529-8817.2010.00815.x
http://doi.org/10.1016/j.hal.2010.09.002
http://doi.org/10.1016/j.marpolbul.2008.02.028
http://www.ncbi.nlm.nih.gov/pubmed/18381216
http://doi.org/10.3109/15563650.2010.513687
http://doi.org/10.1016/j.hal.2009.05.003
http://doi.org/10.1016/j.toxicon.2010.11.014
http://doi.org/10.1016/j.pocean.2013.12.008
http://doi.org/10.1016/j.marpolbul.2020.111722
http://doi.org/10.3390/rs13193863
http://doi.org/10.1016/j.hal.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/31358274
http://doi.org/10.1016/j.hal.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/30502813
http://doi.org/10.1016/j.hal.2015.04.002
http://doi.org/10.1016/j.hal.2017.02.003
http://doi.org/10.3389/fmars.2019.00234
http://doi.org/10.3354/meps211077


J. Mar. Sci. Eng. 2022, 10, 461 17 of 18

33. Accoroni, S.; Romagnoli, T.; Pichierri, S.; Colombo, F.; Totti, C. New insights on the life cycle stages of the toxic benthic
dinoflagellate Ostreopsis cf. ovata. Harmful Algae 2014, 34, 7–16. [CrossRef]

34. Bravo, I.; Vila, M.; Casabianca, S.; Rodriguez, F.; Rial, P.V.; Riobó, P.; Penna, A. Life cycle stages of the benthic palytoxin-producing
dinoflagellate Ostreopsis cf. ovata (Dinophyceae). Harmful Algae 2012, 18, 24–34. [CrossRef]

35. Penna, A.; Fraga, S.; Battocchi, C.; Casabianca, S.; Giacobbe, M.G.; Riobó, P.; Vernesi, C. A Phylogeographical study of the toxic
benthic dinoflagellate genus Ostreopsis Schmidt. J. Biogeogr. 2010, 37, 830–841. [CrossRef]

36. Anderson, D.M.; Chisholm, S.W.; Watras, C.J. Importance of life cycle events in the population dynamics of Gonyaulax tamarensis.
Mar. Biol. 1983, 76, 179–189. [CrossRef]

37. Walker, L.M. Life Histories, Dispersal, and Survival in Marine, Planktonic Dinoflagellates. In Marine Planktonic Life Strategies;
Marine Plankton Life Cycle Strategies, Steidinger, K.A., Walker, L.M., Eds.; CRC Press, Inc.: Boca Raton, FL, USA, 2002; pp. 19–34.

38. Totti, C.; Accoroni, S.; Cerino, F.; Cucchiari, E.; Romagnoli, T. Ostreopsis ovata bloom along the Conero Riviera (northern Adriatic
Sea): Relationships with environmental conditions and substrata. Harmful Algae 2010, 9, 233–239. [CrossRef]

39. Cohu, S.; Thibaut, T.; Mangialajo, L.; Labat, J.-P.; Passafiume, O.; Blanfuné, A.; Simon, N.; Cottalorda, J.-M.; Lemée, R. Occurrence
of the toxic dinoflagellate Ostreopsis cf. ovata in relation with environmental factors in Monaco (NW Mediterranean). Mar. Pollut.
Bull. 2011, 62, 2681–2691. [CrossRef]

40. Scalco, E.; Bruneta, C.; Marino, F.; Rossi, R.; Soprano, V.; Zingone, A.; Montresor, M. Growth and toxicity responses of
Mediterranean Ostreopsis cf. ovata to seasonal irradiance and temperature conditions. Harmful Algae 2012, 17, 25–34. [CrossRef]

41. Fraga, S.; Rodríguez, F.; Bravo, I.; Zapata, M.; Marañón, E. Review of the main ecological features affecting benthic dinoflagellate
blooms. Cryptogam. Algol. 2012, 33, 171–179. [CrossRef]

42. Cohu, S.; Mangialajo, L.; Thibaut, T.; Blanfuné, A.; Marro, S.; Lemée, R. Proliferation of the toxic dinoflagellate Ostreopsis cf.
ovata in relation to depth, biotic substrate and environmental factors in the North West Mediterranean Sea. Harmful Algae 2013,
24, 32–44. [CrossRef]

43. Asnaghi, V.; Bertolotto, B.; Giussani, V.; Mangialajo, L.; Hewitt, J.; Thrush, S.; Moretto, P.; Castellano, M.; Rossi, A.; Povero, P.; et al.
Interannual variability in Ostreopsis ovata bloom dynamic along Genoa coast (North-western Mediterranean): A preliminary
modeling approach. Cryptogam. Algol. 2012, 33, 181–189. [CrossRef]

44. Selina, M.S.; Orlova, T.Y. First occurrence of the genus Ostreopsis (Dinophyceae) in the Sea of Japan. Bot. Mar. 2010, 53, 243–249.
[CrossRef]

45. Vila, M.; Camp, J.; Berdalet, E. Toxic microalgae and global change: Why have proliferations increased along the Mediterranean
coast? Mètode Sci. Stud. J. 2021, 11, 201–207.

46. Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA). Ostreopsis cf. ovata Lungo le Coste Italiane: Monitoraggio 2011;
ISPRA Rapporti: Roma, Italy, 2012.

47. Accoroni, S.; Tartaglione, L.; Dello Iacovo, E.; Pichierri, S.; Marini, M.; Campanelli, A.; Dell’Aversano, C.; Totti, C. Influence of
environmental factors on the toxin production of Ostreopsis cf. ovata during bloom events. Mar. Pollut. Bull. 2017, 123, 261–268.
[CrossRef] [PubMed]

48. Accoroni, S.; Totti, C. The toxic benthic dinoflagellates of the genus Ostreopsis in temperate areas: A review. Adv. Oceanogr.
Limnol. 2016, 7, 1–15. [CrossRef]

49. Accoroni, S.; Colombo, F.; Pinchierri, S. Ecology of Ostreopsis cf. ovata blooms in the northwestern Adriatic Sea. Cryptogam. Algol.
2012, 33, 191–198. [CrossRef]

50. Mangialajo, L.; Ganzin, N.; Accoroni, S.; Asnaghi, V.; Blanfunée, A.; Cabrini, M.; Cattaneo-Vietti, R.; Chavanon, F.; Chiantore, M.;
Cohua, S.; et al. Trends in Ostreopsis proliferation along the Northern Mediterranean coasts. Toxicon 2011, 57, 408–420. [CrossRef]

51. Richlen, M.L.; Lobel, P.S. Effects of depth, habitat, and water motion on the abundance and distribution of ciguatera dinoflagellates
at Johnston Atoll Pacific Ocean. Mar. Ecol. Prog. Ser. 2011, 421, 51–66. [CrossRef]

52. De Jonge, V.N.; van Beusekom, J. Wind- and tide-induced resuspension of sediment and microphytobenthos from tidal flats in
the Ems Estuary. Limnol. Oceanogr. 1995, 40, 766–778. [CrossRef]

53. Vidyarathna, N.K.E.; Graneli, E. Physiological responses of Ostreopsis ovata to changes in N and P availability and temperature
increase. Harmful Algae 2013, 21–22, 54–63. [CrossRef]

54. Ternon, E.; Pavaux, A.S.; Marro, S.; Thomas, O.P.; Lemée, R. Allelopathic interactions between the benthic toxic dinoflagellate
Ostreopsis cf. ovata and a co-occurring diatom. Harmful Algae 2018, 75, 35–44. [CrossRef]

55. Chambouvet, A.; Morin, P.; Marie, D.; Guillou, L. Control of Toxic Marine Dinoflagellate Blooms by Serial Parasitic Killers. Science
2008, 322, 1254–1257. [CrossRef] [PubMed]

56. Bravo, I.; Rodriguez, F.; Ramilo, I.; Carrillo, J.A. Epibenthic Harmful Marine Dinoflagellates from Fuerteventura (Canary Islands),
with Special Reference to the Ciguatoxin-Producing Gambierdiscus. J. Mar. Sci. Eng. 2020, 8, 0909. [CrossRef]

57. Ungaro, N.; Marano, G.; Pastorelli, A.M.; Marzano, M.C.; Pompei, M. Presenza di Ostreopsidiaceae nel basso Adriatico; Rapporti
ISTISAN; Istituto Superiore di Sanità: Rome, Italy, 2005.

58. Monti, M.; Minocci, M.; Beran, A.; Iveša, L. First record of Ostreopsis cfr. ovata on macroalgae in the Northern Adriatic Sea. Mar.
Pollut. Bull. 2007, 54, 598–601. [CrossRef] [PubMed]

59. Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA). Monitoraggio di Ostreopsis Ovata e Altre Microalghe Potenzial-
mente Tossiche Lungo le Coste Italiane Monitoraggio 2012; ISPRA Rapporti: Roma, Italy, 2013.

http://doi.org/10.1016/j.hal.2014.02.003
http://doi.org/10.1016/j.hal.2012.04.001
http://doi.org/10.1111/j.1365-2699.2009.02265.x
http://doi.org/10.1007/BF00392734
http://doi.org/10.1016/j.hal.2009.10.006
http://doi.org/10.1016/j.marpolbul.2011.09.022
http://doi.org/10.1016/j.hal.2012.02.008
http://doi.org/10.7872/crya.v33.iss2.2011.171
http://doi.org/10.1016/j.hal.2013.01.002
http://doi.org/10.7872/crya.v33.iss2.2011.181
http://doi.org/10.1515/BOT.2010.033
http://doi.org/10.1016/j.marpolbul.2017.08.049
http://www.ncbi.nlm.nih.gov/pubmed/28863976
http://doi.org/10.4081/aiol.2016.5591
http://doi.org/10.7872/crya.v33.iss2.2011.191
http://doi.org/10.1016/j.toxicon.2010.11.019
http://doi.org/10.3354/meps08854
http://doi.org/10.4319/lo.1995.40.4.0776
http://doi.org/10.1016/j.hal.2012.11.006
http://doi.org/10.1016/j.hal.2018.04.003
http://doi.org/10.1126/science.1164387
http://www.ncbi.nlm.nih.gov/pubmed/19023082
http://doi.org/10.3390/jmse8110909
http://doi.org/10.1016/j.marpolbul.2007.01.013
http://www.ncbi.nlm.nih.gov/pubmed/17368489


J. Mar. Sci. Eng. 2022, 10, 461 18 of 18

60. Cipriani, L.E.; Perfetti, A.; Pranzini, E.; Vitale, G. Azioni di tutela delle dune costiere del Parco Regionale Migliarino San Rossore
Massaciuccoli (Toscana settentrionale). Studi. Costieri. 2010, 17, 165–179.

61. Directive 2006/7/EC of the European Parliament and of the Council of 15 February 2006 Concerning the Management of Bathing
Water Quality and Repealing Directive 76/160/EEC. Available online: https://eur-lex.europa.eu/ (accessed on 17 March 2022).

62. Di Girolamo, I.; Fattorusso, E.; Funari, E.; Gramaccioni, L.; Grillo, C.; Icardi, G.; Mattei, D.; Poletti, R.; Scardala, S.; Testai, E. Linee
Guida- Gestione del Rischio Associato Alle Fioriture di Ostreopsis Ovata Nelle Coste Italiane. Enacted by Consiglio Superiore di
Sanita-Ministero Della Salute-May 24th 2007. Available online: http://www.ministerosalute.it/imgs/C_17_pubblicazioni_641_
allegato/pdf (accessed on 15 January 2022).

63. Funari, E.; Manganelli, M.; Testai, E. Ostreopsis cf. ovata: Linee guida per la gestione delle fioriture negli ambienti marino-costieri
in relazione a balneazione e altre attività ricreative. In Rapporti ISTISAN 14/19 (2014) e Successivi Aggiornamenti; Istituto Superiore
di Sanità: Roma, Italy, 2014.

64. Mangialajo, L.; Asnaghi, V.; Blanfuné, A.; Cattaneo-Vietti, R.; Chiantore, M.; Cohu, S.; Privitera, D.; Thibaut, T.; Lemee, R.
Dynamics of Ostreopsis cf. ovata in the Mediterranean Sea, relations with environmental factors and consequences on shallow
rocky ecosystems. In Proceedings of the ASLO Aquatic Sciences Meeting, Nice, France, 25–30 January 2009.

65. Decreto Legislativo 30 Maggio 2008, n. 116 (Dlgs 116/08). Attuazione Della Direttiva 2006/7/CE Relativa alla Gestione Della Qualità Delle
Acque di Balneazione e Abrogazione Della Direttiva 76/160/CEE; Gazzetta Ufficiale: Rome, Italy, 2008.

66. Funari, E.; Manganelli, M.; Testai, E. Ostreospis cf. ovata blooms in coastal water: Italian guidelines to assess and manage the risk
associated to bathing waters and recreational activities. Harmful Algae 2015, 50, 45–46. [CrossRef]

67. Pisano, B.; Buongiorno Nardelli, C.; Tronconi, R.; Santoleri, L. The new Mediterranean optimally interpolated pathfinder AVHRR
SST Dataset (1982–2012). Remote Sens. Environ. 2016, 176, 107–116. [CrossRef]

68. Smale, D.A.; Wernberg, T. Satellite-derived SST data as a proxy for water temperature in nearshore benthic ecology. Mar. Ecol
Prog. Ser. 2009, 387, 27–37. [CrossRef]

69. Buongiorno Nardelli, B.; Tronconi, C.; Pisano, A.; Santoleri, R. High and Ultra-High resolution processing of satellite Sea Surface
Temperature data over Southern European Seas in the framework of MyOcean project. Rem. Sens. Environ. 2013, 129, 1–16.
[CrossRef]

70. Romero, E.; Peters, F.; Guadayol, O. The interplay between short-term, mild physicochemical forcing and plankton dynamics in a
coastal area. Limnol. Oceanogr. 2013, 58, 903–920. [CrossRef]

71. Vannucchi, V.; Taddei, S.; Capecchi, V.; Bendoni, M.; Brandini, C. Dynamical Downscaling of ERA5 Data on the North-Western
Mediterranean Sea: From Atmosphere to High-Resolution Coastal Wave Climate. J. Mar. Sci. Eng. 2021, 9, 208. [CrossRef]

72. Clay, S.; Peña, A.; De Tracey, B.; Devred, E. Evaluation of Satellite-Based Algorithms to Retrieve Chlorophyll-a Concentration in
the Canadian Atlantic and Pacific Oceans. Remote Sens. 2019, 11, 2609. [CrossRef]

73. Santos, M.; Moita, M.T.; Oliveira, P.B.; Amorim, A. Phytoplankton communities in two wide-open bays in the Iberian upwelling
system. J. Sea Res. 2021, 167, 101982. [CrossRef]

74. Monti, M.; Cecchin, E. Comparative Growth of Three Strains of Ostreopsis ovata at Different Light Intensities with Focus on
Inter-Specific Allelopathic Interactions. Cryptogamie Algologie 2012, 33, 113–119. [CrossRef]

75. Pfannkuchen, M.; Godrijan, J.; Pfannkuchen, D.M.; Iveša, L.; Kružić, P.; Ciminiello, P.; Dell’Aversano, C.; Dello Iacovo, E.;
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