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Abstract :

The dinoflagellate Alexandrium minutum is a toxic bloom-forming species distributed worldwide. The
mechanisms driving and promoting the species blooms and their toxicity are studied and presented
here. Most previously published work focuses on local and/or short-term scales. In this study, a broad
temporal and spatial approach is addressed using time series covering several sites over several years
and combining environmental variables and A. minutum abundances from the French English Channel
- Atlantic coasts. Data were explored by means of phenology and threshold analysis.

The A. minutum bloom characteristics are defined. Only one bloom per year is measured and it may
reach more than a million of cells L—1. Bloom period extends from April to October and the bloom length
ranges from two weeks to six months. In the ecosystems studied, water temperature and river flow, as
regional and local factors respectively, are the main environmental drivers influencing the magnitude,
growth rate and length of the blooms. Bloom toxicity is linked to the bloom maximum abundance and
river flow. This work provides new knowledge for further managing tools for A. minutum blooms in the
ecosystems studied.

Highlights

» The Alexandrium minutum blooms and their toxicity were studied. » 25 year long time-series from
French English Channel-Atlantic coasts were used. » Bloom phenology and threshold analysis have
been performed. » Temperature and river flow are the main bloom shape drivers. » Bloom toxicity is
linked to bloom maximum abundance and the river flow.
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1. Introduction

Harmful Algal Blooms (HABS) are phytoplankton proliferations responsible for negative
ecological, public health and economical repercussions in aquatic ecosystems all over the
world (Hallegraeff, 2003). Among them are toxic microalgae, which produce toxins
(Hallegraeff, 2003). One of the major significant toxic species in coastal and estuarine
ecosystems is the globally distributed Alexandrium minutum (Anderson et al., 2012). The
main threat of this species is its ability to produce Paralytic Shellfish Poisoning (PSP) toxins,
contaminating shellfish resources and causing illness and even death in human consumers
(Anderson et al., 2012).

Many studies have been carried out to understand A. minutum dynamics and the conditions
promoting its toxicity. Laboratory experiments generally focused on a few factors affecting
growth, toxin production or determining life-cycle transitions (Chang and McClean, 1997;
Figueroa et al., 2007, 2011; Grzebyk et al., 2003; Laabir et al., 2011, 2013; Lim et al., 2006),
but these factors usually do not cover the range of environmental conditions. In many field
studies dealing with the dynamics and toxicity of this species, only local and/or short-term
scales were considered and the findings were therefore constrained by the boundaries of the
temporal window and the ecosystem studied (Abdenadher et al., 2012; Bravo et al., 2010;
Calbet et al., 2003; Pitcher et al., 2007; Vila et al., 2005; among others).

Monitoring programmes give the opportunity to conduct studies on long time-space scales as
they provide continuity through time and broad spatial coverage, as well as information on the
onset, termination, intensity and toxicity of outbreaks (Wells et al., 2015). The French
programme for phytoplankton and phycotoxin monitoring (REPHY'), managed by Ifremer,
has been recording occurrences of toxic and non-toxic species and also environmental
variables (inter alia salinity, temperature, turbidity) since 1984. Several studies highlight the

valuable information gathered, including phytoplankton community shifts (Hernandez-Farifias



et al., 2014) or species niche characterization (Hernandez-Farifias et al., 2015; Husson et al.,
2016).

The first A. minutum bloom detected in the French English Channel - Atlantic coasts was in
the Bay of Vilaine in 1987 (Lassus and Bardouil, 1988) and since then regularly proliferated
causing PSP shellfish closure. Therefore, more than 25 years of data on A. minutum in this
area allow an approach on a scale never studied before.

Phytoplankton blooms present recurrent cycles and show variations in the timing and
amplitude from year to year and zone, resulting from the integrated interplay of physical and
biological processes (Ferreira et al., 2014). Therefore, large temporal and spatial studies of
these events can provide great insight into the mechanisms driving them. Phenology is a
valuable tool to detect these changes. Many examples exist with terrestrial and limnological
species (Parmesan and Yohe, 2003; Walther et al., 2002), and recently, studies in marine
science have linked species cardinal dates to climate change (Edwards and Richardson, 2004;
Greve et al., 2005; Ji et al., 2010; among others). In the present study, the methodology
developed by Rolinski et al. (2007) was chosen to study the A. minutum blooms, as it is
adapted to the data set features. Several phenological parameters were determined and related
to environmental variables, including PSP toxicity.

This approach aims to identify the global factors modulating the bloom shape. Since the effect
of some variables may be masked by the local characteristics of each region studied, a
threshold analysis was performed to complement phenology and to bring out the local
characteristics of the regions included in the study. It is similar to a niche analysis in which
the effect of the environmental variables constraining or triggering A. minutum blooms is
studied using the abundance data. This analysis was carried out at local and global scale to
better understand the variable effect on the species dynamics. This information is then used to

determine the environmental condition modulating each bloom.



The objectives of this study are to (i) characterise the blooms of A. minutum through the
phenology analysis and relate their variability to environmental conditions, and to (ii) study
the effect of the environmental conditions triggering or limiting this species abundance and its
blooms.

2. Material and methods

2.1 Primary data set

Data were collected from different sources. The main source was the REPHY monitoring
programme, implemented and managed by IFREMER. It includes stations scattered all over
the French coastline. Other sources include data from research projects carried out at Ifremer
and at the Station Biologique Roscoff (CNRS) from the same area.

Stations and sampling frequencies changed over time as a response to different requirements
of the monitoring programme. Three sampling strategies were implemented: Flortot, carried
out in few stations with monthly frequency, where all the phytoplankton species >20um are
enumerated; Florind, to control exceptional phytoplankton blooms (abundances > 10° cells L’
1y or the presence of toxic species with sanitary purposes; and Florpar, to monitor toxic
species with fortnightly sampling, increasing to weekly sampling when abundances are higher
than the species alert threshold (10* cells L™ for A. minutum). In addition, data from other
research projects carried out by IFREMER or Station Biologique Roscoff (CNRS) were
acquired. For quantitative phytoplankton analysis, lugol-preserved samples were counted with
an inverted microscope (Utermohl, 1958). Only surface samples (0-1m) were retained.

Many environmental parameters were added to A. minutum counts. Water temperature (°C)
and salinity (PSU) were obtained in situ at the same sampling point with a portable probe,
although not for all samples. Water samples (100 ml) were also taken occasionally for
inorganic nutrient analysis with Niskin bottles (5 L). They were stored at -20 °C until the

analysis within the following month from the sampling. An autoanalyzer (Technicon I11) was



used following standard protocols (Hydes et al., 2010). Only NO5” + NO," and PO,* was used
in this study. Data from the other inorganic nutrients (NO3, NO,", NH4* and SiO,*) were
discarded because they were scarce.

Daily river flow data were obtained from the data centre for French coastal operational
oceanography (CDOCO). One river is assigned to each station based on the situation and its
plume influence. Tidal influence in the ecosystem is integrated with two measures, the tidal
coefficient and the tidal range. Daily tidal range is calculated from vertical difference between
the high tides and the succeeding low tides of each day. Tides were acquired from the
WXTide32 software (Flater). Tidal coefficient is a relative measure of the daily tidal range.
This parameter enables easy identification of the neap—spring cycle, and varies between 20
(neap tide minimum) and 120 (spring tide maximum). Daily values are all the same for the
French English Channel - Atlantic coast. It is calculated by the SHOM (Service
Hydrographique et Océanographique de la Marine). When two tidal cycles coincided in one
day, their mean was used as the tidal value of that day.

Meteorological variables used in this study were daily wind velocity (m s™) and direction (°)
and daily atmospheric pressure (hPa). They were acquired from two numerical models
operated by MétéoFrance: Aladin and Ardbme (Seity et al., 2011). The Aladin model has a
space and time resolution of 15 km and 6 hours, respectively, and was used from 3" July 1997
to 11" October 2011. The Ardme model has a space and time resolution of 2.5 km and 1 hour,
respectively, and was used from 12" October 2011 to 18th November 2014. The coherence
between both models was tested with a correlation analysis. It was applied for a half-year
period, in which both models were active (between October 2011 and March 2012). Models
showed high coherence for wind and atmospheric pressure (uwind: R = 0.88; vwind: R =

0.85; atmospheric pressure: R = 0.99; n = 21 360).



Daily Sea Surface Irradiance (SSI) was derived from METEOSAT visible imagery and daily
Sea Surface Temperature (SST) was derived from the Advanced Very High Resolution
Radiometer (AVHRR, Le Borgne et al., 2006a, 2006b). The situation of the stations inside
bays or estuaries made the direct assignation of data from SSI and SST pixels difficult due to
the lack of satellite data near the coast. In order to resolve this issue, the nearest pixel with
sufficient data was assigned. SST data obtained were highly correlated with in situ water
temperature (R = 0.93, n =857, p <0.001; Guallar et al., 2015).

Time-Series (TS) of daily variables with gaps were completed with interpolated values with a
maximum of 5 days as a maximum of consecutive missing values to fill. Interpolation in
longer gaps could underestimate variability in the data when trends are not linear (Cole et al.,
2012).

2.2. Phenology analysis

For the phenology analysis, A. minutum TS were split by years and stations. They were log-
transformed (y’ = logio (y + 1)) to compensate for the large weight of the extreme values in
the analysis. To avoid incomplete or low quality TS, only those with more than eight samples
and at least one of them with a value higher than 10* cells L™ (A. minutum alert threshold
value according to REPHY) were selected. Subsequently, nine-phenology variables were
extracted (Figure 1).

The Maximum Abundance (MA) and the Day of the Maximum Abundance (DMA) were
directly obtained from the TS. To obtain the Day of the Bloom Start (DBS) and the Day of the
Bloom End (DBE), a slightly modified methodology of Rolinski et al. (2007) was applied
using the cardidates package for R. It is based on a Weibull function extended to the product
(eqg.1) to obtain a model of the bloom. Originally, it fits six parameters to obtain the model:
(a) the species abundance in the beginning of the increasing phase; (b) the inflexion point of

the increasing phase; (c) the shape parameter of the increasing phase; (d) the species



abundance at the end of the increasing phase; (e) the inflexion point of the decreasing phase
and (f) the shape parameter of the decreasing phase. In our study, due to the characteristics of
the A. minutum blooms, where the species is absent before the bloom, the parameter (a) was

fixed to denote zero abundance at the beginning of the model.

(eq.1) w(x) = (d + exp(—(x/e)f)) X (1—aexp(—(x/b)°))

Once the model is fitted, the area under the curve was measured as the integral of the daily
values. It was calculated separately before and after the DMA. To begin with, DBS denoted
the date of the 10 percentile of the area before the DMA, and DBE denoted the date of the
90™ percentile of the area after the DMA. Percentiles were determined by a trial and error
procedure and coincided with those used by Rolinski et al. (2007).

Once DBS and DBE were obtained, the derived parameters were calculated: Bloom Length
(BL), subtracting DBS from DBE; Increasing Length (IL), subtracting DBS from DMA;
Decreasing Length (DL), subtracting DMA from DBE.

The Steepness Increase (SI) was calculated with the following equation:

(eq.2) SI =log(MA/xy)/IL

where Sl is the Steepness Increase, MA is the species Maximum Abundance of the bloom, X,
is the abundance at the beginning of the bloom determined by the Weibull procedure, and IL
is the length of the increasing phase of the bloom.

The Steepness Decrease (SD) was calculated with the following equation:

(eq.3) SD =log(x,/MA)/DL

where SD is the Steepness Decrease, X is the species abundance at the end of the bloom
determined by the Weibull procedure, MA is the Maximum Abundance of the bloom, and DL

is the length of the decreasing phase of the bloom.



2.3. Phenology variables dataset

The environmental variables of the primary data set were added to the phenology variables,
only retaining the values related with the cardinal dates (DBS, DBE and DMA). Several
descriptors of the environmental variables were calculated for each cardinal date. They
include maximum, minimum, mean and weighted mean of the environmental variable for a
period of three, five or seven days before and after the cardinal date. These descriptors were
only calculated for those variables with daily data: SST, SSI, river flow, tidal range, tidal
coefficient, atmospheric pressure and wind velocity and direction.

2.4. Paralytic shellfish poisoning toxicity

When available, PSP toxicity data in shellfish were acquired from REPHY or from the
research projects. Toxin measurements were systematically carried out in shellfish when A.
minutum abundances exceeded the alert threshold of 10 000 cells L™. The official sanitary
threshold corresponds to 800 pg saxitoxin (STX) equivalents/kg shellfish. Between 400 and
800 g saxitoxin (STX) equivalents/kg shellfish contamination is considered as low. Higher
values set off the closure of the shellfish harvesting. Typically, the control stations for the A.
minutum enumeration and PSP toxicity detection are not the same and the sampling dates do
not match. In addition, the shellfish analysed were not the same in all samples. Therefore, to
minimise these inconsistencies, several PSP stations in the proximity of A. minutum stations
were selected. Subsequently, a window of three days before and after the DMA was defined.
Finally, the maximum PSP toxicity value that matched these criteria was chosen, without
taking into account the shellfish species analysed. In the final results, the PSP toxicity data
came from the analysis of five different shellfish species: Cerastoderma edule, Crassostrea

gigas, Donax trunculus, Mytilus edulis and Mytilus galloprovincialis.



2.5. Relation between A. minutum phenology and the environment

To explore the meaning of the phenology variables and try to understand the bloom dynamics
of A. minutum, all the environmental variables were tested as fixed parameters using several
types of models, including tree models, multiple linear models and log-log models. Only the
environmental data registered before the phenology variable was used to develop the models.
In the case of the MA parameter, it was included as an independent variable of the model
developed.

The variable automatic selection procedure to obtain the models was performed with the
Smoothly Clipped Absolute Deviation methodology (SCAD; Fan Jianging, 2001)
implemented in the ncvreg R package.

2.6. Threshold variable analysis

A scatterplot of the A. minutum abundances versus the environmental variables was made to
test whether they play a role in the blooms or species development. Environmental thresholds
were defined for abundance values of 10%, 10* and 10° cells L™. The first threshold was
chosen as a representation of species absence-presence, whereas the second one corresponds
to the alert threshold for this species and the latter is the definition of massive bloom in the
Water Framework Directive. In order to achieve these results, the 1% and 99™ percentile of the
constraint variable at these abundances were calculated to avoid rare values.

Consequently, thresholds for the upper and lower range values of the constraint variable were
obtained (Figure 2). The more data points in the scatter plot, the stronger the interpretation of
the threshold. This analysis was applied at a global (all available data) or regional (for each
REPHY region considered) scale.

Thresholds were obtained from several environmental variables: temperature in situ, salinity,
river flow rate, tidal coefficient, SSI, wind and pressure. For the river flow rate, a logio

transformation was applied and when all available values were used, a standardisation of the



values between 0 and 1 was also applied after the log;o transformation to minimise the
regional/local effect of the river.

2.7. Bloom development conditions

The evolution of each bloom was studied in relation to the environmental variables. In order
to do so, the variables were categorised according to a grey scale with shading lines (or colour
scale in on-line version and in supplementary information). For the variables with validated
threshold values, the same number of categories was defined as threshold values obtained,
plus one. The maximum number of categories is seven: bad, regular and good for the upper
and lower range of the variable and optimum conditions (Figure 2). For those variables for
which the threshold was not validated, four intensity categories were defined: Low, Moderate,
High and Very high. The boundaries were obtained calculating the quartiles of all available
values.

Subsequently, TS curves of A. minutum blooms with the corresponding cardinal dates were
plotted. In the same plot a five-day grid of grey scale with shading lines (or coloured scale in
on-line version or in supplementary information) rectangles for each environmental variable
was created. Each row presents 73 rectangles. For each rectangle, the five-day mean value of
the corresponding variable was calculated. Then the rectangle was coloured according to the
category it represents (threshold values or intensity scale).

Finally, the PSP toxicity was also represented. Two threshold values (400 and 800 pg
saxitoxin (STX) equivalents/kg shellfish) and three categories (no toxicity, low toxicity and
high toxicity) were defined. For each phytoplankton station only the stations nearby with
toxicity analysis were assigned. In this case, the maximum value of the 5d-week period was

chosen, independently of the shellfish species analysed.
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2.8. Data analysis

All analyses, graphical representations and models were performed with the R software (R. C.
Team, 2015) using the RStudio interface (Rs. Team, 2015).

3. Results

3.1. Time-series selection

The data used for this study were from the French English Channel - Atlantic coast.
According to the selection criteria, a total of 53 TS were obtained to study the phenology of A.
minutum blooms. They encompass 16 stations from nine different regions (or water masses)
from the REPHY sampling strategy: Rance Estuary, Morlaix Bay, Penzé Bay, Abers (Aber
Benoit and Wrac’h), Brest Bay, Douarnenez Bay, Vilaine Bay, Pen Bé Bay and Oler6n Bay
(Figure 3). All regions are partially enclosed ecosystems.

The station with the most TS was Rance Estuary (twelve TS from 1996 to 2011). Morlaix Bay
was the region with the most records, with 15 TS from three different stations: Locquenolé
(eight TS from 1991 to 2013), Pen al Lann (six TS from 1989 to 2010) and Lannuguy (one TS
from 1991). Penzé Bay presented eight TS (1989-1996). From the Abers region, two stations
were from Aber Benoit (Prat ar Coum, one TS from 1989; and Keramoal, two TS from 1995
and 1999) and one from Aber Wrac’h (Paluden, two TS from 1995 and 2013). Brest Bay
presented four different stations: Pointe du Chateau (five TS from 2009 to 2014), Le Passage
(one TS from 2014), Lanvéoc Large (one TS from 2014) and Lanvéoc (one TS from 2014).
Oléron Bay presented two TS from 1997 and 2003. Finally, Douarnenez Bay, Vilaine Bay and
Pen Bé Bay had one TS each (one TS from 2002, one TS from 2010, and one TS from 2002,
respectively).

The phenology variables of the decreasing phase from four TS were discarded due to a lack of

samples at the end of the bloom (Locquenolé from Morlaix Bay in 2013, Paluden from Abers
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region in 2013 and Le Passage and Lanveoc stations from Brest Bay in 2014; Suppl.
Information 1).

3.2. Comparison of environmental data in the nine regions

The nine regions studied have a similar seasonality for irradiance, with a maximum of around
250 W m in the middle of the year (June), and a minimum of approximately 40 W m™ in the
beginning and in the end of the year (January to December, Figure 4A). The water
temperature also has a similar seasonality, slightly lagged compared to irradiation, with a
maximum of approximately 20°C in July, and a minimum of approximately 10°C in February.
Some differences were found between regions: Oléron Bay, located in the southernmost
latitude, presents the highest water temperatures, followed by the Pen Bé Bay, the Vilaine Bay
and Rance Estuary. The Abers region presents the lowest water temperature in summer,
although it is the region with the highest water temperature in winter (Figure 4C).

River flow presents the same annual cycle for all regions with an opposite oscillation
compared with water temperature seasonality (Figure 4E). February has the maximum river
flow coinciding with the lowest water temperature, whereas the minimum river flow is in
July, coinciding with the highest water temperature. Differences were found between the
magnitudes of the river flow among regions. Vilaine River presents the highest flow rate,
which influences Vilaine Bay and Pen Bé Bay; followed by the Charente River, in Oléron
Bay. Following, in descending order, are the Penzé (Penzé Bay), Queffleuth (Morlaix Bay),
Mignonne (Brest Bay) and Rance (Rance Estuary) rivers. Finally, the lowest flow rate is from
the Aber Benoit River in the Abers region. No river is assigned to the Douarnenez Bay.

The magnitude of the tidal range is different between regions (Figure 4B). Rance Estuary has
the highest variation (from two to 13 metres) compared to the other regions. The lowest tidal
ranges correspond to the regions of Pen Bé Bay and Vilaine Bay (between two and six

metres). The remaining regions present tidal ranges between two and seven metres.
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Relative to wind velocity distribution, Morlaix Bay presents the highest value dispersion
followed by Penzé Bay, Oléron Bay, the Abers region, Pen Bé Bay, Vilaine Bay, Brest Bay,
Douarnenez Bay and Rance Estuary (Figure 4D). All the regions present many possible
outliers in the upper range values. In general, wind velocities are lower in summer and higher
in winter (data not shown).

According to the salinity boxplot (Figure 4F), Douarnenez Bay is the region with the lowest
variability and the least influenced by freshwater inputs. Penzé Bay, in contrast, presents the
widest dispersion of salinity values, without taking into account the possible outliers, meaning
that it is highly influenced by freshwater inputs. All regions present possible outliers mainly
in the low salinity values.

Nutrient data shows high variability between regions (Figure 4G and H). Penzé Bay has in
general a high range of values in phosphate and inorganic nitrogen. Rance Estuary also
presents a high range of values for phosphate but low range values for inorganic nitrogen.
Contrary, the Abers region has a high concentration range for inorganic nitrogen but a
moderate range of values for phosphate concentration. Next, Morlaix Bay and Brest Bay have
a moderate range of concentration for phosphate and inorganic nitrogen and, finally,
Douarnenez Bay has the lowest range values for nutrient concentrations. Nutrient data for
Vilaine Bay, Pen Bé Bay and Oléron Bay do not exist.

Atmospheric pressure does not present seasonal peculiarities or differences between regions
(data not shown).

3.3. Phenology parameters

Figure 5 shows a summary of the phenology parameters obtained (See Suppl. Figure 1 for a

graphical representation of the 53 TS analysed).
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The highest MA of A. minutum in the TS studied was 7.98-10° cells L™. It was in Penzé Bay
in 1994. The lowest MA was 1.02-10* cells L™ in 1994 in Pen al Lann (Morlaix Bay). The
middle half distribution of this parameter was between 2.6-10° cells L™ and 4.9-10° cells L™.
The mean BL of this study was 76.5 days and its middle half distribution was between 51
days and 102 days. The TS of Pointe du Chateau (Brest Bay) in 2014 is a possible outlier with
a BL of 181days. The mean IL was 40.5 days and its middle half distribution was between 23
days and 54 days. The mean DL was 36.6 days and its middle half distribution was between
20 days and 52 days.

The middle half distribution of the DBS was between the 135" day of the year (15" May) and
the 167™ (16" June). The middle half distribution of the DMA was between the 178" day of
the year (26" June) and the 203" (22" July). The TS of Paluden (Abers region) in 2013 is a
possible outlier for this phenology parameter with a value of 245 (2" September). The middle
half distribution of the DBE was between the 211™ day of the year (30" July) and the 241°"
(29™ August). The TS of Oléron Bay in 1997 is a possible outlier in the lower range values of
this phenology parameter with a value of 163 (12" June).

The middle half distribution of the SI parameter was between 0.18 days™ and 0.39 days™.
Five values with SI > 0.71 days™ were possible outliers. They were from Rance Estuary in
1996 (1.33 days™), Locquenolé (Morlaix Bay) in 1995 (0.81 days™), Penzé Bay in 1996 (2.32
days™), Pen Bé Bay in 2002 (2.14 days™) and Oléron Bay in 1997 (0.78 days™). The middle
half distribution of the SD parameter was between -0.14 days™ and -0.37 days™. The TS of
Oleron Bay in 1997 is a possible outlier with a SD value of -0.79.

An inverse relation exists between Sl and IL (IL and SI, R = 0.95) as well as between SD

and DL (DL and SD, R = -0.86; Suppl. figure 2).
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3.4. Relation between A. minutum phenology and the environment

Using a multiple linear regression, the IL model obtained an accuracy of R? = 0.80 (p-value <
0.001, n = 49; Table 1, Figure 6A). The environmental variables used to perform the model
were weekly SST of the DBS, presenting the highest influence on the model with a negative
interaction; the weekly SST of the DMA, with a positive influence; and the mean river flow
three days before the DMA, with the lowest and negative influence on the IL parameter.

The weekly mean SST of the DBS is highly correlated with the mean water temperature of the
increasing phase of the bloom calculated from SST data (R = 0.87) and a similar result was
obtained changing this variable in the IL model (R? = 0.72).

Due to the relation between Sl and IL parameters, a model with the same environmental
variables but using the inverse of Sl as a dependent variable was performed. Significant
results were obtained (R* = 0.72, n = 46, p < 0.001; Table 2, Figure 6B). In addition, weekly
mean SST of the DBS is significantly correlated with the shape parameter of the increasing
phase of the Weibull function (parameter c in eq.1; R = 0.73, n =53, p < 0.001). The higher
the shape parameter, the shorter and the higher the curve produced, which is the same
relationship seen between Sl and IL.

For the MA parameter, no statistical model was obtained. According to the Sl equation (eq.
2), MA values may be obtained using Sl, IL and the species abundance at the DBS (X
parameter in eq. 2). The Sl and IL parameters were modelled in this study and the importance
of the xo parameter is minimal in determining the MA (Estrada et al., 2010). Therefore MA
values may be achieved with the model results of Sl and IL. Nevertheless, no significant
results were obtained. Better model accuracy for Sl and/or IL is needed to obtain MA by
means of equation (2).

For the decreasing phase we only found a positive relationship between the DL parameter and

the mean water temperature of the decreasing phase with a clear outlier, corresponding to the
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bloom of Oléron Bay in 2003 (including the outlier: R =0.47, n = 49, p < 0.001; excluding
the outlier: R = 0.58, n = 48, p < 0.001; Suppl. figure 3A). The same behaviour is obtained
with the inverse of SD and the mean water temperature of the decreasing phase (including the
outlier: R =-0.45, n =49, p = 0.001; excluding the outlier: R =-0.53, n =48, p < 0.001;
Suppl. figure 3B).

A significant model for the shellfish PSP toxicity concentration (logyo transformed) was
developed. The log;o transformed MA was an independent variable with a positive influence.
The other independent variable used was the minimum standardised river flow five days
before the DMA, also with a positive influence on the PSP toxicity. A multiple linear
regression was performed obtaining the following result: R? = 0.49, p-value < 0.001, n = 36
(Table 3, Figure 6C).

3.5 Threshold values

Only the environmental variables with interesting threshold results were shown, i.e.
temperature in situ, tidal coefficient, river flow and nutrients (see Suppl. figure 4 for the
representation of the environmental variables not validated by the threshold analysis). For the
temperature in situ, only the threshold values in the lower range were considered for all the
available data. The 10°-threshold value was 9.7°C, the 10*-threshold value was 14.4°C and the
10°-threshold value was 15.7°C (Figure 7A). The upper range threshold values were discarded
because of the lack of sufficient samples with high temperature in situ values. The threshold
values for the regions were similar to global threshold values.

For the tidal coefficient, only 10°-threshold values of the global study were considered. For
the lower range, the 10°-threshold value was 38 and for the upper range it was 81 (Figure 7B).
The regional threshold showed similar behaviour to the global figure and 10% and 10*-

threshold values on the lower and upper ranges present insufficient data.
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All river flows show the same pattern of influence on A. minutum abundance, with an optimal
effect when the river flow intensity is medium. Good, moderate and bad effects were achieved
when river flow decreased or increased from the optimum. This is a general effect, although
local characteristics define different threshold values from one river to another (Figure 8).
Regarding nutrients, threshold analysis was carried out in Penzé Bay. The analysis of the
other regions was discarded due to the low number or lack of data (Figure 4G and H). Only
the threshold values for the lower range were displayed. For phosphate, threshold values for
10? and 10* cells L™ were the same and very low (0.02 1M), near the minimum value
measured in the data set (0.01 uM). The 10° cells L™ threshold value is slightly higher (0.07
uM, Suppl. figure 5A). Nitrogen threshold values were 14.7 uM, 18.2 uM and 98 uM for 107
cells L™, 10* cells L™ and 10° cells L™, respectively (Suppl. figure 5B).

3.6. Bloom development conditions

Several years of three stations with interesting TS were analysed: Pen al Lann (Morlaix Bay),
Penzé Bay and Pointe du Chateau (Brest Bay).

In Pen al Lann (Figure 9), maximum abundances in the 1989 bloom (> 10* cells L) co-
occurred with optimum conditions of temperature, river flow and tidal coefficient for A.
minutum (5d-week 33-39). The first environmental variable to lose the optimum condition
was the river flow rate that decreased from optimum to good condition in 5d-week 40 which
coincided with the termination of the bloom. Subsequently, tidal coefficient also increased
from optimum to good condition in the 5d-week 41. In 1993, bloom started before and the
increasing length lasted longer than 1989 as environmental conditions were not optimal, high
river flow (regular) and irradiance remained low. The bloom started to diminish with a strong
decrease in irradiance (from very high to moderate conditions) and with a high level of tidal
coefficient. In 1994, two isolated abundances of around 100 cells L™ were enumerated before

the start of the bloom. In the increasing phase of the bloom, the optimum conditions in
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temperature and river flow rate were displaced in time and coincided later (high river flow
from bad to good and low temperature from regular to good). On week 44, MA occurred after
all parameters in optimum conditions with very-high levels of irradiance during the three 5d-
weeks (42-44). Irradiance decreased then to moderate intensity, which coincided, with bloom
decrease. Several periods of high tidal coefficient conditions seemed to decrease momentarily
the species abundance. This year, the bloom was displaced later in time and the maximum
abundance reached was lower.

In Penzé Bay (Suppl. figure 6), the five years represented show a similar pattern with MA
occurring after the first or second five-day period where the three environmental parameters
(temperature, river flow and tide) were optimal and irradiance was high or very high. This
may explain the variation of the DMA, linked to the occurrence of optimal conditions earlier
in 1990, later in 1991). The isolated count of approximately 100 cells L™ observed before the
bloom in certain years may be explained by the lack of optimal conditions for growth. Bloom
decline is accompanied by decreased river flow (good to bad conditions) and also affected by
increasing tides (becoming good). The bloom intensity (MA) varied from one year to another.
In 1991, the low MA seemed linked to non-optimal conditions and moderate irradiance that
lasted all spring.

In Pointe du Chateau (Brest Bay, Suppl. figure 7), MA occurred for optimal temperature.
2012 presents the highest MA and also high to very high river flow in spring and July. 2013
shows the lowest MA and the bloom length in 2014 was the longest of the three years.
Twenty-six out of 53 blooms analysed were considered toxic blooms (shellfish PSP content >
400 pg STX equivalents/kg shellfish) and 14 were non-toxic blooms (shellfish PSP content <
400 pg STX equivalents/kg shellfish). For the remaining 13 blooms data were either absent or
did not present PSP data during the period of maximum abundance of the bloom. In all toxic

blooms, the maximum PSP concentration was found during the period of the bloom with the
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maximum abundance of A. minutum. Only the Pointe du Chéateau station in 2014 presented
the maximum PSP concentration before the maximum abundance of the bloom, although
similar abundances to that of the maximum abundance were reached during the maximum
toxicity period.

4. Discussion

4.1. Methodology and data set

The main objective of the REPHY is not to provide big data sets for their global analysis and
some issues arose while using it for modelling phytoplankton blooms. Solid long TS are
hardly acquired due to the sampling strategy. Consequently, as phytoplankton is irregularly
distributed in space and evolves in time, it is difficult to obtain a true representation of the
bloom evolution in the ecosystem. These sampling errors may be minimised using smoothing
or curve fitting methods (Ji et al., 2010 and references therein), such as the Weibull fitting
method (Rolinski et al., 2007).

Only DBS and DBE were used from the Rolinski methodology because the low frequency
data and the low abundance values in these periods of the bloom make them vulnerable to
observational noise resulting in possible biases and poor decision (Ballabrera-Poy et al., 2003;
Behrenfeld et al., 2013; Cole et al., 2012; Maritorena and Siegel, 2005; Verbesselt et al.,
2010). In contrast, DMA and MA were obtained directly from monitoring data due to the
highest sampling frequency and amplitude of the bloom during this period. These
characteristics increase the accuracy of the metrics obtained (Ferreira et al., 2014). In
addition, MA obtained from the Weibull model was lower due to the smoothing property of
the curve fitting procedures (mean MA from Weibull model: 4.5; mean MA from raw data:
5.1).

The prior logarithmic transformation of the abundances reduced the extreme weights of the

higher values. Otherwise, they constrained the real area integration. Rolinski et al. (2007) did
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not apply a prior transformation, although they worked with chlorophyll concentration data,
with a range of one degree of magnitude. In contrast, using this method, bloom area between
0 and 100 cells L™ enlarges their weight. This problem is minimised with the percentiles
chosen for the integration of the bloom area.

In the literature, length duration phases were mainly determined by visually estimating the
cardinal dates (Anderson et al., 2012; Garcés, 2004). Others used a threshold abundance to
delimit the bloom based on a baseline (Beliaeff et al., 2001) or biomass accumulation (Greve
et al., 2005).

Finally, SI and SD were determined for the whole period of increasing and decreasing phases
of the bloom, respectively. Therefore, apart from exclusively in situ growth rates other
processes were also included (concentration or dilution, grazing, parasites infection,
encystment, germination). In the literature, they are also calculated as instantaneous rates
from high frequency sampled abundance data (Mieruch et al., 2010); although they are mainly
obtained from culture experiments (Chang and McClean, 1997; Grzebyk et al., 2003; among
others).

Typically, monitoring programmes collect environmental data at the same time as
phytoplankton data and a few studies were carried out only using the monitoring variables
(Cusack et al., 2015; Wiltshire et al., 2008). In our study, we completed REPHY monitoring
data with additional variables that we found in other datasets with different sampling
frequency. For instance, nutrient data only permit to carry out the threshold analysis for Penzé
Bay and do not allow using it to explain the phenology analysis. To complement the data set,
when possible, external sources were then acquired. Model outputs were used to obtain
meteorological or hydrographical information, as in Gonzalez-Vilas et al. (2014). Others used
in situ data from parallel monitoring programmes (Guallar et al., 2016). All of these studies

were focused at most within a unique coastal region. Here, as the stations studied encompass
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almost all the French English Channel - Atlantic coasts, external information was gathered
from in situ data, such as the river flow information; model outputs, as the meteorological or
tidal range or tidal coefficient data; or from satellite, such as the SST or SSI.

Missing data may be present in TS. Linear interpolation is a useful procedure to avoid these
gaps when they are scarce, as in Cusack et al. (2015); but longer gaps were present in coastal
data obtained from satellite. The station selection criteria used to assign external data to TS,
and in addition to select the nearest data point, included an algorithm to avoid grid points with
long gaps.

Shellfish toxin content data used was not obtained at the same station as phytoplankton
samples. In addition, the shellfish species analysed could differ depending on the shellfish
station used. A standardised procedure should recommend normalising data from different
shellfish species (Bricelj and Shumway, 1998), as did Trainer et al. (2003), and monitoring
the toxin concentration in the water at the same time and same station as phytoplankton
sampling would be preferable. As a consequence, the insufficient quality and quantity of data
did not allow us completing this analysis.

All these situations restricted the amount of available data and most likely affected the
accuracy and the precision of the metrics obtained (Ferreira et al., 2014), limited the
information used for the analysis (variables and amount of data) and restricted the cases used
in the developed models of bloom parameters.

The other methodology implemented here was the environmental threshold analysis combined
with their representation in the bloom evolution. Similar methodologies exist in the literature.
Husson et al. (2016) extracted the environmental characteristics of the niche region
corresponding to the 5% most abundant Pseudo-nitzschia spp. occurrences, but they did not
relate the values of abundance (i.e., the three threshold abundances defined herein) to

environmental characteristics. In addition, as this analysis is carried out with several
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environmental variables at the same time, data sets with missing values lost a portion of the
information in the analysis. In another study Irwin et al. (2012), used presence-absence data to
determine the realized niche of phytoplankton species for one environmental variable at a
time, but no categorisation of the environmental variables was obtained.

4.2. Dynamics of A. minutum blooms

In the present study the bloom definition is determined following the criteria established by
Smayda (1997) concerning HABS, i.e., when the species is present in the water column and
exceeds a certain cell concentration that entails harmful consequences. In the case of A.
minutum along the French coasts, the REPHY monitoring programme determined an alert
threshold of 10 cells L™.

Phenology results show a similar trend for all A. minutum blooms along the French English
Channel - Atlantic coast: only one bloom per year is measured, MA (Maximum Abundances;
Figure 1) may reach more than 10° cells L™, the bloom period extend from April to October
and the BL (Bloom Length; Figure 1) ranges from two weeks to six months.

Although the highest MA obtained in the TS studied was in the order of 10° cells L™, eight
different blooms not analysed due to absence of sufficient data but included in the primary
data set reached 10 cells L™ (maximum of 4.46 x 10" cells L™ recorded in the Penzé Bay in
1997, Suppl. figure 8). These data are in the range of the MA values found in the literature.
Examples from other regions with similar MA are Arenys de Mar harbour in the NW
Mediterranean Sea (4.7 x 10 cells L™; Garcés, 2004) or Alexandria in Egypt (2.4 x 10" cells
L' Labib and Halim, 1995). Other regions reached lower values, as in Cork Harbour
(Ireland, 1.7 x 10° cells L™; Cosgrove et al., 2014). The maximum cell concentration
registered for this species was 1.4 x 10° cells L™, measured in Cape Town harbour (South

Africa; Pitcher et al., 2007).
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The BL herein is not so different from those found elsewhere. In Galician Rias or in Cork
Harbour, blooms of less than one month are described (Bravo et al., 2010; Cosgrove et al.,
2014) and Giacobbe et al. (1996) studied an A. minutum bloom of six months in the Ganzirri
lagoon (Mediterranean Sea). The methodology applied here to detect them simplifies its
population dynamics due to the smoothing property. A detailed analysis of bloom evolution
showed some periods where rapid cell increase stopped and cell abundance diminished
temporally. This may be interpreted as an independent blooms or losses linked to a dilution of
the population by the currents (Chapelle et al., 2015; Raine, 2014; Sourisseau et al., 2017). In
addition, Dia et al. (2014) reveals high genotypic and genetic diversity in blooms of this
species, and therefore, the definition of bloom considered here may also be interpreted as a
succession or co-occurrence of blooms from different genetic populations of the same species.
Increasing Length (IL; Figure 1) and Decreasing Length (DL; Figure 1) range from 4 to 101
and from 4 to 86 days, respectively. Although it seems that blooms were symmetric, typically
they showed large differences between data pairs (mean of absolute values of differences
between both phases is 18.8 days). This suggests that the main processes involved in both
phases differ or are different in magnitude.

A window of occurrence of A. minutum blooms in the French English Channel - Atlantic
coasts could be defined. The DBS (Date of Bloom Start; Figure 1) extends from April to
August, with the DMA (Date of Maximum Abundance; Figure 1) of the bloom between May
and September, and a DBE (Date of Bloom End; Figure 1) between June and October. A
similar but more restricted window of occurrence is defined in Cork Harbour expanding from
June to the end of September and peaking in June-July (Cosgrove, 2014; Cosgrove et al.,
2014). These cardinal dates are significantly different in the Mediterranean Sea. For example,

in Arenys de Mar (Catalan coast) and in Syracusa (Sicily) two recurrent blooms of A.
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minutum per year take place from winter to spring and in summer (Mediterranean Sea; Vila et
al., 2005).

Maximum Sl (Steepness Increase; Figure 1) and minimum SD (Steepness Decrease; Figure 1)
values measured in the present study were 2.32 d* and -0.79 d™, respectively. The highest
value found in the literature for Sl was 1.3 d™, measured with the diffusion cages method by
Garcés et al. (1998) in Arenys de Mar harbour; and for SD was -0.84 d™, calculated with the
dilution method (Calbet et al., 2003) in the same location. Several Sl and one SD values
obtained here are higher than or have the same magnitude as those, respectively. The extreme
values measured here also presented the shortest IL (between 4 and 9 days) and DL (4 days)
of the study, respectively. They are the result of two consecutive samples with the values 0
and more than 10* cells L™ for the Sl cases, or with the values more than 10 cells L™ and 0
cells L™ for the SD case. Most likely, an inaccuracy inherent in the sampling and/or counting
procedure induced these extreme values, due to advection processes or vertical migrations that
moved the bloom in the vicinity of the sampling point. Furthermore, the values calculated
with in situ abundances include other processes than growth rate. Moreover, the values found
in the literature are mainly in situ growth rates resulting from culture experiments in the
laboratory, where the forced growth conditions are far from those under which toxic blooms
occur naturally (Cembella et al., 1988; Grzebyk et al., 2003; Ralston et al., 2014). As an
example, Labry et al. (2008) measured in situ growth rates between 0.28 d* and 0.71 d™ in
culture experiments with an A. minutum strain isolated from Morlaix Bay.

A high inversed relationship is detected between the parameters IL and SI and between DL
and SD. To our knowledge, these links have never been addressed before, considering that no
study had previously focused on such a detailed description of the A. minutum bloom

phenology.
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4.3. Alexandrium minutum blooms and environmental control

Bloom initiation

In the French English Channel — Atlantic coast, no A. minutum cells are observed in winter
due to a lack of adequate conditions, as was the case in Cork Harbour (Cosgrove et al., 2014).
In contrast, in Arenys de Mar harbour a continuous development of vegetative cells may exist
throughout the year (Bravo et al., 2008). Bloom initiation may be due to offshore import of
vegetative cells, as is the case for A. fundyense in the western Gulf of Maine (Anderson et al.,
2005; McGillicuddy et al., 2003) or cyst germination. In the French English Channel —
Atlantic coast, A. minutum only develops blooms inside the estuaries and, according to Dia et
al. (2014), these ecosystems are partially isolated during bloom events. Most probably, in the
ecosystems studied bloom initiation requires excystment, as also suggested by Probert (1999)
in the Penzé and Abers regions. The presence of cysts in sediments has been described in
most of the sites studied here (Erard-Le Denn, 1997; Klouch et al., 2016).

To excyst, A. minutum cells need a mandatory period of maturation or cyst dormancy.
According to Ni Rathaille and Raine (2011) this process presents seasonal influences and is
variable in time (at least from one to three months; Figueroa et al., 2007). Temperature,
oxygen and light are factors that may influence excystment (Anderson et al., 2012; Ni
Rathaille and Raine, 2011). Once cells excyst, they should encounter the appropriate
conditions for development. On several occasions, low abundances (ca. 10%-10° cells L™)
were observed several weeks prior to bloom (i.e.: Figure 9C and Suppl. Figure 5B-E). Most
likely, although excystment occurs, water column conditions may not be appropriate for their
development. This indicates that a period of continuous inoculation of vegetative cells in the
water column exists and those cells that meet the right conditions, may reach the exponential
phase and develop a bloom. Cosgrove et al. (2014) showed that bloom intensity is not

dependant on cyst abundance in Cork estuary.
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In the literature, temperature and dilution rate are the main variables used to model the DBS.
Ralston et al. (2014) used the degree-day approach to model the bloom initiation of A.
fundyense in the Nauset estuary, i.e., the accumulation of a certain temperature above a
threshold. Additionally, in Cork Harbour, the initiation of the bloom occurs after the first
large spring tide in June when water column temperatures are mainly above 15°C (Cosgrove
et al., 2014). A numerical modelling study carried out with blooms from three consecutive
years of Brest Bay highlight the importance of the water column temperature and the dilution
rate to determine the bloom initiation (Sourisseau et al., 2017). In the present study, no
significant model has been obtained for the DBS but the threshold analysis showed that A.
minutum needs certain water column temperature and river flow characteristics (as a proxy of
dilution rate, Raine, 2014) to bloom.

Similar to Cork Harbour, A. minutum develops blooms (over the alert threshold) when in situ
temperature is higher than 14.4°C (Figure 7). This value is reached differently in time
depending on the region (from SST data: mid-May in Olerén Bay to mid-July in Abers
region; Figure 4C) and this may explain the large time-span of the DBS. For instance, the
Abers region, with the coldest water in summer, presents the last DBS in this study,
comparable to DBS of Cork Harbour, with similar temperature conditions (Cosgrove et al.,
2014).

In all regions studied, the window period of DBS coincides with the decreasing of the river
flow (Figure 4E) and the threshold analysis determines a maximum value in the upper range
linked to a dilution effect that allows the development of bloom abundance levels (Figure 8).
The maximum value is region-dependent and thus most likely renders the development of a

general model for the DBS difficult in this study.
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Bloom development

In a semi-enclosed area where A. minutum develops, abundance increases only if the in situ
growth rate exceeds the mortality and/or the flushing rate (Raine, 2014). Hydrodynamic
currents created by tide, wind and river flow locally determine the flushing rate, thereby
influencing bloom development (Anderson et al., 2012; Cugier and Le Hir, 2002; Laanaia et
al., 2013; Raine, 2014; Sourisseau et al., 2017). In this study, the dilution effect resulting from
high tides is significant (Figure 7B), affecting bloom abundances (i.e.: 5day-week 35 in
Figure 9B or several times in Suppl. figure 7B). High river flows also show a negative effect
on bloom abundances by promoting their dilution as commented before (Figures 8 and 9 in
Morlaix Bay). Wind also affects bloom development. For instance, in Oléron in 2003 a period
of five days with strong winds from the West apparently reduces cell concentration (daily
average of 5 ms™ and a maximum daily mean of 11.5 ms™ on 5d-week 37, Suppl. figure 9).
The thermal or haline stratification of the water column and therefore its stability is also a key
factor according to many studies and most likely determines the presence of the species
mainly in estuaries or enclosed ecosystems (Anderson, 1998). The swimming behaviour of
this species is an advantage to migrate between water layers to avoid predation and to search
for nutrient rich water layers in stratified ecosystems (Wells et al., 2015). In this study, no
stratification was observed mainly due to the high tidal range measured in the estuaries
(Figure 4B). In addition, the abundance data used in the analysis comes from surface samples
and the sampling frequency is lower than the tidal cycles, therefore the results obtained with
them are not influenced by the stratification of the water column. This situation is similar in
the Cork Harbour ecosystem (Raine, 2014). Contrary, in other ecosystems, as in the
Mediterranean Sea, where the tidal range is practically absent (Vila et al., 2005, Giacobbe et

al., 1996), the swimming advantage of A. minutum species is likely to be important.
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Factors that affect in situ growth rate are: nutrients, irradiance and temperature. Nutrient
thresholds found for nitrate plus nitrite were high (18.2 uM for the alert threshold and 98 uM
for the 10° cells L™ threshold) but nitrate plus nitrite concentrations in Penzé Bay are very
high (mean 166 pM, Figure 4H). Phosphate threshold values (i.e.: 0.07 uM for the threshold
abundance of 10° cells L) are lower than mean phosphate concentration (0.93 uM, Figure
4G). Therefore, nutrients probably do not limit the bloom development in this ecosystem.
Similar conclusions were obtained in Maguer et al. (2004) in the same region, where nitrate
was described as the key nutrient to sustain the 107 cells L™ bloom analysed.

In a general way, nutrient influence is derived from the river flow, a proxy of nutrient supply
to estuaries (Romero et al., 2013). In this case the focus is on the lower range values. During
bloom development, river flow decreases and as the threshold analysis shows, lower values
limit cell concentration (Figure 8, i.e. Penzé, Suppl. figure 6). In fact, the positive effect of
river flow at the DMA in the SI model may be interpreted as a nutrient limitation. In the same
way, the plateau zone in the period surrounding the DMA seen in the biggest blooms is likely
a consequence that the bloom has reached the carrying capacity of the ecosystem due to a
possible nutrient limitation (i.e.: Suppl. figure 7; Chapelle et al., 2015).

Irradiance also positively affects the growth of A. minutum (Chang and McClean, 1997). In
general, it is not a limiting factor in our study (Suppl. figure 4B), but a diminution of
irradiance coincides with an abundance decrease in some cases (i.e.: 5d-week 40 in Figure
9B). This general result is confirmed by a detailed analysis conducted in the Bay of Brest by
Sourisseau et al. (2017).

Temperature is a key variable for the in situ growth rate. Several studies conducted in the
laboratory confirm this strong relationship (Figueroa et al., 2007; Lim et al., 2006), which is
also found in field studies that define temperature windows suitable for bloom development

(Bravo et al., 2008; Chapelle et al., 2015; Delgado et al., 1990; Giacobbe et al., 1996; Raine,
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2014; Sourisseau et al., 2017). Ralston et al. (2014) state that due to the hydrographic and
chemical characteristics of the Nauset estuary, temperature mainly determines the key
moments of A. fundyense blooms.

According to the models developed in this study, temperature is also the most important factor
affecting the increasing phase. Nevertheless, its influence depends on the period retained and
the phenology parameter analysed. The positive influence of temperature at the DBS (or the
mean temperature during the increasing phase) in Sl is consistent with studies and
observations that A. minutum blooms grow faster in higher temperatures. At the same time,
higher temperature at the DBS (or higher mean temperature during the increasing phase)
shortens the IL. This is also seen in laboratory experiments carried out with monoclonal A.
catenella cultures where temperature seems to control the length of the IL (Navarro et al.,
2006).

Here, temperature seems also linked to a process related to the shift between bloom increase
and bloom decrease, and therefore to the beginning of the bloom termination. The induction
of sexuality and cyst formation may be a process responsible for the finalisation of the
increasing phase mediated by the temperature. The strong relationship between growth and
cyst formation rates and temperature is seen in culture experiments for this species (Probert,
1999). In A. tamarense, both processes present an unimodal behaviour related to temperature
and peaked at the same temperature value, but the ratio between cyst production rate and
growth rate is not constant and it depends on the temperature (Figure 2 in Anderson et al.,
1984). A possible hypothesis is that the shift between bloom increase and bloom decrease is
an equilibrium between the processes of growth rate and sexuality induction both influenced
by the temperature. This could also be the reason for the counter effect of the temperature at
the DMA in IL or SI models. As the temperature value is on the other side of the unimodal

shape relationship, it shows an opposite effect. It is important to mention that the temperature
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at the DMA is different among the blooms studied and remains to be elucidated. A reason
could be the existence of different growth rate adaptations to temperature depending on the
strain, as seen in Asterionella formosa (Gsell et al., 2012).

New field surveys should be conducted in order to determine whether this is one of the
mechanisms driving the shape of blooms. They should determine the sexual transitions
between increasing and decreasing phases taking into account the temperature values to test
whether this variable drives the equilibrium between both processes. Also it would be
interesting to determine whether the threshold temperature responsible for the equilibrium
between sexuality induction and growth rate is site-adapted, strain-dependent or even related
to excystment. This would explain the importance of the temperature at the DBS in
determining the IL and the S, as it would be linked to the characteristics of the population
excysted and responsible for developing the bloom.

Bloom termination

The dissipation of blooms may be the result of several processes. The carrying capacity of the
ecosystem is one of the causes of bloom termination. The nutrient limitation may be due to
competition with other phytoplankton species (Chambouvet et al., 2008; Guisande et al.,
2002; Ignatiades et al., 2007; Laanaia et al., 2013; Labry et al., 2008) as highlighted by
Sourisseau et al. (2017) in Brest Bay; as well as to the lower nutrient supply from rivers
(Maguer et al., 2004).

Predation (Calbet et al., 2003) or parasitism (Chambouvet et al., 2008) may also be invoked
although they are not addressed here due to a lack of data. Calbet et al. (2003) suggest grazing
by microzooplancton may be important in controlling A. minutum blooms in Arenys de Mar
harbour but predators not previously exposed to A. minutum cells were used in the
experiments, which is known to alter feeding behaviour (Da Costa and Fernandez, 2002,

Guisande et al., 2002). In the same study, mesozooplankton is experimentally discarded to
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have an effect on A. minutum blooms. Probert (1999) conclude grazing unlikely to
substantially contribute to the decline of A. minutum blooms surveyed in the Penzé and Abers
regions. In that study the tintinnid Fabella ehrenbergii apparently did not react within the
period of bloom meaning that the relative grazing impact was lowest at the time of the peaks
in A. minutum population density (Probert 1999). In other studies, however, the tintinnid
Fabella spp. contribute to the bloom termination of other Alexandrium species (Sorokin et al.,
1996, Jeong et al., 2010).

The sexuality induction is another process responsible for bloom termination in Alexandrium
species. Its importance is variable depending on the study. Some authors maintain that it is not
the main factor (Estrada et al., 2010; Garcés, 2004) and others suggest that a high percentage
of the vegetative cells undergo sexual reproduction and mainly contribute to the finalisation of
the bloom (Anderson, 1998; Brosnahan et al., 2015; Probert, 1999; Velo-Suérez et al., 2013).
As described before, this hypothesis agrees with the temperature influences on the IL
parameter. Similarly, the relationship seen between temperature and DL or SD could also be
related with the sexuality induction process. Probert (1999) also suggest that nutrient
limitation induces sexual reproduction although others claimed that sexual induction is also
seen when no limitations are observed (Figueroa et al., 2011; Garcés, 2004).

4.4. Toxicity in A. minutum blooms

Typically, the study of the toxin production and its dynamics were carried out in controlled
culture experiments. In the present study, the toxicity data used were from the shellfish toxin
content. Therefore, the processes involved in their analysis comprise (1) the PSP production
by A. minutum, (2) its transfer mechanisms to shellfish and (3) its kinetics of accumulation
and depuration in the shellfish.

The model developed here linked shellfish toxin content with A. minutum maximum

abundance. Previous investigations have shown the increasing cellular toxin content toward
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the end of the growth phase or in the early stationary phase of A. minutum (Grzebyk et al.,
2003; Touzet et al., 2008). Therefore, maximum toxicity in shellfish will coincide with the
period of maximum cell concentration in the water column and maximum concentration of
toxins within the cells. In the bloom measured in Pointe du Chateau in 2014 (Suppl. figure
7C) the maximum toxicity was reached before the peak, but it was already the end of the
exponential phase and during the stationary phase of the bloom.

According to culture experiments, high N:P ratios and low concentration of phosphate also
enhance the toxin cellular content (Guisande et al., 2002; Lim et al., 2010; among others). The
positive influence of the river flow during the MA in the model of the shellfish toxicity could
be a proxy for the nutrient modulation of the toxin production described. River flows are the
main source of nutrients in the coastal ecosystems, as seen for example in Brest Bay (Tréguer
et al., 2014); and the season with the decreasing tendency in the flow rates coincides with the
period of the bloom MA. Consequently, when bloom nutrient demand is higher, nutrient
supply may decrease. In addition, Brittany estuaries usually present N:P ratios ranging from
65 in summer to >300 in winter (Guillaud and Bouriel, 2007; Maguer et al., 2004) that can be
generalised for all the French English Channel - Atlantic estuaries (Lefebvre et al., 2011,
Romero et al., 2013). Therefore, not only nutrient concentration decrease but also N:P ratio is
high during the MA of the bloom.

Other factors may be evocated to modulate toxin production but they are not shown by this
analysis. Regarding salinity, a decrease in this variable also increases toxin production in
some studies (Grzebyk et al., 2003; Hwang and Lu, 2000), but an experiment conducted with
an A. minutum strain in Morlaix Bay showed that toxin production is stable for salinities
between 30 and 37 (Grzebyk et al., 2003), a range similar to salinity values of our study.
Finally, Lim et al. (2006) show that high temperatures also enhance toxin production in A.

minutum. Nevertheless, this effect may be absent or masked by others in the data analysed.
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Toxicity in the shellfish will increase as the flux of toxic cells into its surroundings is
enhanced. Therefore, processes like currents (generated by tide or rover flow) that lead to
cells transport to the shellfish areas will enhance shellfish toxicity (Cugier and Le Hir, 2002;
Raine, 2014). This is nevertheless a local effect.

Differences between the rates of PSP toxin accumulation and depuration can reach up to 100-
fold depending on the shellfish species analysed. Moreover, the lag time observed between
the maximum density of toxic phytoplankton and the maximum shellfish toxicities is also a
function of the shellfish analysed (Bricelj and Shumway, 1998 and references therein). In our
study, these characteristics do not seem to mask the relationship found here between the
shellfish toxicity and the A. minutum abundance. Nevertheless, the relatively low accuracy
achieved by this model would be enhanced using the same shellfish species.

5. Conclusions

This study provides the first detailed description of the A. minutum blooms in the French
English Channel - Atlantic coast using a comprehensive data set covering more than 25 years.
The phenology of A. minutum blooms and its population dynamic were linked to
environmental characteristics. Their effect on the species could be global, such as
temperature; or global but with local characteristics that define the thresholds, as river flow.
In addition, environmental variables may influence species in two different ways. River flow
is a nutrient source favouring growth, but also promotes a population dilution effect; and
temperature increase growth rate but also sexual induction. The final overall influence will
depend on the magnitude of the variable. Therefore, in global studies local characteristics may
also be taken into consideration because they define which, and how, these characteristics
mainly influence the bloom events.

In addition, toxicity was also studied highlighting the link with the bloom maximum and the

river flow.
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This study highlights the importance of the monitoring programs to understand the
phytoplankton dynamics and their relation with the ecosystem, particularly for HABs. They
should include direct measurements instead of using proxies like nutrient concentration or A.
minutum life cycle. The results obtained provide useful information for risk management and
can help to improve the monitoring surveillance strategy. Direct practical implications include
the special attention to A. minutum events in relation with the temperature in the Bay of Brest
or focus more efforts on the key phases of the bloom dynamics.
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Figures

Figure 1. Representation of the phenology variables. DBS, Date of Bloom Start; X,
abundance at DBS; S, Steepness Increase; IL, Increasing Length; BL, Bloom Length; MA,
Maximum Abundance; DMA, Date of the Maximum Abundance; SD, Steepness Decrease;

DL, Decreasing Length; DBE, Date of the Bloom End; and x., abundance at the DBE.
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Figure 2. Scatter plot between a theoretical variable and fictitious log;o transformed
abundances of A. minutum with the results of the threshold analysis. The horizontal lines
represent the abundances where the threshold values are defined (102, 10* and 10° cells L,
dashed, dash dotted and solid lines, respectively). The values annotated on the horizontal lines
correspond to the validated thresholds. Vertical lines represent the validated thresholds with
the same line type as A. minutum abundance thresholds. The grey area with shading lines (or
coloured area in on-line version) highlights the variable range in which the threshold
abundance of A. minutum is detected and the grey intensity and the inclination of the shading

lines (or the colour in the on-line version) define the corresponding threshold category.
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Figure 3. Regions and stations included in the phenology study of A. minutum.
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Figure 4. Seasonality of (A) irradiance, (C) water temperature and (E) river flow for the nine
regions studied, calculated from 1989 to 2014. Boxplot for (B) daily tidal range, (D) wind
velocity, (F) salinity, (G) phosphate and (H) nitrate plus nitrite for the same regions. In
boxplot, horizontal bars represent the median (second quartile); the end boxes are the first and
third quartile; and the dotted line is a measure of the statistical dispersion of the data,
calculated as 1.58 times the interquartile distance. Points beyond dotted lines are possible
outliers. In (G) and (H), outliers are not plotted and the width of the bars are proportional to

the data available.
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Figure 5. Summary of the phenology variables. In boxplot, horizontal bars represent the
median (second quartile); the end boxes are the first and third quartile delimiting the middle
half distribution of the variable; and the dotted line is a measure of the statistical dispersion of
the data, calculated as 1.58 times the interquartile distance. Points beyond dotted lines are
possible outliers. Acronyms: MA, Maximum Abundance; BL, Bloom Length; IL, Increasing
Length; DL, Decreasing Length; DBS, Date of Bloom Start; DMA, Date of Maximum

Abundance; DBE, Date of Bloom End; SI, Steepness Increase; SD, Steepness Decrease.
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Figure 6. Model results for (A) Increasing Length, (B) Steepness Increase using weekly mean

of the DBS instead of mean water temperature of the increasing phase of the bloom (see text),

and (C) PSP toxicity.
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Figure 7. Threshold values for (A) Temperature and (B) Tidal coefficient using the available

data.
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Figure 8. Threshold values for river flow using (A) Rance Estuary, (B) Morlaix Bay, (C)

Penzé Bay and (D) Abers region data.
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Figure 9. Representation of bloom, environmental variables evolution, phenology and
threshold analysis in (A) 1989, (B) 1993 and (C) 1994 in Pen al Lann (Morlaix Bay). Grey
scale with shading lines (or colour scale in the on-line version) represents environmental
variable thresholds, grey scale represents environmental variable intensity and shaded

rectangles represent PSP toxicity levels.
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Tables

Table 1. Summary of the Increasing Length (IL) model.

Estimate Std. error p-value

Intercept 50.88 20.67 0.018
SST weekly mean of the DBS -11.56 0.96 <0.001
SST weekly mean of the DMA 9.25 1.32 <0.001

Mean. std. logsg river flow 3days before DMA  -29.49 10.55 0.008

Table 2. Summary of the inverse of the Steepness Increase (SI) model.

Estimate Std. error p-value

Intercept 4.72 2.83 0.103
SST weekly mean of the DBS -1.23 0.13 <0.001
SST weekly mean of the DMA 1.06 0.18 <0.001

Mean. std. logso river flow 3days before DMA  -4.02 1.44 0.008

Table 3. Summary of the PSP toxin concentration model.

Estimate Std. error p-value
Intercept 1.59 0.35 <0.001
Logso transformed MA 0.20 0.07 0.005
Min. std. river flow 5days before DMA  11.19 3.48 0.003




Supplementary information

Supplementary figure 1. Results of the fitted Weibull function for the 53 TS. Blue
circles show the logo transformed A. minutum abundances, black lines represent the
fitted Weibull function and red points are the cardinal dates (Day of the Bloom Start -
DBS, Day of the Maximum Abundance - DMA, and Day of the Bloom End - DBE).
Cross diamonds mark TS in which the decreasing phase parameters were discarded due

to insufficient data.
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Supplementary figure 2. Relationship between phenology parameters: (A) Steepness

Increase (SI, bullets) or inverse of SI (circles) vs. Increasing Length (IL), (B) Steepness

Decrease (SD, bullets) or inverse of SD (circles) vs. Decreasing Length (DL).
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Supplementary figure 3. Scatterplot between mean water column temperature of the
decreasing phase and (A) the length of the decreasing phase or (B) the steepness of the
decreasing phase. The outlier corresponds to the TS of Oléron in 2003 in which a

sustained strong wind abruptly stops the bloom.
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Supplementary figure 4. Threshold analysis performed with all available data for (A)

salinity, (B) irradiance, (C) wind velocity and (D) pressure, not used in this study.

Salinity and irradiance analysis apparently showed no marked influence in the

abundance data in the studied range. Wind velocity was discarded because this variable

is site-dependent and there is no sense to use global threshold values. In addition, no

significant results were obtained for regional threshold analysis for this variable.

Pressure threshold values were discarded because this variable is a proxy of weather

conditions, already analysed.
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Supplementary figure 5. Threshold values for (A) Phosphate and (B) Nitrate plus

Nitrite for the Penz¢ Bay.
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Supplementary figure 6. Representation of bloom, environmental variables evolution,
phenology parameters and threshold analysis in (A) 1990, (B) 1991, (C) 1993, (D) 1994
and (E) 1995 at Penz¢é Bay. Colour scale represents environmental variables threshold
values, grey scale represents environmental variable intensity and shaded rectangles

represent PSP toxicity levels.
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Supplementary figure 7. Representation of bloom, environmental variables evolution,
phenology parameters and threshold analysis in (A) 2012, (B) 2013 and (C) 2014 at
Pointe du Chateau (Brest Bay). Colour scale represents environmental variables
threshold values, grey scale represents environmental variable intensity and shaded

rectangles represent PSP toxicity levels.
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Supplementary figure 8. Maximum abundance per year for the regions studied. Each
region includes the maximum abundance per year from the primary data set and from
each TS studied. Triangles and circles correspond to years included and non-included in
the phenology analysis, respectively. White, light grey, dark grey and black fillings
represent TS without toxicity data, no toxicity (<400 pg saxitoxin equivalents/kg
shellfish), low toxicity (=400 pg saxitoxin equivalents/kg shellfish) and high toxicity

(=800 pg saxitoxin equivalents/kg shellfish), respectively.
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Supplementary figure 9. Representation of bloom, environmental variables evolution,
phenology parameters and threshold analysis in 2003 at Oléron. Colour scale represents
environmental variables threshold values, grey scale represents environmental variables
intensity and shaded rectangles represent PSP toxicity levels. In Sdays-week number 37

a period of strong winds coincide with the end of the bloom.
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