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Introduction

1.1 Phytoplankton in the global ocean

1.1.1 The ecological role of phytoplankton: from primary production to the
marine food chain

Although the oceans cover 70% of the Earth's surface, our knowledge of biodiversity patterns
in marine phytoplankton is very limited compared to plants in the terrestrial world (Irigoien et
al., 2004).

The term "plankton™ originated in Homer's Odyssey, where it was used to describe the animals
that "wandered" (from the ancient Greek plankt6s) on the surface of the sea. Phytoplankton
refers to all plant micro-organisms (from the ancient Greek phyton) living in suspension in the
euphotic zone of oceans and aquatic environments and drifting with the currents, whether or

not they are motile.

Phytoplankton are eukaryotic and prokaryotic photoautotrophic micro-organisms, i.e. capable
of photosynthesis and producing organic matter and oxygen from water, carbon dioxide and
light energy. Phytoplankton are capable of capturing light energy through their pigments
(structural or acquired through symbiosis or kleptoplastid processes) and transforming this
energy into chemical energy needed to synthesise their own organic matter, thereby performing
photosynthesis. This bioenergetic process requires the input of light energy and water to reduce
inorganic carbon (CO) and form the organic matter they need for their metabolism, as well as
inorganic nutrients to manufacture the elements they need for growth. Moreover,
photosynthesis also causes phytoplankton to act as a sink for inorganic carbon, since it is
capable of sequestering this carbon.

As a result, phytoplankton account for around 45% of the Earth's net primary production
(Falkowski, 1994; Falkowski et al., 1998; Gregg et al., 2003) and more than 75% of the primary
production of the oceans (Falkowski et al., 2004) but only 1% of the Earth's biomass (Falkowski
et al., 2003; Gregg et al., 2003).

In addition to producing a considerable quantity of oxygen required for the respiration process

of other organisms, phytoplankton are also involved in numerous biogeochemical cycles: the
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Chapter 1- Introduction

carbon, oxygen, nitrogen, phosphorus, silicon and calcium cycles (Falkowski, 1994; Falkowski
etal., 1998; Gregg et al., 2003). These roles allow phytoplankton to occupy an important place
in ecosystems as the basis of most marine food webs. Indeed, over 99% of organisms are linked
directly or indirectly to phytoplankton as a source of food. It enables organic matter to be
exported to higher levels via predation. This predation pressure affects the growth, cellular
processes and composition of phytoplankton communities (Lampert et al., 1986;
Rassoulzadegan et al., 1988). This interaction is referred to as 'top-down’ control. However,
food webs are not linear and are the result of complex interactions between organisms (food

webs that also include parasitism).

Phytoplankton are also involved in the microbial loop (fig. 1). The term was coined in 1983 by
Azam et al.. Since then, it has become an essential part of the vocabulary of biological
oceanography. The article summarized and linked a series of discoveries made over the
previous decade by several marine biologists. First, it was shown that the classical view of the
structure of marine plankton communities, as presented by Steele (1976) for example, was
incomplete and oversimplified. Although the existence of minuscule phototrophs, bacteria and
heterotrophic protists in the marine water column had long been recognised, most biological
oceanographers thought that what really mattered in the water column’s carbon cycle was just
the production of large phytoplankton (in particular diatoms and dinoflagellates), which served
as food for zooplankton (mainly copepods) which in turn served as food for small fish (Fenchel,
2008).

Later, with the development of new tools for observing microorganisms, such as the
epifluorescence microscope or the scanning electron microscope (Hobbie et al., 1977) it was
recognised that bacteria play a substantial role comparable to primary producers in terms of the
cycling of elements in the water column (Kirchman et al., 1982). This simplistic basic model
has gradually been modified, and the microbial food web has become a fundamental element

in our understanding of how marine food webs function.
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Fig. 1: Representation of the microbial food web taken from Buchan et al., 2014. (1) Photosynthesis;
(2) release of dissolved organic matter (DOM) and particulate organic matter (POM); (3) consumption
of phytoplankton by zooplankton; (4) mineralisation and recycling of organic matter in the microbial
loop; (5) microbial carbon pump; (6) biological pump: export of particulate organic matter from the
surface to the deep layers and (7) viral contamination, which allows the release of dissolved and
particulate matter during cell lysis of phytoplankton and bacteria.

As figure 1 illustrates, starting from the role of phytoplankton described above, it produces
dissolved organic matter (including: DOM = dissolved organic carbon (DOC) + dissolved
organic nitrogen (DON) + dissolved organic phosphate (DOP)) and particulate organic matter
(POM = particulate organic carbon (POC) + particulate organic nitrogen (PON) + particulate
organic phosphate (POP)) which is made available via excretion and also via cell lysis, for
example.

The organic matter produced in this way can be used to produce bacterial biomass, which is
recovered by the microbial food web and transported to higher trophic levels ("microbial loop™
for the recovery of detrital organic matter). The result of these reactions is organic carbon

available to the food web and, at the same time, inorganic carbon, which is once again available
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to phytoplankton and can find its way back into the atmosphere. The degradation of DOM and
POM by heterotrophic prokaryotes will also lead to the remineralisation of nutrients in
inorganic forms, which can be used again by phytoplankton in regenerated primary production.
This regenerated production should be contrasted with new production, which corresponds to
the use of nutrient salts produced by the remineralisation of nutrients in the deep layers and
brought to the surface. This new production also corresponds to the supply of nutrients of
continental origin. The nutrients feeding the new and regenerated production (including that
from continental inputs, whether anthropogenic or not) exert a bottom-up control, since they

regulate the metabolic parameters of the phytoplankton.

1.1.2 A wide range of sizes and shapes

Phytoplankton is an extremely diverse set of microorganisms spanning more than 7 orders of
magnitude in cell volume (Beardall et al., 2009) and an enormous range of cell morphologies,
bio(geo)chemical functions, elemental requirements and trophic strategies (Dutkiewicz et al.,
2020). Depending on the research questions and the degree of specificity required, different

approaches can be used to classify and study phytoplankton.

The simplest classification of phytoplankton is to split them into size classes since it does not
require any expertise in the classification or identification of phytoplankton. The division is as
follow: picophytoplankton (0.2 - 2 um), nanophytoplankton (2 - 20 um), microphytoplankton
(20 - 200 pm) and mesophytoplankton (2 - 20 mm).

Among these groups, phytoplankton encompasses a great diversity of organisms, it being
estimated that there are more than 70,000 marine and freshwater species (Guiry, 2012). These
species are grouped into different taxonomic groups.

Over the last few decades, the tree of life has been radically redesigned several times on the
basis of data derived from improved microscopic techniques and molecular phylogenies (Simon
etal., 2009). Even more recently, the evidence in support of the tree has shifted from a synthesis
of molecular phylogenetics and biological characters to a purely molecular phylogenetics
(reviewed in Burki et al., 2020).

Existing marine phytoplankton species are found in two domains of life: the Bacteria and
Eucarya. The eukaryotic side primarily consists of larger organisms like diatoms and

dinoflagellates, as well as numerous smaller microorganisms such as haptophytes,
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pelagophyceans, prasinophyceans, cryptophyceans, euglenoids, and chlorarachniophyceans.
On the bacterial side, the dominant species are the tiny picocyanobacteria Prochlorococcus and
Synechococcus, as well as the nitrogen fixers Trichodesmium, Crocosphaera, and Richelia.

Among these groups, diatoms, dinoflagellates and to a lesser extend haptophytes and green
algae are the most diversified groups with respectively, approximately, 40, 40, 10 and 6% of

the described phytoplanktonic eukaryote species (Simon et al., 2009).

Beside the high taxonomic diversity, these different groups display different pigment
assemblages, which is characteristic of a highly functional diversity. Most of these organisms
are present as individual free-floating cells, although some tend to form chains (e.g., certain
diatoms), colonies (e.g., Phaeocystis and Trichodesmium), or establish symbiotic relationships
with other species (e.g., Richelia). Moreover, the traditional perception of these organisms as
simple autotrophs has been increasingly challenged, as many of them are now known to be
mixotrophs. This means they possess the capability of phagotrophy, consuming bacteria and
small protists, or osmotrophy, taking up dissolved organic substances (Karlusich et al., 2020

and references therein).

Another way to classify organisms, which is fairly recent, is the development of functional
ecology as a discipline in itself within the general ecology of organisms in attempting to provide
new answers to explain and describe the diversity observed within phytoplankton
communities. Based on a systems and integrative approach, it combines the physiological traits
of organisms with their function within their ecosystem to study community dynamics and the
role of each organism (Litchman and Klausmeier, 2008).

As an example of functional ecology, we can cite the size of phytoplankton cells, which
influences all ecological functions and therefore conditions other ecological traits. Smaller cells
will increase the surface/volume ratio and therefore favour the assimilation and use of nutrients

(Chisholm, 1992), but will be more easily ingested by predators (Straile, 1997).

1.1.3 The diversified group of diatoms

Diatom (Bacillariophyceae) is the most diverse group of eukaryotic phytoplankton. They can
be planktonic, benthic, epiphytic, epizoic, endozoic, endophytic and also live in air (Hasle and
Syvertsen, 1997). Approximately 40% of all marine phytoplankton described species are

diatoms and they are of crucial importance from an ecological and biogeochemical point of
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view, especially in nutrient-rich systems (Falkowski et al., 2004). On a global scale it can be
estimated that diatoms contribute at least 20% of annual primary productivity, equivalent to the

tropical rain forests (Field et al., 1998).

The first illustrations of diatoms (Bacillariophyta) are found in an article from 1703 in
Transactions of the Royal Society showing unmistakable drawings of the diatom Tabellaria
(Dolan, 2019). It was only 80 years later that we find the first formally identified diatom, the
colonial Bacillaria paxillifera, discovered and described in 1783 by Danish naturalist Otto
Friedrich Maller. Like many others after him, he wrongly thought that it was an animal due to
its ability to move (Mann, 2002). It was only in the 19th century that they were included in the

plant kingdom after being confirmed as photosynthetic organisms (Simon et al., 2009).

Diatoms are believed to have appeared around 200 million years ago as a result of a secondary
endosymbiotic event between a red eukaryotic alga and a heterotrophic flagellate (Medlin et
al., 2000). Diatom cells therefore have characteristics that make them very different from the

classic cellular structures of higher plants and animals.

1.1.3.1 A unique morphology

Most diatoms are identified by the species-specific morphology of their amorphous silica cell
wall, which vary from each other at the nanometer scale (Lopes et al., 2005). Diatom cells are
encased within a special cell wall called the frustule, which is well preserved in the fossil record.
They usually exist as single cells with a size between 5 um and 5 mm depending on the species:

they often form chains and colonies.
A first distinction among diatoms traditionally starts from the symmetry of their frustule: based
on the morphology of their siliceous frustule, diatoms can be divided into two major groups,

subdivided into 2 subgroups:

+ Centric diatoms have valve striae (rows of pores) arranged basically with central

symmetry. In this case, the symmetry can be unipolar (radial centrics) or multipolar
(multipolar centrics)

+ Pennate diatoms have valve striae arranged basically linearly. Within the latter, the

frustule of raphid pennates has a slit called a raphe. Araphid pennates lack such slits.
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Different phylogenetic studies have shown that “radial centrics” represent the deepest branch,
whilst “bi- and multipolar centrics" appeared later (Simon et al., 2009). Figure 2 shows an

example of cells from each of the groups

Fig. 2: Diatoms repfesentative of the different groups, top left: radial centric (class
Coscinodiscophyceae); top right: bipolar multipolar centric (Mediophyceae), lower left: araphid
pennate (Bacillariophyceae) and lower right: raphid pennate (Bacillariophyceae); Credit L.K Medlin,
2009.

For a long time, classification was based on the morphological differences described above. In
the era of molecular biology, the comparative analysis of rRNA sequences provided insights
into the contemporary phylogenetic relationships among diatoms at higher taxonomic levels
(Medlin et al., 1996). Subsequently, this led to the establishment of three diatom classes:
specifically, clade 1 comprising Coscinodiscophyceae (radial centric diatoms), clade 2
encompassing Mediophyceae (bi- or multipolar centric diatoms, including radial
Thalassiosirales), and clade 3, comprising Bacillariophyceae (pennate diatoms) (Medlin and
Kaczmarska, 2004).

More recently, Medlin, in 2016 reviews the various known classifications of diatoms (division

Bacillariophyta) and updates them taking into account the latest molecular and genetic
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advances. Diatoms are classified in the Heterokontophyta lineage and the Bacillarophyta

division, then following classification into 2 sub-divisions, and 3 classes:

e Subdivision Coscinodiscophytina
e Class Coscinodiscophyceae (= radial centrics)
e Subdivision Bacillariophytina
o Class Mediophyceae (= polar centrics)
o Class Bacillariophyceae (= pennates)
e Subclass Urneidophycidae (= araphid pennates)
o Subclass Fragilariophycidae (= araphid pennates)

e Subclass Bacillariophycidae (= raphid pennates)

To date it has been accepted that we know less than 10% of the identified diversity in the marine

microbial world and the diatoms are no exception (Medlin, 2018).

From the greek diatomos, meaning cut in two, diatoms are composed of two asymmetrical
valves. One large valve, the epivalve, and a smaller one, the hypovalve, are interlocked by a
girdle composed of fine structures called pleural bands (figure 3). This structure forms the

frustule that protects the cell (De Tommasi et al., 2017).
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Fig. 3: Schematic overview of the siliceous components of diatom cell walls. Drawing by lan Nettleton
(Zurzolo and Bowler, 2001).

The frustule acts as a physical barrier and offers an ecological advantage against predation by
limiting the action of grazers and the access of parasites (Hamm et al., 2003). The cells will

also be more resistant to pressure. In fact, biogenic silica is more resistant than exoskeletons
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made of calcium (coccolithophorids) or cellulose (dinoflagellates) (Kooistra et al., 2007). The
frustule can also play a protective role against abiotic factors; for example, silica absorbs UV -
B rays. In addition, cells can adapt their buoyancy via variations in frustule density and the
presence of vacuoles in the cell. This mechanism allows the cells to position themselves
optimally in the water column according to their needs. Raven and Waite (2004) suggest that
this morphological feature also enables a cell to sink more quickly when it is parasitised, thereby

slowing the spread of disease within the population.

1.1.3.2 The central role of sexual reproduction in the life cycle

Typically, the diatom life cycle comprises two principal phases: a prolonged vegetative phase
lasting months to years, during which the cells divide mitotically (diploid stages), and a
comparatively short phase that includes sexual reproduction (haploid stages) (figure 4).

In diatoms, the sexual phase plays a crucial role in the life cycle due to the constraint imposed
by the rigid silica frustule. As diatoms undergo an extended period of mitotic divisions, their
cell size gradually decreases as vegetative growth progresses. During these divisions, the two
daughter cells retain one maternal theca (slightly unequal) and a new smaller hypotheca is
synthesized (figure 4). Consequently, the two daughter cells differ in size, leading to a decrease
in cell size across the population as cell divisions continue. Eventually, this miniaturization
process can lead to cell death when cells reach a critical size that becomes incompatible with
survival. At a certain point, when the cells fall below a species-specific size threshold for
sexualization (sexualisation size threshold (SST)), the formation of gametes occurs through
meiosis, followed by gamete conjugation. The zygote resulting from this process is not
surrounded by a rigid siliceous frustule, thereby allowing it to expand and form the auxospore,
within which a cell of the maximum species-specific size develops.

Whilst the fundamental pattern of sexual behavior in diatoms is generally preserved, there are
significant distinctions between centric and pennate diatoms, as illustrated in figure 4. These
differences can be explained by distinct lifestyles that have shaped traits related to sexual

reproduction.

Centric _diatoms are predominantly planktonic and homothallic, following meiosis, they

produce large macrogametes (egg cells) and small uniflagellated microgametes (sperm cells).
Within a strain, some cells produce egg-cells and others sperm cells, the latter, the male gamete,

are flagellated and can swim through the water column to find the female gamete.
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In contrast, pennate diatoms primarily include benthic species, with raphid pennates gliding on

surfaces and guided by sex pheromones to find their partners (Gillard et al., 2013).

They are predominantly heterothallic, where gamete formation occurs when two strains of
opposite mating types (MT+ and MT-) come into close contact. Gametangial cells pair side by
side, and meiosis takes place. The conjugation of haploid gametes results in the formation of a
zygote that expands into an auxospore. Within the auxospore, the large initial cell is synthesized
(Chepurnov et al., 2004; Montresor et al., 2016).

Our knowledge of the sexual behavior of araphid diatoms remains limited (Montresor et al.,
2016).
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Fig. 4: Schematic drawing of the life cycle of a centric, and a pennate diatom (taken from Montresor
etal., 2016).
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Numerous studies are currently investigating sexual reproduction through in vitro and
molecular approaches to gain a deeper understanding of this complex process in diatoms (Basu
et al., 2017; Bilcke et al., 2021; Ferrante et al., 2019; Marotta et al., 2022; Russo et al., 2021,
2018).

Among this research, many aim to understand the initiation of sexual reproduction in pennate
diatoms, characterised by the interaction of vegetative cells below the SST from compatible
mating types (MT - and MT+).

Recent studies have shown that some pennate diatoms release sex pheromones to recognise and
locate suitable partners (Gillard et al., 2013; Moeys et al., 2016). To date, sex pheromones in
diatoms have only been described in one benthic species, Seminavis robusta. In this species, a
pheromone called SIP+ (sex inducing pheromone +) is produced by MT+ cells to stimulate MT-
cells (Moeys et al., 2016), which in turn produce a second pheromone, the small amino acid
diproline, which strongly attracts MT+ cells to promote pairing (Fiorini et al., 2020; Gillard et
al., 2013).

Currently, two genetic models are mainly used to understand in vitro sexual reproduction:
Seminavis robusta (Chepurnov et al., 2008) and Pseudo-nitzschia multistriata (Basu et al.,
2017) due to the complete sequencing of their genome. For the latter species, the genome was
sequenced in 2015, enabling an initial investigation into the signaling pathways used in the
early stages of sexual reproduction (Basu et al., 2017). More recently, Annunziata et al., in
2022 used transcriptomics to study changes in gene expression during an in vitro sexual
reproduction experiment (Annunziata et al., 2022). This study showed a strong change in
numerous metabolic functions (mainly photosynthesis, fatty acid biosynthesis, nutrient
transport and assimilation) during sexual reproduction. However, no pheromone has yet been
described for this species (Ferrante et al., 2023). The genes regulated during sexual
reproduction can be used as an indicator of pheromone perception, which has enabled the sex
pheromones of P. multistriata to be identified (Ferrante et al., 2023; Marotta et al., 2022).

A transcriptomic approach was also used to explore the differences between the two MTs and
led to the discovery of the first MT determining gene in diatoms. The MRP3 gene is expressed
in a monoallelic manner only in MT+ strains and regulates the expression of four MR (Mating
type Related) genes, two specifics for MT+ (MRP1 and MRP2) and two for MT- (MRM1 and
MRM2), whose functions are unknown. Notably, a transgenic MT- expressing exogenous
MRP3 exhibited sex reversal and a typical MT+ MR gene expression profile (Russo et al.,
2018). In the P. multistriata life cycle, opposing MTs only produce gametes when they are
shorter than 55 um (D’Alelio et al., 2009). The molecular mechanism linking cell size to the
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initiation of sexual reproduction remains to be identified (Ferrante et al., 2023) and references

therein).

All of this highlights the largely unexplored complexity of partner identification in natura and

recognition in diatoms, a key stage in sexual reproduction.

Very few studies have reported observations of diatom sexual events in the natural environment.
Sexual stages of Pseudo-nitzschia species in their natural environment have been observed and
reported twice (Holtermann et al., 2010; Sarno et al., 2010). In Europe, sexual stages of two
species of Pseudo-nitzschia were detected at the Long Term Ecological Research Station
MareChiara in the Bay of Naples (Mediterranean Sea), where they accounted for 9.2 and 14.3%
of the total number of cells of P. cf. delicatissima and P. cf. calliantha, respectively (Sarno et
al., 2010). Another massive sex event has been reported along the Washington coast (USA)
involving P. australis and P. pungens. Auxospores were detected for a long time period (about
3 weeks) and accounted for 59% of the P. australis population at the end of the bloom
(Holtermann et al., 2010).

A few observations of sexual reproduction stages have also been observed in the natural
environment for other diatom species. This is the case of the oceanic diatom Fragilariopsis
kerguelensis: auxospore formation by the pennate diatom Fragilariopsis kerguelensis has been
observed during an iron-induced bloom in the Southern Ocean (Assmy et al., 2006).
Observations of vegetative cells of the harmful diatom Eucampia zodiacus have also been
reported in the Seto Inland Sea, in Japan (Nishikawa et al., 2013).

This evidence of sex in the natural environment has been observed morphologically
(Holtermann et al., 2010; Sarno et al., 2010), but to date, little is known about sexual

reproduction in situ.

1.2 Phytoplankton blooms

1.2.1 A complex event

Depending on the region of the world, the annual cycles of phytoplankton blooms differ
considerably. Large-scale patterns of diatom distributions from ocean-colour remote sensing
(Alvain et al., 2008; Bracher et al., 2009) along with field observations (Buitenhuis et al., 2013;

Leblanc et al., 2012) reveal that they are an important component of phytoplankton biomass at
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high latitudes during spring (in April-June in the Northern Hemisphere and October—December
in the Southern Ocean) and in equatorial and coastal upwelling regions. They are present at
lower levels in mid-ocean subtropical gyres (Tréguer et al., 2018). In areas where blooms are
recurrent and predictable, these events have governed the evolution of the life cycles and
migratory behaviour of organisms ranging from zooplankton to whales and birds (e.g. Cushing,
1990, 1969; Longhurst, 2007). In all cases, phytoplankton blooms are the consequence of
imbalances in the ecosystem between the rates of phytoplankton division and loss, that are the
results of both biotic and abiotic factors (Behrenfeld and Boss, 2018). Chlorophyll a is

commonly used as an index of phytoplankton biomass.

1.2.1.1 Concept and theory

In temperate and subpolar regions, the production cycle starts with phytoplankton spring
blooms. Inter-annual changes in the timing of these blooms lead to a match or mismatch
between phytoplankton division and zooplankton grazing. This ultimately determines the
recruitment success of higher trophic levels like fish (Cushing, 1990). This remarkable
phenomenon has been the subject of scientific investigation since the 19th century (Banse,
1992). We can note that winter blooms are also known to occur in marine ecosystems but they
are less common that spring blooms (Trombetta et al., 2019).

The transition from the cold, clear waters of winter, characterized by low light levels and
frequent storms, to the plankton-rich waters of spring and early summer is the driving force
behind the North Atlantic bloom. This transformation naturally raises the question of what

enhances upper ocean growth conditions during spring to stimulate phytoplankton growth.

Analogous to the spring growth of terrestrial vegetation in temperate ecosystems, where
increased cell division leads to biomass accumulation, the blooms in temperate waters appear
to be linked to improved growth conditions for phytoplankton.

To date, concerning the spring bloom in deeper areas, three theories have been proposed
concerning the complex phenomenon of spring bloom. The first is the “critical depth
hypothesis™ (Sverdrup, 1953), the second, the “critical turbulence hypothesis” (Huisman et al.,
1999), and finally, “the disturbance-recovery hypothesis” (Banse, 1992; Behrenfeld, 2010;
Behrenfeld et al., 2013). All three use the concept of the critical depth in one form or another,
either to argue in its favour, to complement it, or to argue against it (Kovac et al., 2021).
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The concept of a "critical depth," introduced by Gran and Braarud in 1935, encapsulates the
relationship between growth conditions and phytoplankton biomass. It was later formalized by
Sverdrup (1953) into what is now known as the "Critical Depth Hypothesis.” This hypothesis
serves as a foundation for understanding the mechanisms behind the North Atlantic bloom and
its annual resurgence, generating enduring interest among scientists. However, although studied
for 70 years (Sverdrup, 1953), the optimal conditions that trigger the initiation of phytoplankton
growing period in ocean waters in early spring are not well understood (Sathyendranath et al.,
2015).

The first theory on the factors involved in the initiation of blooms was proposed by Sverdrup
in 1953 during observations of blooms in the offshore areas of the North Atlantic (Sverdrup,
1953). In this theory, known as the “Critical depth hypothesis™, he stated that “For the spring
phytoplankton bloom to begin, the production of organic matter by photosynthesis must exceed
the destruction by respiration in the surface layer”. With this sentence, he defined
phytoplankton growth as an imbalance resulting from two competing factors: photosynthesis
and respiration. However, as the photosynthesis capacity of autotrophs is correlated with the
penetration of light into the water column, it decreases with depth. On the other hand, Sverdrup
assumed that the mortality rate is constant throughout the water column, leading to the existence
of a "critical depth”, above which photosynthetic growth exceeds losses (positive net growth)
and therefore allows the initiation of blooms. Thus, at the end of winter, when the lower limit
of the surface mixed layer goes above this "critical depth”, the total production integrated in
this layer is greater than the mortality, initiating a phytoplankton bloom.

Huisman et al. (1999) agree with Sverdrup, proposing that in addition to the classical critical
depth theory (Sverdrup, 1953), which operates in well-mixed environments, there is another
mechanism based on turbulent mixing. It states that if turbulent mixing is below a critical
turbulence, phytoplankton growth rates exceed vertical mixing rates and a bloom develops
whatever the depth. This is the “Critical Turbulence Depth hypothesis™.

Banse (1994), and later Behrenfeld (2010) and Behrenfeld et al. (2013) question Sverdrup's
theory by hypothesising that the phytoplankton bloom is due to a disturbance that temporarily
breaks the close relationship between phytoplankton and grazers. Behrenfeld in 2010 suggested
abandoning Sverdrup’s critical depth concept, largely because he thought that Sverdrup
misunderstood phytoplankton losses. In his scenario the “dilution-Recoupling Hypothesis”, he
focuses on the balance between phytoplankton growth and grazing, and the seasonally varying
physical processes influencing this balance (= disturbance). In the North Atlantic, it would be
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the lower limit of the mixing layer during the winter that would be the disturbance factor. In
winter, when the lower limit of the mixing layer is deeper, the prey and their predators are
diluted in the water column. This leads to lower grazing pressure on phytoplankton, resulting
in a slow phytoplankton growth rate. However, the growth rate still surpasses the mortality rate,
leading to a modest increase in biomass accumulation. In contrast, as spring arrives, the lower
limit of the surface mixed layer rises, concentrating planktonic organisms and nutrients within
the euphotic layer. This concentration leads to heightened photosynthetic activity, fostering
significant phytoplankton growth, known as blooms. Nevertheless, this increase in
phytoplankton population also attracts a larger number of grazers. Consequently, there is a lag
period during which phytoplankton mortality due to grazing becomes more pronounced, and
predation pressure begins to exceed the rate of phytoplankton growth, ultimately bringing the
bloom to an end.

However, Behrenfeld et al. (2013) point out that in other systems, the disturbance factors that
disrupt predator-prey interactions may be different and play an equivalent role in the onset of
blooms. For example, in upwellings, nutrients are the disturbance factor (Wilkerson et al.,
2006). The upwelling of nutrient-rich water in the euphotic zone, due to winds in coastal
upwelling zones for example, provides phytoplankton with the nutrient resources it needs for
its growth, thus exceeding the losses due to grazing.

Other examples include the forcing of the monsoon in the Arabian Sea (Marra and Barber,
2005) and the deposition of iron in nutrient-rich, chlorophyll-poor waters (Hamme et al., 2010).
In each case, a disturbance 'opens a window' for phytoplankton division to temporarily outpace
losses, and in all cases, subsequent ecosystem feedbacks tighten predator-prey coupling again

to reclose this window over the course of the bloom.

However, no consensus has emerged from these different concepts especially because most of
these concepts have been defined at specific temporal and spatial scales (Caracciolo et al., 2021;
Chiswell et al., 2015). Phytoplankton blooms are ecologically complex events, with
characteristics differing between regions and from year to year. Mechanisms driving this

variability will continue to be debated.
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1.2.1.2 What is a bloom?

It is interesting to note that the previous paragraph on the theories of the development of blooms
does not give a precise and quantitative answer as to what a bloom is. In fact, the fundamental
question that the bloom hypotheses attempt to explain are the conditions necessary for the
accumulation of phytoplankton biomass. To answer this question, it is obviously necessary to
assess temporal variations in biomass or cell abundance, but a large number of publications on
blooms do not report rates of variation.

In view of all that has been said above, this lack of clear bloom definition can compromise the
validity of the conclusions of a given study and contributes significantly to the current confusion
and debate in the bloom literature (Behrenfeld and Boss, 2018).

In many cases, blooms have been described as periods of rapid (or even “explosive”, Platt et
al., 1991) growth in phytoplankton biomass. However, this definition is unsatisfactory because,
although some blooms happen quickly, others develop over long periods and have rates of
biomass accumulation equivalent to only one or two doublings per month (Behrenfeld, 2010).
More generally, blooms are understood as a condition of elevated phytoplankton concentration,
although there is no established quantitative threshold defining “elevated.” The concentration
of the chlorophyll is commonly used as an index of phytoplankton abundance, and has the
benefit of being detectable from space (Behrenfeld and Boss, 2014; McClain, 2009).

1.2.1.3 Conceptual definitions

A bloom can be characterized as such without having a very large quantity of biomass, and the
fact that there is no clear and universal definition of what a bloom is can lead to contradictions
in the current scientific literature. In his review, Kutser (2009) warned in the introduction that
the term ‘‘bloom’’ is ‘‘relative’” because it is used to describe phytoplankton events with
contrastingly different biomass concentrations.

A synthesis of a set of conceptual definitions of blooms based on the literature was proposed
by Isles and Pomati, 2021. The main results are presented below:
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1.2.1.3.1 Threshold- and anomaly based bloom

Definitions based on thresholds of phytoplankton biomass or based on anomalies are common
in the literature on “harmful algal blooms” (HABs, more information about this concept below).
We consider this definition to be useful for sanitary monitoring but less useful from an
ecological point of view.

This term includes toxic species that express toxicity to higher trophic levels, largely fish,
shellfish, marine mammals, or humans, and include also high-biomass events which, although
often including non-toxic phytoplankton species, nevertheless seriously alter ecosystems
through hypoxia/anoxia, altered food web efficiency, stimulation of pathogenic bacteria or
other ecological consequences (Wells et al., 2015). In current monitoring networks, specific
thresholds have been set so that if concentrations or levels of toxins exceed these thresholds,
measures are taken to protect the population. The definition of harmful blooms clearly reveals
that it is not appropriate to define blooms in terms of abundance levels, whether biomass or
numerical cell abundance, as no two species have the same impact at the same concentration,
e.g. Dinophysis is highly toxic, even at low concentrations (Reguera et al., 2012). What's more,
as pointed out in the article published by Smayda in 1997, according to current language this
would be a "harmful bloom", but from a traditional biological oceanographic and ecosystem
point of view, it would be neither a bloom nor a harmful bloom! At yet another level, ingestion
of only 6-11 cells of toxic Alexandrium tamarense was lethal to first-feeding sea bream (Pagrus
major) larvae, and only one cell of a more toxic strain was lethal to capelin (Mallotus villolus)

and herring (Clupea harengus harengus) larvae (Smayda, 1997 and references therein).

As pointed out in previous work (Isles and Pomati, 2021), these events are defined as
unpredictable and outside the baseline of the system (e.g. seasonal blooms) (Miller et al., 2013),
making these events more complicated to understand. However, depending on the environment,

HABSs may be rare events or common, depending on the ecosystem.

1.2.1.3.2 Advective blooms

Isles and Pomati (2021) define “advective blooms” as those in which the variability in a time-
series of algal biomass is dominated by spatial transport of existing biomass rather than
biological growth and loss processes. Advection can act both vertically and horizontally and
accumulate cells at the surface or in more "confined" areas or at the coast under the effect of
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currents, resulting in a high local concentration of cells. Three-dimensional hydrodynamic
models driven by meteorological forecasts are best suited for understanding lateral advective
blooms (Davidson et al., 2016), although models using convolutional neural networks and
satellite images have also shown promising results and are likely to become more widely used
(Barzegar et al., 2020).

1.2.1.3.3 Ecological definitions of blooms

Several “ecological” definitions of blooms have been proposed that focus on processes
governing phytoplankton growth and loss rates, as well as phytoplankton community structure.
This type of definition embraces principally the spring bloom and grazing-resistant summer
blooms. During the spring bloom, there is a rapid proliferation of readily consumable species,
supported by an important abundance of nutrients. This results in a temporary buildup of
phytoplankton until grazers respond to the ample food supply by increasing their populations
(Sommer et al., 1986). In contrast, during a summer bloom, certain phytoplankton species can
reach high cell densities despite having relatively low intrinsic growth rates. This is achieved
through defence mechanisms that limit grazing pressure, such as the formation of large
mucilaginous or filamentous colonies, which act as physical barriers against grazing (Reynolds,
2007).

We can also note that for nontoxic species, biomass is the criterion most often used to establish
bloom status (Smayda, 1997). Furthermore, when we consider a bloom, the first thought that
comes to mind is that of spring. The proof is in the different concepts and theories of bloom
initiation presented in the previous section (2.1.1).

More generally, conceptual, experimental and modeling approaches to bloom are based
primarily on a diatom template (which dominate spring blooms). This reflects the historical
focus of marine phytoplankton ecologists on the annual, high biomass spring bloom dominated
by diatoms, whereas HAB, for example, are mainly dinoflagellate events (Smayda, 1997). In
the same way, blooms during other seasons following episodic events such as heavy rainfall are
often ignored, or blooms from other phylogenetic groups are considered transient and
ephemeral. As suggested in the review by Smayda in 1997, a dogma has emerged that the spring
bloom is the only event that determines marine trophic dynamics. From reading numerous
papers on blooms, it is clear that this focus is based on technical limitations, particularly related

to identification. Bloom abundance and fluctuations are usually expressed in terms of
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community biomass, with chlorophyll quantity generally being the index of abundance
representing the total community (and reflecting the productivity). But it is not the only reason
why spring blooms are considered mainly with its associated biomass. They are ecological
hotspots, and the life cycles and migration patterns of many grazers and carnivores are
evolutionarily tuned to the timing and location of these major events (Longhurst, 2007).
Changes in bloom phenology (temporal and seasonal variations) may have catastrophic
implications for higher trophic level (Behrenfeld and Boss, 2014 and references therein). It is
only recently that it is been widely recognized by biologists, thanks to organism-oriented
ecologists, that the trophic consequences of blooms vary according to the species present
(Smayda, 1997) (e.g. different nutritional values, different growth rates, production of

toxins...).

1.2.2 Understanding the study area through spatiotemporal analysis of blooms

1.2.2.1 Multiple environmental variables impact the spatio-temporal bloom development

Bloom’s events are characterized by the development and accumulation of one or many species,
resulting from a combination of physical, chemical, and biological mechanisms. They can be
initiated from cells present at low concentrations, sometimes persisting for months before a
bloom develops (the hidden flora concept) (Anderson et al., 2012). In other cases, cells are
delivered into a specific region via advection after developing elsewhere (e.g. Raine et al.,
2010). In this case it is difficult to attribute a cause to this development via the local
environment in which the cells are found, which makes studying them not an easy task.
However, once a population is established, its range and biomass are affected by physical
controls such as the transport and accumulation of biomass in response to water flows (e.g.
Franks and Anderson, 1992), by the swimming behavior of organisms (Kamykowski, 1974),
and by the maintenance of suitable environmental conditions. These factors all interact to
determine the timing, location, and ultimate biomass achieved by the bloom (Anderson et al.,
2012).

Differents parameters influencing the initiation or maintenance of phytoplankton blooms are

described below:
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1.2.2.1.1 Factors that can limit a bloom

First of all, as photo-autotrophic organisms, phytoplankton perform photosynthesis, in which
light is an essential element. They need light energy and nutrient nutrients, which are essential
for their development. But this light is heterogeneous in space and time. In the water column,
this light diminishes with depth, and can also be influenced by suspended matter (detritus or
living matter, and dissolved compounds) which can either absorb the light or deflect it (Yentsch,
1962). The latter can create spatial heterogeneities. The spectrum of light used for
photosynthesis is between 400 nm and 700 nm and is defined as the PAR (i.e. Photosynthetic
Active Radiation) that will be absorbed by the photosynthetic pigments. Thus, it is in the
euphotic zone, which extends between the surface and depth where light intensity corresponds
to 1% of incident light, that phytoplankton carry out photosynthesis (Reynolds, 2006). As well
as fluctuating in the water column, light also varies temporally, defining circadian cycles. In
high-latitude areas, the variability of the photoperiod over the year influences the seasonal
phytoplankton cycle (Reynolds, 2006).

o Nutrients

Phytoplankton require macro- and micro-nutrients to develop and perform metabolic processes.
These include: carbon (in the form of bicarbonate), hydrogen, oxygen, phosphorus (phosphate),
potassium, iodide, nitrogen (in the form of nitrate, nitrite and ammonium), silica (in the form
of silicates, only in diatoms), manganese, calcium, iron, copper, zinc and molybdenum.
Physical processes such as turbulence are therefore important in allowing the mixing of the
water column and the import of nutrients into the euphotic zone. This implies that these
nutrients are highly heterogeneous in space, with estuaries and coasts, for example, richer in
nutrients than offshore waters. And like light, there is also a temporal dynamic. This is linked
to the seasons, with periods of higher rainfall (and therefore higher flows in the rivers carrying
nutrients), and also to the stratification of the water in calmer periods, preventing the circulation

of nutrients.

o Temperature

One of the main factors affecting phytoplankton primary productivity is temperature
(Lewandowska and Sommer, 2010; Thyssen et al., 2011). Only a few organisms show positive

net photosynthetic activity below the freezing point (Boyd et al., 2013; Staehr and Sand-Jensen,
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2006). Increasing temperatures increase productivity up to a certain optimum beyond which
there is a decrease or cessation of active carbon sequestration or death of organisms, i.e. species
are adapted to a thermal window for photosynthetic productivity (Hader and Gao, 2015; Huertas
etal., 2011).

o Biotic interactions

In addition to the bottom-up relationships mentioned above, top-down regulations play an
important role in phytoplankton development. Among these, predation and parasitism strongly
regulate phytoplankton biomass (Cloern and Dufford, 2005; Reynolds, 2006).

» Hydrodynamic processes

The marine environment is heterogeneous due to spatial differences in temperature, salinity,
turbidity, etc. linked to distance from the coast, rivers, towns, etc., each of these factors being
subject to continuous variations (Reynolds, 2006). As a result, the spatial distribution of
phytoplankton is heterogeneous. The hydrodynamic processes associated with the different
zones have a considerable influence on the distribution of phytoplankton cells. They can
influence their distribution by bringing nutrient-rich water into contact with the cells in the
euphotic zone, by creating and disturbing zones of high density of individuals and by
transporting the cells away from their growth zones (Peters and Marrasé, 2000).

The distribution of phytoplankton species is the result of all these ‘external’ factors, but it is
important to note that the significant physiological and morphological diversity that exists in
phytoplankton is the result of numerous life strategies and adaptations to the environment. The
shape and size of the cells, buoyancy (via gas vacuoles or the accumulation of lipids), chain
formation and motility (via flagella) of certain species also influence the dynamics of these

organisms.

1.2.2.1.2 Factors favoring one species over another

Species composition in bloom is largely determined by mechanisms such as resource
competition, selective grazing, and selection on the life cycle properties of individual species
(Riegman et al., 1996). In this paragraph, various reasons for one species prevailing over

another are outlined.
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First, the role of phytoplankton traits, a characterization of functional traits (growth rate, cell
size, and composition of photosynthetic pigments...) can help in predicting what group of
species is likely to dominate the bloom (Margalef, 1978). The latter point was discussed by
Lewandowska et al., in 2015, who suggest that the onset of spring phytoplankton blooms
depends on both allogenic factors (water column mixing, temperature, zooplankton grazing,
etc.) and autogenic factors (species physiology and characteristics, life cycle, etc.). Both
allogenic and autogenic factors affect the balance between reproduction and mortality, with
allogenic factors additionally responsible for resource supply. In this study, they hypothesize
that blooming will only occur if there are species with a combination of characteristics adapted
to the environmental conditions at a given time and place. Various examples of this type are
found in the literature, and are explained by the species' own physiology, its dominance over
another. A metatranscriptomic study investigated a natural assemblage that changed from
diatom dominance (Skeletonema) to dinoflagellate bloom (Prorocentrum donghaiense). The
results reveal distinct metabolic pathways between diatoms and dinoflagellates, potentially
defining distinct ecological niches for these two lineages. P. donghaiense possesses a more
diversified light energy and phosphate acquisition strategy, as well as antimicrobial defence,
which could lead them to out-compete diatoms and form blooms (Zhang et al., 2019). One study
tested the competition between three bloom-forming marine phytoplankton (the diatom
Skeletonema costatum and the dinoflagellates Prorocentrum minimum and Alexandrium
tamarense) under nutrient-limited conditions. Results indicated that the diatom was a poor
competitor to both dinoflagellates under phosphate-limited conditions; however, it grew well
under nitrate-limited conditions when dinoflagellate growth was close to detection limits (Hu
et al., 2011). Similarly, between two dinoflagellate species, under PO4-depleted conditions,
Heteroscapsa triquetra stopped growing after two days, both in monospecific cultures and in
mixed batch cultures, while Alexandrium minutum grew progressively from day two to the end
of the experiment (Labry et al., 2008). In these experiments, A. minutum was found to be a
"storage specialist” for phosphorus (P), accumulating phosphate (PO4) during pulses for later
use, ensuring survival during scarcity, and then using stored P for cell growth. Conversely, H.
triquetra exhibited a "velocity-adapted™ strategy, quickly utilizing available PO4 to boost its
cell division rate (Labry et al., 2008).

Finally, a study of diatom species in the Arctic Ocean has revealed a gradient in the respective
light intensity of species for maximum growth, suggesting a plasticity in light response that

aligns with the successive dominance of species (Croteau et al., 2022).
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But the current inquiry is, among the multitude of existing species, there are inevitably those
that share identical physiological characteristics for their development. How does this dynamic
operate? Although the answers to this question remain somewhat unclear at present, it steers us
towards two strategies that constitute the second and third potential reasons for the domination

of one species over another.

Second, allelopathy, a process by which certain compounds are produced and released by
phytoplankton to inhibit their competitors, plays an important role in species competition
(Smayda, 1997). Diatoms are known to secrete various allelopathic compounds, including
polyunsaturated fatty acids (PUFASs), polyunsaturated aldehydes (PUAs), as well as
polyphenolic and halogenated compounds (lanora et al., 2011; Wichard et al., 2005). Among
these, different types of PUAs have been associated with various functions, such as inter- or
intra-species signaling and negative impact on reproduction in marine organisms (Cézar et al.,
2018). Although PUAs are thought to target mainly zooplankton, they also influence the
dynamics and structure of the phytoplankton community by inhibiting the growth of other
phytoplankton species (Gallina et al., 2016; lanora et al., 2011; lanora and Miralto, 2010;
Ribalet et al., 2007; Wang et al., 2021).

Similarly, the production of transparent exopolymeric substances (TEPS) can have a coagulant
effect that can reduce the predation effect on phytoplankton, they also protect against viral
attacks and concentrate nutrient salts (Mari and Rassoulzadegan, 2004). In a study exploring
biofouling, Pseudo-nitzschia sp.’s ability to produce transparent exopolymer particles (TEPS)
was associated with increased picophytoplankton densities (especially of Prochlorococcus), but

justified by a decrease in phosphate and nitrogen concentrations (Leterme et al., 2016).

Third, chain-forming diatoms, although the evolutionary logic behind chain formation in
phytoplankton is poorly understood and has historically focused on resource accessibility.
Earlier work mainly considered chain formation as an adaptation to optimize descent rate in
order to improve nutrient uptake by maintaining high concentration gradients under turbulent
conditions (Smayda, 1970). Chains are formed when daughter cells remain attached to each
other after cell division, creating highly elongated structures. But studies have shown that
predators, such as copepods, prefer to feed on chains. For example, experiments have shown a
similar response in the chain-forming diatom Skeletonema sp. and the dinoflagellate
Alexandrium sp. in the presence of mesozooplankton. In the presence of predators, species show

reduced chain formation and, consequently, reduced grazing mortality (Bergkvist et al., 2012;
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Bjeerke et al., 2015; Selander et al., 2011). However, suppressing chain length in diatoms is not
a suitable mechanism for avoiding grazing, as it has been observed that zooplankton prefer to
feed on solitary cells and short chains (Bergkvist et al., 2012; Bjaerke et al., 2015). Despite a
functional role that remains largely unknown, it is clear that chain formation must be an

advantage for the developing species.

1.2.2.2 In situ Bloom monitoring methods

The monitoring of phytoplankton blooms can be accomplished through three distinct methods:
in situ observations, automated observation stations equipped with underwater sensors, and

satellite remote sensing.

While in situ observations offer the advantage of delivering more precise data regarding
phytoplankton blooms (O’Reilly et al., 1998), this approach comes with inherent challenges. It
IS characterized by its time-intensive and labor-demanding nature due to the considerable time
and effort required for water sampling and subsequent laboratory analyses.

Many methods can be used for the laboratory analysis of phytoplankton. This methods
including light microscopy (abundances of the community), electron microscope for higher
resolution images (allows better species identification, useful for differentiating cryptic or
pseudo-cryptic species), pigment analysis by high-performance liquid chromatography (HPLC,
quantifies the composition and concentration of phytoplankton specific pigments), genetic
analysis (metabarcoding, metatranscriptomic, relative abundance of the community),
spectrophotometry (phytoplankton biomass, detection of light absorbance by chlorophyll),
fluorometry (phytoplankton biomass, detection of chlorophyll fluorescence), and flow
cytometry (absolute count of different phytoplankton size ranges) (these methods are reviewed
in Erickson et al., 2012).

Additionally, in situ observations hinge upon manual water sampling conducted at
predetermined sites and regular intervals (such as biweekly or monthly) or during shorter
research cruises. Consequently, the insights into phytoplankton dynamics are limited.
Phytoplankton blooms can be brief (2 weeks/1 month), and higher frequency monitoring needs
to be done. Moreover, relying on a sparse set of measurements from in situ observations to
represent the broader spatial and temporal distribution of phytoplankton blooms poses a
potential hurdle in comprehending the full extent of a bloom. In addition, for all the reasons
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cited in the previous paragraph, it is necessary to know the sampling zone in order to be sure
that the spatial scale of monitoring was conducted in the representative conditions in which the

organisms developed.

During the last two decades, tremendous improvements in sensor technology, as well as in data
processing, have allowed the construction of autonomous systems that are capable of
monitoring key physical, chemical and biological parameters of aquatic environments, and thus,
of supporting long-term time series (Blain et al., 2004). The automatic observation station with
underwater sensors, a technology commonly equipped with a range of instruments (such as
those measuring chlorophyll, temperature, salinity, turbidity, and pH), has the capacity to
continuously monitor changes in phytoplankton blooms and various associated parameters in
real-time (Bowling et al., 2016; VVan Beusekom et al., 2009). However, its effectiveness for
phytoplankton bloom monitoring is hampered by three primary limitations. First, its monitoring
precision is highly vulnerable to environmental factors; especially in the sea, because of the
rough conditions prevailing at sea during storms or strong tidal currents. In addition, biofouling
of the sensors in such a highly productive environment is a major problem and optical and
chemical sensors are particularly vulnerable (Blain et al., 2004). Second, the underwater
observation stations gather data on phytoplankton blooms at specific locations, lacking the
capability to provide insights into the broader geographic distribution of such blooms (Wang et
al., 2022). Third, taxonomic resolution remains at very broad levels, with information that can
be at best over phytoplanktonic size ranges. Detailed information on the specific composition

of these blooms therefore remains difficult to obtain.

With its ability to perform large-scale, long-duration, and periodic monitoring at a lower cost,
satellite remote sensing has become a powerful approach for ocean water observation, as it
allows detailed observations of important biogeochemical parameters related to water quality
dynamic processes to be obtained (Bonansea et al., 2015; Sagan et al., 2020). The unique
spectral absorption characteristics of phytoplankton pigments enable the use of satellite remote
sensing to detect phytoplankton dynamics (Devred et al., 2011). Over the past three decades,
satellite remote sensing has been widely used to reveal the spatial and temporal distributions of
several metrics of phytoplankton dynamics, e.g., water surface chlorophyll a concentrations
(Chla), bloom areas, and phenology in inland and oceanic waters (Gons, 2002; Kahru et al.,
2011; Kutser, 2004; Matthews et al., 2012; O’Reilly et al., 1998; Palmer et al., 2015; Sagan et
al., 2020; Shi et al., 2019; Tebbs et al., 2013). In particular, Chla is most widely used to quantify
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phytoplankton bloom, as this photosynthetic pigment exists in all algal species (Le et al., 20009;
Neil et al., 2019). However, satellite remote sensing has some limitations to routinely monitor
phytoplankton blooms for the following reasons. The limited availability of high-quality
satellite images due to cloud cover and satellite temporal resolutions may be insufficient to
capture the rapid evolution of phytoplankton blooms. Low spatial and spectral resolutions
(which do not allow precise taxonomic detection) limit the use of satellite remote sensing data
for monitoring phytoplankton. Finally, many phytoplankton blooms occurring deep in the water
column or with extremely low Chla (<0.1 mg m3 ) remain unreported because they are not
always observed in satellite images but yet are known to occur (e.g. Blondeau-Patissier et al.,
2014; Dore et al., 2008; Villareal et al., 2011).

All these different methods have their advantages and disadvantages. And depending on the
questions you have and the degree of precision you require, some of these methods may be

completely satisfactory.

1.2.3 Harmful algae blooms (HABS)

As mentioned above, the phytoplankton is a critical food for filter feeding bivalve shellfish as
well as the larvae of commercially important crustaceans and finfish. They are at the base of
the food chain. In most instances, the proliferation of these algae, where the cell count can reach
millions per litre, proves to be advantageous for both aquaculture and wild fisheries operations.
Nonetheless, there are circumstances where algal blooms can lead to adverse effects, resulting
in substantial economic losses for aquaculture, fisheries, and tourism, while also causing
significant environmental and human health impacts. When deleterious effects occur during
blooms, the phenomenon is known as "harmful algal blooms™ (HABs). The HAB designation
is a societal concept rather than a scientific definition; Blooms are considered to fit the HAB
criterion if they cause injury to human health or socioeconomic interests, or to components of

aquatic ecosystems (Anderson et al., 2012).

When considering this event, it is important to make a distinction between the different types
of damage resulting from the blooms. One type of harm may be related to oxygen depletion,
smothering or abrasion of fish gills associated with a high phytoplankton biomass. And there
can be harmful effects without very high biomass due to the production of phycotoxins
(Hallegraeff, 2003).
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a brief history

The earliest documented mention of a harmful algal bloom is believed to originate from around
1000 B.C. in the Bible. The passage describes a scene where "all the waters that were in the
river were turned to blood. And the fish that was in the river died; and the river stank, and the
Egyptians could not drink of the water of the river" (Exodus 7: 20-1). In this particular
instance, an algal bloom composed of non-toxic species became so densely concentrated that
it led to oxygen-depleted conditions, resulting in the widespread mortality of both fish and
invertebrates. Oxygen depletion can stem from heightened algal respiration, particularly at
night or in low light conditions during the day, but more commonly occurs due to bacterial
respiration during the decay of the bloom. Surprisingly, even primarily non-toxic bloom-
forming algae can sometimes trigger significant disruptions in ecosystems, leading to unsightly
occurrences of dead fish, slime and foam that deter tourism and recreational activities.

One of the earliest documented cases of human poisoning resulting from the consumption of
shellfish contaminated with dinoflagellate toxins dates back to 1793, when Captain George
Vancouver and his crew landed in an area now known as Poison Cove in British Columbia.
Vancouver noted that local Indian tribes considered it taboo to consume shellfish when the
seawater displayed bioluminescence due to dinoflagellate blooms (Dale and Yentsch, 1978;
Hallegraeff, 2003).

Phytoplankton can damage human health in a number of ways. The most prevalent is through
exposure to biotoxins. Various toxins exist with differing modes of action for human health:
direct ingestion/contact, aerosolized transport, or concentrating/vectoring by a marine organism
that is then eaten (typically shellfish).

The main route of transfer, which is the most closely monitored in Europe, involves the
ingestion of toxins contained in filter-feeding bivalves collected during periods of risk,
particularly mussels, cockles, scallops and oysters. These organisms will concentrate the toxins
in their tissues during toxic blooms and will gradually depurate themselves depending on the
species after the bloom. Cyanobacteria, diatoms, and dinoflagellates are the chief contributors
to phytoplankton toxins that are harmful to humans and other aquatic organisms (Pradhan et
al., 2022).

Phycotoxins are classified according to the symptoms they cause and the chemical nature of the

toxic compounds (James et al., 2010). They are presented in table 1.

41



Chapter 1- Introduction

Table 1: Summary of the different syndromes induced by phycotoxins, their mode of action and the
names of the most common species inducing them (Grattan et al., 2016; Hess et al., 2015; Loeffler et
al., 2019).

Toxic
Syndromes Toxins Mode of action phytoplankton
species

Binding to glutamate receptors in neural cells causing

Amnesic Shellfish Poisoning (ASP) domoic acid constant influyx of Ca2-

Pseudo-nitzschia spp.
Cytotoxic, affect cytoskeleton arrangements, and

Azaspiracid Shellfish Poisoning (AZP)  azaspiracid inhibit potassium channels (hHERG) and voltage-gated — Azadinium spinosum
sodium channels

persistent activation of voltage-gated sodium

channels, increasing neuronal excitability and Gambierdiscus spp.
neurotransmitter release, impairing synaptic vesicle Ostreopsis spp.
recycling, and causing cellular swelling

Ciguatoxins
Ciguatera Fish Poisoning (CFP) Palytoxines
Imine cyclique

Diarrhetic Shellfish Poisoning (DSP) okadalc a_cu:l ) Inhibition of activity of protein phosphatase 1 and 2 Dinaphysis spp.
dinophysistoxins Provocentrum spp.

Neurotoxic Shellfish Poisoning (NSP) Brew'emm Binding to Vol‘tage?sen.mtn-'e sodium channels causing  Karenia br?v;r.s
Yssotoxine membrane depolarization Protoceratium spp.

Alexandrium spp.
Gymmnodinium spp
Pyrodinium spp.

Inhibition of voltage-gated sodium channels in neural

Paralytic Shellfish Poisoning (PSP) Saxitoxin cells

A monitoring effort or a global increase in HABS?

In view of the increasing knowledge concerning phytoplankton and the growing number of
studies on the subject, the number of HAB events reported in the literature seems to have
increased on a global scale. And the initial synthesis to provide trends in their impacts were by
Anderson (1989) and Hallegraeff (1993). They argued that there had been a global increase in
the frequency, magnitude and geographic extent of HAB. Multiple reasons were suggested to
account for this phenomenon. These reasons were: natural dispersal of species by currents and
storms, dispersal through human activities such as ballast water discharge and shellfish
translocations, improved detection of the species and their toxins, the improving scientist
communications, the increasing of aquaculture in coastal waters, and stimulation of HABs as a

result of cultural eutrophication or perhaps even climate change.

A study by Hallegraeff et al., 2021 showed that this was not the case between 1985 and 2018,
by studying the Harmful Algae Event Database and Ocean Biodiversity Information System.
They suggest that increased monitoring efforts associated with increased aquaculture
production are responsible for the perceived increase in harmful algal events and that there is

no empirical support for general statements about increasing global trends.
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1.3 The diatom genus Pseudo-nitzschia

1.3.1 Generalities

The genus Pseudo-nitzschia belongs to the class Bacillariophyceae (or diatoms). It is
represented by elongated cells, linked together at the ends to form chains (Fig. 5).

Fig. 5: seudo-nitzschia astralis cells observed under light microscopy (x40). The cells come from in
situ samples collected in March 2021 in Douarnenez Bay (West Brittany, France).

In 1987, global attention was drawn to the fact that certain diatoms possess toxicity. It was
during this time that the pennate diatom Pseudo-nitzschia multiseries was identified as the
source of the neurotoxic amino acid domoic acid (DA), a discovery attributed to Bates et al. in
1998. This neurotoxin was responsible for the deaths of at least three elderly individuals and
the illness of over 100 others in eastern Canada, at the Prince Edward Island (DA concentrations
ranging between 1 and 128 mg/100g of mussel tissue). The symptoms observed were abdominal

cramps, vomiting, and neurologic responses characterized by disorientation and memory loss
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that could persist indefinitely. Due to the latter, the term Amnesic Shellfish Poisoning (ASP)
was given to this clinical syndrome (Bates et al., 1998).

This event marked the first instance of a diatom being recognized as a producer of a neurotoxin.
Pseudo-nitzschia is not the only genus produced DA; previously, in the 1950s, DA was known
to be produced by the seaweed Chondria armata (Meda et al., 1986), used to treat intestinal
parasites in Japanese children (as detailed in Lelong et al., 2012). And another pennate diatom
genus, Nitzschia, has also been found to house two new DA-producing species: N. navis-
varingica (Lundholm and Jvind Moestrup, 2000) and N. bizertensis (Smida et al., 2014).
However, the diatom Pseudo-nitzschia is responsible for the single ASP poisoning syndrome
reported, and is the most prevalent DA producing organisms (Pinto et al., 2023; Visciano et al.,
2016). DA has been detected in numerous bivalves and some other species that uptake it either
through filtration of phytoplankton or as a result of grazing on benthic algae. Beyond bivalves,
occasional accumulation of DA has been observed in other organisms like crabs, octopuses, fish
and even marine mammals (Lefebvre et al., 2002). Since DA mostly stays in the stomach and
intestines of these animals, their edible parts usually don't have much or any of the toxin that
could harm humans (Pinto et al., 2023 and references therein).

Pseudo-nitzschia is a relatively young genus (Mann et al., 2021), currently, this genus includes
58 described species with 27 species of them described as toxic and produced DA (Guiry and
Guiry, 2021; Lundholm, 2021; https://en.wikipedia.org/wiki/Pseudo-nitzschia). In 2018 when

the literature review on Pseudo-nitzschia was published by Bates et al., there were 52 species
of Pseudo-nitzschia identified, including 26 toxic species. Notably, this review also revealed
an increase of 12 species compared to earlier reviews in 2012 (Lelong et al., 2012; Trainer et
al., 2012).

1.3.2 Taxonomy

The diatom Pseudo-nitzschia H. Peragallo was first identified as Nitzschia (Peragallo and
Peragallo, 1900), and separated from the section of Nitzschia Hassall after the comparison of
morphological characteristics between both genera (Hasle, 1994, 1993). Before 1994,

classification of Pseudo-nitzschia species was based on the transapical axis.

Later, taxonomy studies of Pseudo-nitzschia species were further refined with the improvement

of electron microscopes. By using the scanning electron microscope (SEM) and transmission
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electron microscope (TEM), the fine details of frustule ultrastructure can be more precisely
observed.

Thanks to it, morphological characteristics (i.e. valve shape, structure of apex, cell overlapping,
absent or present of central interspace, number of fibulae and striae, number of poroids and
poroid hymen, and valvopula) were used in species delineation (Lundholm et al., 2012, 20086,
2003, 2002; Quijano-Scheggia et al., 2009).

At the time, cryptic (i.e., distinguishable only by molecular methods) and pseudo-cryptic (i.e.,
also distinguishable by fine ultrastructural characters via electron microscopy) species were
discovered especially in the P. pseudodelicatissima complex sensu lato (one row of complex
poroids) (Lundholm et al., 2003), and in the P. delicatissima complex sensu lato (two rows of
simple poroids) (Lundholm et al., 2006). This made species identifications based on
morphological characters problematic (Lim et al., 2018).

Indeed, in 2003, P. pseudodelicatissima complex was first discovered due to the unclear
delineation of the P. pseudodelicatissima and P. cuspidata: based on the morphology, the only
morphological difference was on valve shape (Lundholm et al., 2003). In 2009, P. arenysensis
was described as a cryptic species from P. delicatissima, but both were sexually incompatible
(Quijano-Scheggia et al., 2009).

Finally, molecular tools improved and helped to alleviate these drawbacks, but selecting the
appropriate genetic markers was crucial (Lim et al., 2018).

Since the early 2000s, significant progress has been made in understanding Pseudo-nitzschia
species through molecular techniques. Sequencing of the large subunit of ribosomal DNA (LSU
rDNA, Lundholm et al., 2002), and investigation into the highly polymorphic ITS1-5.8S-ITS2
region (Internal Transcribed Spacer, a non-coding region of rDNA) (Lundholm et al., 2003)
facilitated the development of phylogenetic trees that categorized these species. Moreover, to
enhance the accuracy of the Pseudo-nitzschia phylogeny, researchers directed their efforts
towards analyzing the structure of the ITS2 region. This region (Lim et al., 2018, 2013; Teng
et al., 2014), has proven to be more reliable for constructing phylogenetic trees (Lim et al.,
2013).
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With the target of the genome to assess the phylogeny of Pseudo-nitzschia shown with the
internal transcribed spacers (ITS) (region ITS2), difference among P. arenysensis and P.

delicatissima were identified (Quijano-Scheggia et al., 2009).

After that, a number of species complexes have been identified in Pseudo-nitzschia, with the
help of molecular tools. And today, this genus harbors even more diversity than presently
described, as morphological variation that does not agree with any present species description
continues to be detected (Lim et al., 2018; Trainer et al., 2012 and reference therein).

In 2018, in order to reconcile the phylogenetic and morphological classifications, Lim et al.
developed the phylogenetic tree of Pseudo-nitzschia species based on sequencing of the 1TS2
region. In this phylogeny, morphological criteria for the ultrastructure of the frustule were also

taken into account (fig. 6).
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Fig. 6: ITS2 Bayesian tree of Pseudo-nitzschia, with the inclusion of morphological characters (A)
presence/absence of central nodule, (B) number of rows of poroids, (C) divided sectors of poroids, (D)
number of fibulae and striae in 10 um, (E) shape of apices, and (F) density of band striae in 10 um. TEM
micrographs of Pseudo-nitzschia spp. showing the central part of valve; note the poroid structure, rows
of poroids, and central nodule. Taken from Lim et al., 2018.
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1.3.3 A cosmopolitan genus

In alignment with earlier microscopic observations indicating the widespread nature of the
Pseudo-nitzschia genus (Hasle, 2002), a comprehensive metabarcoding investigation (targeting
the V9-18S rRNA region) identified this genus as comprising 4.4% of diatom ribotype
sequences. Notably, it contained the highest count of operational taxonomic units (OTUS)
among pennate diatoms on a global scale (Malviya et al., 2016).

The different reports of Pseudo-nitzschia observations are reported on figure 7 (Bates et al.,
2019; Lelong et al., 2012; Trainer et al., 2012) showing its presence in all oceans of the world,
including the Arctic (Percopo et al., 2016) and the Antarctic (Almandoz et al., 2008).
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Fig. 7: World distribution of all described Pseudo-nitzschia spp., updated from Lelong et al., 2012 and
Trainer et al., 2012. Toxigenic species are in bold note that only certain strains of these species are
toxigenic at some locations (Bates et al., 2019).
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Fig. 8: Global distribution of the ASP event recorded up to 2023. The figure was taken from the website
US National Office for Harmful Algal Blooms, Woods Hole Oceanographic Institution.

There have been many worldwide reports of DA contamination of seafood and mortalities to
marine animals and birds (see fig. 8) (Beltran et al., 1997). In 1998, a notable incident that
generated worldwide publicity was when 70 sea lions were washed up onto beaches in
California. It was evident that they were suffering from neurological problems and 47 animals
died. Subsequent analysis identified DA in fecal samples from these animals and in anchovies
collected nearby (Scholin et al., 2000).

In a separate event back in 1991, an outbreak of DA poisoning was reported in Monterey Bay,
California, USA. During this episode, pelicans and cormorants were behaving strangely like
vomiting, exhibiting unusual head movements, scratching, with many deaths (Walz et al.,
1994). A similar event happened in the summer of 1961, near Santa Cruz in California. Flocks
of shearwaters began acting erratically, flying into houses and cars, pecking people, breaking

windows and vomiting. This latter incident likely inspired the creation of Alfred Hitchcock's
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film "The Birds" in 1963. Over the subsequent years, several similar incidents occurred along
the same coastline which have been attributed to DA produced by blooms of Pseudo-nitzschia
spp. (Trainer et al., 2008). After these events, monitoring programs were initiated in Europe,
and DA was found in shellfish from Galicia, Spain (Miguez and Fernlindez, 1996), Ireland
(James et al., 2000), Portugal (Vale and Sampayo, 2001), Scotland (Hess et al., 2001) and
France (Amazil et al., 2001). In Ireland, only the king scallop (Pecten maximus) exhibited high
levels of toxin. After that DA has also been found in many organisms around the world (see
Gibble et al., 2021; James et al., 2010; Kvrgi¢ et al., 2022; Wang et al., 2023).

1.3.3.1 A complicated identification, and the progress of “omics” methods.

While traditional observation techniques based on light microscopy, relying on cell structure
and frustule morphology, remain vital for studying Pseudo-nitzschia species, evaluating their
diversity and categorizing them into complexes, the complexity of this task is amplified by the
limited number of distinguishing characteristics within Pseudo-nitzschia. The presence of
significant intraspecific variation in morphometry (Cerino et al., 2005; Lundholm et al., 2002)
and the potential for morphological data to overlap between different species contribute to the

intricacy of this work.

Because of the complexity, classification of complexes has been routinely able to differentiate
under light microscope the complex seriata (width > 3um) and the complex delicatissima (width
< 3 um) groups (Hasle, 1965; Hasle and Syvertsen, 1997). This classification is still used today

in routine monitoring programmes.

Table 2: Examples of species associated with the two Pseudo-nitzschia complexes: P. delicatissima and
P. seriata.

Complexes Valve width Some examples of species

P delicatissima; P. calliantha;
Pseudo-nitzchia delicatissima <3 pm P. pseudodelicatissima, P.
subcurvata; P. americana

P. australis, P. seriata; P. subpacifica;
Pseudo-nitzschia seriata >3 um P. fraudulenta; P. multiseries;
P pungens
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Fig. 9: Electron microscopy photos of two Pseudo-nitzschia species, the one on the left belongs to the
P. seriata complex (the P. fraudulenta species) and the one on the right to the P. delicatissima-pseudo
delicatissima complex. © E. Nézan / N. Chomérat

In-depth examination of morphology is sometimes impossible without light microscopy, as in
the case of P. multiseries and P. pungens, which are very similar (fig. 10). Their identification
requires the use of electronic microscopy to count the number of rows of poroids in the striae:
2 for P. pungens and 3-4 for P. multiseries (an illustration of the differences on the cell surfaces

is shown in fig. 11).

T T T T T T T T T T T T T T T T T L

P. pungens

M

Fig. 10: Electron microscopy photos showing the resemblance between P. pungens and P. multiseries
cells. © E. Nézan / N. Chomérat
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Fig. 11: electron microscopy photos of the cell surfaces of P. pungens and P. multiseries. © E. Nézan /
N. Chomérat

However, for other species, even the use of this advanced technique may not reveal the full
complexity (Amato et al., 2007; Stern et al., 2018). There are many cases of cryptic and
pseudocryptic species within distinct clades and, consequently, genetic tools are being used to
address this challenge (Amato et al., 2007; Lelong et al., 2012; Lundholm et al., 2006). This is
particularly the case for the P. delicatissima complex, which cannot be recognized by electron
microscopy, as the details (number of poroid rows, arrangement of sectors in the poroids) are
necessary for species identification. The identification is very complicated and requires

transmission electron microscopy; scanning electron microscopy is also very inadequate.

More generally, many species in this genus require molecular biology to be sure of their
identification. Numerous markers can be used: nuclear-encoded ribosomal RNA genes (SSU,
LSU rDNAs and ITS) (e.g. Lim et al., 2018); the mitochondrial encoded cytochrome ¢ oxidase
subunit 1 (cox1) gene (Lundholm et al., 2012; Tan et al., 2015); the chloroplast encoded
RuBisCO large subunit (rbcL) gene (Amato et al., 2007; D’Alelio and Ruggiero, 2015;
Lundholm et al., 2012); and the RuBisCO small subunit (rbcS) gene (Delaney et al., 2011).
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Pseudo-nitzschia species can also be identified in situ by applying High Throughput
Sequencing on phylogenetic markers. These methods are principally metabarcoding, but
metatranscriptomic can also be used to characterize the community composition and the
Pseudo-nitzschia species (see chapter 1) (e.g. Malviya et al., 2016). The challenge is to select a
suitable marker for barcode identification. If the marker is too variable, the diversity is

overestimated (Bates et al., 2019).

Apart from the advancements made in identifying Pseudo-nitzschia, the existence of ‘omic’
resources including genomics, transcriptomics, and proteomics, along with genomic tools
accessible for a growing array of phytoplankton species, provides the opportunity to explore
inquiries pertaining to the molecular processes governing their physiology, life cycle
characteristics, responsiveness to environmental cues, and engagements with other elements of
the planktonic ecosystem (for instance, Bates et al., 2019; Moeys et al., 2016).

Moreover, conventional genomics is often based upon the sequencing and annotation of whole
genomes with subsequent bioinformatic focus on the structure and function of key groups of
genes (Anderson et al., 2012). Until now, genomic resources have been established for two
Pseudo-nitzschia species that produce domoic acid (DA). The first is P. multiseries, which can
be accessed through the Joint Genome Institute (JGI) website

(http://genome.jgi.doe.gov/Psemul/Psemul.home.html). Alongside this, mitochondrial (Yuan

et al., 2016) and plastidial (Cao et al., 2016) genomes are also available. The second species, P.
multistriata, possesses a comprehensively annotated nuclear genome and extensive
transcriptomic datasets (Basu et al., 2017). Partial genomic sequencing data are available for P.
australis (Stone, 2017).

The genome size of P. multiseries is approximately 219 Mbp, while P. multistriata has a
genome size of about 59 Mbp (Basu et al., 2017). P. australis, on the other hand, has an even
larger genome size estimated to be around 900 Mbp based on draft assembly. It is important to
note that this estimate includes bacterial reads, substantial repeated elements, and heterozygous
regions (Stone, 2017), and further investigation is needed to confirm it.

In order to investigate Pseudo-nitzschia either in situ and in vitro on various aspects,
transcriptomic resources for several Pseudo-nitzschia species have been produced within the
Marine Microbial Eukaryote Transcriptome Sequencing Project (Keeling et al., 2014) (e.g. Patil
et al., 2015), and will enable comparative approaches to assess functional differences (e.g. Di
Dato et al., 2015), and understand the genes expressed by the species in various conditions
(Bates et al., 2019; Lema et al., 2017).
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1.3.3.2 Highly contrasting development conditions

To understand the factors behind HABS, it is necessary to correlate species growth with
environmental factors. However, given the diversity of Pseudo-nitzschia species and the
habitats in which they occur, there is no unifying principle that explains blooms in all habitats
(Trainer etal., 2012).

In the literature about the development of Pseudo-nitzschia species in situ, there is inter-annual
and seasonal variability in their abundance, sometimes species-specific and typical of certain
geographical regions. The growth and distribution of Pseudo-nitzschia, as all microalgae, is
subject to various physico-chemical factors such as salinity (Thessen et al., 2005), temperature
(Caroppo et al., 2005; Lundholm et al., 1997; Quiroga, 2006), pH (Lundholm et al., 2004),
photoperiod (Fehling et al., 2006), nutrient concentrations such as nitrates, phosphates and
silicates (Bates et al., 1993; Spatharis et al., 2007), stratification of the water column, wind,
currents, etc., as well as biological factors such as predators, parasites and competing species
(Lelong et al., 2012).

The influence of these factors on DA production has also been explored suggesting that, in the
case of nutrients, when these are limiting, DA is produced as part of a cell stress response (Pan
et al., 1998; Trainer et al., 2012). This is not the case for nutrients containing nitrogen, as
nitrogen is required for DA synthesis (Bates et al., 1998, 1991). Furthermore, DA production
has also been correlated with increasing temperature (Lewis et al., 1993), decreasing
temperature (Lundholm et al., 1994), irradiance (Fehling et al., 2005), and pH (Lundholm et
al., 2004).

However, due to the limitations and difficulties in identifying species of this genus, there is a
lack in the interpretation of Pseudo-nitzschia bloom dynamics at the species level (Quijano-
Scheggia et al., 2008).

Indeed, there is conflicting evidence regarding the environmental conditions that facilitate the
blooming of various species complexes. Certain individual species might exhibit distinct
preferences for environmental factors compared to their representative complexes, and this
discrepancy could be the underlying reason for inconsistencies found in the published literature.
As an illustration, Thorel et al. (2017) establish a connection between the presence of P.
delicatissima and low Si:N ratios. Within the same study region, a contrary association is noted

for the P. delicatissima complex concerning nitrate, as demonstrated by Downes-Tettmar et al.

54



Chapter 1- Introduction

(2013). In addition, conflicting results have emerged from different studies regarding the
environmental conditions linked to the same Pseudo-nitzschia species. To illustrate it, P.
delicatissima and P. pungens were observed in salinities ranging from 20.8 to 38 in the western
Mediterranean (Quijano-Scheggia et al., 2008), while a survey of the Bay of Seine (Thorel et
al., 2017) found a trend that was the opposite: P. pungens was found in 32-33.5 salinity waters,

while P. delicatissima was found in 31.6-32.8 salinity waters.

Moreover, numerous species within the genus have been observed to inhabit the same
geographical region, sometimes even coexisting simultaneously. However, in most cases, the
distinctions in species niches are significant enough to result in recognizable phenological
patterns throughout the year. Temperature primarily, and to a certain extent nutrient
concentration, appear to be the driving forces behind the phenological separation among
Pseudo-nitzschia species (Percopo et al., 2022). Additionally, certain blooms are dominated by
a single species, whereas others encompass a mix of multiple species. Pseudo-nitzschia blooms
can vary in duration, with some being brief (lasting days to weeks), while others extend spatially
over substantial areas and endure for months (Bates et al., 2018).

For all these reasons, the study and specific attribution of parameters allowing the development

of Pseudo-nitzschia is complicated.

In this paragraph, | will summarize some environmental conditions found in in situ studies

around the world that have been correlated with the development of Pseudo-nitzschia bloom.

In tropical and sub-tropical waters, the genus Pseudo-nitzschia is found year-round. A long
term monitoring (from 2005 to 2018), showed that this genus accounted for about 15 % of total
diatom abundance and peaked in spring and autumn, with occasional outbreaks during summer
and large inter-annual fluctuations (Turk Dermastia et al., 2020). This study showed that the P.
delicatissima complex, composed of at least four species (P. delicatissima, P. calliantha, P.
mannii and P. galaxiae), preferentially occurs in summer and spring conditions, while the
seriata complex (composed of P. multistriata, P. pungens, P. fraudulenta and P.
subfraudulenta) peaks in autumn (Turk Dermastia et al., 2020). In another study carried out in
Tunisia, the presence of species from the P. delicatissima complex were less abundant when
nitrate and silicate concentrations were high. Blooms of P. multistriata, on the other hand, were

linked to reduced salinity and nitrate levels, whereas blooms of P. brasiliana coincided with
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higher salinity, as well as increased nitrate and silicate concentrations, coupled with diminished
nitrite and phosphate levels (Sahraoui et al., 2012).

Examining the development of Pseudo-nitzschia in Argentina waters, dense populations of P.
pungens and P. australis were identified under conditions of low nutrient concentrations,
associated with elevated temperatures and salinity. Conversely, the remaining species (P.
heimii, P. lineola, P. turgidula, and P. turgiduloides) exhibited preference for lower
temperatures and salinities, and high nutrient concentrations (Almandoz et al., 2008, 2007). In
the northern Gulf of Mexico, Pseudo-nitzschia abundance peaked in spring, corresponding to
the average maximum in river flow, with another small peak in fall during wind events that
mixed the stratified water column (Dortch et al., 1997). On the coasts of California (USA) and
the Baja California peninsula (Mexico), the development of P. australis seemed to be favoured
over other Pseudo-nitzschia species by the increased in nutrient concentrations, particularly
silicates (Bowers et al., 2018; Garcia-Mendoza et al., 2009).

In northern hemisphere temperate waters, Pseudo-nitzschia species are mostly found during the
spring and summer period, when the light intensity, photoperiod and temperature increases
(Delegrange et al., 2018; Fehling et al., 2006; Husson et al., 2016). A second bloom of lesser
intensity can also be observed in autumn.

A study in the Western English Channel in 2009 revealed fluctuations in Pseudo-nitzschia
species and DA levels throughout the year. Two peaks of abundances were observed: in
June/July and August. In August, this dominance was influenced by various factors including
temperature, duration of daylight, rainfall, phosphate, and salinity, whereas P.
pungens/multiseries-group were significantly influenced by macronutrients. The P. seriata-
group was significantly influenced by temperature and nitrate. DA was detected over a five-
week period from May to July with a maximum in June (0.4 ng DA L—1). When DA was
present, the surface waters were limited by silicate and nitrate. DA was significantly correlated
with the presence of the P. seriata-group and the P. pungens/multiseries-group (Downes-
Tettmar et al., 2013). A study compared the development and these two complexes (Houliez et
al., 2023). This study was carried out in the eastern English Channel and southern North
Sea with the aim to investigate the drivers of the Pseudo-nitzschia bloom from 1992 to 2020.
They identified P. seriata and P. delicatissima complexes all year round, but they bloomed at
different periods because they occupied different realized ecological niches. The P.
delicatissima complex typically bloomed in spring whereas the P. seriata complex bloomed

more frequently in June. Both complexes are favored by low-silicate environments and
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relatively low turbulence but responded differently to water temperature, light, ammonium,
phosphate and nitrite + nitrate conditions (Houliez et al., 2023).

Many studies identified a link between Pseudo-nitzschia and nutrients, and some studies also
observed that Pseudo-nitzschia were linked to hydrodynamic features. A study on the
Washington coast identified that the Juan de Fuca Eddy acts as an incubation site for Pseudo-
nitzschia blooms (Trainer et al., 2002). In the Santa Barbara Channel, convergent eddies were
found to aggregate preexisting, low density blooms until their densities increased from 5*10°
to more than 2 x 10° (Anderson et al., 2006). Bloom development and transport has also been
connected to wind direction and upwelling conditions in Washington (MacFadyen et al., 2005),
California (Schnetzer et al., 2013), Portugal (Palma et al., 2010), and Ireland (Cusack et al.,
2015).

Concerning the southern hemisphere, a study in the south-west of Australia identified high cell
concentrations of P. delicatissima gp. linked with an increase in soluble reactive phosphorus
and a decrease in total nitrogen (Ajani et al., 2020). Another study identified higher cell
abundances of Pseudo-nitzschia spp. during the late fall, winter, and early spring, when
temperatures in the lagoon are cooler and salinity higher in the western part of India (Southern
Indian River Lagoon) (Schreiber et al., 2023).

Finally, studies concerning Pseudo-nitzschia on subpolar and polar regions are more scarce. A
study in Alaska waters during summer (August) and fall (October-November) identified that
Pseudo-nitzschia species exhibit distinct patterns across variations in latitude, longitude,
temperature, and salinity conditions. For instance, the presence of P. pungens was closely
linked to temperature, as the species is conspicuously absent from areas characterized by cold,
saline water masses and ice formations. On the other hand, species like P. artica and P. granii
demonstrate an affinity for less saline waters, while P. obtusa tends to thrive in environments
characterized by higher salinity levels, colder temperatures, and increased nutrient
concentrations (Hubbard et al., 2023).

To conclude this part, results related to the development of Pseudo-nitzschia species from all
the world's seas and geographical regions collectively underscore the diverse range of
environmental conditions associated with their development. These outcomes further
emphasize the importance of conducting species-specific studies within localized contexts to

gain a comprehensive understanding of their growth patterns and behavior.
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1.3.4 Pseudo-nitzschia in France

1.3.4.1 Regular coastal surveillance, the REPHY

In France, the establishment of REPHY (Observation and Surveillance Network for
Phytoplankton and Hydrology in coastal waters; REPHY, 2022) and REPHYTOX (Monitoring
Network for Phycotoxins in marine organisms; REPHYTOX, 2022) can be traced back to 1984.
This initiative was prompted following major developments of the toxic dinoflagellate
Dinophysis on the coasts of Brittany and Normandy, which led to numerous shellfish poisoning
cases in 1983 and 1984 (Lassus et al., 1988).

The REPHY and REPHYTOX are closely associated, since the monitoring of toxic
phytoplankton by REPHY is used for triggering toxin analysis by REPHYTOX and for a better
understanding of shellfish contamination.

The objective of REPHYTOX is to identify and track three classes of toxins that can accumulate
in bivalve molluscs. These toxins are subject to European regulations and fall into the following
categories: lipophilic toxins (including DST), PST, and AST. These toxins correspondingly
give rise to distinct human syndromes: DSP (Diarrhetic Shellfish Poisoning), PSP (Paralytic
Shellfish Poisoning), and ASP (Amnesic Shellfish Poisoning) (see table 1). And the REPHY is
divided into three components: Observation, Surveillance and Health (Belin and Soudant,
2018).

The Observation component is geared towards addressing several research inquiries, such as:
(i) investigating how phytoplankton communities respond to alterations in the environment (for
example, Hernandez-Farifias et al., 2014); (ii) contributing to the delineation of ecological
niches for phytoplankton (Hernandez Farifias et al., 2015); (iii) identifying changes in
phenology (Guallar et al., 2017); and (iv) participating in the characterization of traits and

functional groupings (David et al., 2012).

Parallel to the Observation aspect, the Surveillance component primarily aims to assess coastal
water quality using indicators, especially those that align with the criteria outlined in the
European directives WFD (Water Framework Directive) and MSFD (Marine Strategy

Framework Directive).
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In tandem with the aforementioned components, the Health component contributes to the
initiation of shellfish sampling, as conducted within the framework of the REPHYTOX
network. This addition supplements the findings already obtained regarding toxic species
through the other two components. The REPHYTOX monitoring initiative pertains to shellfish
harvested for professional purposes within their natural environments, encompassing
production areas, natural populations, and professional fishing zones. Beyond its role in
furnishing essential information to the relevant authorities managing public health risks, this

monitoring system also generates scientifically valuable data (Belin et al., 2021).

The monitoring programs REPHY and REPHYTOX cover the entire metropolitan French
coastline (fig. 12)
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Fig. 12: Sampling stations of the REPHY network, classified by their components: Observation (36),
Surveillance (116) and strictly Health (71). Taken from Belin et al., 2021.

= Pseudo-nitzschia monitoring by REPHY

REPHY sampling takes place every 15 days throughout the year, and samples are observed

using optical microscopy. In line with historical data, alert thresholds have been established.

Due to the intricacies tied to identifying species within this genus via light microscopy (referred
to as cryptic species), the identifications within the REPHY data are mainly linked to groups of

so-called "complex™ species.
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To illustrate, the complexes encompassing Pseudo-nitzschia species were extracted from
REPHY data in Finistére area (West-Brittany, France):

e Pseudo-nitzschia, americana complex (P. americana + P. brasiliana)

e Pseudo-nitzschia, delicatissima complex, fines group (P. caliantha + P. delicatissima +
P. pseudodelicatissima + P. subscurvata)

e Pseudo-nitzschia, seriata complex, slender group (P. multiseries + P. pungens)

e Pseudo-nitzschia, seriata complex, broad group (P. australis + P. fraudulenta + P.
seriata + P. subpacifica)

e Pseudo-nitzschia, asymmetric broad group (P. australis + P. fraudulenta + P. seriata +
P. subpacifica)

e Pseudo-nitzschia, broad symmetrical group (P. fraudulenta)

e Pseudo-nitzschia, sigmoid group (P. multistriata)

These different groups demonstrate the diversity and difficulty of identifying species of the
genus by optical microscopy, even for experienced experimenters such as those at REPHY..

Given the presence of multi-species groups, quantifying the percentage contribution of toxic
species in these blooms in comparison to non-toxic species is complicated. However, specific
groups do contain a higher proportion of toxic species, and the alert thresholds established in

the REPHY system to initiate Amnesic Shellfish Poisoning (ASP) analysis account for this.

REPHY and REPHYTOX data have shown that shellfish only become toxic after the
development of at least 100,000 cells of the P. seriata complex per litre, and 300,000 for the P.

delicatissima complex.

Once species have been detected above these thresholds, weekly monitoring of phytoplankton
as well toxins in shellfish is initiated. A fishing ban is imposed if shellfish levels exceed 20

mg/kg of flesh.

In certain situations, toxic phytoplankton monitoring is not entirely reliable for ensuring toxin
absence in shellfish (due to the 15-day sampling frequency). For example, lipophilic toxins
were occasionally detected in shellfish prior to the detection of Dinophysis (REPHY, 2022). To

address this, toxin screening is systematically conducted in "risk zones" and during "risk
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periods" as defined by historical results from the past three years. Additionally, offshore and
deep-sea shellfish deposits underwent bi-weekly monitoring for all three toxin categories,

commencing one month before the shellfish harvesting period and continuing throughout.

= REPHY studies along the French coastline of Pseudo-nitzschia and its toxin

An analysis conducted on REPHY data spanning the period from 1999 to 2018 (Belin et al.,
2021) unveiled that the genus Pseudo-nitzschia consistently ranked among the top five
frequently encountered taxonomic units along the French coastline, regardless of the region.
Proliferations of over 1 million cells/L were observed from March to November in the Channel
and Atlantic, and all year round in the western Mediterranean, with up to 60 million cells/L.
Several Pseudo-nitzschia species exist in France, including P. delicatissima, P. fraudulenta, P.
multiseries, P. multistriata, and P. pungens, with some of them being toxic (Lassus et al., 2015).
However, among them, P. australis and P. Pseudodelicatissima have been pinpointed as
responsible for Amnesic Shellfish Poisoning (ASP) events (Amzil et al., 2001; Nezan et al.,
2006). Two maps: figures 13 and 14 represented respectively the occurrences of the taxonomic
unit Pseudo-nitzschia and the number of years with at least one ASP event over the French
coast within a 20 years period (1999-2018, Belin et al., 2021).

Number of
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Fig. 13: Maps showing the occurrence of the taxonomic unit Pseudo-nitzschia over 20 years (1999-
2018) along the french coast. The size of the circles is proportional to the P90 of the cell concentration.

Transparency of colors varies according to the occurrence of Pseudo-nitzschia. Taken and modified
from Belin et al., 2021.
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}‘ I___.

Fig. 14: Maps showing the number of years associated with at least one AST (Amnesic Shellfish Toxins
>20 mg/kg) event over 20 years (1999-2018) along the French coast. The size of the circle is
proportional to the number of years. Taken and modified from Belin et al., 2021.

Figure 13 shows a widespread presence of Pseudo-nitzschia along the entire French coast
between 1998 and 2018. Surprisingly, despite its widespread presence, toxicity seems to be
more localized (figure 14). Toxicity events seem to be less frequent on the Mediterranean coast,
and on the southern half of the Atlantic coast and northern France. However, the Bay of Seine

and Brittany seem to be regularly affected by toxicity events.

1.3.4.2 West-Brittany, an area regularly affected by Pseudo-nitzschia toxic blooms

= A strong impact on fisheries

The French coast has been regularly affected by the harmful effects of toxins for more than 30
years, the main problem being related to the contamination of bivalve molluscs, leading to bans
on the fishing and sale of these shellfish during periods of variable duration (Belin et al., 2021).
In Brittany, king scallop fisheries of Pecten maximus are regularly impacted by ASP events,
leading to numerous closures and consequently significant economic losses. The exploitation
of this species is particularly problematic since during blooms of toxigenic Pseudo-nitzschia
species, scallops can accumulate amounts up to ~3,000 mg DA kg~ ! in the digestive gland
(Blanco et al., 2006), and retain them long term, even for years, due to its extremely low
depuration rates, from 0.025 to 0.007 d™' in contrast to various other bivalves (Blanco et al.,
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2006, 2002; Garcia-Corona et al., 2022). For example, according to CDPMEM 29 data
(https://www.comitedespeches-finistere.fr/), ASP events have led to a 40% reduction in the
fleet between 2010 and 2020. The threshold for non-consumption stands at 20 mg of domoic
acid per kilogram of flesh. However, a derogation is possible up to 25 mg/kg of flesh if an
accredited decortication chain is set up. In this case, only the muscle and gonad portions are
retained (EFSA Panel on Contaminants in the Food Chain, Alexander et al., 2009). The toxin
is concentrated in the tissues of the shell, notably in the digestive gland (hepatopancreas), but
the muscle is only slightly affected by the toxin (Douglas et al., 1997), which makes it possible

to set up a shell peeling or enucleation chain.

Generally, the REPHY monitoring along the French coast observed the higher concentrations
of Pseudo-nitzschia species in April-June (Husson et al., 2016). Conversely, scallops (Pecten
maximus) could be contaminated all year round in the Channel (Amzil et al., 2009) or in the
Atlantic, with the fishing periods extending from October to March. And the highest
concentrations of AST were identified in Brittany (West-France). Indeed, in April 2014, the
concentration of AST in the Bay of Brest was 861 mg/kg for Pecten maximus. At the same date,
a concentration of 221 mg/kg was found in Mytilus sp. and 110 mg/kg in Crassostrea gigas
tissues in the Bay of Brest. In April 2017, a concentration of 133 mg/kg was identified in Donax
trunculus in western Brittany; in April 2010, in southern Brittany, a concentration of 123 mg/kg
was observed for Ruditapes philippinarum. For the other shellfish, domoic acid was found with
a maxima less than 100 mg/kg in Brittany (Belin et al., 2021).

In these various cases, P. australis appears to be the main culprit of the contaminations (Amzil

et al., 2001; Nezan et al., 2006). This toxic species is indeed responsible for recurrent blooms

in western Brittany causing ASP events.

Fig. 15: Electronic microscopy photos of P. australis species forming chains (3 cells). © E. Nézan / N.
Chomérat
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The various observations of this species by the REPHY have been collected in the area and are
presented in figure 11 (red points). The locations of the various monitoring stations in west-
Brittany are shown in figure 16.

It should first be noted that the genus Pseudo-nitzschia was identified by the REPHY since the
start of data banking in 1987. The observations of the REPHY data (figure 11) showed that
complexes associated with P. australis have only been identified since 2006, while ASP rates

have been found since 2000.

The toxic species P. australis is also associated to 2 REPHY identification complexes in West-
Finistére:
o Pseudo-nitzschia, asymmetrical large group (P. australis + P. seriata + P. subpacifica)
e Pseudo-nitzschia, seriata complex, large group (P. australis + P. fraudulenta + P.

seriata + P. subpacifica)

The REPHY results grouping these 2 complexes plus P. australis when identified, and the ASP

levels in bivalves between 1987 and 2023 in West-Brittany are shown in figure 17.
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Fig. 16: Localisation of the REPHY monitoring stations in West Brittany (Finistere, France).
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Fig. 17: Evolution of P. australis or its associated complexes’ cell concentrations (cells/L) between
2000 and 2023 (red circles) and ASP levels (mg/kg of shellfish tissue) (black crosses). The associated
critical thresholds are represented by a horizontal line, red for cell concentrations (100,000 cells/L)
and black for ASP levels (20 mg/kg).
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Although P. australis was only identified as a species through light microscopy relatively late
(2004), the initial occurrences of ASP events (>20 mg/kg), as documented by REPHY/, occurred
in the year 2000. The first of these events took place in May at Dinan-Kerloc'h, where ASP
concentrations reached as high as 53.04 mg/kg in bivalve flesh. At this time, ASP
concentrations peaked at 31.88 mg/kg at Kervel on May 15". Concentrations did not exceed
0.15 mg/kg in the Bay of Brest (Lanvéoc).

Subsequently, an ASP event was observed in 2006 at Tronoen, with measured concentrations of
52.50 mg/kg in bivalve flesh. Following these events, ASP became a common occurrence in
West Finistére.

In 2009, in western Brittany, REPHY detected the first confirmed P. australis blooms
exceeding the 100,000 cell/L threshold. Specifically, in Concarneau (south-Finistére), a count
of 140,800 cells/L was recorded on September 7. Six months later, on April 20" in 2010,
another observation noted 118,000 cells/L. However, the first substantial bloom, which
belonged to the seriata complex large group, was observed at Tronoen in 2012, on September
3rd.

In the Bay of Douarnenez, at Kervel, the first documented P. australis bloom was confirmed
on November 12™ in 2012, with an abundance of 256,600 cells/L. On the same year, ASP was
identified on October 30th at Kervel, with a concentration of 36.40 mg/kg of flesh, and it
remained above the threshold until November 19", with a concentration of 34.10 mg/kg of
flesh.

In 2014, there was a significant proliferation of P. australis, marked by its initial detection on
March 17" at Kervel-Large, where cell counts reached 344,000 cells/I. Subsequently, on March
24" P. australis was identified at Dinan-Kerloc'h, with a count of 494,600 cells/l. Shortly
thereafter, on April 14", in the Bay of Brest at the REPHY Lanvéoc station, P. australis
concentrations were measured at 128,000 cells/L. This event triggered a substantial closure of
the fishery due to ASP occurrences, as concentrations in the flesh surged to 126.4 mg/kg on
March 31% at Kervel. In Dinan-Kerloc'h, the highest recorded level of ASP was 72.10 mg/kg of
flesh on March 24",

Just as fisheries were recovering from the extended closures in 2014, another significant event
unfolded in 2017. During this year, P. australis concentrations reached 373,000 cells/L at
Kervel large. Furthermore, the highest ASP levels in bivalves were recorded on April 81, with
133 mg/kg at Kervel and 98.50 mg/kg at Dinan-Kerloc'h. At this time, the maximum number
of cells found in the Bay of Brest was 44,800 cells/L on April 18",
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Moving ahead to 2021, P. australis was detected on March 22" at Kervel large, with a cell
count of 263,300 cell/L accompanied by ASP levels reaching 75.73 mg/kg on March 21%,
Subsequently, on March 30", P. australis was identified at Dinan-Kerloc'h, registering 114,000
cells/L, while ASP levels were measured at 30.80 and 27.57 mg/kg of flesh on March 29" and
April 6th, respectively. This presence of P. australis extended further north on Finistére on May
5™ where cell counts reached 163,000 cells/L.

In 2023, a significant milestone was reached as the largest P. australis bloom ever recorded
since the initiation of REPHY monitoring was identified. Specifically, on February 27",
526,700 cells/L was observed at Kervel-Large, followed by another substantial observation of
215,000 cells/L at Dinan-Kerloc'h on February 28". During this period, ASP concentrations
reached 81.37 mg/kg at Kervel on February 28" (and 61.48 mg/kg on March 6™), and 65.45
mg/kg in bivalves at Dinan-Kerloc'h on March 5.

A brief history of king scallops in Brittany (focus on the Bay of Brest):

This species is relatively recent in the history of French fisheries. The first documentary
mention of this species dates back to 1915 (Fifas, 2004). Before the 19" century, this species
was relatively scarce. The emergence of stocks of interest is thought to be due to climate change,
which has led to a warming of the climate since the end of the Little Ice Age (a phase of cooling
in the climate lasting between five and six centuries, between the beginning of the 14" century
and the end of the 19" century) and the start of the industrial era (Fifas, 2004).

The Bay of Brest was the first place to be exploited, especially in the years following the Second
World War. This fishery had major economic benefits for the Brest region (Pauchet, 2017). The
abundance of the stock and the motorisation of the fishing fleet in the 1950s meant that
shellfishing was a profitable and structuring activity in the Bay of Brest (Fifas, 2004; Pauchet,
2017). It should also be noted that Brittany also had another very large king scallop resource at
that time, which is now the largest in the region located in the Bay of Saint-Brieuc. Fishing in
this area exceeded production in the bay of Brest following a cold spell in the winter of
1962/1963, which decimated stocks (Fifas, 2004). However, overfishing in the Bay of Saint-
Brieuc decimated stocks following the development of fishing techniques. Following this event,
in 1973, the first shellfish fishing licence was created to prevent the arrival of outside fishing
boats and thus protect the stock. But this was not enough, and a significant drop in production
began to be seen in the 1980s. Faced with a general decline in Brittany, fishermen, managers
and scientists decided to reseed the Bay of Brest with juvenile shellfish to support the fishing
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industry. This led to the creation of the Tinduff hatchery, which is still in operation today. But
the predators of shellfish: starfish and competitors for the environment: slipper limpets
(Crepidula fornicata) appeared. The general decline in stocks, particularly in the Bay of Brest
(early 1960s), had an upheaval effect on the profession. This was reflected in a significant drop
in the number of boats involved in this fishery (271 boats in 1953 compared with 33 today, in
2023).

All in all, the decline in the scallop population, combined with the ASP events, are further
weakening the shellfish fleets, which are seeing their revenues dwindle. In fact, fishing for
shucking or closing causes a significant economic loss. A shell sold for shucking is also less

expensive than a fresh shell (information from the Finistere fisheries committee).

1.4 The MASCOET project

MascoET

In the context of scallop toxicity explained in the previous section, the MASCOET project
(Maintien du stock de coquillages en lien avec la problématique des efflorescences toxiques)
was created (https://mascoet.ifremer.fr/). This project is funded mainly by FFP (France Filiére
Péche) but also by Brest Métropole, and will cover a period of 5 years, starting in 2019. The
project is coordinated by the DYNECO unit and LEMAR, in partnership with several fisheries
committees (CDPMEMZ29, CDPMEMZ22, CRPMEM Bretagne, CDPMEM17, CRPMEM
Normandie, CDOPMEM56 and COREPEM) and with the support of the Tinduff hatchery.

The aim of the project is to improve our understanding of the ecological mechanisms that have
led to the closure of scallop fisheries since 2000 due to ASP toxicities. These toxicities linked
to toxic blooms have mainly affected the Bay of Brest, the Bay of Seine and Southern Brittany
in France. Within the MASCOET project, the Bay of Brest will be the pilot site, but the
knowledge acquired will extend beyond this single site.
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The project is divided into four components:

1. Understanding the determinism of the appearance of toxic blooms;

2. Understanding why the decontamination of scallops is very slow compared with that of other
pectinids, notably the black scallop;

3. Improve knowledge of the ecology and population dynamics of the scallop in order to:

4. Improve the management of fishing activity, which may shift to this resource during toxic

episodes.

As part of this project, my thesis took part in the first component. The aim was to gain insight

into the toxic blooms of P. australis occurring in Western-Brittany (Finistére, France).

\Ng
fﬂﬂ“.“:i:égaﬁ ’
P‘c Région
BRETAGNE

The PhD thesis (2020-2023) was co-financed by France Filiére Péche (50%) and La région
Bretagne (50%).

1.5 Thesis objectives

This thesis takes place in the context of the toxic blooms of P. australis, which have been
impacting the Bay of Douarnenez and the Bay of Brest in Brittany since the year 2000 (fig. 17).
The study encompassed the geographical region spanning the Bay of Douarnenez, the Iroise
sea, and the Bay of Brest (West-Finistere, Brittany, France, Fig 16).

Throughout this PhD project, we explored the spatiotemporal development of P. australis in
West-Finistéere using a variety of analytical approaches, combining gene expression,
environment and hydrodynamic modeling. These various approaches have allowed us to gain a

comprehensive perspective on the blooms, all centered on a central question:

In this area, previous observations, particularly those conducted by the REPHY have revealed
a shifting pattern in the spatial and temporal occurrence of blooms, with successive
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developments of blooms from the southern part of the study area and progressing towards the
Bay of Brest (figures 18, 19). To illustrate, during the largest P. australis blooms observed over
the last decade by the REPHY, the figure 18 shows that P. australis blooms were first identified
in the Bay of Douarnenez (Kervel large) and then in the Bay of Brest (Lanvéoc). In addition,
cells were mainly found in high quantities in the Bay of Douarnenez, except for 2014 and 2017

(is this due to the sampling frequencies?).
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Fig. 18: Cell abundances associated with the species P. australis observed during large blooms

(>100,000 cells/L) in 2014, 2017, 2019, 2021 and 2023 between the Bay of Douarnenez and the Bay of
Brest.

More specifically, this phenomenon prompts the following question:
What is the spatio-temporal dynamic of P. australis blooms in West-Finistere?

To answer this question, the PhD thesis seeks to corroborate or refute the following hypotheses:
1. The bloom originates in one location and subsequently spreads across space and time.

2. Multiple distinct blooms develop independently.
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In addition to addressing these hypotheses, the present thesis also aimed to answer the following

question:

What are the drivers behind the development of P. australis in West-Finistere?

In order to understand the factors intrinsic to the development of P. australis, the thesis also
seeks to verify the following hypotheses:

1. The development of P. australis is directly linked to environmental conditions.

2. The development of P. australis is linked to environmental conditions and also to the

phenology (life cycle) of the species.

To answer these different questions, the study approach focused on in situ analysis of P.
australis blooms and related environmental variables collected (table 2) at four monitoring
stations located from the Bay of Douarnenez (Telgruc), through the Iroise Sea (Dinan-Kerloc'h)
to the Bay of Brest (Sainte-Anne and Lanvéoc) (figure 19).
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Fig. 19: Monitoring stations (crosses) and surrounding REPHY stations (green dots).
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Lanvéoc

Dinan-Kerloc’h

During two P. australis blooms, in 2019 and 2021, initially detected by the REPHY in the Bay
of Douarnenez, bi-weekly samplings were conducted at four stations located from the south
(Bay of Douarnenez) to the north (Bay of Brest) of the study area. In 2019, sampling was carried
out between March 15tand 29": in 2021, this was between February 22" and April 16%.

In 2017, an opportunistic daily monitoring between April 4" and 24" during a P. australis

bloom was carried out in the Bay of Brest (Sainte-Anne Stations).

The details of these different monitoring (data collected ect.) are outlined in the table 2 provided

below.
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Table 2: Data acquired during 2017, 2019 and 2021 monitoring of P. australis blooms, and data
collected (stars) from various environmental monitoring in the study area (Marel-Iroise buoy
(Rimmelin-Maury et al., 2023), Somlit (http://somlit.epoc.u-bordeauxl.fr), Coriolis observations
(http://www.coriolis.eu.org) and models (AROME model (Seity et al., 2011), CROCO-IROISE model

(Www.croco-ocean.org).

2017 2019 2021
. ) Telgruc / Dinan-Kerloc’h / Sainte- Telgruc / Dinan-Kerloc’h /
Stations Saute-Anne Anne / Lanvéoc Sainte-Anne / Lanvéoc

Monitoring period | From April 4th to Apnil 24th | From March 1st to March 29th | From February 22nd to April 16th

8 lin; ; . .
ampling Daily Bi-weekly Bi-weekly
frequency
N!Jml.Jer of 14 9 16
monitoring days
-RNA il

-RINA samples. -Fractisoa::tl;; St:h_lcurcr hyll a
-Pico, Nano and - P

-Pseudp-nitzschia spp. count
(cell/L; light microscopy);
-pico, nano and micro abundances

Microphytoplankton abundances
(cell'mL)
-Cell concentration of dominant

Biotic variables “RNA samples

) - i . (cell'mL) and biomass (ug/L)
species (CB%L obtained by light _particulate (pg/cell) and disolved
MICIOSCOPY (pg/mL) toxins

Temperature (°C); salinity
(PSU) ; nutrients (stlicate,
phosphate, nitrate; pmol/L);

*Somlit data (weekly): et ) suspended matter (mg/L)
Silicate, Phosphate, Nitrate Tm_pmmi C). salinity (PSU) ;
(umollL) nutrients (Silicate, Phosphate,

Nitrate; umol’L) *Coriolis database observations
*Météo-France AROME

(high frequency): wave height
Abiotic variables |numerical model (1 hour (?onohs database obsen"a_tmms (m)
3 PAR (WE/m2's) (high frequency): wave height (m)
frequency): HEima *Météo-France AROME
*\[&téo-France AROME numerical model (1 hour
mumerical model (1 hour frequency): PAR (uE/m2/s)
frequency): PAR. (UE/m2/s)

*Marel-Troise data (20 mins
frequency): Temperature (°C);
Salinity (PSU); Turbidity
*CROCO-Iroise model (every
30mins): currents speed (m/s)

In order to address the various issues raised in the thesis, the present manuscript is structured

into four main chapters, each of them addressing a particular aspect of the general problematic.

In the chapter 2, we studied the succession of coastal phytoplankton communities on a small
spatio-temporal scale (from the Bay of Douarnenez to the Bay of Brest). These successions
were correlated to environmental parameters, for the two years of monitoring carried out in
2019 and 2021. An essential step in the study of microorganism’s ecology is to determine

community composition. In this chapter, we set up an analysis pipeline using
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metatranscriptomic samples to: 1) determine the eukaryotic community composition and 2)
determine the diatom community composition at the species/genus levels.

This study was the subject of an article (currently under review by Estuarine, Coastal and Shelf
Science): Early spring small scale spatio-temporal shift in coastal diatom communities (Léa
Prigent, Julien Quéré, Marie Latimier, Florian Caradec, Emilie Rabiller, Martin Plus, Mickaél
Le Gac).

The French phytoplankton monitoring network (REPHY/, 2022) has regularly observed blooms
in early spring. These blooms exhibit a shifting pattern from south to north, extending from the
Bay of Douarnenez to the Bay of Brest, although this observation lacks confirmation. This
observation aligns with findings presented in chapter 2.

In chapter 3, our objective was to understand the movement of blooms in West-Finistere. To
achieve this, we used a 3D hydrodynamic model: CROCO (Coastal and Regional Ocean
Community model) configured in our study area. Four hydrodynamic simulations over the
month of March (the period when P. australis blooms are most frequently observed in the area)
were carried out for four years with varying degrees of blooms (2014, 2017, 2019 and 2021).
Two transport methods were used to model hydrodynamic connectivity and tracer transport
along the Finistére coast. First, the connectivity between zones was studied using an Eulerian
approach to monitor the concentrations of passive tracers (a proxy for phytoplankton biomass),
their dilution and their transport, between different west Finisterian zones over time. Second, a
Lagrangian approach was used to track the trajectory of individual particles (similar to groups
of phytoplankton cells) over time. The modelling approaches focused exclusively on the

physical processes likely to influence bloom dispersion.

Chapter 4 looks specifically at a P. australis bloom monitored in 2021. Blooms are classically
studied by focusing on the absolute or relative abundance of species (chapter 2). In chapter 4,
we studied the spatio-temporal evolution of the physiological state of P. australis as it responds
to the impact of the environment as a whole. In order to gain an overview of the processes
governing phytoplankton blooms, hydrodynamic connectivity was also analyzed. Taken
together, gene expression analysis and hydrodynamics provided insights into the spatio-
temporal dynamics of P. australis blooms in West-Finistére. This chapter is currently being

prepared for publication.
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Finally, in chapter 5, the physiological state of P. australis was analyzed over the entire period
of a bloom. This study focused on the analysis of metatranscriptomic samples collected in the
Bay of Brest during a P. australis bloom in 2017. Genes expressed by this species were
analyzed to determine how gene expression changed during the bloom, and what were the
functions associated with genes displaying a dynamic expression. In order to understand the
physiological changes that occur during a bloom, the functions of these genes were analyzed in
terms of functional categories (Gene Ontology analysis), and with a focus on genes specifically
involved in the diatom life cycle (sexual reproduction) and domoic acid biosynthesis. An article

is under preparation for ISME journal.
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Context

The objective of the thesis is to understand the drivers of the development of the toxic P.

australis blooms in West-Brittany.

In the present chapter, the main objective was to understand the spatio-temporal dynamic of
diatoms community (to which the genus Pseudo-nitzschia belongs) at the lowest taxonomic
level (species or genus) in relation to the biotic and abiotic environment. For that, two
monitorings were carried out during P. australis development periods, in early spring 2019 and
2021.

However, one of the main difficulties in studying micro-organism populations in ecology lies
in their accurate detection. Monitoring phytoplankton communities has long been achieved on
the basis of microscopic observations. Although traditional optical microscopy remains the
standard means of characterising community composition, it has its limitations when it comes
to certain species that cannot be easily visualised or distinguished solely by their morphological
characteristics (Hallegraeff et al., 2004). These species, which show little or no morphological
differences, are known as cryptic or pseudocryptic species. Several pseudocryptic species have
been described in Pseudo-nitzschia spp., for example: P. arenysensis, P. caciantha, P.
calliantha, P. decipiens, P. dolorosa, P. mannii, P. arctica, and three varieties of P. pungens
(Amato et al., 2007; Amato and Montresor, 2008; Casteleyn et al., 2008; Churro et al., 2009;
Lundholm et al., 2006, 2003; Orsini et al., 2004; Percopo et al., 2016; Quijano-Scheggia et al.,
2009). Although toxicity events are mainly due to a few species, understanding toxicity events

can only be done by analysing Pseudo-nitzschia blooms at the specific level.

In this context, in this chapter, the first step was to identify the spatio-temporal composition of
the community at the lowest taxonomic level. To achieve this objective, metatranscriptomic
samples were used to determine the composition of the active diatom community. Using this

method, Pseudo-nitzschia species were identified to the species level.

Thanks to a conclusive pipeline for community identification, this chapter has been able to
highlight:
e Early spring small scale spatio-temporal study displayed a time-shift in diatom

successions in a coastal temperate dynamic area.
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e Temporal changes in diatom succession were mainly correlated with seasonal evolution

of environmental parameters (PAR and temperature) and also phosphate.

This chapter was submitted on Estuarine, Coastal and Shelf Sciences.
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Graphical abstract
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community successions

S, ,1'
) m  "@. Environmental
48.75 N g
7) sample water
o co| M0 I --ii ] — =
- p—1 a0 e
= | | || L L
e T e || | Y mRNA
Sl =-"!-“II7—. a ] == 2, >
E =0 aEECNem S-aogee=thainnt |
= - — =S Eo RE =
g Sainte-Ann A
— 4825 Elorn river P Sequencing
KO
Bay of Brest : l
! - -. i Aulne river
] - — Iroise sea L
- 48 Di Lanvéoc T [===1]
- B inan- P p—
3 :l ali= I N Kerloc’h S sl Iiilli \ Millions of reads
- { ] 1
N [ Ig i Telgruc 8 —_— ’\
Bay of Douarnenez ~| & | Mam R = n .
47.75 s =hn Iil 1 Alignment on
45 40 ; ‘ Species 1 mmm—— rbcl reference
= ¥ Longitude SPECies 2 s (latabase with
- § . . ; : Species 3 == taxonomic
R .. M Guinardia delicatula W Pseudo-nitzschia australis : o
Most frequent species: ’ ; ) assignations
Thalassiosira nordenskioeldii Rhizosolenia setigera

Résume :

L'étude des changements spatio-temporels a petite échelle dans les communautés de
phytoplancton est importante pour comprendre le fonctionnement d'un écosysteme, en
particulier lorsqu'il est sujet a des proliférations d'algues nuisibles. La succession a court terme
des communautés phytoplanctoniques et en particulier de diatomées a eté étudiée sur deux ans
au début du printemps (mars-avril) dans quatre stations cétiéres d'Europe occidentale en
relation avec des parameétres biotiques et abiotiques. La composition globale de la communauté
a été caractérisée au niveau des classes, et les diatomées ont été identifiées au niveau des especes
ou des genres a laide d'échantillons métatranscriptomiques. Dans les quatre stations, les
communautés de diatomées étaient similaires mais présentaient un décalage dans le temps, les
changements dans la succession des communautés se produisant d'abord dans la station la plus
méridionale. Les changements temporels dans les successions de diatomées ont eté
principalement attribués a I'évolution saisonniére des parametres environnementaux
caractéristiques de I'némisphere Nord : la température et le rayonnement photosynthétiquement
actif (PAR), ainsi que le phosphate. La principale différence entre les deux années a été la
présence en 2021 des espéces toxiques Pseudo-nitzschia australis et Pseudo-nitzschia
fraudulenta, moins toxiques, qui se développent régulierement dans la zone au début du

printemps. Leur présence était associée a une salinité plus faible et a une faible concentration
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de phosphate. Cette étude suggére que la comprehension de la dynamique spatio-temporelle des
communautés de phytoplancton a petite échelle peut aider a anticiper les successions d'espéces.
Une telle anticipation peut étre particulierement utile dans les zones soumises a des

proliférations d'algues nuisibles.

Abstract:

Studying small scale spatio-temporal changes in phytoplankton communities is important to
understand the functioning of an ecosystem, particularly when it is subject to harmful algal
blooms. The short-term succession within phytoplankton and especially diatom communities
was investigated over 2 years at the beginning of spring (March-April) at four nearby coastal
stations of western Europe and in relation to biotic and abiotic parameters. Overall community
composition was characterized at the class level and the diatoms were identified at the species
or genus levels using metatranscriptomic samples. At the four stations, diatom communities
were similar but showed a time-shift with changes in succession occuring first at the
southernmost station. Temporal changes in diatom successions were mainly attributed to the
seasonal evolution of environmental parameters characteristic of the northern hemisphere:
temperature and photosynthetically active radiation and also phosphate. The main difference
between the two years was the presence in 2021 of the toxic species Pseudo-nitzschia australis
and the less toxic Pseudo-nitzschia fraudulenta, which regularly bloom in the area in early
spring. Their presence was associated with lower salinity and low phosphate concentration.
This study suggests that understanding spatio-temporal dynamics of phytoplankton
communities at small scale may help anticipate species successions. Such anticipation may be

especially useful in areas subjected to harmful algal blooms.
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2.1 Introduction

Phytoplankton is a key component of aquatic ecosystems, it plays an essential role in
maintaining the structure and functioning of marine coastal systems. Marine phytoplankton
sustain pelagic food webs (Fenchel, 1988) and directly affect biogeochemical cycles and
climate (Holligan, 1992). Many studies investigated their dynamics at large temporal and spatial
scales, either focusing on seasonal or interannual variations in phytoplankton communities
(Barrera-Alba et al., 2019; Dong et al., 2021; Eriksen et al., 2018) or on long term changes in
response to eutrophication, climate changes or additional human disturbances (Chen et al.,
2010; Kim et al., 2020).

These studies characterized responses of phytoplankton to environmental and/or biological
changes (Rantajarvi, 1998; Schiewer, 1998). The driving factors tend to vary according to
geographical areas (Leonilde et al., 2017) as well as habitat type (river, estuary, lagoon, bay,
sea...) (Sarker et al., 2021). For example, in tropical ecosystems nutrients and zooplankton
grazing were identified as the most important predictors for phytoplankton community in the
Bay of Bengal (Sarker et al., 2021), whereas in temperate ecosystems, light, temperature and
more generally seasonality tend to be the main drivers (Edwards et al., 2016; Paches et al.,
2019; Wiltshire et al., 2015). Large time-scale studies mainly focused on large taxonomic
groups of phytoplankton (Liu et al., 2022; Paches et al., 2019) and/or functional groups (Kim
et al., 2020). However, fluctuation in species assemblage over short spatial or temporal scales
may also be of primary ecological interest to understand microbial dynamics (Martin-Platero et
al., 2018; O’Boyle and Silke, 2010). For instance, in relation to different tolerance to
environmental conditions, distinct species have been identified as characteristic of different
stages of the seasonal growth period (Heino and Soininen, 2006; Hernandez Farifas et al., 2015;
O’Boyle and Silke, 2010). However, as the generation time of some protists may be less than a
day, large scale studies can miss fundamental ecological processes (bloom, community
responses to localized weather events or to species-species interactions) and successions that
are more noticeable on shorter time scales (i.e days) (Berdjeb et al., 2018). Moreover, Harmful
Algal Blooms (HAB) often result from a local development of species over short-time scales
(commonly 1-3 weeks) (Mas6 and Garcés, 2006).

The monitoring of phytoplankton communities has long been carried on the basis of
microscopic observations. Although traditional light microscopy is still the standard mean of
characterizing community composition, it has limitations when dealing with certain species that

cannot be easily visualized or that cannot be discriminated based on morphological
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characteristics alone (Hallegraeff et al., 2004). These species that have no or very small
morphological differences are referred to as cryptic or pseudocryptic species. Furthermore,
microscopic identification is time-consuming and highly dependent on the level of expertise of
the analyst. Molecular genetic techniques, such as DNA metabarcoding enable high throughput
profiling of microbial communities and is less dependent on taxonomic expertise (Rees et al.,
2014; Trebitz et al., 2017). However, such environmental DNA (eDNA)-based methods may
display a high rate of false positives (detection of species absent from the sampled environment)
(Cristescu, 2019; Yates et al., 2021). Moreover, in metabarcoding studies, the choice of the
genetic marker is a trade-off between the ability to exhaustively characterize community
compositions with moderate taxonomic resolution and to precisely identify the species. In the
present study, as an alternative, metatranscriptomic samples were used to determine the
community composition. Such an approach was chosen because RNA has a lower persistence
rate in the environment and a rapid turnover, which could decrease the rate of false positives
and enable to specifically focus on the active community associated with the sampling location,
which is important for estimating biosecurity risks, and for gaining insight into community
succession on short time scales (Cristescu, 2019; Fuhrman et al.,, 2015). Moreover,
metatranscriptomic involves the sequencing of all expressed genes, without targeting a specific
locus. Such non-targeted sequencing offers the possibility to align reads against several
reference databases. This enables overall community composition characterization at moderate
taxonomic resolution using conserved markers such as the small subunit ribosomal ribonucleic
acid (SSU rRNA; Guillou et al., 2012; Pruesse et al., 2007) and to obtain species level resolution
for phylum of interest, using faster evolving genes such as rbcl (Rimet et al., 2019), ITS or COI
(Guo et al., 2015; Moniz and Kaczmarska, 2009).

In this study, an in situ metatranscriptomic approach was carried out to study the total
eukaryotic communities, with a strong focus on diatoms at a small spatio-temporal scale in a
dynamic and productive system situated in Western Europe. The objective of the present study
was to expand our knowledge of the small-scale spatial and temporal variability of protistan
community composition at the beginning of spring.

During this period, we hypothesize that four coastal areas with different degrees of exposure to
the open-ocean have different environmental conditions that may favor distinct diatom
community dynamics. In order to test this hypothesis, during two years, the composition of
early spring coastal communities in relation to environmental conditions was followed twice a
week for about a month at four coastal stations. The variation in diatom community composition

was compared between monitoring stations because (1) diatoms are the dominant class at the
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beginning of spring on the North-Eastern Atlantic coast and (2) this period is prone to
the emergence of the toxic diatom Pseudo-nitzschia australis (Nezan et al., 2010, observations
from the French phytoplankton and phycotoxin monitoring network: REPHY).

Community composition was then related to environmental variables in order to discuss the
variability of diatom communities at small spatial and temporal scales and the use of

metatranscriptomic samples for further studies.

2.2 Materials and Methods
2.2.1 Study area

Atlantico

ocean

48.50

Sainte-Anne_~ Elorn river

Latitude

Aulne river

Iroise sea

Dinan-Kerloc’h

Lanvéoc

48.25

Bay of Douarnenez

-4.5 -4.0 3.5

Longitude )

Fig 1: Sampling areas located in the Bay of Brest (Sainte-Anne, Lanvéoc), the Bay of Douarnenez
(Telgruc) and the Iroise sea (Dinan-Kerloc’h), France, Western Europe

Following initial detection of the toxic P. australis species by the French phytoplankton
monitoring network (REPHY), water samples were collected bi-weekly from shore in the Bay
of Brest and Iroise sea in March 2019 (from March 1% to March 29™) and between February
and April 2021 (from February 26" to April 16™) at four monitoring stations (Fig. 1, from south
to north: Telgruc, Dinan-Kerloc’h, Lanvéoc and Sainte-Anne).

Two monitoring stations are located in the Bay of Brest (Lanvéoc: 48.292921, -
4.458473, Sainte-Anne: 48.360160, -4.553163). The Bay of Brest is a semi-enclosed
embayment of 180 km? connected to shelf waters by a narrow strait (2 km wide, 40m deep)

(Quéguiner and Treguer, 1984). The two main freshwater inputs in the area (Aulne and Elorn
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rivers) flow into the Bay of Brest (average annual flow 21 and 5 m® s, respectively), where an
intense tidal mixing prevails (maximum tidal amplitude 8 m, tide periodicity: 12 h) that allows
fast mixing exchanges with the Atlantic Ocean (Le Pape et al., 1996). In this shallow macrotidal
area, tidal currents and wind ensure a good vertical mixing of the waters (Beucher et al., 2004).
This is also the case for the other two monitoring stations (Dinan-Kerloc'h: 48.257071, -
4.560974 and Telgruc: 48.209933, -4.373308). Unlike the Bay of Brest, these two stations only
receive very small riverine inputs with mean flows below 2 m3.s? (Guillam et al., 2020;
Merceron et al., 2007).

2.2.2 Environmental analysis

During the sampling period, salinity and sea surface temperature (°C) were measured in situ
using Cond 3110 portable thermo-salinometer (WTW, a xylem brand, Germany). Water
samples were filtered and prepared immediately after collection on the shore, for later analysis
in the laboratory.

Nitrate, nitrite, phosphate and silicate concentrations (umol/L) were measured by segmented
flow analysis, following Aminot and Kérouel, 2007.

The tidal amplitude (m) is recorded in Brest city harbour (048° 23° 00.0” N, 004° 30’ 00.0” W)
by the French Naval Hydrographic and Oceanographic Service (https://maree.shom.fr/). The
average photosynthetically active radiation (PAR, HE/m2/s) is provided at each station by
Météo-France AROME numerical model (Seity et al., 2011) for which the mean between 10
am and 4 pm at the sea surface has been calculated. Daily average wave height (m) is taken

from the Coriolis database observations (http://www.coriolis.eu.org).
2.2.3 Biological analysis

2.2.3.1 Cell Counts

Pico (0-3 um) -nano (3-20 um) and -microphytoplankton (> 20 um) abundances were measured
by flow cytometry using a CytoSense (Cytobuoy b.v., Netherlands), (laser 488 nm). Water
samples (4 mL) were pre-filtered (200 um) and fixed with glutaraldehyde and pluronic at a final
concentration of 10%. Samples were stored at -80°C prior to analyses. Densities of each
phytoplankton group were obtained in 2 runs with different speeds to increase the number of
events to characterize the signal amplitudes and shapes. Size calibration was based on reference

beads.
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2.2.3.2 RNA extraction, library preparation and sequencing

For total RNA extraction, directly after the sampling, 4-5L subsurface water samples were
filtered on 10 pum polycarbonate filters using a peristaltic pump. Filters were frozen in liquid
nitrogen in RNA later (Fisher Scientific, Illkirch, France) and stored at —80 °C until RNA
extraction. Total RNA was extracted by sonicating the filters on ice (Vibra-cell 75115, Bioblock
Scientific, Illkirch, France) for 30 seconds at 35% intensity in LBP buffer (Macherey-Nagel,
Duren, Germany). Extraction was performed using the NucleoSpin® RNA Plus kit (Macherey-
Nagel) following the manufacturer's protocol. Library preparation was performed using the
Illumina mMRNA TruSeq stranded Kit starting from 0.5 pug of total RNA. Paired-end sequencing
was performed using 2 x 150 bp cycles on Illumina Hiseq3000 (2019 samples) and
Novaseq6000 (2021 samples) at the GeT-PlaGe France Genomics sequencing platform
(Toulouse, France). Generated fastQ files have been deposited to the European Nucleotide
Archive (ERR9850438-460, 557-562, 566-569, 572-574, 577-584, 589-592, 600-607, 610-613,
619-621, 624-633).

2.2.3.3 Sequences preparations and bioinformatic pipeline

Prior to read mapping, raw reads were initially characterized  with
FASTQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) in order to assess read
quality and quantity. TRIMMOMATIC (Version0.36) (Bolger et al., 2014) was then used to
trim ambiguous, low quality reads and sequencing adapters with parameters:
ILLUMINACLIP:adapter.fasta:2:30:10:8 LEADING:30 TRAILING:30 MAXINFO:40:0.5
MINLEN:80. Forward trimmed reads were aligned on two reference databases using blastn (-
max_target_seqgs 10 -evalue 1e-10) (Fig 2.A, B). The first one, the Protist Ribosomal Reference
database (PR2, Guillou et al., 2012), is a manually curated database for 18S rRNA sequences,
which enables complete characterization of the eukaryotic community, but at low taxonomic
resolution, especially for diatoms. The second one, Diat_barcode (Rimet et al., 2019), is a
manually curated database for diatom based on rbcL, a chloroplast marker. It was used to obtain
a better taxonomic resolution for diatoms, at the species or genus levels. Homology between
environmental reads and sequences from the two databases were determined based on e-values.
The e-value represents the number of homologous sequences that one would expect to obtain
at random. It is calculated as a function of the raw score (bit-score, alignment score), the
alignment length (base pair alignment length of the environmental read on the query sequence)

and also the database size (Gonzalez-Pech et al., 2019).
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Fig. 2: Blast output analysis pipeline

Blast outputs were analyzed using R software (version 3.2.3; R Core Team 2014). Following
preliminary investigation to identify appropriate thresholds (provided in supplementary
materials A), reads displaying minimum e-values >= 10~ against Diat_barcode and >= 107°
against PR2 were filtered out. For each of the remaining reads, the database sequences
displaying the lowest e-value (up to ten) were considered. For PR2, if all the database sequences
displaying the lowest e-value belonged to a given class, reads were assigned to this class. For
diat_barcode, if all the database sequences displaying the lowest e-value belonged to a given
species or genus, reads were assigned to this species or genus respectively. Otherwise, reads
were not considered. Relative community composition was obtained by dividing the number of
reads assigned to a given taxonomic level (class, genus or species) by the total number of
taxonomically assigned reads in each sample. In the study the relative abundances are expressed
in percentage. For the different analyses, only class, genus, or species with a relative abundance

>2% were considered.

2.2.3.4 RbcL marker choice for diatom identifications

In the present study, diatom community composition species assignment was based on the

number of rbcL reads obtained for the various species in each sample. However, this number
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of reads may not only be affected by the species' relative abundance in the community. It could
also be affected by constitutive gene expression differences between species (for instance if
rbcL is systematically more expressed by species A than by species B, which would lead to a
systematic over- or under-estimation of some species depending on their rbcL expression level.
Such bias could be similar to the one due to 18S rRNA gene copy number variation across
protist species widely documented in metabarcoding studies (Martin et al., 2022). It could also
be affected by differential expression between species across environmental conditions (for
instance if rbcL is more expressed by species A in sample X and by species B in sample Y).
This second type of potential bias could be much more problematic than the previous one, as it
could entirely blur the species relative abundance signal. However, rbcL encodes for the
Rubisco, a key and very abundant enzyme involved in photosynthesis and rbcL gene expression
has previously been documented as correlated with overall cellular activity total RNA content
and carbon fixation in natural diatom communities (John et al., 2007) and was more expressed
at the onset of blooms in mesocosms (Wyman et al., 2000). Moreover, we re-analysed a
previously generated gene the expression dataset (Lema et al., 2019) to determine how rbcL
gene expression changes for seven Pseudo-nitzschia strains belonging to three different species
in three experimental conditions. Results indicated a systematic rbcL over-expression for one
species (P. pungens) compared to another one (P. australis) that could lead to an overestimation
of P. pungens relative abundance compared to P. australis (about three times). However, gene
expression appeared constant across strains and media (see supplementary materials F).
Altogether, this suggests that relative abundance estimates based on rbcL gene expression may
be a good proxy of the biologically active community composition, although some of the
species may be systematically over-represented. This aspect is further discussed, in the

discussion section, in light of the community composition results.

2.2.4 Statistical analysis

All statistical analyses and graphics were performed with R software v. 3.2.3 (R Core Team,
2014).

A principal Component Analysis (PCA, factoextra R package, Kassambara and Mundt, 2017)
was used to assess temporal and/or spatial relationships between the samples based on the
environmental variables along a reduced number of axes. The analysis involved all
environmental parameters, including physico-chemical parameters (temperature and salinity,

PAR, tidal amplitude, wave heights and nutrients concentrations) and biological parameters
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(Pico-, nano and micro-phytoplankton abundances). Prior to these analyses, all variables were
centered and scaled in order to make them dimensionally homogeneous.
To investigate the spatial and temporal evolution of the diatom communities, a Principal
Coordinate Analysis (PCOA; vegan package, Oksanen et al., 2007) using the Bray Curtis
distance was used. The correlation between biological, physico-chemical parameters and
relative community composition was tested using a Distance-based Redundancy analysis using
the Bray-Curtis distance (dbRDA; vegan package). An analysis of variance (ANOVA) was then
used to verify the significance of the overall analysis and each axis. The non-parametric
Kruskal-Wallis test was performed to determine whether there were any temporal or spatial

differences in environmental parameters between samples.

2.3 Results

2.3.1 Spatial and inter-annual environmental differences
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Fig. 3: (A) Interannual variability of biotic and abiotic parameters (outliers were removed of the
graphics); (B) 2019 and (C) 2021 Principal Component Analysis (PCA) showing correlations between
biotic and abiotic variables collected at the different monitoring stations (Dinan-Kerloc’h, Lanvéoc,
Sainte-Anne and Telgruc). all the parameter’s values are indicated in supplementary materials B.
Numbers indicate sampling dates (julian days).
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First of all, concerning interannual variability (Fig.3A), 2021 differed from 2019 by
significantly lower salinity (Kruskal-Wallis, p=2.03e%), temperature (p=3.81e®) and
significantly higher nitrate+nitrite concentration (p=4.92e°). Regarding the spatial variation for
both years, the temperature was higher in Sainte-Anne (p=0.005) as well as the nutrients
(Nitrate+Nitrite: p = 2.85e; Phosphate: p=0.006; Silicates: p=3.9e®). Whereas salinity was
significantly higher in Telgruc compared to the other stations (p=0.005). In general, results
indicated lower temperature and higher wave heights in the southernmost station (Telgruc) and
the open-ocean station (Dinan-Kerloc’h) compared to the Bay of Brest (Sainte-Anne and
Lanvéoc) over the two years of sampling.

In addition, the intra-annual variability was analyzed using PCA. For both years, the first axis
separated the samples spatially and the second axis separated them temporally.

The 2019 PCA (fig.3B) indicated that the first axis explained 31.5% of the variance and
separated the samples with higher salinity from samples characterized by higher temperature
and nitrate+nitrite (N) and silicate (Si) concentrations. The 2nd axis (22.6% of the variance)
separated the samples with higher PAR from samples with low PAR and high phosphate (PO4)
concentrations. Spatially, the first axis opposed the samples from Sainte-Anne which have
higher concentrations of Si (13.4 £ 8.8 umol/L; meanztstandard deviation) and N (19.9 = 11
pmol/L) and low salinity (33.7 £ 0.92) compared to the Telgruc station (Si: 4.9 £ 3.3 umol/L;
N: 3.8 £ 2.1 umol/L; salinity: 34.7£0.1). Sainte-Anne waters also differed from Dinan-Kerloc’h
and Lanvéoc but to a lesser extent. Concerning the temporal variation, the 2nd axis indicated
logically an increase in PAR values during the monitoring period, coupled with calmer water
(low wave heights) (Fig.3B).

In 2021, the PCA indicated that the first axis explains 29.1% of the variance and separated the
high salinity samples from samples with higher temperature and nutrient (N, Si and P)
concentrations. While, as in 2019, the 2" axis (23.5% of the variance) separated temporally the
samples with high PAR, temperature and microphytoplankton abundances from samples
characterized by high wave heights. As in 2019 again, the 1st axis identified Sainte-Anne
samples which have highly variable Si (38+40.9 umol/L) and N (73.4+68.5 pmol/L)
concentrations. The three other stations are characterized by higher salinity and less nutrient
concentrations. Temporally, the 2nd axis identified samples which at the beginning of the
monitoring period have higher wave heights, picophytoplankton abundances and PO4
concentrations and at the end of the monitoring period, samples with higher PAR and

nanophytoplankton abundances (fig.3C).
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2.3.2 Similar succession of diatom communities shifted in time between stations

In 2019, a total of 15 classes of eukaryotes with relative abundances over 2% were identified.
The class Bacillariophyta, also known as diatoms, was the most abundant and ranged between
25.23% (Lanvéoc, 2019-03-22) and 91.38% (Telgruc, 2019-03-26) of the total abundance.
Spirotrichea was the second most common class found in the Bay of Brest and at Kerloc'h;
whereas the Prymnesiophyceae were mostly found at the Telgruc station. Urochordata was also
commonly found in the samples (supplementary materials D for class relative abundances).

Species-Genus
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Fig. 4: Relative abundances of the diatom community composition during the 2019 monitoring (the
category others regroup genus/species lower than 2% of total abundance). Blank areas correspond to
missing data.
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Fig. 5: PCOA based on Bray-Curtis distances showing the temporal trajectories of diatom communities
for the 2019 monitoring. The red, green, blue and yellow trajectories represent the temporal trajectory
of the Dinan-Kerloc’h, Lanvéoc, Saint-Anne and Telgruc communities, respectively. The numbers
indicate the sampling dates (julian days) and the first samples are shown in bold-circled (the lines don’t
show continuous sequences all the time due to lack of some samples).

In 2019, a total of 34 species or genus of diatoms were found in all the samples. At the beginning
of the time-serie the Sainte-Anne diatom composition was very different from the other stations,
with some species only displaying relatively high abundance at this station, such as Melosira
nummuloides and Ditylum brightwellii on march 1%, After this date, the same diatom species
were found in high relative abundance at Lanvéoc and Dinan-Kerloc'h stations, but no species
dominated the community before march 26", although there was an increase of the diatom
Rhizosolenia setigera, the genus Thalassiosira sp. and Detonula confervacea mainly (fig. 4).
At the end of the survey, these stations all converged toward a community gradually dominated
by the species Guinardia delicatula. This was clearly shown by the converging trajectories due
to an increase in the relative abundance of G. delicatula from march 26" onward (day 81, fig.
5). Contrary to Sainte-Anne, Lanvéoc and Dinan-Kerloc’h, a stable dominance of G. delicatula
was observed at Telgruc throughout the monitoring period (fig. 4), which is shown in the PCOA
by a short trajectory (fig. 5, yellow trajectory). Results showed that during March 2019, the
diatom community at Dinan-Kerloc’h, Sainte-Anne and Lanvéoc all evolved towards a

composition similar to the one observed in Telgruc (fig. 4 and 5).

According to metatranscriptomic samples, P. australis represented 4.5% of the diatoms in

Telgruc on March 11" and the genus Pseudo-nitzschia sp. 2% in Dinan-Kerloc’h on March 1%,
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Light microscopic counts of the genus Pseudo-nitzschia were respectively 66,000 cells/L and

500 cells/L in these samples (supplementary materials E). It should be noted that according to

microscopic samples, the highest Pseudo-nitzschia abundance was 88,760 cells/l on march 15th

at Telgruc, while in this same sample the Pseudo-nitzschia relative abundance was lower than

2% according to the metatranscriptomic samples (fig. 4).

In 2021, a total of 25 classes of eukaryotes were identified and as in 2019, diatoms were the
most abundant class and ranged between 27.74% (Lanvéoc, 2021-03-02) and 85.86% (Telgruc,

2021-03-19) of the total reads. Euglenozoa, Urochordata and Prymnesiophyceae were

commonly found in the samples but in lower relative abundance (supplementary materials D.2

for all community information).
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Fig. 6: Relative abundances of the diatom community composition of the 2021 monitoring (the category
others regroup genus/species lower than 2%). Blank areas correspond to missing data.
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Fig. 7: PCOA based on Bray-Curtis distances showing the temporal trajectories of the diatom
communities of the 2021 monitoring. The red trajectory represents the temporal trajectory of the
communities present in the Dinan-Kerloc 'h samples, the green one those of Lanvéoc, the blue one those
of Sainte-Anne and finally the yellow one those of Telgruc. The numbers indicate sampling dates (julian
days) and the first samples are shown in bold-circled (the lines do not show continuous sequences all
the time due to lack of some samples).

The longer monitoring in 2021 (26" of February to 16™ of April) showed a clear succession of
communities over a 1.6-month period (fig.5) where a total of 75 diatom species or genus
represented more than 2% of diatom relative abundance in at least one sample. In 2021, the
samples from the four stations showed at the beginning of the survey a dominance of the genus
Thalassiosira with the species T. nordenskioeldii and T. minima mainly. Then the diatom
community shifted, with a strong decrease in Thalassiosira relative abundance and an increase
in Pseudo-nitzschia australis abundances. As illustrated on fig. 6 this shift first occurred in
Telgruc around March 9™ and around two weeks later (March 23") in the three other stations.
This dynamic is also illustrated on fig. 7 with similar community composition in all four stations
at the beginning of the survey (clustering of the samples to the left of the first axis) and
successions occurring first in Telgruc (68-78 julian days, corresponding to march 9" to 19'")
and then in the three other stations (Dinan-Kerloc'h, Lanvéoc and Sainte-Anne), indicating a
change in the relative abundance of the community in advance in Telgruc. In concordance,
microscopic quantifications indicated Pseudo-nitzschia abundances higher than 100,000 cells/I
on march 9" and a maximum of about 500,000 cells/I on march 23" in Telgruc, while maximum
densities were reached on march 30" in Lanvéoc (~60,000 cells/l) and on April 2" in Dinan-
Kerloc'h (~200,000 cells/l) and Sainte-Anne (60,000 cells/l). At the end of the monitoring
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period we observed an increased dominance of G. delicatula, (except for Telgruc) as occurred

in 2019. At the very end, an increase of the diatom species C. pelagica was observed (fig.6).

In a nutshell, the two years of monitoring showed similar changes in community composition
relative abundance, but with a time-shift in diatom successions with Telgruc, the southernmost

station, showing advanced changes compared to the other stations.
2.3.3 Community changes related to temporal environmental changes

For both monitoring years, correlations between diatom communities and the associated

environmental factors at the 4 stations were shown by the dbRDA plot (fig. 8).
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Fig. 8: Distance-based redundancy analysis (db-RDA) based on Bray Curtis similarity of the diatom
community structure (relative abundance >2%) and its association with environmental variables of the
2019 and 2021 monitoring. Sampling dates (colors) and sampling stations (shapes) are indicated.

First of all, the first two axes of the dbRDA explained 36.93% of the variation in diatom
structure. It revealed interannual differences in phytoplankton assemblages and mainly
identified two clusters of samples (right-left of the graph) corresponding to 2021 and 2019
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samplings respectively. Years were mainly separated based on two diatoms: G. delicatula
which dominated the 2019 samples (fig.4), and the genus Pseudo-nitzschia (P. australis, P.
fraudulenta and Pseudo-nitzschia sp.) present in 2021 but absent in the 2019 samples. Salinity
and temperature were the main environmental variables correlated with the dominance of G.
delicatula in 2019. In 2021, the presence of P. australis, P. fraudulenta and to a lesser extent
Pseudo-nitzschia sp. were negatively correlated to salinity and PO4. Nevertheless, other species
participated in clustering both years. In 2019, firstly, we can notice the presence of
Phaeodactylum tricornutum and D. confervacea both positively correlated to salinity. And in
2021, C. pelagica and Chaetoceros sp. are identified as negatively correlated with phosphate,
picophytoplankton abundance, but positively correlated with Si, nanophytoplankton abundance
and PAR.

The greatest variation in the diatom community composition was found temporally. The first
axis clearly separated communities dominated by T. nordenskioeldii at the beginning of 2021
at all sampling sites and by G. delicatula toward the end of both years. The only noticeable
exception was Telgruc. At this site, G. delicatula dominated the entire 2019 survey but was
virtually not detected in 2021.

Within each year and site, a temporal species succession was identified in relation to
environmental parameters (except in 2019 for Telgruc), PO4 and PAR were the major factors
which explained the composition of the community, with higher PO4 concentrations and lower

PAR occurring at the beginning of the surveys.

2.4 Discussion

This study investigated the phytoplankton community succession on a small spatial and
temporal scale during early springs (February to April) during two years (2019 and 2021), in
relation with abiotic and biotic parameters (phytoplankton size abundances and accompanying
species). Metatranscriptomic samples were used to describe the whole phytoplankton
community composition at four study sites located in western Europe, an area subject to harmful
algae blooms. The communities showed the same evolution in their successions in relation to
the seasonal evolution of temperature, PAR and phosphate. But this succession presents a time-
shift, the southern station showing changes earlier, followed by the other 3 stations. Another
difference in terms of species dominance is that in 2021, the toxic species P. australis and P.
fraudulenta dominated the community from mid-March to the first days of April, specially at

the Southernmost station (Telgruc).
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e Metatranscriptomic samples identify the eukaryotic community in coastal waters

In this study, metatranscriptomic samples were used to characterize the phytoplankton
community composition. Thanks to this, a characterisation at different levels was possible: at
large group and diatom specific level since different reference banks (respectively PR2 and
diat_barcode databank) were used. Overall community composition was identified using PR2
reference database based on 18S rDNA (Guillou et al., 2012; https://pr2-data base.org/), a
marker classically used in metabarcoding studies. This allowed to characterize the whole
eukaryotic community, but at moderate taxonomic resolution (higher than genus) for certain
phylum. This is especially the case for diatoms, the dominant phylum in this study which are
known to be dominant in the Bay of Brest and Iroise sea throughout the year (Del Amo et al.,
1997; Queéguiner and Treguer, 1984; Ramond et al., 2021). To overcome this issue, diatoms
were identified at low taxonomic level (species or genus) using the same environmental
sequence datasets, but aligned on a different reference bank: Diat.barcode based on rbcl, a
chloroplast marker suitable for species-level identification of diatoms (Rimet et al., 2019;
https://wwweé.inra.fr/carrtel-collection_eng/Barcoding-database). Such an approach enabled
the identification of species frequently found on the East Atlantic coast in early spring. During
the 2 years some diatoms were found recurrent as is the case of G. delicatula, R. setigera and
the genus Thalassiosira sp. (mainly T. nordenskioeldii and T. minima). This homogeneity in
the most dominant species during the two years corroborated a study carried out in the west
English Channel which showed such stability in the planktonic community composition over 8
years of study (Caracciolo et al., 2022). During both years, the pelagic genus Thalassiosira sp.
was dominant in the samples at the beginning of the monitoring correlated with lower
temperature and PAR. Within this genus, T. nordenskioeldii was the species regularly identified
in the samples. This species is a typical cold-water species, described from Arctic waters
(Gémez, 2008), and is a potential biological indicator of the cold, well-mixed water conditions
of west Europe coast. Our observations tend to confirm this since this species was found early
in the surveys during both years, in the rather cold waters of early March (around 9-10°C in
2021). It was also identified in the 1960s and also between 2000 and 2010 in the south west
English Channel (Guilloux et al., 2013; Jacques, 1963; Paulmier, 1969). In addition to this
genus, Pseudo-nitzschia sp. (identified mainly in the middle of the 2021 monitoring and in very
low relative abundance at one station in 2019) and Chaetoceros sp. were cosmopolitan genera
also present in the samples. These genera are identified as recurrent bloomers typical of marine

systems (Assmy et al., 2008). The species G. delicatula was also identified in samples from
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both years. In 2019, this pelagic chain species was the most dominant species. Indeed, it
dominated the diatom community during the whole period in the southern station and at the end
of the survey in the other stations. In 2021, it was less abundant but nevertheless identified as a
major component of the community in the Bay of Brest during the second half of the survey.
Its presence seems to be recurrent over this period. This was not surprising as it is known on
the North-Eastern Atlantic coast to be a recurrent species in early spring phytoplankton blooms,
such as in the Seine estuary (Jouenne et al., 2007), the northeastern English Channel (Gémez
and Souissi, 2007), the German Bight (Schliiter et al., 2012), and the west coast of the Irish Sea
(Gowen, 1999). Closer to our study area, in the south west English Channel, G. delicatula has
been found in numerous community studies. It is one of the most dominant species in planktonic
communities in the Atlantic, English Channel (Arsenieff et al., 2020; Caracciolo et al., 2022;
Grall, 1972; Guilloux et al., 2013; Jacques, 1963; Martin-Jézéquel et al., 1992; Sournia and
Birrien, 1995) and North Sea (Wiltshire et al., 2010) and appears to do particularly well in
temperate tidal mixing habitats (Gémez and Souissi, 2007; Hernandez-Farifias et al., 2014;
Peacock et al., 2014; Schluter et al., 2012; Wiltshire et al., 2010).

All these results were consistent with other studies where species identifications were made
either by light microscopy or metabarcoding. Precise taxonomic level identification is
important in community ecology studies, especially when dealing with HABSs, since not all
species of the same genus are toxic as is the case for Pseudo-nitzschia sp.. The identification
method proposed in the present study allowed us to identify species within the genus Pseudo-
nitzschia and Thalassiosira, difficult to identify by light microscopy. Within the genus Pseudo-
nitzschia sp. 56 species were previously described of which 26 are confirmed toxigenic (Bates
et al., 2018; Lundholm, 2022). However, some method limitations should be noted. In 2019,
microscopic observations indicated the presence of Pseudo-nitzschia species in the sampled
communities, but these species were almost not detected using the metatranscriptomic samples
(4.5% on March 11% and then less than 2%). In 2021, the presence of Pseudo-nitzschia species
was detected using both approaches. Such results may be explained by different reasons. First,
this may be due to the presence of Pseudo-nitzschia species in 2019 that didn’t dominate the
community in relative abundance. Whereas in 2021, its presence was more important in relative
abundance. Another hypothesis may be a difference in rbcl expression between species. In the
present study, diatom community composition was based on the number of rbcL reads obtained
for the various species in each sample. As stated in the method section such estimation of

community composition might be biased by either constitutive gene expression differences
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between species or, more problematically by differential gene expression between species
across environmental conditions. In addition to the arguments developed in the method section,
we would like to emphasize that the extremely clear spatio-temporal species succession patterns
reported in the present study strongly suggest an absence of major differential gene expression
bias. We acknowledge a potential systematic bias leading to the over- or under-representation
of some species (as other methods such as metabarcoding), but such a bias does not interfere
with spatio-temporal succession patterns which are the main focus of the present study. In
addition, it is also important to note that each method has its own biases. Indeed, optical
microscopy, with its much smaller volumes of water used compared to molecular methods, as
well results largely influenced by the taxonomist's expertise, and counts that are more difficult
when there are many chains of diatoms, can over- or underestimate species richness in

environmental samples (Vuorio et al., 2020).
e West coast of Brittany interannual variability of Pseudo-nitzschia bloom

In 2021, the study provided detailed records of the Pseudo-nitzschia within the community, at
the species level and described its relationship with both the surrounding environmental
conditions and biotic factors such as the accompanying phytoplankton community. The study
period (March-April) is prone to the emergence of the toxic diatom Pseudo-nitzschia australis
in Brittany coast (2014, 2017, 2019 and 2021 for the latest years; Nezan et al., 2010; REPHY,

2022) a harmful diatom known to produce the neurotoxin domoic acid (Garrison et al., 1992).

Over the past decades, numerous monitoring programmes for toxic phytoplankton have been
set up on coasts around the world in response to the increasing impact of HAB events. These
monitoring programmes are very important and provide periodic information on phytoplankton
species and environmental variables of invaluable ecological importance (Edwards et al., 2010).
In the present study, a rapid succession of phytoplankton communities and therefore toxic
species in early spring was identified. In 2021, the genus Pseudo-nitzschia and the species P.
australis dominated the community at each station over a relatively short time period, ranging
from 6 to 11 days. Which can fall through the cracks of some monitoring programmes
displaying monitoring frequency of 15 days (REPHY, Pannard et al., 2008), and consequently
limits the use of the data to understand the ecology of a species.

Moreover, monitoring data from many countries are mostly related to species groups called
“complex”, for example the delicatissima/pseudodelicatissima and the seriata complex for the

Pseudo-nitzschia genus based on cell size (Belin et al., 2021; Downes-Tettmar et al., 2013;
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Turk Dermastia et al., 2020). It is therefore not possible to quantify the percentage of the
contribution of toxic species in blooms compared to that of non-toxic species. However, some
groups contain more toxic species, and the alert thresholds defined in REPHY in France to
trigger toxin analysis in shellfish take this into account (Belin et al., 2021). Despite this, the
data from this monitoring programme are sufficient for HAB monitoring but are limited for
work on ecological niches or high frequency bloom monitoring.

We advocate the importance of sampling over short periods of time to understand toxic blooms
over their entire development period.

In our survey, for all stations, P. australis was found to be dominant over different time periods,
and always accompanied by other species, in particular two less toxic Pseudo-nitzschia species:
P. fraudulenta and in lower relative abundance the species P. pungens. Other diatoms such as
R. setigera, T. nordenskioeldii and Chaetoceros sp. were also found in the same samples as P.
australis. Some studies also showed non mono-specific Pseudo-nitzschia species composition
during blooms (Quijano-Scheggia et al., 2008; Smith et al., 2018).

In our study, the genus Pseudo-nitzschia and the toxic species P. australis were identified in
2021 at all stations, and only in the sample from one station in 2019. The difference between
the two monitoring years was that in 2021, salinity and nutrients were lower, especially nitrate.
Concerning environmental parameters and the Pseudo-nitzschia genus presence, the twice a
week survey frequency identified salinity as the most correlated environmental variable with
difference in community composition between the two sampling years. Salinity was
significantly lower in 2021 compared to 2019 and was correlated with the presence of P.
australis. In 2021, results displayed P. australis correlated with lower salinity and phosphate.
Many studies showed different Pseudo-nitzschia sp. responses to environmental variables.
Several authors identified temperature and nutrients as main environmental parameters
determining dominance amongst Pseudo-nitzschia species (Bowers et al., 2018; Klein et al.,
2010; Trainer et al., 2012). Some studies found that Pseudo-nitzschia blooms are associated
with high nutrient concentrations, cold waters and high salinity in East and West
America (Trainer et al., 2002, 2000). Others identified P. australis associated with high
temperature and silicate-rich waters in the Bay of Seine (France, Klein et al., 2010). Whereas
Almandoz et al. (2007) showed that P. australis reached high densities especially with high
salinity and low NOz~ and PO4 concentrations in South America. Husson et al. (2016), for their
part, identified irradiance and temperature as playing a major role on Pseudo-nitzschia blooms
initiation in spring along the French Atlantic and English Channel coasts. Finally, Thorel et al.
(2014) stated the large temperature growth range of P. australis depending on the region.
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Given our results, a direct link between high relative abundances of P. australis and lower
salinity in 2021 compared to 2019 appeared unlikely. First because although significant, the
magnitude of salinity variation between but also within each year was rather moderate (from
27 to 35). Second because at salinities of 30 and 35, a laboratory study showed that the growth
rate of two strains of P. australis did not seem to change (Ayache et al., 2020). However,
salinity is a conservative tracer indicative of riverine inputs. As a result, nutrient fluxes must
have been higher in 2021 than in 2019, and the similar nutrient concentration between these
two years probably reflected a faster nutrient consumption by the community.

For all these reasons, we suggest further studies in the area during P. australis blooms.
Moreover, considering contrasting literature results on the environment associated with the
development of the species, we advocate the importance to study locally i.e in the ecosystem
of interest, to understand the development of the genus Pseudo-nitzschia at this location.
Indeed, some studies suggested that the high intraspecific variability among Pseudo-nitzschia
species may be related to the origin of the strains (ecotypes) (Lelong et al., 2012; Thorel et al.,
2014).

e Diatom community successions from south to north over the time

Over the two years, the diatom community succession at the beginning of spring was similar,
and results indicated a shift that occurs first in the southernmost area. To our knowledge, this
study is the first to compare diatom communities in different close areas in a small-time scale
that showed a spatial shift in community succession. Different authors in the study area have
highlighted the constant mixing of the waters of the bays with the adjacent Iroise sea explained
by the strong impact of the tidal cycle (Delmas and Treguer, 1983; Le Pape et al., 1996;
Quéguiner and Tréguer, 1984), which suggests that phytoplankton community homogeneity is
expected across the area. But this was not reflected in our results. Indeed, at the same day of
sampling the four stations had different communities, suggesting that on the same sampling
day, the water masses and consequently phytoplankton communities differed between the Bay
of Brest and the adjacent areas. Moreover, results showed that stations differed in
environmental parameters (temperature, salinity and nutrients). But this was not associated with
any difference in diatom communities between stations over the monitoring period. For both
years, temporal variations on PO4, temperature and PAR were the main variables correlated

with community changes. Phosphate decreased on average, but did not drop to low values over
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the survey. And not surprisingly, temperature and PAR were variables which increased in

relation to the typical seasonal pattern of the northern hemisphere.

Another study also identified in the English Channel, nutrient stock and light availability as
main environmental drivers that influenced phytoplankton community structure on a short-time
scale (Houliez et al., 2015; Pannard et al., 2008). However, in the present study 37% of the
diatom variability was correlated with the parameters studied, which suggests that other
variables must be considered such as micronutrients; competition; grazing or parasite pressure
(Litchman and Klausmeier, 2008). Despite this, a good part of the variation was explained by
typical spring time parameters. And results suggest that in addition to the known seasonal
variability of community change (Caracciolo et al., 2022), environmental temporality on a small

time scale also drives community change.

Although small-scale spatial and high time-frequency studies are rare, two previous studies also
identified that protist successions were more influenced by temporal than spatial factors at small
spatio-temporal scales. A study conducted on the Southern California coast for 12 consecutive
days in May 2011 showed that changes in protist community composition at small spatial scales
were smaller than changes at small temporal scales (Lie et al., 2013). Another study in a
Washington State fjord with sampling at 2- or 5-day intervals in July 2005 reported significant
changes in protist community composition over time but not between stations (Menden-Deuer,
2008). Protists can respond rapidly to biotic and abiotic factors as their high maximal growth
rates allow them the potential to increase rapidly in abundance (Lie etal., 2013; Rose and Caron,
2007). Lie et al. (2013) detected rapid shifts during 3 successive days in protistan communities
which suggest very rapid growth of some species. In these studies, community changes were

not correlated with measured variables.

Finally, the present results indicated that the southernmost station (Telgruc) showed early
changes in the succession of diatom communities compared to the 3 stations studied (Dinan-
Kerloc'h; Sainte-Anne and Lanvéoc) which had fairly homogeneous succession changes in their
community. Only the species Guinardia delicatula in 2021 was not found to be dominant in the
samples from Telgruc (which also had missing samples), whereas it was in the samples from
the other three stations. The environmental parameters between the stations were different,
however the same species were found in the communities of all stations. None of the measured
parameters highlighted an advance in environmental parameter changes at the southernmost

station. The successions of communities reacting only to temporal changes without correlation
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with environmental parameters allowed us to make two non-mutually exclusive hypotheses.
The first was that environmental parameters allowed the development of each community
locally and variables not considered in the study were in advance at Telgruc. The second
hypothesis was that the stations were hydrodynamically connected, and the species initially
developed at Telgruc, the southernmost station, before being transported by the currents. In
order to test these hypotheses, further studies are needed to determine whether the different
study areas are hydrodynamically connected which would also guide future studies to
understand the development of toxic species in the area. In addition, although the focus of the
present study was on the relative abundance of species within the communities, it should be
noted that the metatranscriptomic datasets may also be used to determine gene expression of
the various species within the community. Such analyses would not only allow to determine
whether relative abundance of the species change in community but also whether physiological

changes occur within each species in relation with space, time and environmental parameters.

The study area is an important fishing area, mainly recognised for the Bay of Brest by the
scallop fishery (Husson et al., 2016) and by the grooved shell fishery for the Bay of Douarnenez
(Thébaud et al., 2005), but frequently impacted by toxic algal blooms. And we suggest that the
Bay of Douarnenez (the southernmost bay) could be a monitoring point to anticipate early
spring blooms, particularly of P. australis in the Bay of Brest (the northernmost bay). A precise
understanding of the spatio-temporal dynamics of phytoplanktonic communities at small scales
may enable the development of monitoring strategies that could help anticipate HAB. As
suggested by the present study such strategies could for instance focus on sampling points
displaying early shifts in community composition compared to nearby areas of primary socio-

economical or ecological interests.
Conclusion

Understanding phytoplankton dynamics requires high frequency spatial sampling to resolve the
small scale and spatial distribution especially in high productive periods such as spring. During
two years, phytoplankton community succession in nearby areas situated on the west coast of
France are spatially homogeneous with a temporal evolution associated with temperature, PAR
and phosphate. The only major difference is the presence of toxic species P. australis and P.
fraudulenta in the less salty waters of 2021. The successional dynamics show a south-north
shift, which suggests that anticipation of HABs is possible from the southernmost bay to

anticipate the arrival of toxic species in the northernmost bay. Further studies are needed to
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determine whether the different study areas are hydrodynamically connected which would also
guide future studies to understand the transport of toxic species in the area. The results of the
present study provide new insight into phytoplankton dynamics during early spring in a

temperate dynamic area.
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Context

With the taxonomic assignment findings from the analysis of the two spatio-temporal
monitoring of P. australis bloom detailed in chapter 2, we were able to establish the presence
of a fairly homogeneous diatom community during early spring in West-Brittany. This
community displayed a south-to-north succession pattern between the Bay of Douarnenez and
the Bay of Brest. Although the environmental analysis was insufficient to explain this shift, we
did identify a significant correlation in the succession of diatom communities concerning the

changing temperature, PAR, and phosphate levels over time.

In support of other observations, although this could not be formally demonstrated (given the
observations available), the hypothesis of a South-North shift has already been advanced by the
REPHY, with the observation of P. australis blooms in the Bay of Brest always preceded by

blooms in the Bay of Douarnenez.

Naturally, the question arises of a possible anticipation of P. australis before its development
in the Bay of Brest.

To answer this question, a realistic 3D hydrodynamic model: CROCO (Coastal and Regional
Ocean Community model) was configured for the Finistere area. The main objective was to
understand the potential movement of P. australis blooms in the West-Finistere area (Brittany)

through the study of hydrodynamic connectivity.

For that, hydrodynamic connectivity existing in March was analyzed and compared during four
different years (2014, 2017, 2019 and 2021) during periods of P. australis bloom.

This chapter seeks to answer the following questions:

What hydrodynamic connectivity exists in West-Brittany? Are the hydrodynamics the
same during the 4 years of blooms? Could a south-north hydrodynamic pattern explain

the observed south to north bloom patterns?

To investigate the hydrodynamic connectivity, two modelling methods commonly used to
simulate the transport of tracers in an area were used: the Eulerian method and the Lagrangian
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method. Eulerian models simulate the dispersion/advection of tracers in concentration at fixed
locations, while Lagrangian models follow the trajectory of moving particles in space and time
(Curchitser et al., 2013).

Four hydrodynamic simulations over the month of March were performed for four years with
more or less significant blooms (2014, 2017, 2019 and 2021). These different simulations have
been compared and discussed in this chapter.

This chapter mainly highlight :

e Over the four years of simulation, a marked hydrodynamic connectivity between the

Bay of Douarnenez and the Bay of Brest.

o Higher retention of water masses in the Bay of Douarnenez
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Résumé graphique :

Une connectivité hydrodynamique Sud-Nord marquée au mois de mars
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Résumé :

Le phytoplancton joue un r6le majeur dans les écosystémes aquatiques et dans le cycle du
carbone a l'échelle mondiale. Il est influencé par un ensemble de facteurs biotiques et
abiotiques, et lorsque la productivité est élevée, le phytoplancton connait une croissance
exponentielle et forme des efflorescences. Ces efflorescences sont majoritairement bénéfiques
pour la vie aquatique et soutiennent la chaine trophique mais peuvent dans certains cas étre le
résultat du développement d’especes toxiques et avoir des effets négatifs sur les écosystemes
aquatiques (par exemple, appauvrissement en oxygéne, changement de la couleur de 1’eau,
obstruction des branchies de poissons, ou toxicité) et impacter négativement la santé humaine.
Dans les écosystemes aquatiques tempérés, les efflorescences printanieres sont les plus
importantes, principalement liées a la présence de nutriments accumulés durant ’hiver et a

I’augmentation saisonnicre de la température et de la luminosité. La région Ouest-Finistere est
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régulierement touchée par les efflorescences de la diatomée toxique Pseudo-nitzschia australis
au début du printemps résultant en la fermeture de pécheries due a des contaminations de
bivalves. En France, la surveillance du phytoplancton est assurée par le réseau REPHY (Réseau
d’Observation et de Surveillance du Phytoplancton et des Phycotoxines). Les observations de
ce dernier ont permis d’identifier une tendance a un développement dans un premier temps en
Baie de Douarnenez (BDZ), puis quelques temps apres plus au Nord, en Rade de Brest (RDB).
Nous avons, dans le cadre de cette thése, également observé ce phénoméne lors d’une
efflorescence de P. australis au début du printemps 2021 (chapitre 2). Suite a ces différentes
observations, I’objectif de ce chapitre est d'identifier la connectivité hydrodynamique existante
en Ouest-Finistére, et plus particulierement en périodes connues d’efflorescences de P.
australis. Pour cela, un modéle hydrodynamique realiste 3D : CROCO (Coastal and Regional
Ocean Community model) a été configuré pour notre zone d’étude. Quatre simulations
correspondant aux mois de mars 2014, 2017, 2019 et 2021 ont éteé réalisées et analysées. Le
mois de mars a €té choisi car il correspond a la période la plus propice aux efflorescences de P.
australis. Grace a des simulations de traceurs passifs eulériens et de particules Lagrangiennes,
nous avons mis en évidence une connectivité hydrodynamique marquée entre la BDZ et la RDB
en relation principalement avec les directions du vent et les coefficients de marée. En effet, les
vents d'Est ou trés variables en direction ont eu tendance a disperser les traceurs initialisés en
BDZ, vers le large, alors que les vents venant du Sud et d'Ouest ont eu tendance a entrainer ces
traceurs vers la RDB. Les transports de traceurs entre ces deux zones étaient d’une quinzaine
de jours en moyenne sur toutes les simulations, avec un maximum de masse de traceurs entre

22 et 31 jours selon les années.

Abstract:

Phytoplankton plays a major role in aquatic ecosystems and in the global carbon cycle. It is
influenced by a range of biotic and abiotic factors, and when productivity is high, phytoplankton
grow exponentially and form blooms. Most of these blooms are beneficial for the aquatic life
and support the trophic chain, but in some cases, they can be the result of the development of
toxic species and can have negative effects on the aquatic ecosystems (for example, oxygen
depletion, change in water colour, obstruction of fish gills, or toxicity) and negatively impact
human health. In temperate aquatic ecosystems, spring blooms are the most significant, mainly
due to the presence of nutrients accumulated over the winter and the seasonal increase in

temperature and light levels. The West-Finistere (Brittany) region is regularly affected by
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blooms of the toxic diatom Pseudo-nitzschia australis in early spring, resulting in the closure
of fisheries due to contamination of bivalves. In France, the REPHY network (Réseau
d'Observation et de Surveillance du Phytoplancton et des Phycotoxines) is in charge of
monitoring the phytoplankton. Observations from this network have identified a trend towards
the development of phytoplankton, initially in the south of Finistére (in the Bay of Douarnenez,
BDZ), then some time later further north (in the Rade de Brest, RDB). As part of this thesis, we
also observed this phenomenon during a P. australis bloom in early spring 2021 (chapter 2).
Following these observations, the aim of this chapter is to identify the hydrodynamic
connectivity existing in West Finistére, and more specifically during known periods of P.
australis blooms. To achieve this, a realistic 3D hydrodynamic model: CROCO (Coastal and
Regional Ocean Community model) was configured for the study area. Four simulations
corresponding to the months of March 2014, 2017, 2019 and 2021 were carried out and
analysed. March was chosen because it is the most suitable period for P. australis blooms.
Using simulations of passive Eulerian tracers and Lagrangian particles, we demonstrated a
marked hydrodynamic connectivity between the BDZ and the RDB, mainly in relation to wind
directions and tidal coefficients. Easterly winds or winds of very variable direction have tended
to disperse tracers initialised in the BDZ towards the open sea, whereas southerly and westerly
winds have tended to carry these tracers towards the RDB. The transport of tracers between
these two zones took around fifteen days on average over all the simulations, with a maximum

mass of tracers between 22 and 31 days depending on the year.
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3.1 Introduction

Les efflorescences de phytoplancton sont des éléments clés de la dynamique des écosystemes
cotiers. Elles sont importantes car elles modifient la composition élémentaire des eaux,
constituent une source de nourriture pour les niveaux trophiques supérieurs, mais peuvent
affecter la couleur de 1’eau et ses aspects sanitaires pour les consommateurs.

Les variations spatiales et temporelles de 1’abondance et de la composition du phytoplancton
sont régies par des interactions complexes entre les processus physiologiques et physiques. Les
efflorescences sont le résultat d’une croissance accrue et d’'une accumulation de biomasse
résultant de la balance entre production/mortalité locale et dilution hydrodynamique (Lucas et
al., 1999). Les taux de croissance sont contrdlés par différentes variables environnementales
propres a la physiologie de chaque espéce, comme par exemple les concentrations en
nutriments, la température de I’eau, et la luminosité. Et ’accumulation de biomasse peut-étre
considérablement réduite voir stoppée par la pression de broutage, qui est elle-méme
dépendante du transport. Ainsi, Les processus hydrodynamiques comme par exemple, les
courants induits par les marées et le vent ainsi que le mélange turbulent vertical regulent le taux
de transport du phytoplancton entre les différents régimes de lumiére/paturage et jouent un réle
important dans 1’explication de la variabilité a court terme des efflorescences (Barbosa and
Chicharo, 2011; Rowe et al., 2016; Zhou et al., 2023).

Dans I’étude des mouvements spatiaux des efflorescences, les modeles hydrodynamiques de
circulation océanique sont des outils puissants, surtout si I'on considére la difficulté d'obtenir
des données de terrain relatives & ceux-ci. Des observations venant de suivis cétiers peuvent
donner des indications sur I’emplacement ou les efflorescences ont tendance a se développer
mais ne fournissent pas d’information sur leur taille. Une méthode pour obtenir ces informations
peut étre I’observation satellitaire de la chlorophylle de surface. Celle-ci peut couvrir de vastes
zones a une resolution qui peut étre relativement fine (quelques dizaines/centaines de métres).
Cependant, ces observations concernent uniguement les eaux de surfaces, et selon les périodes
et les zones d'intérét, la couverture nuageuse et/ou la turbidité peuvent constituer des limites
importantes de cette méthode (Fernandes-Salvador et al., 2021; Spyrakos et al., 2011). De ce
fait, les modeéles numériques sont des outils pertinents dans la compréhension d'écosystemes
complexes et I’estimation de la connectivité entre zones. Le terme de connectivité peut étre
pensé différemment selon la discipline d’intérét. Ce concept peut se référer uniquement au
transport physique de particules passives (approche Lagrangienne), a 1’advection/dispersion de

traceurs passifs (approche Eulérienne) ou peut inclure différentes interactions biologiques avec
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l'environnement au cours du cycle de vie pélagique d’un individu (Ghezzo et al., 2015). Dans
I’environnement cdtier, le concept de connectivité a été principalement appliqué aux études sur
la dispersion des larves en utilisant des simulations lagrangiennes de suivi de particules (Ghezzo
et al., 2015; Ménesguen et al., 2018; Thomas et al., 2016) et aux études sur la compréhension
des trajectoires de dispersion de contaminants organiques pour notamment déterminer la
probabilité de contamination, et les voies d'acces entre les sources de pollution et les
écosystemes aquatiques extrémement précieux (Lindo-Atichati et al., 2019). Pourtant, assez
peu d'études se sont intéressées a la connectivité hydrodynamique pour mieux comprendre le
déplacement spatial de certaines efflorescences pouvant avoir des effets néfastes sur les
pécheries, les écosystemes cotiers, la santé publique et les économies cotieres. Ces
efflorescences sont connues sous le nom d’efflorescences algales nuisibles (HAB, Anderson et
al., 2015). La connaissance de leur dynamique apparait comme un élément essentiel. Pour les
HAB ou le transport physique peut constituer un contréle dominant de la distribution des
efflorescences, I’approche lagrangienne s’est avérée efficace dans 1’étude spatiale des
efflorescences. Elle consiste a suivre des particules passives ou des individus ayant un
comportement dans 1’espace et le temps. D’ailleurs, la grande majorité des études traitant de ce
sujet utilise cette méthode (McGillicuddy, 2010). Par exemple, Giddings et al. (2014) ont utilisé
des modeles de suivi des particules pour étudier deux voies de transport vers les zones connues
ou se forment des HAB dans le Nord-Ouest du Pacifique Américain. Li et al., (2014) ont libéré
des particules de maniére quasi continue sur 7 sites précédemment suspectés d'étre des régions
sources potentielles d'Alexandrium fundyense et ont suivi leur déplacement dans le golfe du
Maine. Pinto et al. (2016) ont suivi des particules passives dans un modele de circulation 3D de
la cote ibérique et ont montreé la possibilité d'une présence locale de HAB basée sur le transport
de cellules toxiques a partir de sources ponctuelles éloignées. Hickey et al., (2013) ont utilisé
une approche similaire en lachant des particules dans un modele contraint des courants cotiers
de I'Oregon et du Washington pour évaluer les influences de I'emplacement de la source, du
forcage du vent, et de la présence et des mouvements des panaches d'eau douce sur I'occurrence
des efflorescences de Pseudo-nitzschia dans la région. Lai and Yin (2014) ont réalisé des
expériences approfondies a l'aide de leur modele physique 3D, afin de vérifier si les zones de
convergence physique pouvaient expliquer les HAB localement denses. IlIs ont utilisé des
particules a flottabilité neutre et a migration verticale dans leur modéle d'une baie du Nord-Est
de Hong-Kong, en testant les effets de la stratification et du vent sur I'accumulation des

particules dérivantes. Enfin, la modélisation a également démontre que certaines HAB peuvent
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étre transportées sur de grandes distances avant d’avoir un impact sur les sites d’aquaculture
(Fernandes-Salvador et al., 2021).

Les études de transport eulériens sont plus rares et moins traditionnelles dans les études
s’intéressant aux efflorescences. Ces approches sont principalement utilisées depuis les années
1970 pour simuler I'eutrophisation, la qualité de I'eau et les processus biogéochimiques (par
exemple, Chapra, 2008; Hellweger et al., 2016; Vincon-Leite and Casenave, 2019). Elles
consistent a suivre le panache de dilution, qui d'aprés nous se rapprocherait plus du
comportement des efflorescences, que le suivi particulaire apporté par les simulations
lagrangiennes. Les modéles eulériens présentent trois avantages principaux. Tout d'abord, leur
forme est relativement simple et, par conséquent, les exigences en matiere de connaissances et
de données sont moindres (Hellweger et al., 2016). Deuxiemement, ces modéles fournissent
une description pratique des équations régissant la masse et la quantité de mouvement qui sont
fondamentales pour décrire le mélange et le transport dans les systéemes aquatiques (Soontiens
et al., 2019). Troisiemement, les simulations eulériennes sont directement couplées a des
modeles hydrodynamiques ; en effet, les modeles hydrodynamiques sont basés sur des
formulations eulériennes, qui simulent déja la salinité et la température qui sont des traceurs
eulériens (Ranjbar et al., 2021; Soontiens et al., 2019). Enfin, les simulations eulériennes
peuvent étre plus facilement comparées avec les observations satellites (Wynne et al., 2011).
Dans la présente étude, nous nous sommes intéressés a comprendre le mouvement des
efflorescences dans la zone Ouest-Finistere (Bretagne), réguliérement touchée par les
efflorescences de la diatomée toxique Pseudo-nitzschia australis. Ces efflorescences sont
régulierement repérées par le réseau francais de surveillance du phytoplancton (REPHY, 2022)
au début du printemps. Sans que cela n’ait pu étre démontré formellement (compte tenu des
observations disponibles), I’hypothése d’un décalage Sud-Nord a cependant été émise, les
efflorescences de la rade de Brest (RDB) étant toujours préceédées par des efflorescences en
baie de Douarnenez (BDZ). Par contre, dans le chapitre 2, nous avons pu mettre en évidence ce
décalage sur la méme période.

Partant de ces observations, nous nous sommes intéressés aux connectivités hydrodynamiques
existantes en période connues d’efflorescences de P. australis dans 1’Ouest-Finistére. Pour ce
faire, un modéle hydrodynamique réaliste 3D : CROCO (Coastal and Regional Ocean
Community model) a été configuré pour la zone Finistere. Des simulations hydrodynamiques
sur le mois de mars ont été faites sur quatre années ayant connues des efflorescences plus ou
moins importantes (2014, 2017, 2019 et 2021). Afin de modéliser la connectivité
hydrodynamique et le transport de traceurs le long de la cbte finistérienne, deux méthodes de
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transports ont été utilisées. Dans un premier temps, la connectivité entre les zones a été étudiée
grace a une approche Eulérienne qui a permis de suivre les concentrations de traceurs passifs
(proxy de la biomasse phytoplanctonique), leur dilution et leur transport, entre différentes zones
ouest-Finistérienne au cours du temps. Et dans un second temps, une approche Lagrangienne a
permis de suivre la trajectoire de particules individuelles (s’apparentant a des groupes de
cellules phytoplanctoniques) au cours du temps.

Les approches de modélisation utilisées dans la présente étude se concentrent exclusivement
sur les processus physiques susceptibles d'influencer la dispersion d’efflorescence. Les
efflorescences provoquées par différentes espéces de Pseudo-nitzschia, dont P. australis, ne
sont pas entierement comprises en raison de résultats contrastés concernant leurs conditions de
développement dans la littérature (Bates et al., 1998; Bates and Trainer, 2006). Cela suggere la
nécessité de mener des recherches exhaustives sur le développement de cette espéce a I'échelle
locale. La décision de ne pas tenir compte de ce comportement découle du besoin d'approfondir
notre compréhension de I'écologie de I'espece a simuler. Par conséquent, tout comme les études
menees par Stumpf et al., 2009; Velo-Suérez et al., 2010; Wynne et al., 2011, les processus
biogéochimiques et 1'écologie propre des espéces phytoplanctoniques n’ont pas été pris en

compte.

3.2 Matériels et Méthodes

3.2.1 Description générale de la zone d’étude

Le Finistere est situé a I’extrémité Ouest de la Bretagne. Il est bordé au Nord par la Manche, a

I’Ouest la mer d’Iroise et au Sud par I’océan Atlantique (fig.1).
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Fig. 1 : Carte de la zone d’étude, le Finistére (Bretagne).

Dans le cadre de notre étude, nous nous intéresserons particulierement a la partie occidentale
de ce département. L’Ouest-Finistére est caractérisé par un littoral relativement fractal, dans
lequel de nombreux environnements cotiers sont interconnectés et présentent des
caractéristiques hydrologiques (ouverture a 1’océan, arrivée plus ou moins importante d’eau
douce...) différentes résultant en un systeme globalement hétérogene. Dans la présente étude,
nous nous sommes principalement intéressés a deux zones ou des efflorescences réguliéres de
Pseudo-nitzschia australis sont identifiées au début du printemps : la baie de Douarnenez
(BDZ) et la rade de Brest (RDB) connectées par la mer d’Iroise.

La RDB est un systeme macrotidal semi-fermé peu profond qui s’étend sur 180 km?2, avec moins
de 15% de sa surface totale dont la profondeur est supérieure a 15 metres et 50% inférieur a 5
métres (fig. 3 ; Petton et al., 2020). Cette rade est caractérisee par une marée semi-diurne et un
marnage compris entre 1,2 et 7,3 metres. Le goulet, 1,8 km de large et 6 km de long, est la zone
de communication avec la mer d'lroise (Le Pape and Menesguen, 1997). Il présente les
profondeurs les plus importantes (jusqu'a 50 métres) et les courants y sont les plus forts (jusqu'a
3 m/s en vives eaux). D’une maniére générale la RDB est un écosystéme énergétique caractérisé
par un mélange complexe attribué a la marée, reproductible a chaque cycle et tout au long de
I’année. Cet important flux de va-et-vient présent a chaque marée empéche toute stratification
durable (Le Pape and Menesguen, 1997), et provoque un melange vertical intense en hiver et
au début de printemps (Cadier et al., 2017). Sur les périodes plus calmes, estivales, les eaux de

I’embouchure de I’estuaire de 1'Aulne peuvent présenter une stratification haline temporaire.
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L’hydrologie de la rade de Brest est dominée par des écoulements d’eau douce provenant
principalement de 2 fleuves. L’ Aulne fournit 63% des apports annuels d’eau douce (bassin
versant de 1875 km?) et 15% proviennent de I’Elorn (bassin versant de 385 km?). Des riviéres
plus petites, La Douffine et la Mignonne fournissent respectivement 8% et 5% des apports d’eau
douce (Auffret, 1983). En plus de la marée, les vents peuvent générer du mélange (Petton et al.,
2020). Par exemple, des vents forts de sud-ouest (plus de 15 m.st) peuvent générer des vagues
de vent avec des hauteurs significatives de plus de 80 cm dans la partie nord de la baie et dans
I'anse de Daoulas (Guillou, 2007; Petton et al., 2020). Dans la zone d’étude, les vents du Sud-
Ouest et du Nord-Est sont les principales directions des vents saisonniers (Petton et al., 2020).
En sortie de la rade, la mer d'lIroise est I'un des principaux écosystemes de front de marée au
monde (fig.1), cette mer épicontinentale présente un cycle saisonnier marqué par l'interaction
entre le forcage atmosphérique et les courants de marée sur le fond marin peu profond (moyenne
de 110 meétres) au-dessus du plateau continental (Le Févre and Grall, 1970; Mariette et al.,
1982). Du printemps a l'automne, et particulierement marqué en été, le front de marée
d'Ouessant est le principal élément de la structure hydrologique de la mer d'lroise. Il est situé a
quelques kilométres au large d’Ouessant et rejoint la cote a proximité de la pointe du Raz. Ce
front est généré par la présence de forts courants de marée interférant avec I’établissement de
la thermocline saisonniere. Le front constitue alors la zone de rencontre entre les eaux stratifiées
du large et les eaux cotieres mélangées. Le gradient de densité s’équilibre par un courant qui se
superpose aux courants de marée et aux courants induits par le vent (Cadier et al., 2017; Le
Fevre et al., 1983; Mariette and Le Cann, 1985).

En ce qui concerne la marée, I'onde est semi-diurne (dont le marnage varie de 3 métres a 7
meétres) et les courants résiduels de marée moyens se propage vers le Nord a I'extrémité Ouest
de la Bretagne (Muller et al., 2010). L'interaction avec le littoral et la bathymétrie provoque des
courants de I’ordre de 1,55 m/s le long de la cote Nord, autour des iles de Sein et d'Ouessant.
S'ils peuvent atteindre jusqu'a 4,11 m/s aux marées de vives eaux dans certains chenaux (Le
Duff et al., 1999), ils sont localement assez faibles dans les baies, entre les Tles et le long de la
cote Sud (0,51 m/s). La circulation, dont l'intensité locale varie d'une région a l'autre, est
également contrainte par les courants et les vagues générés par les contraintes du vent de
surface.

Enfin, nous nous intéressons a la BDZ, une zone semi-fermée de 350 km2 peu profonde avec
un maximum de 40 meétres. C’est une baie ouverte sur la mer d’Iroise, particulierement soumise
aux houles dominantes d’Ouest (Quiniou, 1986). La configuration de la cbte, la bathymétrie et

le régime de marée dans la baie conduisent & des courants relativement faibles qui varient entre
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0,1 et 1 m/s (Le Févre and Grall, 1970). Cette zone est relativement bien brassée par les courants
de marées et les vents une bonne partie de 1’année, mais présente réguliérement des
stratifications thermiques durant les périodes estivales (de juin a septembre) dans sa zone
centrale (Guillam et al., 2020; Le Corre et al., 1992).

3.2.2 Le modele CROCO

Les simulations hydrodynamiques ont été réalisées a l'aide du modéle communautaire CROCO
(Coastal and Regional Ocean Community model, https://www.croco-ocean.org/) basé sur le
modele ROMS-AGRIF (Debreu et al., 2012; Shchepetkin and McWilliams, 2005). Dans la
version par défaut que nous avons utilisé, ce modéle tridimensionnel & surface libre résout les
équations primitives simplifiees de Navier-Stokes, sous les hypothéses d’hydrostaticité, de
Boussinesq et d’incompressibilité, ainsi que 1’équation non-linéaire d’advection-diffusion de
traceurs tels que la temperature, la salinité ou de tout autre éventuel traceur conservatif ou non.
Nous avons choisi ce modeéle pour sa capacité a résoudre les tres fines échelles pour des zones
peu profondes, importantes dans la zone c6tiere, ainsi que leurs intéractions avec les processus
a plus grande échelle.

Une description détaillée des caracteéristiques du modeles CROCO est disponible sur la page
https://croco-ocean.gitlabpages.inria.fr/croco_doc/ mais, de maniére tres succinte et simplifiee,

les discrétisations spatiales et temporelles de ce modele peuvent étre décrites comme suit :

- La grille spatiale horizontale est une grille Arakawa de type C décentrée ou 1’¢élévation de la
surface libre, la densité et les traceurs sont calculés au centre de chaque maille, alors que les
composantes u et v des courants horizontaux sont calculées respectivement a gauche (sur I’axe

est-ouest) et en bas (sur 1’axe nord-sud) de chaque maille (fig. 2)
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Fig. 2 : Schéma de la grille Arakawa C et position des différentes composantes du modéle (tiré de
Couvelard, 2007. Structure et dynamique des jets barotropes créés pas les fles du Pacifique Sud-
Ouest).

- La discrétisation spatiale verticale est de type sigma généralisé, qui impose un méme nombre

de mailles sur tout le domaine, épousant la topographie (fig. 3).
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Fig. 3 : Exemple de discrétisation verticale en coordonnées sigma (tiré de la documentation ROMS,
https://www.myroms.org/wiki/Vertical S-coordinate)
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Une paramétrisation permet le raffinement de 1’épaisseur des mailles prés du fond et prés de la

surface suivant la profondeur.

- Le découpage temporel est hérité de ROMS : un pas de temps pour la dynamique 3D (mode
interne, lent) et un autre pour la dynamique 2D (mode externe, rapide). Ces pas de temps sont
calculés de facon a respecter le critere CFL (abréviation de Courant, Friedrichs, Lewy), et
empécher ainsi qu’un mouvement ne puisse se propager au-dela d’une maille au cours d’un seul

pas de temps.

3.2.3 Le modele CROCO Iroise

3.2.3.1 Emprise, bathymétrie et discrétisation horizontale et verticale

Le modele CROCO Iroise dont I’emprise est présentée ci-dessous (fig. 4), s’étend entre 47.9025
N au milieu de la baie d’Audierne a 48.61624 °N au niveau de la commune de Plouguerneau
(Finistere, Bretagne) ; et entre -4.087421 °E et -5.292648 °E, a I’ouest de 1’ile d’Ouessant.

43

48.4
'
®
o
2
-—
©
Ly
482
Bathymétrie
(enm)
200
150
48.0 it6
Baie d’Audierne

5.0 -45
Longitude

Fig. 4 : Emprise du modéle CROCO Iroise. Les différentes zones d’intéréts, les rivieres et la
bathymétrie sont indiquées.

Sur I’horizontale, le mod¢le s’étend sur une grille de 404 x 441 mailles carrées d’une résolution
de 200 metres. L’emprise totale du mod¢le est donc de 81.2 km Ouest-Est et 88,6 km Sud-Nord.
Sur la verticale, 30 niveaux sont pris en compte selon le systéme de coordonnées sigma simple.
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La paramétrisation de ce dernier est faite de facon a ce que contrairement aux coordonnées
sigma généralisés décrites précédemment, il n’y ait pas de raffinement en surface et au fond
suivant la profondeur. Cela est principalement expliqué par une emprise du modéle
principalement cotiere dont les profondeurs sont relativement faibles (inférieures a 200 meétres).
Le niveau sigma 30 représente la surface et le niveau sigma 1 le fond.

La bathymétrie du modele (visible dans la figure 4) a été construite a partir des données MNT
bathymétrique de la facade Atlantique (Projet Homonim) d’une résolution de 0,001° (~ 111
métres) (SHOM, 2015).

3.2.3.2 Forcages, conditions aux limites et conditions initiales du modéle

Les différents forcages du modéele sont de type réaliste de fagon a simuler 1’hydrodynamique

de la maniere la plus proche de la réalité possible :

(1) Les débits journaliers des 7 fleuves cétiers les plus importants de notre emprise (Aulne,
Elorn, Mignonne, Aber Ildut, Aber Benoit et Aber Wrac’h ; fig. 4) proviennent de la banque
HYDRO (hydroPortail ; https://www.hydro.eaufrance.fr). Pour les plus petits fleuves (Sainte-

Anne, I’ Aber, le Kerharo, Lapic, Ris ; fig. 4) absents de la banque HYDRO, des climatologies
de débits mensuels ou annuels ont été créées sur la base de données de la littérature quand elles

étaient disponibles ou a partir des surfaces de bassin-versant.

(2) Les forgages atmosphériques sont issus du modele AROME (Météo France, Seity et al.,
2011), et concernent : la température (t2m), I’humidité (rh), la nébulosité (fcc), les
précipitations (rain), le vent local a 10 metres (U(10m) et V(10m)), la pression au niveau de la
mer (P(mer)), le flux thermique descendant au sol (swhf) et le rayonnement de surface (swhf et
Iwhf).

(3) Aux trois frontieres ouvertes du modele (Nord, Sud et Ouest), les conditions aux limites
suivantes sont appliquées. Les variations de hauteur d’eau dues a la marée sont calculées sur la
base de I’ Atlas Previmer avec 37 ondes de marées. Pour les traceurs température et salinité les
sorties d’un modele de plus grande emprise sont utilisées apres interpolation sur notre grille
CROCO-IROISE (MARS3D, configuration MANGAE2500).

Les conditions initiales pour les différentes variables sont issues des sorties MARS3D-

MANGAE2500 interpolées sur la grille. Afin de s’¢loigner de ces conditions initiales et de
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rejoindre un signal cohérent sur ces parameétres, un spin-up de 1 mois a été réalisé

systématiquement avant toute simulation.

3.2.3.3 Validation du modele
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Fig. 5 : Stations de suivis in situ utilisées pour les comparaisons aux données simulées. Les couleurs
représentent la source des données : Marégraphes du Shom-Refmar pour les rouges (REFMAR.
http://dx.doi.org/10.17183/REFMAR), Stations d'océanographie cotiére opérationnelles pour les verts
(Coriolis Cétier, https://data.coriolis-cotier.org/cotier), mesures ponctuelles pour les noires (Petton et
al., 2016).

Afin de s’assurer de la fiabilité du modéle hydrodynamique, et d’avoir une idée de sa capacité a
reproduire les conditions hydrodynamiques réelles, les données simulées ont été comparées a
des données mesurées in situ. La validation a porté sur les variables suivantes : la hauteur d’eau
(la marée), les vitesses et directions des courants baroclines, la température et la salinité.

Selon les périodes de disponibilité des différentes variables, pouvant provenir de suivis

spécifiques, les périodes de validation peuvent différer.

Les variations de hauteur d’eau (marée) proviennent de 3 stations marégraphiques (REFMAR,
http://dx.doi.org/10.17183/REFMAR) : Brest (48.38290024; -4.49503994), Le Conquet
(48.359098; -4.78075) et Audierne port (48.02155; -4.537583 (stations en rouge, fig. 5). Le
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parametre zh_ref des métadonnées indique la hauteur d’eau et a été comparé a la valeur zeta
venant du modéle CROCO entre le ler et le 15 mars 2021.

Les données de courants proviennent de profileurs acoustiques ADCP placés dans 1’Anse de
I’Auberlac’h (station A ; 48.32719, -4.429694), et I'Anse du Fret (station B ; 48.29158, -
4.484111) pendant un mois, puis déplacés vers le Lomergat (station C, 48.28769, -4.369667) et
1I’Anse du Roz (station D ; 48.32069, -4.339944) pendant un autre mois (stations en noire, fig.
5). Ces données sont des moyennes des courants (vitesse et direction) sur 10 minutes et ont été
fournies par Petton et al., 2016. Les mesures de courants zonaux (Ouest-Est, composante Uz)
et de courants méridionaux (sud-nord, composante Vz) ont été comparées avec le modele
CROCO Iroise sur les périodes du 5 au 10 octobre pour les stations A et B et entre le 25 et 30
novembre pour les stations C et D.

Enfin, les données de salinité et de température proviennent de deux stations de suivis haute
fréquence (stations en vert, fig. 5). La premiére, la bouée COAST-HF MAREL-Iroise (48.357,
-4.582) est située a I'entrée de la RDB et enregistre des données toutes les 20 minutes a 2 metres
de profondeur depuis 1’année 2000 (Rimmelin-Maury et al., 2023). La deuxiéme station est
appelée Pointe du Chateau (48.335; -4.319, station Daoulas sur la fig. 5) et est située sur une
ferme ostréicole dans la zone intertidale gérée par le réseau d'observatoires de I'lfremer
ECOSCOPA. Les données de température et de salinité sont disponibles a une frequence de 15
minutes depuis 2008 (Petton et al., 2022). DG a la position des différentes stations de
prélevement, les données de surface (niveau sigma = 29) du modele ont été comparées a la
bouée Marel-Iroise, et les données de fond (niveau sigma=10) ont été comparées avec la station
de de la Pointe du Chateau. Cette validation a été réalisée sur I’année 2021 entre le ler janvier

et 31 juin.
Afin de comparer les données simulées et observées, différents indicateurs ont été calculés :

- L’Erreur Moyenne absolue (mean absolute error, MAE), définie comme la moyenne de la

différence absolue entre les valeurs modélisées et les valeurs mesurées in situ.

MAE — 2?21 ‘yi - $é|
MAE = n

Ou y sont les valeurs de données mesurées, x les valeurs de données simulées et n le nombre

d’observations.
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-L’Erreur maximale absolue (Maxerr), définie comme étant la plus grande différence absolue

entre les valeurs modélisées et les valeurs mesurées in situ.

- L’erreur minimale absolue (Minerr), définie a I’inverse du Maxerr comme la différence la plus

faible absolue entre valeurs modélisées et les valeurs mesurées in situ.

- La déviation de la racine de la moyenne des carrés (RMSD, Root-Mean-Square Deviation),
représente la moyenne quadratique des différences entre les valeurs obtenues par le modéle et

les valeurs mesurées in situ.

\/Z?=1(X«: - Y;)?
RMSD = N

Ou x sont les données observées, y les données simulées et n le nombre d’observations

- Les résultats du test de régression linéaires. Le coefficient de corrélation r, la p-value et le

degré de liberté sont indiqués.

3.2.4 Caractérisation de la connectivité hydrodynamique, méthodes et analyses
des simulations

Des simulations de transport de traceurs eulériens et lagrangiens ont été réalisées pour
déterminer la connectivité hydrodynamique Ouest-Finistere ayant eu lieu durant les mois de
mars (du ler au 31) 2014, 2017, 2019 et 2021.

La connectivité hydrodynamique a été caractérisée respectivement :

- par le suivi des masses de traceurs issus d'une zone d'initialisation, arrivant dans une zone
d'arrivée (pourcentage maximal de la masse initiale émise (Pmax), temps darrivée (Tmax))
pour les simulations Eulériennes.

- par le suivi des trajectoires et du nombre de particules issues d'une zone d'initialisation et

arrivant dans une zone d'arrivée, pour les simulations Lagrangiennes.
L’advection/dispersion des traceurs Eulériens se fait online, au méme pas de temps que le calcul

des équations primitives hydrodynamiques. Un pas de temps de sortie a été configuré toutes les

30 minutes du ler mars au 31 mars minuit.
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Le calcul du transport des particules Lagrangienne se fait offline, en utilisant les sorties des
simulations précédentes (toutes les 30 minutes). Le transport Lagrangien a été caractérisé sur

15 jours, avec un laché au ler mars.

La maniére dont sont calculés les indicateurs de connectivité que nous avons retenus est décrite
ci-apres.

3.2.4.1 Transport Eulérien

Dans ce chapitre, deux approches ont été utilisées : une premiére visant a caractériser
globalement la connectivité existante sur une partie de I’emprise du modele et la deuxieme
visant a se focaliser sur les deux zones impactées par les efflorescences toxiques : la BDZ et la
RDB.

3.2.4.1.1 Premiére approche, méthode des quadrillages

o Description
Sur une partie de I’emprise du modéle, 21 zones d’une surface de 50 x 50 mailles de grille ont
été sélectionnées (fig. 6). De maniére a répondre du mieux possible a notre problématique, les
zones qui nous intéressent se limitent aux zones proches de la c6te et englobent la BDZ et la
RDB. Chacune de ces zones représente a la fois une zone de départ d’un traceur eulérien

conservatif et une zone d’observation de ’arrivée des traceurs issus des 20 autres zones.
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Fig. 6 : Quadrillage de I'emprise du modele CROCO-Iroise en 21 zones.

La taille des zones de départ et d’arrivée des traceurs a été décidée sur la base de compromis
entre les facteurs suivants : les échelles spatiales sur lesquelles se developpent les
efflorescences, la topographie/morphologie complexe du trait de cote Finistérien, et le temps
de calcul lié aux nombres de traceurs a transporter.

Méme en acceptant un colt de calcul plus élevé, une délimitation de zones plus petites ne nous
semblait pas idéale du fait d’'un manque d'informations précises sur la surface des efflorescences
phytoplanctonique, mais également dii au fait qu’il faut trouver un juste milieu entre le nombre

de traceurs émis et le temps de simulation ayant une influence sur le co(t de calcul.

Sans espérer pouvoir caractériser la variabilité totale interannuelle pour laquelle il faudrait
simuler beaucoup de périodes et d’années. Dans la présente étude, le choix a été fait de
caracteriser la connectivité sur différentes périodes favorables au développement de 1’espéce
toxique P. australis.

Ainsi, 21 traceurs différents ont été 1achés au méme moment le premier mars et suivis pendant
une période d’un mois. Quatre simulations réalistes ont été réalisées pour les mois de mars
2014, 2017, 2019 et 2021. Le mois de mars a été choisi car il s’agit d’une période reconnue

(REPHY, 2022) dans la région pour les efflorescences de P. australis, et les années ont été
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choisies suite a des efflorescences identifiées plus ou moins importantes. En 2014 et 2017,
d’importantes efflorescences de P. australis ont été notées, associées a des évenements ASP ;
en 2021, bien que moins importantes, P. australis s’est développé dans la région avec également
des événements ASP ; enfin, en 2019, I’efflorescence de P. australis a été moins prononcée

(voir introduction).
« Indicateurs de connectivité

Le découpage du trait de cote et les forts gradients bathymétriques imposent des volumes de
zones différents, donc des quantités initiales de traceurs différents. De fagon a supprimer ce
biais, la masse initiale de traceur dans chaque zone a été calculée, et les quantités observées
dans les différentes zones d'arrivée sont rapportées a cette masse initiale. Les résultats seront

donc présenteés ci-apres en pourcentage de la masse initiale.

Dans un premier temps, les caractéristiques de la structure verticale des masses d’eau en mars
ont eté regardees (fig. 7 et 8). Des différences de densité de 1’eau de mer engendre des
mouvements, par des différences de température et de salinité¢ des masses d’eau (circulation
thermo-haline). Les profils en profondeur de la salinité et de la température réalisés par le
REPHY (REPHY, 2022) ont montré une absence de stratification sur les mois de mars 2014,
2017, 2019 et 2021 au Sud de la BDZ (a la station de Kervel), et au Sud de la RDB (a la station
de Lanvéoc).

Les profils de température et salinité sont représentés dans la figure 7, et ceux de la masse
volumique potentielle (p = 1000 — 0,12 * T+0,35*S (en kg.m™) ou p est la masse volumique, T
la température, et S la salinité) dans la figure 8.
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Fig. 7 : Profils verticaux de température (°C) et de salinité (PSU) réalisés par le REPHY en BDZ (station
Kervel) et en RDB (station Lanvéoc).
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Fig. 8 : Profil vertical de I’évolution de la masse volumique (kg.m®) en BDZ (station Kervel) et en RDB
(station Lanvéoc).

L’observation des figures 7 et 8 nous confirme 1’absence de stratification sur les mois de mars
que ce soit dans la BDZ ou la RDB, une concentration de 100% de traceur a donc été initialisée
sur toute la colonne d’eau (les 30 couches sigma) aux 21 zones.
Ensuite, pour permettre une comparaison des quantités de traceurs qui parviennent a une station
donnée, nous avons calculé le pourcentage de la masse initiale pour chaque traceur de la fagon
suivante :

1. La masse totale de chaque traceur dans chaque zone a chaque pas de temps a été

calculée.
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2. Lamasse totale de traceur arrivée dans une zone a été divisée par la masse initiale partie

d’une autre zone.

Ainsi, pour chacun des traceurs, I’évolution du pourcentage de masse initiale a été identifiée et

analysée sur toute la durée des simulations.

Les connectivités hydrodynamiques entre chacune des 21 zones ont été caractérisées grace a
deux indicateurs : le pourcentage maximal de masse initiale de traceur (Pmax) et le temps

associe a ce maximum (Tmax) (fig. 9).

Pmax

10.01

Traceur X (%) arrivant en Zone Y

1 8 15 22 29

Tmax Temps (jours)

Fig. 9 : Indicateurs de connectivité (en rouge), la ligne noire représente I’évolution du pourcentage de
masse initiale du traceur partant d 'une zone X et qui arrive dans une autre zone Y.

Face a la problématique des efflorescences motivant la présente étude, les aspects masse de
traceur et temps de transport nous semblent d'égal intérét. Nous avons donc fait le choix de
caracteriser la connectivité eulérienne hydrodynamique entre deux zones a la fois par la quantité
maximale et par le temps mis par un traceur pour atteindre la zone d'arrivée. Ces choix ont été
motivés par le fait que nous considérons qu’un maximum de cellules doivent étre déplacées
pour qu’elles puissent se développer dans une zone. En effet, nous avons plus haut dans le
chapitre évoqué des différences de courants entre la baie de Douarnenez et la rade de Brest,
plus fort en rade de Brest. Ainsi, afin que des cellules se développent dans une zone ou

potentiellement les taux de croissance sont nuls ou négatifs, il est important que I’importation
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de biomasse soit plus rapide par rapport a 1’exportation ou aux pertes locales pour que cette

derniére s’accumule (Lucas and Deleersnijder, 2020).

Les différents indicateurs de connectivités ont été représentés sous la forme de matrices 21 x
21, avec I’axe des abscisses représentant les zones de départ et I’axe des ordonnées les zones

d’arrivée.

Il convient également de noter que le volume mouillé de chaque zone est différent. Nous avons
donc fait le choix comme décrit auparavant de diviser la masse de traceur dans une zone
d’arrivée par la masse initiale émise dans la zone de départ. Ceci implique d’adopter une lecture
horizontale des matrices de connectivité Pmax, zone d’arrivée par zone d’arrivée. Par contre,

la matrice de connectivité Tmax peut étre lue dans les deux sens.

o Départ haute-mer versus basse-mer
Des departs de traceurs a marée basse et a marée haute ont été testes afin de verifier si des
différences importantes sont identifiées en termes de résultats sur les indicateurs. Les
différences entre les valeurs des indicateurs ont été calculées et vérifiées entre les deux départs.
Les difféerences de Pmax ont impacté seulement les zones proches. Les départs aux differentes
marées ont entrainé des sorties plus ou moins rapides des traceurs dans les zones toutefois, les
différences nous semblaient négligeables. Les plus grandes différences étaient principalement
sur les lachers de traceurs en dehors des baies. Par exemple, la différence de Pmax entre 2
marées du traceur 7 allant a la zone 12 était de 41.4% en 2021, cette valeur était plus importante
a marée haute, mais les Tmax étaient similaires (de 0,2 jour). Par contre, aucune différence de
Pmax n’a été identifiée entre le traceur partant de la BDZ (zone 16) et arrivant en RDB (zone

10), seul un écart de 0.2 jour a éte identifié sur le Tmax, un peu plus rapide en haute mer.

Ainsi, par souci de simplification, nous présenterons ci-apres les résultats concernant les départs

de traceurs réalisés au moment de la marée haute.

3.2.4.1.2 Deuxiéme approche, méthode qualitative

Dans cette deuxiéme approche principalement qualitative, les directions du panache du traceur

de surface ont été observés sur 8 jours au départ de la BDZ pour toutes les années simulées.
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Afin de comprendre les relations avec les conditions environnementales, les directions et les

surfaces des panaches ont été mis en relation avec le vent et les intensités de marée.

Seul le traceur de surface a été observé car les panaches sont similaires sur toute la colonne
d’eau (fig. 10).

486

Sigma=30 Sigma=15 Sigma=1

484 485
N
S

L
o

L

Latitude

482 483

480 481

T T T T T T T T T T T T T T T T
52 5.0 48 46 4.4 42 52 50 48 46 44 42 5.2 5.0 48 46 44 42

Longitude

Fig. 10 : Panache du traceur eulérien au bout de 5 jours au départ de la zone 16 (Nord-Est de la BDZ,
fig. 6) a différents niveaux de profondeur dans la colonne d’eau. Pour rappel, le sigma de 30 représente
la surface, et le sigma de 1 représente le fond de la colonne d’eau. Les couleurs représentent le
pourcentage du traceur initial.

3.2.4.2 Transport Lagrangien

En plus du transport Eulérien, qui apporte de 1’information sur les connectivités entre les zones
par I'utilisation d'indicateurs, le transport Lagrangien nous a permis d’observer les trajectoires
de particules individuelles lachées initialement en un point de suivi situé au Nord-Est de la
BDZ, a la station Telgruc.

Le choix de faire partir les simulations a cette station a été motivé par différentes raisons. Cette
station a fait I’objet de deux suivis lors de cette these, suite a une premicre identification de P.
australis dans une station REPHY située au Sud-Est de la BDZ (Kervel, (REPHY, 2022). Lors
de ces suivis en mars 2019 et entre février et avril et mars 2021, des décalages Sud-Nord dans
I’identification des diatomées et P. australis ont été observés avec une premiere détection a
Telgruc avant d'étre observés plus au Nord (chapitres 2 et 4). De plus, des abondances relatives
de P. australis et des abondances absolues beaucoup plus importantes ont été identifiées a cette

station (chapitre 4).

Les champs de courants calculés pour les 4 années de simulations par le modele

hydrodynamique CROCO ont été utilisés et le transport de particules Lagrangienne a été réalisé
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offline, grace au logiciel ICHTHYOP, développé par I’IRD et décrit dans Lett et al., 2008
(https://www.ichthyop.org/).

Pour cet exercice, le modele ICHTHYOP a été exécuté en faisant partir 1000 particules dans
un cylindre de centre 48.209933, -4.373308, au niveau d’une station de suivi d’intérét, Telgruc.
Le cylindre possede un rayon de 500 métres sur une profondeur de 10 métres (a partir de la
surface). Les particules ont été initialis€ées comme n’ayant aucun comportement. La dispersion
horizontale (par défaut de 10° m?/s* sur le logiciel) a été par défaut activée (par défaut de
données sur la turbulence, non représenté dans le modéle hydrodynamique CROCO de base),
de facon a ce que deux particules partant d’un endroit proche ne suivent pas exactement le

méme chemin au fil de simulation. De méme, la dispersion verticale a été activée.

48.4
Rade de Brest
48.3
O
Telgruc
48.2
Baie de Douarnenez
481
4.7 4.6 4.5 4.4 4.3 4.2

Fig. 11 : Carte représentant la zone de départ au niveau de la station Telgruc (cercle) en BDZ et les
zones d'arrivée des particules lagrangiennes suite aux simulations (rectangles), au niveau de la BDZ
pour caractériser [’autoconnectivité et au niveau de la RDB.

La connectivité entre la zone de départ a Telgruc et la Rade de Brest a été caractérisée par le
nombre de particules cumulées rejoignant la RDB depuis la station Telgruc sur une période de
simulation de 15 jours. De plus, les simulations lagrangiennes permettent d'observer les
trajectoires privilégiées par les particules ainsi que le nombre de particules qui restent piégées

dans la BDZ (autoconnectivité).
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3.3 Résultats

3.3.1 Validations du modele

3.3.1.1 Validation des marées

La figure 12 présente les résultats des comparaisons réalisées entre les mesures et les hauteurs

d'eau simulées aux 3 stations maregraphiques.
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Fig. 12 : Comparaisons des hauteurs d’eau (en métres) entre les données simulées par le modele
CROCO et les données observées par les marégraphes du SHOM. Les comparaisons ont été réalisées
entre le ler et le 15 mars 2021.

Tableau 1 : Indicateurs de la qualité du modele a reproduire les variations de hauteurs d’eau aux ports
d’Audierne, de Brest et du Conquet.

MAE  Mazxerr Minerr RMSD 2 Df p-value
Audierne Port 026 0.80 0 0.30 0.9%9 1335 =0.001
Brest 0.17 0.50 0 0.21 0.9%9 683 < 0.001
Le Conquet 0.18 0.57 0 0.23 0.9%9 683 =< 0.001

La figure 12 indique une bonne capacité du modele a reproduire la phase et ’amplitude de
marée aux 3 stations avec un RMSD maximum de 0,30 cm a Audierne. Cette station présente
également les différences les plus importantes comparées aux deux autres avec des erreurs
moyennes de 0.26 cm, et un maximum de différence relativement faible a 0.80 cm (tableau 1).
En général, ce qui ressort dans les comparaisons pour les différentes stations est un biais
systématique qui montre une légeére sous-estimation des hauteurs d’eau du modéle. De plus, les
simulations apparaissent plus proches des données observées lors des vives eaux plutét qu’en

mortes eaux. Il est possible qu’une 1égere erreur sur les niveaux moyens soit a 1’origine de ce
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biais, mais nous n’avons pas eu le temps de vérifier cela. Les erreurs restent néanmoins trés

satisfaisantes.

3.3.1.2 Validation des courants

La figure 13 présente les résultats des comparaisons réalisees entre les courants mesurés et
simulés en 4 stations en rade de Brest.

Courants U —V ; station A ; 5-10 octobre 2014 Courants U -V ; station B ; 5-10 octobre 2014
[ eee—— ]
04 02 0.0 02 04
2 UZ (m/s) ADCP obs
1 UZ (m/s) ADCP obs ]
; 8
- ’ f ;
Che Y 4 ’h l
i A8 0 o ol AR
il 0.
T T T T 1 05/1 07/10 / / /
05/10 06/10 07/10 08/10 09/10 10/10 06/10 o8 %0 0210 10/10
UZ (m/s) simulation 12 UZ (n/s) simulation
s ‘
=8 i /
s o
N l" i 4'““ |‘||'! 'llfllilﬁl'
0 .Yy = _— —
05/10 06/10 07710 08/10 09/10 10/10 05/10 06/10 07/10 08/10 09/10 10/10
. VZ (m/s) ADCP obs b VZ (m/s) ADCP obs
Y YYYyeVw. YNMEYYYYVYVYVYY
S 4 ] ! ! ! " n WY
N 4 f ‘ ! 4 i LN ‘
o] . : S : | » " Al
05/10 06/10 07/10 08/10 09/10 10/10 | 05/10 06/10 07/10 08/10 09/10 10/10
12] VZ (w/s) simulation VZ (m/s) simulation
2 8 FERY
S 4 o | 4 4 ] \j 3 il \
K l
0- T T T T ]
05/10 06/10 07/10 08/10 09/10 10/10 05/10 06/10 07/10 08/10 09/10 10/10
Courants U —V ; station C ; 25-30 novembre 2014 Courants U —V ; station D ; 25-30 novembre 2014
[ |
vZ (m/s) ADCP obs 12“ UZ (m/s) ADCP obs
) |
35/11 / /
2911 26/11 27711 28711 29711 30/11 auk ik 28“.1 S Ll
UZ (m/s) SImulatum 12 UZ (m/s) simulation
g 8 8 | |‘
N 4 ' ‘ 4 i |
0 . - :
25/11 26/11 27711 28/11 2011 3011 | 2511 /11 2711 28/11 29/11 3011
VZ (m/s) ADCP obs 2 VZ (m/s) ADCP obs
Es«il‘, y.yY¥Yyw { 8 # ’ f‘
= | i
B h‘ " ‘ (K il w ' “ “ 4 ) h k‘ ‘,_ 'L ‘.\ \ ‘i
S i Lo BRI I o ' i ’
25T S T BT 9Tl o | 291 26/11 27711 28/11 20/11 30/11
5 “ \ VZ (m/s) slmulatmn VZ (m/s) simulation
2 8 \ w | "
g Wi WM ) Ao
0 0 - =
25/11 26/11 27/11 28/11 29/11 30/11 25/11 26/11 27/11 28/11 29/11 30/11

Fig. 13 : Séries temporelles des composantes U et V des courants baroclines simulées et mesurées aux
stations A, B, C et D. Deux périodes de 5 jours ont été comparées (5-10 octobre 2014 pour les stations
A et B, et 25-30 novembre 2014 pour les stations C et D).

135



Chapitre 3

La figure 13 montre que, pour toutes les stations, les courants U et V simulés présentent des

dynamiques similaires a celles qui ont été observées in situ par ADCP. Les maximums et les

minimums des courants simulés sont en phase avec les minimums et maximums des courants

observés. Seuls les courants V, notamment a la station A mais également a la station C semblent

sous-estimés par rapport aux données mesurées, une surestimation est a noter pour la station
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Fig. 14 : Comparaisons des vitesses de courants (en m/s) a 3 niveaux de profondeur (1.3 metres du fond,
a mi- profondeur et en surface) entre les données de courants simulées et les données observées au
niveau des stations A, B entre le 5 et 10 octobre 2014 et les stations C et D entre le 25 et 30 novembre

2014.
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Tableau 2 : Indicateurs de la qualité du modele, comparaisons entre les données simulées et observées
de courants aux stations A, B, C et D.

MAE Maxerr Minerr RMSD 1> Df  p-value

Station A 0.04 0.22 0 0.05 0.81 516 <0.001
Station B 0.03 0.1 0 0.04 0.28 520 <0.001
Station C 0.06 0.27 0 0.07 0.39 521 <0.001
Station D 0.04 0.26 0 0.06 0.56 414 <0.001

Afin de regarder plus en detail les comparaisons in situ/modéle, les vitesses de courants ont été
extraites entre le 5 et 10 octobre 2014 au niveau des stations A et B et entre le 25 et 30 novembre
aux stations C et D. Les valeurs ont été comparées. La fig. 14 indique une bonne capacité
générale du modele a représenter les données observées, avec un RMSD moyen de 0,06 m/s et

une erreur moyenne de 0.04 m/s aux 4 stations (tableau 2).

3.3.1.3 Validation de la salinité et de la température

La salinité et la température ont été comparées a deux stations, Daoulas et Sainte-Anne (fig.

14), entre le ler janvier et le 30 juin 2021.
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Fig. 15 : Relations entre la salinité (PSU) et la température (en °C) simulées et mesurées a deux stations

: Sainte-Anne (en haut) et Daoulas (en bas) entre le ler janvier et le 30 juin 2021.

Tableau 3 : Indicateurs de la qualité du modéle, comparaisons entre les données simulées et observées a

2 stations : Sainte-Anne et Daoulas pour la salinité et la température.

MAE  Maxerr Minerr RMSD r* Df  p-value
Salinité — Sainte- Anne 0.76 71 0 0.9a 0.60 410 < 0.001
Température — Sainte-Anne  0.36 281 0 0.67 0.93 4201 =0.001
Salinité - Daoulas 0.73 971 0 122 0351 4310 <0001
Température - Daoulas 0.66 24 0 0.77 0.98 4310 <0.001
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D’une maniere générale, les comparaisons sur ces deux parametres sont satisfaisantes (avec des
r2 compris entre 0.51 et 0.98, tableau 3) qui indiquent que la variabilité temporelle est
relativement bien captée par le modeéle.

Toutefois, il est a noter que le modéle CROCO a tendance a surestimer les valeurs de salinité
au niveau de la station de Sainte-Anne (fig. 15). Cette observation pourrait s’expliquer par une
arrivée d’eau locale non prise en compte dans le modele. Et toujours a Sainte-Anne, les
températures faibles sont sous-estimées. Cette observation peut étre attribuée a des conditions
limites du modéle inexactes, ou peut résulter d’une limitation dans le bilan radiatif du modele
(énergie recue, devenir de I’énergie arrivant sur les fonds...)

Quant a la station Daoulas, globalement la dynamique saisonniere de la salinité est moins bien
captée (r2=0.51) qu’a la station Sainte-Anne (r2= 0.60). Des différences de salinité peuvent étre
assez importantes entre ce qui a été mesuré et simulé, avec un maximum d'erreur a 9.71 PSU et
un RMSD de 1.22 PSU, toutefois, I’erreur moyenne est relativement satisfaisante avec une
valeur de 0.73 PSU (tableau 3). Contrairement a la salinité, la température simulée suit assez

bien la dynamique de ce qui a été mesurée, avec un r2 de 0.98.

D’une maniere générale, les différentes validations effectuées dans le présent chapitre ont été
faites afin de s’assurer de la capacit¢ du modéle a reproduire les grandes caractéristiques
hydrodynamiques dans la zone considérée. La validation effectuée dans 1’étude n’est faite que
6 mois et ne permet pas vraiment de conclure sur la capacité du modéle a reproduire les
variations saisonnieres. Une validation poussée du modele CROCO nécessiterait beaucoup plus
de comparaisons sur des périodes plus importantes.

Toutefois, les validations de la température et de la salinité se sont avérées satisfaisantes dans
I’étude pour aborder de maniére confiante le déplacement des traceurs dans I’étude de la

connectivité.

3.3.2 Caractérisation interannuelle des vents et des marées en mars dans la zone
d’étude
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3.3.2.1 Des vents majoritairement d’Ouest
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Fig. 16 : Hodographe représentant quotidiennement sur les mois de mars 2014 (en rouge), 2017 (en
vert), 2019 (en bleu) et en 2021 (en violet) [’évolution de la direction (direction des traits depuis
['origine) et de la force (espace entre 2 points) du vent. Dans la figure la lecture se fait en fonction de
la direction du vent ; par exemple un vent plus ou moins fort du sud (180°) poussera les points plus ou
moins vite vers le nord (0°, en haut de la figure).

Les directions et forces du vent sont représentées dans la figure 16. Les quatre années
présentaient des régimes de vent majoritairement du Sud-Ouest, mais quelques différences sont
tout de méme a noter.

Tout d’abord, en 2014, sur les 7 premiers jours du mois de mars les vents provenaient
principalement du Sud, avec néanmoins un vent d’Ouest qui présentait une vitesse maximale
de 8.2 m/s. Apres cette premiere semaine, les vents €taient assez changeants avant d’étre de
’Ouest entre le 19iéme et le 24iéme jour du mois. A la fin du mois, les vents étaient
principalement du Sud-Est.

Deuxiémement, en 2017, les vents étaient principalement du Sud-Ouest, puis du Sud a la fin du
mois. Les vents étaient assez forts sur la 1ére semaine avec un pic a 9.8 m/s le 6 mars.

Ensuite, en 2019, tout comme 2017, les vents étaient principalement du Sud-Ouest, avec un
changement sur la derniere semaine du mois de mars ou ils étaient principalement du Nord-Est.

En général, cette année-la, la premiére semaine a connu des vents assez forts avec une moyenne
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maximale de 11.2 m/s le 3 mars, les vents étaient plus faibles a partir du 18 mars ou ils étaient
principalement inférieurs a 4 m/s jusqu’a la fin du mois.

Pour terminer, les vents en 2021 présentaient des directions assez changeantes au fil du mois
de mars, avec une vitesse maximale des vents entre le 10 et le 14 mars (supérieure a 8 m/s). Les
3 premiers jours de mars présentaient des vents d’Est, puis entre le 3iéme et le 5i¢éme jour ils
é¢taient du Sud avant d’étre du Nord-Est jusqu’au 9iéme jour du mois. Les vents ont ensuite été
du Sud-Ouest avec des petits changements de directions entre le jour 15 a 23 avec des vents
progressivement du Nord, puis d’Ouest et enfin du Sud. La derniére semaine du mois de mars

2021 a principalement connu des vents du Sud-Ouest.

3.3.2.2 Caractérisation des marées

Tableau 4 : Coefficient de marées entre le ler mars et le 31 mars pour les quatre années de simulation
: 2014, 2017, 2019 et 2021 récupérées sur le site marée-info. Les couleurs rougeatres représentent les
périodes de vives eaux et les couleurs bleuatre, les périodes de mortes eaux.

2014 2017 2019 2021

55 60 93
65 70 87 79
74 78 7 63
81 83 55 49
86 87 44
08 51 56 88 88 %) 43
09 62 69 88 86 48 54
10 75 81 85 82 60 67
11 - 38 86 90 79 74 72 78
12 43 50 93 - 70 65 83 86
13 55 61 -- 59 54 89 91
14 67 7 - 95 49 44 92 92
15 77 81 93 89 ) 41 2 90
16 85 88 85 81 44 88 85
17 | o1 93 76 70 50 58 82 77
18 94 94 64 58 66 76 72 67
19 | 93 92 52 45 85 93 61 55
T |
24 51 48 47 54 -- - 40
25 47 62 69 90 82 48 56
26 50 55 77 84 73 64 65 74
27 & 70 91 - 55 47 82 90
A N N
SRR e
e [
o e b w v o S
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Les coefficients ont été récupérés entre le ler et 31 mars pour les différentes années simulées
(tableau 4). Dans un premier temps, il est important de souligner qu’a cette période de 1’année,
nous sommes en période d’équinoxe, ce qui se traduit par des marées de grandes amplitudes,
avec des coefficients trés élevés qui dépassent généralement les 110.

Lorsqu’on regarde les coefficients des 3 années sur le mois de mars, les coefficients de 2017
étaient légerement inférieurs aux autres années. Globalement, les années 2014, 2017 et 2021
étaient assez similaires sur leur cycle de marée, avec un début de mois en déchet c'est-a-dire
dont les coefficients de marée diminuent et dont les premiers jours présentaient de forts
coefficients de marée (>90).

Au contraire, 2019 a connu des marées en revif au début du mois, c'est-a-dire des coefficients
de marée faibles qui augmentent. En 2019, les grands coefficients de marée ont été présents

entre le 19 et le 25 mars.
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3.3.3 Connectivités moyennes sur les 4 années simulées (Pmax et Tmax)
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Fig. 17 : Matrices de connectivité Pmax ; La matrice est a lire a I’horizontale en considérant dans les
différentes zones, ’arrivée des traceurs venant des 19 autres stations. Par exemple, la zone 7 a recu en
moyenne sur les 4 années un Pmax de 50.1 % du traceur parti de la zone 4.
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Fig. 18 : Matrices de connectivité Tmax ; La matrice est a lire a [’horizontale en considérant dans les
différentes zones, I’arrivée des traceurs venant des 19 autres stations. Par exemple, la zone 7 a regu en
moyenne sur les 4 années un Tmax du traceur parti de la zone 4 en 0.2 jour.

Les figures 17 et 18 représentent respectivement les matrices de connectivité des valeurs
moyennes de Pmax et les temps associés (Tmax). En raison de leur proximité avec les limites
du modéle, les zones 1, 2 et 3 ne sont pas incluses dans les matrices.

L'analyse des matrices fait logiquement apparaitre une forte connectivité (forts Pmax, et faibles
Tmax) entre les zones proches les unes des autres.

Globalement, les valeurs de Pmax les plus élevées étaient dans les zones respectivement de la
BDZ et de la RDB. Par exemple, pour toutes les années, en moyenne, la plus grande valeur du
Pmax a été trouvée a I’arrivée du traceur parti de la station 16 a la station 15 (62.5%), en BDZ.

144



Chapitre 3

La deuxiéme valeur la plus elevée du Pmax a été observée a I’arrivée du traceur 5 dans la zone
9 (62%) en sortie de la RDB. Toutefois, hous pouvons noter que les Tmax associés aux Pmax
des zones de la RDB (zones 5-6-10-11) présentent des valeurs plus faibles (< 5 jours) que ceux
de la BDZ (> 5 jours sauf pour le traceur 16 arrivant dans la zone 21 ; zones 15-16-20-21). Ce
qui suggére des retenues des traceurs plus importantes dans cette derni¢re. D’ailleurs, en BDZ,
une valeur relativement importante de Pmax (39,3%) en zone 15 a éte retrouvée avec une valeur

importante de Tmax (17,2 jours) en provenance de la zone 21.

Entre laRDB et la BDZ, les valeurs de Pmax et Tmax moyennées montrent peu de connectivité.
Au départ de laBDZ, les Pmax sont inférieurs a 2% et les Tmax supérieurs a 24 jours. Au départ
de la RDB, les valeurs sont encore plus faibles, avec des valeurs moyennes de Pmax

globalement inférieures a 1% et des Tmax associés supérieurs a 19 jours.

Enfin, pour terminer, les résultats des Pmax et Tmax plus au large montrent des valeurs de
connectivité plus élevées dans le sens Nord-Sud que Sud-Nord. Pour illustrer, entre la zone 12
et la zone 7, dans le sens Sud-Nord (traceur de la zone 7 a la zone 12) le Pmax moyen était de
18,9% (Tmax =4 jours), alors que dans le sens Nord-Sud (traceur de la zone 12 a la zone 7), le
Pmax moyen était de 48,3% (Tmax = 0,3 jours). Plus au nord de I’emprise du modéle, plus a la
cote, ce schéma est identique. Par exemple entre la zone 7 et 4, le traceur au départ de la zone
7 avait en moyenne un Tmax a 17,6% (Tmax = 0,6) alors qu’au départ de la zone 4, le Pmax

moyen était de 50,1% (Tmax = 0,2).

3.3.4 Des conditions hydrodynamiques plus calmes en baie de Douarnenez

Dans un souci de simplification, nous avons choisi de ne pas inclure les matrices de connectivité
Pmax et Cmax pour chaque année dans la partie principale du chapitre. Elles sont consultables
dans la partie matérielle supplémentaire.

Toutefois, I’analyse des matrices de connectivité indiquent des différences interannuelles dans
le temps de passage des traceurs Eulériens entre zones au sein des deux baies de 1’étude. Prenons
deux zones cote a coOte orientées Est-Ouest dans chacune des baies. Par exemple en 2014 (mais
cela est également le cas quelque soit I’année simulée), en RDB, le pourcentage maximal de
traceur partant de la zone 11 et arrivant a la zone 10 était de 63,5% en 0,2 jour. Ceci suggere

une arrivée tres rapide du traceur. Au contraire, en BDZ, le pourcentage maximal de traceur
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partant de la zone 16 et arrivant a la zone 15 était de 70,7% et est arrivé en 9,5 jours, évoquant

cette fois-ci, une rétention plus importante qu’en RDB.
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Fig. 19 : Percentile 90 des vitesses de courant (m/s) en mars 2014 (du ler au 31) observées au niveau
de la RDB et la BDZ.

481

Une explication a ces différences peut étre donnée par les courants. La figure 19 illustre le
percentile 90 des vitesses de courants sur 1I’emprise du modéle CROCO Iroise en 2014 (mais
les schémas des vitesses de courants sont les mémes pour toutes les années). Les courants
¢taient beaucoup plus faibles en BDZ avec un percentile 90 maximum de 0,35 m/s a I’entrée de
la baie et une moyenne de 0.17 m/s sur toute la baie. Alors qu’en RDB le percentile 90 maximal
était de 1,79 m/s situé au niveau du goulet de la rade, et la moyenne des percentiles 90 était sur

toute la rade de 0,35 m/s, deux fois plus important qu’en BDZ (fig. 19).

3.3.5 Une connectivité interannuelle Sud-Nord marquée entre la baie de
Douarnenez et la rade de Brest

Afin de vérifier I’hypothése de développement de micro-algues dans un premier temps au
niveau de la BDZ puis quelques temps aprés en RDB, nous avons spéecifiquement étudié la

connectivité hydrodynamique entre la BDZ et la RDB.
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En se basant sur des suivis réalisés au préalable, le Nord-Est de la BDZ (zone 16) et le Sud de
la RDB (zone 10) ont été choisis respectivement comme zone de départ et d’arrivée dans 1’étude

du transport Eulérien entre les deux baies.

2021 soz-ros || 2019
; RDB -> BDZ

S
_é 3 VWK
s 0 x T e T
g s
2 . 2017 | 2014
Z |

Dates

Fig. 20 : Evolution du pourcentage de masse initiale entre la BDZ (zone 16, fig.6) et la RDB (zone 10,
fig.6). Les dynamiques sud-nord (BDZ vers RDB) et Nord-Sud (RDB vers BDZ) sont présentées
respectivement de couleur rouge et bleue.

La figure 20 montre 1’évolution de la masse initiale de deux traceurs respectivement lachés au
Nord-Est de la BDZ (zone 16), et au Sud de la RDB (zone 10) (fig. 6).

D’une maniere générale, les connectivités calculées par le modele ont montré que la dynamique
Sud-Nord (BDZ vers RDB) était beaucoup plus importante que la dynamique Nord-Sud (RDB
vers BDZ). Cette dynamique était fortement marquée notamment pour les années 2014 et 2017

et plus faible, méme si elle était présente en 2019 et en 2021.
Selon les années, les simulations ont montré différentes dynamiques de connectivités entre les
deux zones (10 et 16). Le Pmax de 2014 a été le plus important (5.2%), suivi de 2017 (3.9%),

puis 2021 (1.4%) et enfin 2019 (0.9%).

En 2014, le début du mois de mars a été caractéerisé par de tres forts coefficients et des vents
plut6t faibles et orientés au sud. La connectivité BDZ vers RDB est importante. Le traceur est
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arrivé en RDB a environ 15 jours, assez rapidement, les quantités ont augmenté pour atteindre

un Tmax en 21.7 jours avec un Pmax de 5.2%.

En 2017, les coefficients de marée ont été aussi tres forts au debut du mois mais les vents ont
été plus soutenus et de Sud-Ouest. Le traceur est arrivé aux environs de 14 jours, dans les mémes
gammes de temps que 2014. Mais la connectivité a été legérement plus faible avec un Tmax de

28.8 jours et un Pmax associé de 3.9%.

En 2019, les coefficients de marée étaient faibles au début du mois de mars et en revifs (ils
augmentent). Les vents étaient plut6t soutenus du Sud-Ouest et s’orientant a 1’Ouest a la mi-
mars. La dynamique des traceurs partant de la BDZ et de la RDB divergeait des autres
années. En particulier, une dynamique de traceur dans le sens Nord-Sud a été identifiée, de la
RDB vers la BDZ, avec un Pmax beaucoup plus important que les autres années (0.9% avec un
Tmax de 17 jours). Egalement, ce qui différencie 2019 également des autres années a été une
connectivité entre la BDZ et la RDB plus faible avec un Tmax de 30.5 jours et un Pmax de

2.2%. Le traceur était néanmoins arrivé assez tot aux alentours de 10 jours (>0.1%).

Pour terminer, en 2021, les coefficients de marée étaient forts au début du mois de mars, et les
vents étaient orientés a I’Est, puis ont tourné a I’Ouest vers le 10 mars. Ces conditions ont pu
expliquer une arrivee plus rapide mais plus diluée des traceurs en RDB. Puisque, tout comme
2019, 2021 a présenté un Pmax entre la BDZ et la RDB assez faible de 1.37% avec un Tmax
de 28.1 jours. De méme, ’arrivée de traceur a été beaucoup plus rapide que ce Pmax (>0.1%

aux alentours de 12 jours), mais en faible quantité.
Afin d’observer I’impact des vents et des coefficients de marée sur les premiers jours de lachers

de traceurs, la figure 21 compare 1’évolution a la surface, des traceurs au bout de 1 jour, 3 jours

et 8 jours.
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Fig. 21 : Evolution du traceur eulérien (en km?) situé a la surface de la colonne d’eau au départ de la
BDZ (zone 16) au bout de 1, 3 et 8 jours. L'orientation, la fréquence (longueur), et la vitesse (les
couleurs) des vents sont indiqués par des roses des vents pour chaque période.

Au cours des 8 premiers jours de simulation, la dispersion du panache des traceurs au départ de
la BDZ (de la zone 16, fig. 21) varie selon les années. Ces différences semblent étre en accord

avec 1’évolution des pourcentages de masse de traceurs observeés entre la BDZ et la RDB dans
la figure 20.

En effet, en 2021 rapidement au bout de 3 jours le traceur a commencé a sortir de la BDZ, puis
s’est rapidement dispersé dans la mer d’Iroise (surface de 1406 km?) avec des pourcentages de
masses initiales par consequent faibles dus a une dilution rapide avec les eaux du large, cela
appuie les résultats de la fig. 22 qui montrent des pourcentages ne dépassant pas 1.4% de la
masse initiale lors de la simulation. Cette année-la, la sortie rapide de la BDZ a été observée

couplée a des vents du Nord-Est et de fortes marées (fig. 16 et tableau 4).
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En 2019, le panache du traceur se retrouve au bout de 8 jours sorti de la RDB. Le traceur se
retrouve de facon relativement homogéne dans la BDZ. Les vents sont principalement du Sud-
Ouest, et il semblerait que malgré cette orientation des vents, qui pouvait laisser penser a une
rétention du traceur dans la BDZ, que les fortes marées a partir du 5 mars ont favorisé une sortie
du panache de traceur en dehors de la baie (fig. 21). L’année 2019 est la seule des 4 années a
avoir présenté de faibles coefficients au début du mois de mars, le traceur a ét¢ laché lors d’une

période de revif qui peut avoir favorisé une sortie du panache hors de la BDZ.

En 2017, le traceur a une surface un peu plus faible qu’en 2019 (243 km?) avec un panache qui
semblait plutot orienté et condensé au niveau Nord de la BDZ ainsi qu’a sa sortie. Les fortes
marées des 4 premiers jours de mars n’ont pas montré une relation avec la sortie du panache
sur cette période. Les vents majoritairement d’Ouest ont di permettre une rétention du panache
dans la baie. Au bout de 8 jours, le panache présentait une surface plus faible qu’en 2019 de

243 kmz, sans doute d0 aux faibles marées qui ont eu lieu a partir du 5 mars.

Enfin, en 2014, la surface du panache au cours du temps est restée relativement faible comparée
aux autres années avec un maximum de 153 km? au bout de 8 jours, neuf fois plus faible qu’en
2021. Le traceur présentait des pourcentages de masses initiales supérieures a 60% au niveau
de la cote Nord-Est de la BDZ. Les vents principalement du sud peuvent étre une explication a
ce schéma de dynamique (fig.16). Si les marées avaient les mémes dynamiques d’évolution
qu’en 2017, les vents du Sud de 2014, méme faibles, ont entrainé un auto-confinement plus

important du traceur dans la BDZ (fig. 21).

Pour terminer, dans un but d’étudier les trajectoires empruntées par les traceurs, des simulations
de transport de particules Lagrangiennes ont été réalisées sur les 15 premiers jours de mars,
visibles sur la figure 22. Au niveau de la station Telgruc (cf chapitre 2) située au Nord-Est de
la BDZ, 1000 particules ont été lachées, le nombre de particules restées en BDZ (auto-

confinement) et passées en RDB ont été comptabilisées.
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b 5

2017

Fig. 22 : Carte des trajectoires de 1000 particules Lagrangiennes au départ de Telgruc au Nord-Est de
la BDZ du ler au 15 mars pour les années 2014, 2017, 2019 et 2021.

Tableau 5 : Résultats des simulations Lagrangiennes. Le nombre de particules restées dans la BDZ
(auto confinement) et le nombre de particules passées en RDB sont indiqués entre le ler et le 15 mars
pour les années 2014, 2017, 2019 et 2021.

Autoconfinement en Bate de  Passage en Rade de

Periode Douarnenez Brest
2021 1-15 70 8
2019 1-15 569 11
2017 1-15 969 0
2014 1-15 850 5

Les résultats de simulations Lagrangiennes (fig. 22) sont en accord avec les dynamiques des

traceurs Euleriens de surface observés dans la figure 21.

En effet, en 2021, comme pour la simulation Eulérienne qui montrait une sortie rapide du
traceur de surface de la BDZ dés 3 jours (fig. 21). Les simulations Lagrangiennes ont montré

qu’au bout de 15 jours, sur les 1000 particules lachées au nord de la BDZ, il ne restait que 70
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particules, dont 8 en RDB (tableau 5). Les trajectoires des particules ont été identifiées
dispersées sur une grande partie de I’emprise du modele et présentaient des trajectoires assez
contrastées entre elles. Un grand nombre des particules initialement lachées se sont dirigées
assez rapidement au large des cotes, et ne présentaient pas de trajectoire réellement cétiére en
BDZ, suggérant un mouvement important des masses d'eau sur les 15 premiers jours de mars.
A noter également qu'une grande majorité des particules ont présenté une trajectoire orientée

vers le Sud de I’emprise du modele, peut étre favorisée par les vents du Nord-Est.

En 2019, tout comme ce qui a été déja démontré sur les différentes analyses de connectivités
Eulériennes (fig. 20 et 21), la connectivité cette année-la était assez intermédiaire.

Les simulations lagrangiennes ont montré qu’une grande majorité des particules sont restées en
BDZ au bout de 15 jours (569) avec un nombre assez comparable entre le nombre de cellules
arrivées en RDB cette année et le nombre arrivé en 2021 (11) (tableau 5). Méme si elles n’ont
pas été majoritaires, les cellules sorties de la BDZ ont néanmoins eu des trajectoires orientées

vers le Sud comme la simulation de 2021, malgré des vents du Sud-Ouest (fig.15).

En 2017 et en 2014, l'auto confinement qui a été identifié lors des 8 premiers jours en Eulérien
(fig. 21) se confirmait assez bien avec le transport de particules Lagrangiennes. On a
comptabilisé respectivement 969 et 850 particules restées en BDZ lors des 15 premiers jours de

simulation.

En 2017, le transport des particules en BDZ était principalement cotier, orienté plutot a I’Est et
au Nord, les vents d’Ouest assez forts identifiés sur la figure 16 semblaient étre la principale
explication & cette trajectoire.

En 2014, les particules étaient principalement situées au centre de la BDZ, avec trés peu
particules qui se sont dirigées au niveau c6tier Ouest de la BDZ. Cela pouvait étre expliqué par
des vents principalement du Sud qui n’ont pas entrainé les masses d'eau sur le coté Est de la
BDZ. Les particules sorties de la BDZ au contraire de 2019 et 2021 ont présenté une trajectoire

orientée vers le Nord (fig. 22).
Pour résumer, I'analyse de 4 années de simulations sur 1 mois ont montré que les coefficients

de marée et les directions de vents semblent expliquer les différents interannuelles de

connectivité entre la BDZ et la RDB.
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L’analyse des différents résultats semblent indiquer que les conditions les plus favorables a la
connectivité BDZ vers la RDB sont les vents du Sud (2014). En moindre mesure les vents du
Sud-Ouest (2017). Ces deux conditions associées a de forts coefficients de marée, en déchet,

au moment du laché ont montré les connectivités les plus importantes vers la RDB.

Les conditions qui ont été les plus défavorables a la connectivité ont été les vents d’Est associés
a de forts coefficients de marée qui ont dilué rapidement le panache de traceur (2021). A noter
également que les coefficients de marées en revif (qui augmentent) ont favorisé une sortie et
dilution du panache de la BDZ (2019).

3.4 Discussion

La présente étude a cherché a comprendre la connectivité hydrodynamique existant au début du
printemps entre différentes masses d'eau de 1’Ouest Finistere. Une attention particulicre a été
portée a la connectivité entre la baie de Douarnenez et la rade de Brest, deux zones touchées de
maniere décalée dans le temps par les efflorescences toxiques de la diatomée Pseudo-nitzschia
australis. Nous avons utilis¢é afin de répondre aux objectifs de 1’étude, le modéle
hydrodynamique 3D CROCO Iroise. Des traceurs Eulériens et Lagrangiens ont été lachés au
début du mois de mars et suivis durant un mois. Sur les différentes années modélisées (2014,
2017, 2019 et 2021), une connectivité Sud-Nord au départ de la BDZ vers la RDB a été
identifiée, et des différences interannuelles dans ces connectivités ont pu étre mises en avant.
L’intensité de ces connectivités printaniéres en Ouest-Finistére semble particulierement liée

aux vents et aux marées.

La mer d’Iroise est une zone reconnue comme complexe en termes d’hydrodynamique en raison
de ses irrégularités topographiques, de la présence de forts courants de marée et de sa situation
géographique particuliere, située dans un systéeme atmosphérique de basse pression. Elle est
soumise a des marées semi-diurnes, et présente de forts courants de marée, notamment au
printemps (lors des marées d’équinoxe de mars) pouvant aller localement jusqu’a 8 nceuds, le
vent joue également un rdle important sur les courants (Muller et al., 2009). Ce dernier point
appuie les résultats trouves dans la présente étude dans laquelle le transport des traceurs semble
fortement li¢ aux vents. Si on s’intéresse plus a I’hydrodynamique des baies qui sont d’un intérét

majeur dans notre étude et interconnectées a la mer d’Iroise, il est bien connu que la RDB
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présente un faible temps de renouvellement des eaux di aux fortes marées comme 1’ont montré
Le Pape et Menesguen (1997). Ces auteurs ajoutent que ces forts taux de renouvellement, a
I’origine d’échanges rapides entre la rade de Brest et la mer d’Iroise, limitent les fortes
biomasses planctoniques en favorisant I’export rapide des efflorescences. Cela a été observé
dans la présente étude, par le temps relativement faible de rétention des traceurs en RDB, qui
indique une connectivité significative entre ces zones. Ces deux zones peuvent ainsi, en cas
d’efflorescences phytoplanctoniques étre toutes deux impactées. L’hydrodynamique en BDZ
est caractérisée par de faibles courants et un confinement important des eaux (Ayata et al., 2010;

Dubois et Colombo, 2014), ce qui est également confirmé par nos résultats.

De maniere générale, les résultats obtenus révelent une tendance au transport du Sud vers le
Nord entre la BDZ et la RDB. Il est important de noter que bien que cette connectivité semble
étre influencée par les différentes intensités et directions des vents, elle découle logiquement
aussi de l'onde de marée présente sur le plateau continental Nord-Européen. Cette onde de
marée est bien documentee et sa résiduelle transporte les masses d’eau du Sud-Ouest vers le
Nord-Est (Mariette et al., 1982; Muller et al., 2009).

A noter que les traceurs eulériens et lagrangiens choisis dans la présente étude étaient inertes et
passifs et ne refletent donc que I'effet du forcage purement physique exercé par les flux d'eau.
Dans le contexte de simulation d’efflorescences, ils n'ont pas la capacité d'informer sur des
mécanismes biologiques (par exemple, la croissance ou la migration verticale) qui répondent a
des facteurs tels que la lumiére et les nutriments qui, a leur tour, peuvent moduler les
distributions de la population. Etant donné que ni la lumiére ni les nutriments ne sont connus
comme limitants dans la zone a cette période (Morin et al., 1991), nous nous attendons a ce que
ces mécanismes biologiques ne modulent que lIégérement nos résultats et n'entrainent pas de
distorsions majeures. Une simulation couplant I’hydrodynamique et la biologie nous permettrait
de confirmer cette hypothése.

En accord avec les résultats de ce chapitre, différentes études ont mis en avant le role clé des
facteurs physiques tels que le vent et/ou les courants, qui provoquent lI'accumulation et la
dispersion des cellules phytoplanctoniques (Koike et al., 2001; Koukaras, 2004; Soudant et al.,
1997). Soudant et al. (1997) ont expliqué la dynamique de population d’un dinoflagellé en
Normandie (France) a l'aide d'une régression linéaire dynamique. Ces auteurs ont conclu que la
disparition des cellules dans la zone étudiée était principalement due aux vents et aux marees

qui induisent la dispersion par dilution et par le mouvement des masses d'eau.
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Dans une autre étude, l'application d'un modéle 3D a la dynamique de la population d'une
espece de HAB (Dinophysis acuminata) a montré que des simulations de transport lagrangien
sont capables de reproduire les schémas de dispersion de cette espéce observés in situ (Velo-
Suérez et al., 2010). Les résultats ont indiqué que les processus physiques seuls pouvaient
expliquer la dispersion des cellules dans la zone. Les comparaisons entre les données de I'étude
(concentrations cellulaires) et les résultats du modele (pourcentage de rétention des particules
Lagrangiennes) se sont montrées concluantes, malgré les simplifications utilisées dans le
modele (c'est-a-dire le mouvement passif des particules) (Velo-Suarez et al., 2010).

Malgré tout, il est important de rester prudent sur les résultats de la présente étude, puisqu’il
s’agit des résultats de 4 années de simulation, sur un mois précis. Les différentes simulations
ont montré que les vents et les marées, respectivement, selon leur orientation et leur force
favorisent la connectivité entre les zones. Prenons I’exemple de deux années 2021 et 2014 qui
ont présenté des connectivités entre la BDZ et la RDB respectivement relativement faibles et
fortes. Les vents avec des directions variables ou d’Est ont eu tendance a disperser et donc
diluer les traceurs eulériens sur les 15 premiers jours de simulation dans la zone d’étude en
2021. Ce qui a été confirmé par les trajectoires des traceurs Lagrangiens, qui ont montré une
trajectoire trés étendue et dispersée dans I’emprise du modele au départ de la BDZ. Au contraire,
en 2014, au départ de la BDZ, les vents du sud ont favorisé le passage du traceur Eulérien en
plus grande quantité vers la RDB. Les traceurs lagrangiens, ont montré des trajectoires moins
dispersees et orientées vers le Nord quand ils étaient sortis de la BDZ ce qui indique un réle
central du vent dans ces trajectoires. Face aux résultats des simulations interannuelles, il
semblerait que la connectivité soit favorisée par des vents du Sud, et du Sud-Ouest, mais un
lien plus complexe avec les marées est également a noter. En effet, en 2017 (vents d’Ouest) et
2014 (vents du Sud), la connectivité entre BDZ et RDB était forte. Lors de la simulation de
2019, les vents avaient des directions relativement identiques a 2017 avec pourtant une
connectivité entre les deux baies beaucoup plus faibles. La différence venant des coefficients
de marée, qui, en revif début 2019 a probablement dilué beaucoup plus le traceur au début du

mois.

Malgré ces différences, toutes les années simulées ont connu des développements de P.
australis, méme si les abondances de 1’espéce toxique ont été différentes selon ces années
(REPHY, 2022). Le REPHY a identifié des concentrations cellulaires atteignant 494 600 cell/L
de P. australis en mars 2014, 373 000 cell/L en 2017 ; 263 300 cell/L en 2021 ; et un maximum
de 80 660 cell/L au mois de mars 2019 (REPHY, 2022). Méme si des simulations et des données
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plus précises sur les différentes efflorescences seraient nécessaires pour confirmer cela, il
semblerait que pour les années 2014 et 2017 ou les concentrations cellulaires ont été identifié
en plus grand nombre soient également les années ou les traceurs en BDZ ont été “confinés”
plus longtemps.

Plus généralement, méme si des différences d’intensité d’efflorescences ont été détecté, il aurait
été intéressant de simuler une année neutre, c'est-a-dire sans efflorescence identifiée, et de
modéliser un nombre plus important d'années pour pouvoir apporter de maniere la plus précise
qu’il soit des conclusions sur I’hydrodynamique dans la zone.

De plus, dans la présente étude, toutes les simulations ont été lancées a la méme date. le ler
mars, dans un but de pouvoir comparer les différentes années sur une méme periode, or, les
efflorescences n’ont pas précisément démarré a cette date. Il est ainsi important de garder en
téte que les simulations réalisées dans la présente étude peuvent ne pas représenter la période
“précise” d’efflorescences de P. australis, mais apporte une premiére vision élargie de la
connectivité hydrodynamique présente dans la zone, et permet de se rendre compte
des différences interannuelles pouvant se présenter. Pour information, une simulation en lien
avec des données in situ collectées lors d’un suivi spatio-temporel de bloom de P. australis en
2021 a été réalisée, les résultats sont présentés dans le chapitre 4 de la thése.

Malgré tout, grace aux suivis réalisés dans le présent travail de thése (chapitre 2), lors
d’efflorescences de P. australis en 2021 (et dans une moindre mesure en 2019 du fait de
concentrations observées beaucoup plus faibles), les observations in situ peuvent étre mises en
relation avec les résultats des simulations. Les résultats des présentes simulations montrent que
I’hydrodynamique peut potentiellement expliquer les décalages spatio-temporels Sud-Nord

observés dans le chapitre 2.

Concernant, les choix dans les approches d’analyse de la connectivité en Ouest-Finistere, le
choix s’est porté en premier lieu sur 1’utilisation de I’approche Eulérienne. Nous avons
considéré que I’advection/dispersion d’un traceur était plus représentatif d’une efflorescence,
d’un patch de biomasse phytoplanctonique, que la dispersion de particules individuelles.
Toutefois, les résultats de la simulation Lagrangienne sur 15 jours a montré les mémes schémas
de dispersion que les traceurs eulériens observés jusqu’au 8¢me jour dans la présente étude.
Ainsi, comme Nicolle et al. (2013) qui a étudié la dérive des larves dans la Manche, nous
n’avons pas trouvé de différences significatives entre la modélisation Lagrangienne et
Eulérienne. Récemment, Zhou et al., (2023) ont réalisé une évaluation complete des modeles

de transport Lagrangiens et Eulériens pour la prévision des efflorescences algales nuisibles de
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cyanobactéries dans le lac Erié. L'étude a comparé trois types de modéles 3D : 1) un modéle
Lagrangien de particules, 2) un modéle Eulérien de traceurs, et 3) un modele de particules
porteuses de propriétés qui utilisent une approche hybride eulérienne-lagrangienne. Les
résultats ont indiqué que les trois modéles de transport présentaient des niveaux de compétence
similaires, le modele Eulérien surpassant les autres dans I'évaluation globale. Dans I'étude, ils
ont démontré que 1’Eulérien peut mieux représenter les champs continus de concentration que
le Lagrangien, et dans 1’évaluation il a été le plus performant des trois méthodes pour prédire
un événement de HAB observé (Zhou et al., 2023).

Par conséquent, dans cette étude nous avons principalement quantifié le transport par des
simulations Eulériennes, et observeé ce transport par des simulations Lagrangiennes.
Cependant, a notre connaissance, assez peu d'études se sont intéressées a la connectivité entre
zones par I’utilisation de traceurs eulériens (Lagarde et al., 2019; Ménesguen et al., 2018; Zhou
et al., 2023). Une étude sur les schémas spatiaux de recrutement des huitres a utilisé ce type de
traceur pour travailler sur la connectivité entre zones de recrutement dans la lagune de Thau
(Sete, France) (Lagarde et al., 2019). Ces auteurs ont défini comme indicateur la connectivité
hydrodynamique entre un volume d'émission de traceur fini d'une zone conchylicole (VE) et un
volume de destination fini (VD) comme la quantité d'un traceur conservatif passif libéré de VE
et entrant dans VD sur une période de temps donnée (AT) (Lagarde et al., 2019).

Dans la présente étude le choix a été fait de travailler sur le pourcentage maximal de masse
initiale (Pmax) et sur le temps associé (Tmax) afin de permettre la comparaison sur une méme
zone d’arrivée des traceurs arrivant des différentes zones. Ce choix nous a permis d’illustrer
une relation guantitative (Pmax) mais également temporelle (Tmax) entre des zones sources et
des zones puits. Le choix du Pmax est principalement basé sur le postulat quun minimum de
cellules d’une espéce doit étre transportées pour qu’elles puissent ensuite se développer et
dominer la communauté. Les efflorescences étant des phénomeénes relativement courts
(quelques semaines), il nous a paru important d’incorporer la composante temporelle associée.
Comme nous, une étude s’est intéressée a la connexion potentielle de HAB entre sites en
Philippines par 1’utilisation de traceurs. IlIs ont défini la connectivité entre deux zones par la
concentration moyenne maximale de traceur en surface qui n'a pas augmenté ou diminué de
plus de 30 %, 3 heures avant et 3 heures aprés son arrivée dans une zone (Punongbayan et al.,
2022).

De plus, si on s’intéresse a la possibilité d’utiliser d’autres indicateurs, dans le cas de notre
étude, I’établissement d’un seuil pour établir la connectivité entre zones n’aurait pas €t€ une

solution. En effet, les connectivités entre zones étant trés variables, certaines sont trés fortement
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connectées (Pmax important), d’autres plus faiblement (Pmax plus faible). Mais malgré tout,
méme si elle est faible, la connectivité est existante. L’établissement d’un seuil pour définir la
connectivité entre les zones aurait pu limiter 1’information. Pour illustrer ce propos, la
connectivite entre la BDZ et la RDB varie énormement selon les années simulées, avec des
valeurs variant entre 0,9% (en 2019) a 5,2% (en 2014). Pourtant, méme si la connectivité est

faible en 2019, les deux baies restent malgré tout connectées.

Dans la présente étude, le choix de quadriller 1a zone de notre étude et la présence d’un littoral
découpé et d’un fort gradient bathymétrique en Ouest-Finistére imposent quelques limites a
I’interprétation des résultats des matrices de connectivité qui ne peuvent étre lues que dans un
sens (dans notre cas, horizontalement). Les différences en volumes mouillés entre les zones
quadrillées ont rendu impossible les comparaisons entre les arrivés de traceurs d’une zone a une
autre. Puisqu’il est logique que la masse maximale d’un traceur pouvant arriver dans une zone
dépend aussi du volume de cette zone. Pour résoudre ceci, il aurait fallu diviser le pourcentage
de masse initiale arrivant dans chaque zone par le volume moyen des zones, on obtiendrait ainsi
une concentration de traceur par volume d’eau. Cependant, contrairement a la méthode que
nous avons choisie (pourcentage de masse initiale), les comparaisons pour une zone d’arrivée
des quantités de traceurs venant de toutes les autres zones n‘auraient pas pu étre comparées
(lecture horizontale de la matrice de connectivité). En connaissant les limites associées a ces
deux méthodes, nous avons fait le choix dans I’étude de nous intéresser au pourcentage de
masse initiale émit d’une zone en direction des autres zones. Il est également a noter que
quelque soit la méthode, le Tmax reste constant, seule la valeur du Pmax varie. Par conséquent,
le Tmax peut étre interprété dans les deux sens dans les matrices de connectivité.

Enfin, une autre limite est liée a I’analyse des connectivités entre zones proches des limites de
I’emprise du mode¢le (principalement pour les zones du Nord). En effet le devenir de la masse
des traceurs quittant le domaine par les limites océaniques du modele (et revenant
éventuellement a I’intérieur du domaine par le jeu des marées), n’est pas connu précisément.
Nous ne pouvons donc accorder le méme intérét aux zones proches des limites du modele
(zones 1 et 2 par exemple). Cependant, dans le cadre de notre étude les zones d’intérét sont la

RDB et la BDZ situées loin des limites océaniques ouvertes.

Pour conclure, comme souligné pour d’autres écosystémes par Berdalet et al., 2014; Chen et
al., 2003; Raine et al., 2010, notre étude montre que le for¢age physique a lui seul ne suffit sans

doute pas a expliquer la dynamique des efflorescences dans 1’Ouest Finistére, mais il est

158



Chapitre 3

fondamental dans la compréhension de leur développement. La formation d'efflorescences
résulte du bilan entre la vitesse d'augmentation du nombre de cellule & un moment donneé
(croissance biologique, baisse de la mortalité) et la dilution de ces cellules due au mouvement
des masses d'eau (hydrodynamique) (Escalera et al., 2010; Roelke and Buyukates, 2001). Dans
notre cas, cette accumulation peut tout a fait avoir lieu en BDZ, ou les courants sont beaucoup
plus faibles qu’ailleurs et ou les résultats ont montré un certain confinement des traceurs selon
les conditions environnementales. D’ailleurs, ce dernier point a déja été remarqué dans une
étude sur les connectivités de populations larvaires dans le Nord-Est européen (Ayata et al.,
2010). Dans cette étude, la BDZ a montré les plus forts taux de rétention de particules
Lagrangiennes : 61.83 + 16.49 %, lors de simulations de 4 mois sur les mois de mars, mai et
juillet 2003 (Ayata et al., 2010).

De méme, la question de savoir si les augmentations soudaines du nombre de cellules entrainant
des efflorescences en Ouest-Finistére résultent d'une croissance locale ou d'un transport qui
amene des populations d'ailleurs, n'est pas encore tranchée. 1l serait intéressant de modéliser
des départs de traceurs sur une zone géographique encore plus vaste, ayant dans son emprise le
Sud-Finistére (baie d’Audierne). Cela permettrait de confirmer que les hypothéses concernant
le développement initial des efflorescences dans la zone de Baie de Douarnenez (BDZ) ne
soient pas le résultat du transport d'efflorescences provenant d'une zone située plus au sud. Mais
pour aller encore plus loin, il serait intéressant d’inclure a notre approche la dynamique
biologique, pour évaluer non seulement les chemins empruntés par les cellules, mais aussi la
probabilité de croissance et de mortalité le long de ces voies, et le réle de la migration verticale
et des parameétres environnementaux (température, ensoleillement, nutriments...) sur la

dynamique des espéces (Gillibrand et al., 2016; Zhou et al., 2023).

Tous ces résultats contribuent a I'amélioration des connaissances de 1’hydrodynamique au
niveau du littoral Ouest Finistére. De plus, ces premieres connaissances acquises pourront étre
utiles pour cibler au mieux les zones a privilégier pour le suivi cotier d’efflorescences toxiques

et egalement avoir une connaissance temporelle sur leur déplacement.
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Context

The first two chapters provided us with a better understanding of the study area (community

composition, community succession, and hydrodynamics) in March.

The chapter 2 revealed a homogeneous diatom community throughout West Finistére, with a
staggered succession between south and north. In Chapter 3, we demonstrated a marked south-
north hydrodynamic connectivity between the Bay of Douarnenez and the Bay of Brest during
simulations over the month of March (P. australis development period) over 4 years. This
hydrodynamics was shown to be linked to wind direction and tides. In addition, the modelling

identified a higher retention of water masses in the Bay of Douarnenez.

However, the environmental conditions (physical, biotic and abiotic) leading the species P.

australis to develop in early spring in the study area are still unclear.

Hydrodynamic modelling provides valuable information about the potential movements of
blooms in a given area, while analysis of the genes expressed allows us to determine whether
significant physiological changes result from modifications in the environmental conditions

under which cells develop from one area to another.

With this in mind, in the present chapter 4, we combined analyses of in situ environmental
parameters, hydrodynamic connectivity (simulation over the specific bloom monitoring period)
and metatranscriptomics to gain a better understanding of the spatio-temporal dynamics of P.
australis blooms. and answer the following question:

How is P. australis developing in western Brittany? Can its spatio-temporal dynamics be

explained by the local environment? Hydrodynamics?

To answer it, correlations between different environmental variables were first observed.
Secondly, the hydrodynamic times were compared with the appearance times of P. australis at
the various monitoring stations. Finally, the physiological state of this species was compared at

the different stations over time using metatranscriptomics.
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By combining the various results obtained, the aim of chapter 4 was to provide answers to the

hypotheses of the thesis:
— Do P. australis blooms develop in one area and then move over time as a result of

hydrodynamics?

— Or do local environmental conditions favour the development of P. australis?

This chapter mainly highlight :

e The possibility that the Bay of Douarnenez serves as the initial growth area for P.
australis, mainly due to its higher water retention rate, with subsequent northward

development driven by hydrodynamics.
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Graphical abstract :

Central role of hydrodynamics in the spatio-temporal
dynamics of P. australis in West Brittany

(3) 21-18 days after, development
in the bay of Brest

a4 Similarity in gene expression was
" recorded with Telgruc when P
4 | australis appeared

‘v.
486 > =y

z e”'f{lgh currents
4 Y o Bay
of Brest

(2) 7-11 days after, 19-32 days
el development in DK Dinan-Kefloc’I S
Similarity in gene @ @ L
. Ba oW
expression was V y
recording with 6f Douarnenez  {leCUE
1| | Telgruc for 3 days 5-7 days
" (1) First development of P
australis in Telgruc, high
concentrations
480
5.0 -45
—— P australis cells trajectory with hydrodynamic March 2021
Résumé :

Au cours des dernieres décennies, la diatomée pennée Pseudo-nitzschia, un genre cosmopolite,
a été associée a de nombreux événements toxiques dans le monde entier. En France, la majorité
des évenements toxiques ont été liés a I'espéce P. australis. Elle est apparue pour la premiere
fois dans I’Ouest de la Bretagne (Europe occidentale) en 2006. Depuis, elle fait des apparitions
récurrentes sur les cotes bretonnes, causant des pertes économiques par la fermeture de
pécheries. Cependant, aucune étude spécifique n'a été menée localement pour comprendre son
développement. En combinant des analyses in situ, de connectivité hydrodynamique et

d’expression des geénes, cette étude vise a comprendre la dynamique spatio-temporelle d'un
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bloom de P. australis dans I'Ouest de la Bretagne. Des échantillonnages ont été réalisés au début
du printemps (mars-avril) 2021 dans quatre stations cotiéres proches, toutes les deux semaines.
L’espéce P. australis a été trouvée en forte abondance relative a la station la plus méridionale,
Telgruc, puis a été identifiée plus au Nord a Dinan-Kerloc'h et enfin dans la rade de Brest (aux
stations de Sainte-Anne et Lanvéoc). En utilisant un modele hydrodynamique 3D (CROCO-
Iroise), nous avons pu corréler les temps de connectivité hydrodynamique et les temps
d’apparition de P. australis entre les stations. Grace a cela, nous avons trouvé une bonne
corrélation entre les temps de connectivité hydrodynamique et I'apparition de P. australis entre
Telgruc et les autres stations plus au Nord. L'état physiologique des cellules aux différentes
stations a montré une similarité de quelques jours avec la station Telgruc, en baie de
Douarnenez avant de diverger. La corrélation entre I'expression des genes et I'environnement
n'a pas permis d'expliquer ces similitudes d'expression des genes entre les stations. Ceci
implique que I'hydrodynamique exerce probablement une influence significative sur le
mouvement spatio-temporel de I'efflorescence de P. australis en Bretagne occidentale. Nous
émettons I'nypothese que la baie de Douarnenez sert de zone de croissance initiale pour P.
australis, principalement en raison de son taux de rétention d'eau plus élevé, avec un

développement ultérieur vers le nord entrainé par I'nydrodynamisme.

Abstract:

Over the last decades, the pennate diatom Pseudo-nitzschia, a cosmopolitan genus, has been
linked to many toxic events worldwide. In France, the majority of toxicity events have been
linked to the P. australis species. It first appeared in western Brittany (western Europe) in 2006.
Since then, it has made recurring appearances on Brittany's coasts, causing economic losses
through fishery closures. However, no specific studies have been carried out locally to
understand its development. Combining in situ analyses, hydrodynamic connectivity and gene
expression, this study aimed to understand the spatio-temporal dynamics of a bloom of P.
australis in western Brittany. Samplings were carried out at the beginning of spring (March-
April) 2021 at four nearby coastal stations biweekly. P. australis was found in high relative
abundance at the southernmost station, Telgruc, and was then identified further north at Dinan-
Kerloc'h and finally in the Bay of Brest (at the Sainte-Anne and Lanvéoc stations). Using a 3D
hydrodynamic model (CROCO-Iroise), we were able to correlate hydrodynamic connectivity

and shifts in P. australis occurrence between stations. Thanks to this, we found a good
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correlation between hydrodynamic connectivity times and the appearance of P. australis
between Telgruc and the other stations further north. In order to understand it, the physiological
state of the cells between stations were observed. The latter showed a correlation of a few days
in gene expression between the stations and Telgruc before diverging. However, the correlation
between gene expression and the environment did not explain these gene expression similarities
among the stations. This implies that hydrodynamics likely exerts a significant influence on the
spatio-temporal movement of the P. australis bloom in West-Brittany. And we hypothesize that
the Bay of Douarnenez serves as the initial growth area for P. australis, mainly due to its higher

water retention rate, with subsequent northward development driven by hydrodynamics.
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4.1 Introduction

Coastal environments are highly productive ecosystems and provide important socio-economic
resources and services. However, due to their proximity to land, ocean and atmosphere, coastal
waters present complex seasonal patterns, with high variability both between and within
ecosystems (Cloern and Jassby, 2008). In temperate waters, much of the seasonal variability is
imposed directly or indirectly by the annual cycle of solar radiation (Cloern and Jassby, 2010;
Sverdrup, 1953). One of the main characteristics of the latter is the spring phytoplankton bloom
following the increase in light and temperature and the presence of nutrients accumulated
during the winter period. In addition to seasonal phytoplankton blooms, which are somewhat
predictable, unusually high biomass levels of certain phytoplankton species can also occur as a
localized phenomenon in space and time, in response to particular environmental and ecological
conditions (Paerl, 1988). This phenomenon is known as harmful algal blooms (HAB). Some of
these HAB can have deleterious consequences for other organisms in the aquatic ecosystem or
for human health and the economy (Llebot et al., 2011; Smayda, 1997; Solé et al., 2006). Field
studies on HABs provide important information on the factors that potentially favour the
formation, propagation and disappearance of blooms. Most research investigating the dynamic
of blooms focuses on the bottom-up control of environmental variables (mainly the impact of
temperature, light and nutrients) (Reynolds, 2006). Although this approach is effective in
understanding the relationships between phytoplankton and their environment, it does not
appear to be sufficient to provide an in-depth understanding of the processes structuring
phytoplankton communities (Verity and Smetacek, 1996). It often ignores numerous
mechanisms such as hydrodynamics in the developpement, migration and persistence of blooms
(Houliez et al., 2021). Ocean currents and tides have been shown to play a key role in the bloom
dynamics, since they can influence cell dispersion, influencing bloom propagation and intensity
(Angles et al., 2008; Aoki et al., 2012). For example, Basterretxea et al. (2005) have
demonstrated through numerical simulations that wind-induced currents can accumulate
phytoplankton cells in areas close to the coast, favouring the appearance and persistence of
blooms. However, hydrodynamics alone can ignore important physiological aspects linked to
bloom-forming species, and the various environmental parameters surrounding a bloom and
maintaining its persistence (growth rate, nutrients) or, on the contrary, its termination (grazing,
virus, nutrients, stress). Even if the HAB modelisation can be linked to behavior (growth,
vertical migration, etc.) (e.g. McGillicuddy, 2010; Vanhoutte-Brunier et al., 2008), given the

complexity of this event, it is impossible to be exhaustive.
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Blooms are classically studied by focusing on species absolute or relative abundances. In order
to gain a thorough comprehension of the intricate occurrence of phytoplankton blooms, it is
advisable to investigate the physiological condition of the blooming species throughout these
events thanks to metatranscriptomic. This can provide an answer to the impact of the
environment as a whole on the physiological state of cells as blooms progress through time and
space (Anderson, 2009; Ge et al., 2013; Hoffmann and Willi, 2008; Kolody et al., 2022;
Metegnier et al., 2020).

Taken together, the study of the hydrodynamics, environment and gene expression could
provide essential information to better understand the spatio-temporal development of blooms.
Such an approach could link the physical and biological processes that govern phytoplankton
blooms. For instance, it could highlight the physiological conditions triggering blooms and the
cellular mechanisms by which cells adapt to the local environment during bloom displacement.
More specifically, in a spatio-temporal study, it could highlight whether the bloom is localized
or the result of a displacement by comparing the genes expressed between areas. To illustrate,
if gene expression initially matches between zones and then diverges with a time lag, this may
mean that cells have been transported from one zone to another and are adapting to local
conditions in the zone to which they have been moved.

Among HABSs, blooms associated with the genus Pseudo-nitzschia are particularly critical since
some species produce domoic acid, a neurotoxin responsible for amnesic shellfish poisoning
syndrome (ASP) in humans through the consumption of filter-feeding molluscs, and mortality
in mammals and seabirds through the transfer and bioaccumulation of the toxin in the food web
(Husson et al., 2016; Lelong et al., 2012; Trainer et al., 2012).

Pseudo-nitzschia blooms and the resulting toxicity are a worldwide problem. In France, western
Brittany (Figure 1) is regularly affected, mainly in early spring, by the species Pseudo-nitzschia
australis, the most toxic of the genus (REPHY/, 2022). Despite these frequent occurrences, and
the economic importance of the area due to its many fisheries, very few studies have looked
into the causes of its development in western Brittany. The only information available concerns
its first suspected detection in 1995 in the Bay of Brest and its first major bloom detected in
March 2010 in the Bay of Douarnenez (Nezan et al., 2010). Since then Pseudo-nitzschia spp
blooms, (REPHY, 2022) have been regularly identified in western Brittany. Two studies have
analysed the REPHY monitoring data at the genus taxonomic level, and the first study has
shown the recurrent and general occurrence of Pseudo-nitzschia blooms throughout the French
coast between 1987 and 2018 (Belinetal., 2021). And a second study showed that: (i) the extent
and characteristics of the blooms, as well as the frequency of associated toxicity events, vary
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considerably from one area to another; (ii) ASP contaminations are always preceded by major
blooms; (iii) irradiation and temperature play a major role in triggering blooms in spring; (iv)
ASP events tend to be more frequent in bays strongly influenced by nutrient inputs (Husson et
al., 2016).

In the present study, using a multidisciplinary approach combining the study of in situ
environmental parameters, hydrodynamic connectivity and gene expression dynamics, we were
interested in understanding the spatio-temporal dynamics of a bloom of the toxic species P.

australis in West-Brittany.

We worked on a spatio-temporal bloom of P. australis in order to: 1) understand the local
environment in which it develops; 2) understand the hydrodynamic connectivity in the study
area; 3) study the spatio-temporal evolution of the cells' physiological state. All these
approaches were analyzed with the aim of providing a general overview of the conditions and
the way in which P. australis develops in Western Brittany. More specifically, we asked the
following questions: 1. Can the spatio-temporal dynamic of P. australis be explained by
biotic/abiotic parameters and hydrodynamics? 2. Does gene expression also display a spatio-

temporal shift?

In this chapter, based on the coupled results of environment, hydrodynamic connectivity and
gene expression, we made 3 hypotheses:

(1) blooms develop according to an “internal clock”. This development is independent of
environmental conditions and hydrodynamics. In our results, we expect the same gene
expression dynamics at each station over time (independent of hydrodynamic connectivity and
environmental conditions). Cell densities may differ between sites due to dilution.

(2) Blooms develop in an area, and cells are transported. We expect division rates to decrease
with distance from this zone. Densities at sink zones depend on hydrodynamic connectivity and
dilution. Gene expression in sink zones is more or less similar to that in the source zone.

(3) Bloom development is governed by environmental conditions. In the results, gene
expression is expected to be similar when environmental conditions are the same, regardless of
connectivity. Observed cell concentrations are dependent on environmental conditions and

dilution.
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4.2 Materials and Methods
4.2.1 Sampling areas and strategy
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Fig. 1: Map of stations sampled in West-Brittany (West of France). From north to south, the stations
were sampled from the Bay of Douarnenez (Telgruc), then in the Iroise Sea (Dinan-Kerloc'h) and finally
in the Bay of Brest (Sainte-Anne and Lanvéoc).

The study took place in the westernmost part of France, in western Brittany. Following initial
detection of the toxic P. australis species by the French phytoplankton monitoring network
(REPHY) in south-east Finistere (Bay of Douarnenez), water samples were taken twice a week
from shore. The monitoring was carried out in 2021 between February 26" and April 16" at
four monitoring stations (fig. 1, from south to north: Telgruc: 48.209933, -4.373308; Dinan-
Kerloc’h: 48.257071, -4.560974; Lanvéoc: 48.292921, -4.458473 and Sainte-Anne: 48.360160,
-4.553163).

The Telgruc point was the most southerly point sampled. It is located in the Bay of Douarnenez,
a semi-enclosed shallow bay (350 km?, maximum depth 40 metres). This bay is open to the
Iroise Sea, which means that it is particularly exposed to the prevailing westerly swells
(Quiniou, 1986), although it has relatively low currents (Le Févre and Grall, 1970, chapter 3).
North of the Bay of Douarnenez, Dinan-Kerloc'h is a station more open to the Iroise Sea.
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Finally, two stations: Sainte-Anne and Lanvéoc were sampled in the Bay of Brest, a semi
enclosed, shallow coastal ecosystem (180 km?) connected with the Iroise sea by a narrow strait
(2 km wide, 40m deep) (Quéguiner and Tréguer, 1984). In the bay, two main rivers (Aulne and
Elorn) are responsible for 80% of the total freshwater inputs and an intense tidal mixing (almost
8m during spring tides and a periodicity of 12h) assure important exchanges with the Atlantic
Ocean (Le Pape et al., 1996). The mean annual flow rates taken from the literature for the Aulne
and Elorn rivers are of the order of 24 and 6 m* s, respectively (Daniel, 1995). Flow rates over
time are irregular, with winter flood periods (October to March) followed by low summer water
levels (Quéguiner, 1982). In comparison, the Bay of Douarnenez received low riverine inputs
with mean flows below 2 m®.s? (Guillam et al., 2020; Merceron et al., 2007).

For all the stations, the tidal current and the wind allow vertical mixing during the monitoring

period.

4.2.2 Environmental data

During the sampling, several biotic and abiotic environmental parameters were collected.

4.2.2.1 Abiotic parameters

Salinity and sea surface temperature (°C) were measured in situ using Cond 3110 portable
thermo-salinometer (WTW, a xylem brand, Germany). Water samples were filtered and
prepared immediately after sampling, for later nutrient analysis in the laboratory. Nitrate, nitrite,
phosphate and silicate concentrations (umol/L) were then measured by segmented flow
analysis, following Aminot and Kérouel (2007).

Suspended matter concentration was measured. Clean Whatman GF/F 45 fiberglass filters
combusted at 500°C for one hour in order to remove organic traces and to solidify them were
weighed (=weight 1). One litre of water was filtered (= volume) through the pre-treated filters.
The filters were then dried at 60°C for 24 hours and weighed (=weight 2). By subtracting the
weight 1 from weight 2, the suspended matter concentration (mg/L) was obtained (Aminot and
Kérouel, 2004).

Currents were obtained using the CROCO-Iroise 3D hydrodynamic model (described in chapter
2). The average speed current over the whole water column was calculated and averaged over
the 12 hours preceding the sampling time, representative of a tidal cycle.

Finally, the photosynthetically active radiation (PAR, pE/m2/s) average between sunrise and

sampling was calculated at each station using the outputs of the numerical model AROME of
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Météo-France (Seity et al., 2011). This choice was made in order to obtain an average proxy of

the light energy received by the cells before sampling.

4.2.2.2 Biotic parameters

4.2.2.2.1 Cellular abundances

First, pico (0-3 um) -nano (3-20 um) and -microphytoplankton (> 20 pum) abundances were
measured by flow cytometry using a CytoSense (Cytobuoy b.v., Netherlands) (laser 488 nm).
Water samples (4 mL) were pre-filtered (200 um) and fixed with glutaraldehyde and pluronic
at a final concentration of 10%. Samples were stored at -80°C prior to analyses. Densities of
each phytoplankton group were obtained in 2 runs with different speeds to increase the number

of events. Size calibration was based on reference beads.

Second, Pseudo-nitzschia cells at the genus level were counted. After the sampling, 500 mL of
sea water was preserved using acid Lugol’s solution (2 mL.L?). The Uterméhl (1931) method
was used to identify and count the cells. The Utermohl method consists in transfering 10 mL,
after homogenisation, into a sedimentation chamber for at least 8 hours before identifying and
counting Pseudo-nitzschia spp. cells under a light microscope. Cell densities of Pseudo-

nitzschia spp. per litres were then obtained.

4.2.2.2.2 Biomass

Chlorophyll-a concentrations were calculated using Aminot and Kérouel (2004). For total
chlorophyll a concentration, 150 mL of water was filtered through a 25 mm glass fiber filter
(GF/F; Whatman). For the size-fractionated chlorophyll a concentration, 150 mL of water was
filtered through polycarbonate filters with pore sizes of 20 and 3 um. After filtration, the filters
were wrapped with aluminium foil to prevent photolysis and stored in a freezer until further
analysis. Chlorophyll a was extracted with 90% acetone for 18-20 hours in the dark at 4 °C,
and the concentration was measured using a fluorometer (LS 50B Perkin Elmer). Biomass

(ng/L) of pico-, nano- and microphytoplankton were then calculated.
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4.2.2.2.3 Toxins (particulate and dissolved)

After sampling, a volume of 1 litre of sea surface water was filtered through a 47 mm glass
fibre (GF/F, Whatman) to determine the intracellular toxins. The filtrates were then used for
determining dissolved toxins. Samples of filters and filtrates were stored at -20°C until analysis.
To extract intracellular/particulate toxins, 250 mg glass beads (150-250 pum) and 2.5 mL
MeOH/H.O mixture (50/50: v/v) were added to the filters and stored at -80°C for 1 hour. Then,
a mixer mill (MMA400; Retsch) was used for mechanical grinding for 20 minutes at 30 Hz. Then,
the samples were centrifuged (10 min, 4,300g, 4°C), and the supernatants were filtered through
a 0.2-um nylon filter (Nanosep MF; Pall). The filtered samples were then stored at -20°C until

further analysis.

To determine extracellular toxins, solid-phase extraction (Bond Elut C18 200mg cartridges;
Agilent) was employed to eliminate salts and concentrate the toxins. The SPE column was
conditioned with 10 mL of methanol followed by 10 mL of Milli-Q water. The sample (100 mL
of seawater) was acidified at 0.2% with aqueous formic acid before passing through the SPE
column. The cartridge was rinsed with 10 mL of 0.2% aqueous formic acid and dried for 1 min.
Toxins adsorbed on the cartridge were eluted using 2 mL of methanol/water (50/50: v/v) into a

glass vial. The eluate was stored at -20°C until analysis.

Toxins analyses were performed using Ultra Fast Liquid Chromatography (UFLC) (Shimadzu)
coupled to an ABSciex 4000 QTrap (triple quadrupole mass spectrometer). LC-MS/MS
parameters are described in Caruana et al (2019). A certified domoic acid standard (CNRC,
Halifax, Canada) was used for external calibration range (0.3-500 ng mL™) in order to quantify
domoic acid. The limit of detection (LOD) and limit of quantification (LOQ) were respectively
0.1 and 0.25 ng mL"!, corresponding to 1 and 2.5 pg DA on the column. Values were analysed
with Analyst 1.7.2, ABSciex software and the content of intra-and extracellular toxins were

expressed in pg mL .

After, the quantities of toxins per cell were calculated (pg cell ), for that, the number of Pseudo-
nitzschia spp. counted by light microscopy was divided by the percentage of P. australis across
all the Pseudo-nitzschia identified by metatranscriptomic samples (chapter 2, rbcl marker

aligned with the diat_barcode reference bank).
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4.2.2.2.4 Gene expression data

4.2.2.2.4.1 RNA extraction, library preparation and sequencing

For total RNA extraction, directly after the sampling, 4-5 litres of water were filtered on 10 pm
polycarbonate filters using a peristaltic pump. Filters were frozen in liquid nitrogen in RNA
later (Fisher Scientific, Illkirch, France) and stored at —80 °C until RNA extraction. Total RNA
was extracted by sonicating the filters on ice (Vibra-cell 75115, Bioblock Scientific, IlIkirch,
France) for 30 seconds at 35% intensity in LBP buffer (Macherey-Nagel, Duren, Germany).
Extraction was performed using the NucleoSpin® RNA Plus kit (Macherey-Nagel) following
the manufacturer's protocol. Library preparation was performed using the Illumina mRNA
TruSeq stranded kit starting from 0.5 pg of total RNA. Paired-end sequencing was performed
using 2 x 150 bp cycles on Illumina Novaseq6000 (2021 samples) at the GeT-PlaGe France
Genomics sequencing platform (Toulouse, France). Generated fastQ files have been deposited
to the European Nucleotide Archive (ERR9850557-562, 566-569, 572-574, 577-584, 589-
592, 597, 600-607, 610-613, 619-621, 624-633).

After this step, samples from April 6" and April 9" in Telgruc; March 23, March 26™ and
April 2" in Dinan-Kerloc'h; and April 9" in Sainte-Anne could not be sequenced due to low

RNA concentrations. These samples were considered as missing data in the present study.

4.2.2.2.4.2 Sequence assembly and gene annotation

Prior to read mapping, raw reads were initially characterised  with
FASTQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) in order to assess read
quality and quantity. TRIMMOMATIC (Version0.36) (Bolger et al., 2014) was then used to
trim ambiguous, low quality reads and sequencing adapters with parameters:
ILLUMINACLIP:adapter.fasta:2:30:10:8 LEADING:30 TRAILING:30 MAXINFO:40:0.5
MINLEN:80. After, using the BWA-MEM aligner (Lie et al., 2013), trimmed reads were
aligned to a metareference corresponding to the combination of 315 species specific reference
transcriptomes, representing 213 unique genera (Metegnier et al., 2020). It mostly corresponded
to the resources developed during the Marine Microbial Eukaryotic Transcriptome Sequencing
Project (MMETSP, Keeling et al., 2014) with the addition of reference transcriptomes obtained
for three Pseudo-nitzschia species (Pseudo-nitzschia australis, Pseudo-nitzschia fraudulenta
and Pseudo-nitzschia pungens) based on local strains (Lema et al., 2019). Samtools was used

to discard reads displaying low quality alignments (MapQ<10), to remove read pairs that did
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not align to the same transcript and to generate the raw read count expression matrix (Li et al.,
2009).

4.2.2.2.4.3 Relative abundances of P. australis

Relative abundance of P. australis was obtained by dividing the number of reads assigned to it
by the total number of taxonomically assigned reads in each sample. In the study the relative
abundances are expressed in percentage. For the different analyses, P. australis was considered
as present in the sampled community when its relative abundance was higher than 2%. The date
when P. australis relative abundance first reach 2% was also retained. Due to our bi-weekly
monitoring, we consider that the appearance of P. australis occurs between the last day of its
absence and the moment of its detection. The indicator of its appearance thus obtained are day
slices. This choice was made partly because there was no way of knowing when the species

appeared between two samplings.

4.2.2.2.4.4 Analysis of P. australis expressed genes

Raw read counts corresponding to P. australis contigs were extracted. Transcripts covered by
more than 10 reads on average across samples were first extracted, then those with a relative
abundance higher than 2% belonging to P. australis were kept for further analysis. Following

these filtering steps, a total of 24 samples and 14 924 transcripts were kept.

After preliminary analysis, one sample (Dinan-Kerloc'h on April 9") was removed due to the
absence of reads in various transcripts, and was found to be an outlier. After that, in order to
minimise differences between samples, the dataset was normalised using Deseq2 Variance

Stabilizing Transformation (Love et al., 2014).

4.2.3 Hydrodynamic connectivities

4.2.3.1 The local hydrodynamic model: CROCO-Iroise

We set up a three-dimensional hydrodynamic Coastal and Regional Ocean Community model
(CROCO) (www.croco-ocean.org) over the West-Finistere (geographic extends between
47.9025 N and 48.61624 N; and between -4.087421 E and -5.292648 E). For our application,
CROCO-IROISE solves the primitive and free surface equations under the hydrostatic and
Boussinesq assumptions (Shchepetkin and McWilliams, 2005) over a regular grid with a

horizontal resolution of 200 m and 30 sigma layers over the vertical (see chapter 2).
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The bathymetry (fig.2) was constructed from MNT bathymetric data of the Atlantic coast
(Homonim Project) with a resolution of 0.001° (~111 metres) (SHOM, 2015).
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Fig. 2: CROCO-Iroise model footprint; the different areas of interest, and rivers are indicated.

The model is forced by various realistic forcings in order to simulate representative
hydrodynamics. The forcings concern the daily flows of the various rivers shown in fig. 2, most
of them were taken from the HYDRO database (http://www.hydro.eaufrance.fr/). For the
smaller rivers, not present in the HYDRO database, monthly or annual flow climatologies were
created on the basis of grey literature data when available or using watershed surfaces. The
atmospheric forcings were derived from the AROME model (Météo France, Seity et al., 2011),
and concerns: temperature, humidity, cloud cover, precipitation, local wind direction at 10
metres, sea level pressure, downward heat flux to the ground and surface radiation. In addition,
the model is forced along the open boundaries by the sea-surface elevation obtained from the
Previmer Atlas, and salinity and temperature were obtained from a wider model over the whole
Iroise Sea that encompasses the targeted area (MARS3D, configuration MANGAE2500, with

a 2.5 km resolution, interpolated on our grid).
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In order to move on from the initial conditions mentioned above, and to get a coherent

hydrodynamical signal: a 1-month spin-up was carried out.

The model has demonstrated its ability to reproduce the main characteristics of ocean flows
(tidal amplitude and phase, 3D currents, salinity and temperature) with a good level of realism

as shown in the chapter 3.

4.2.3.2 Hydrodynamic transport time analysis (Eulerian and Lagrangian transports)
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Fig. 4: Location of Eulerian tracer release and arrival zones drawn in black. Departure zones of the
Lagrangian particles are represented by the blue dots. The dots represented the sampling stations.

4.2.3.2.1 Eulerian transport

The hydrodynamic connectivity between station’ arecas was characterised by the results of
Eulerian’s tracer transport carried out over the sampling period (from 2021-02-26 to 2021-04-
16).

As described in chapter 3, four 50x50 grid-mesh zones were selected as tracer departure and
arrival zones. Differing from the chapter 3, the zones were remodelled to encompass the
monitoring zones (fig. 4) and the simulations were initialised when P. australis appeared in
order to simulate a representative bloom and facilitate comparison with the metatranscriptomic

data: two simulations were run. In the first one, tracers were released from Telgruc’s area on
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February 26™ and in the second one tracers were released from Dinan Kerloc’h’s area on March
9th

An initial concentration of 100% tracer was released over the entire water column (the 30 sigma
layers) at the 2 zones. Then, to enable comparison of the quantities of tracer arriving at a given

station, the initial mass percentage for each tracer was calculated as described in chapter 3.

Connectivity from Telgruc was analysed towards Dinan-Kerloc’h, Sainte-Anne and Lanvéoc;
and connectivity from Dinan-Kerloc'h was analysed towards Sainte-Anne and Lanvéoc (fig. 4).
Connectivity was characterized by two indicators, one representing the time of arrival of a tracer
in a zone with an initial mass >0.1% (Tmin) and the time associated with the maximum mass

(Tmax) of this tracer.

The selection of the tracer arrival threshold: >0.1% was based on (i) the highest observed
percentage of tracer mass (maximum of 0.15% between Telgruc and Lanvéoc), and marked

shifts in the percentage of tracer mass arrival that occurred beyond this threshold.

4.2.3.2.2 Lagrangian transport

In addition to Eulerian transport, which provides information on connectivity between zones
through the use of temporal indicators, Lagrangian transport has enabled us to observe the

trajectories of individual particles.

The transport trajectory between stations was observed using particle transports released on

February 26" at Telgruc and March 9™ at Dinan-Kerloc'h for a period of 7 days.

The Lagrangian particle transport was carried out using ICHTHYOP software, developed by
IRD and described in Lett et al., 2008 (https://www.ichthyop.org/). CROCO Iroise model

provided the 3D current fields every 30 minutes.

For both simulations 100,000 fictive particles were released at the surface within a cylinder
(radius of 1000 m, 10 m deep), at the two following locations: 48.209933 N, -4.373308 E and
48.257071 N, -4.560974 E for Telgruc and Dinan-Kerloc’h respectively (see fig. 4).

The particles have been initialised as having no behaviour, no buoyancy and do not run aground.

A forward Euler numerical scheme is used to discretize the transport equations. Computational

178


https://www.ichthyop.org/

Chapter 4

time step dt was set to 40 seconds in order not to break the CFL criterion (U*dt)/dX <= 0.7,
where U is the speed current in m/s and dX is the grid cell length in m. Default horizontal
dispersion parameter according to the formulation of Peliz et al. (2007) was kept unchanged
(10° m2/s®).

4.2.4 Statistical analysis

All statistical analyses and graphics were performed with R software v. 3.2.3 (R Core Team,
2014).

First, a principal Component Analysis (PCA, factoextra R package, Kassambara and Mundt,
2017) was used to assess temporal and/or spatial relationships between the samples based on
the environmental variables along a reduced number of axes. The analysis involved physico-
chemical parameters (temperature and salinity, PAR, suspended matters, current speeds, and
nutrients concentrations) and biological parameters (pico-, nano and micro-phytoplankton
abundances and biomass). Prior to these analyses, all variables were centered and scaled in

order to make them dimensionally homogeneous.

Second, to determine the spatio-temporal evolution of gene expression, a PCA was performed

on all the expressed genes.

Finally, the correlation between biological, physico-chemical parameters and gene expressions
was tested using a canonical correlation analysis (CCA analysis, vegan package, Oksanen et
al., 2007).

4.3 Results

4.3.1 Spatio-temporal dynamic of P. australis and the relationship with
environment

During 2.5 months (between February 26" and April 16™) an in situ survey during a P. australis
bloom was performed in four different sampling points. Based on metatranscriptomic samples,
spatio-temporal P. australis composition was identified. Environmental reads corresponding to
P. australis contigs were extracted and the relative abundances of P. australis transcripts were

calculated (figure 5).
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Fig. 5: Relative abundances of transcripts expressed by P. australis between February 26" and April
16™. Crosses correspond to missing data and the white areas correspond to samples where P. australis
had not been detected (relative abundance < 2%).

elative abundances

At Telgruc, relative abundances of P. australis were above 2% from the beginning of sampling
on February 26" until March 30™. A first strong relative abundance of 32.5% was observed on
March 9" A maximum of 43.5% was reached on March 19" before decreasing strongly until
the species was not detected on March 30™.

At Dinan-Kerloc'h, the maximum values were identified on March 30" (10.1%) and April 6™
(6.9%), although its presence has been identified since March 9™, there are some missing
samples.

Sainte-Anne and Lanvéoc showed fairly similar results temporally with maximum relative
abundance on March 26™ (9.2%) at Sainte-Anne and March 30" (13.6%) for Lanvéoc (fig. 5).

Globally, a spatio-temporal shift was identified with first a development in Telgruc (from
February 26™), then in Dinan-Kerloc'h (from March 9™) and finally in the Bay of Brest (from

March 23¢ first at Lanvéoc and then at Sainte-Anne).

In order to understand the development and the south-north shift, biotic and abiotic
environmental variability was analysed using a PCA (fig. 6).
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Fig. 6: First two components of PCA showing relationships between biotic and abiotic environments
and samples. Sampling dates (colors) and sampling stations (shapes) are indicated. The black arrows
represent the biotic and abiotic variables.

The first two PCA axes explain 40.9% of the variance, of which 25.6% is explained by the 1st
axis (fig. 6).

It is important to notice that the absolute counts of Pseudo-nitzschia were correlated to the
relative abundance of P. australis and both of them correlated to the microphytoplankton
biomass. This certainly supported the bloom of this species. Extra- and intracellular toxins were
observed in higher guantities when the presence of P. australis was higher. P. australis was
mainly found in high abundance in Telgruc in the middle of the sampling period, and in Lanvéoc
towards the end. Overall, phosphate concentration tended to be lower during the second half of
the survey, when P. australis was more abundant.

With regard to spatial variability, environmental conditions in Sainte-Anne often contrasted
with the other stations, and especially with those recorded in Telgruc. Saint-Anne was
characterised by a freshwater-impacted environment, reflected by higher nutrient
concentrations (silicates and nitrates + nitrites), warmer waters, more suspended matter, higher
current velocities and lower salinity.

Finally, concerning the temporal variability, picophytoplankton abundances and phosphate
concentration were higher at the beginning of the monitoring. Temperature, PAR and
microphytoplankton abundances tended to increase toward the end of the sampling period
(Figure 6, Supplementary figure 1). Altogether, these results do not support a spatio-temporal

181



Chapter 4

shift in terms of environmental parameters, suggesting that the spatio-temporal time shift in the

apparition of P. australis cannot be explained by the measured environmental parameters.

3.2 Does the time associated with hydrodynamic transport coincide with the spatio-
temporal shift of P. australis?
Hydrodynamic connectivity was investigated as an alternative to better understand the

functioning of the area and find a potential explanation for the temporal shift between stations.

Simulations were used to investigate if hydrodynamic connectivities could elucidate the spatio-
temporal shift observed in the appearance of P. australis. Following the initial detection of P.
australis during the survey, tracers were released on February 26" from Telgruc and on March
9" from Dinan-Kerloc’h. The analysis focused on examining the connectivity between these
stations and those located further to the north. The figure 7 showed the evolution of tracer arrival

in the different zones over time as well as the relative abundances of P. australis.

From the start of monitoring (February 26"), there was a higher hydrodynamic connectivity
from Telgruc to Dinan-Kerloc'’h compared with the other stations. Even if the tracer masses
remained low (maximum of 2.5%), the associated time was rather low, and tracers arrived in 7
days (March 5%).

In comparison, only 0.15% of Telgruc's tracer mass reached Sainte-Anne and Lanvéoc after 32
days.

During the subsequent simulation involving the tracer released at Dinan-Kerloc'h on March 9™,

the mass of maximum tracer released was 14% at Sainte-Anne (after 3 days) and 15% at

Lanvéoc (after 5 days).
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Fig. 7: Evolution of the percentage of mass of tracer leaving a zone and arriving in the other zones
(black line). The left-hand column shows the arrival of tracers initialised in Telgruc on February 26",
heading for Dinan-Kerloc'h, Sainte-Anne and Lanvéoc. The right-hand column shows the arrival of
tracers initialised in Dinan-Kerloc'h on March 9™, heading for Sainte-Anne and Lanvéoc. The blue bars
represent the relative abundance of P. australis in the arriving area and crosses correspond to missing
data (fig. 5). The scales between the two starting zones are different.

Hydrodynamic connectivity and P. australis emergence were compared in table 1.
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Table 1: Time lags observed (P. australis relative abundances, first row) and simulated (Tmin - Tmax of
tracers, second row).

Telgruc’s initialisation Dinan-Kerloc’h’s initialisation
(02-26) (03-09)
Dinan-Kerloc’h  Sainte-Anne Lanvéoc Sainte-Anne Lanvéoc

Identification of Paustralis -

7-11 25-28 21-2 14-17 10-14
relative abundances (days) >

Box1 Box 2 Box 3 Boxes 2 Box 3
Eulerian connectivity (days) 5.7 1932 1932 033 1.5

First, the time scales associated with hydrodynamic connectivity and the identification of P.
australis between Telgruc and Dinan-Kerloc'h were in agreement (table 1). From Telgruc, a
maximum mass of tracer reached Dinan-Kerloc’h with a Tmin and 5 days and a Tmax of 7
days, a time gap of 7 to 11 days was found between the detection of P. australis at Telgruc and
its subsequent appearance at Dinan-Kerloc'h. This result may support a possible role of

hydrodynamics in the identification of P. australis at Dinan-Kerloc'h.

Second, regarding the arrival of tracers to the Bay of Brest, comparisons between the
hydrodynamics connectivity and the appearance of P. australis were consistent from Telgruc
and inconsistent from Dinan-Kerloc’h.

Indeed, starting from Telgruc, the simulation results indicated that tracers reached the Bay of
Brest between 19 (Tmin) and 32 (Tmax) days and the identification of the species was identified
after 25-28 days to Sainte-Anne and 21-25 days to Lanvéoc.

But significant differences were observed between the identification times of P. australis and
the tracer transport time from Dinan-Kerloc’h to the Bay of Brest. After being initialised from
Dinan-Kerloch on March 9™, the simulation results indicated that the tracer reached the Bay of
Brest quickly with a Tmin of 0.3 days and a Tmax of 5 days, and P. australis was identified

after 14-17 days at Sainte-Anne and 10-14 days at Lanvéoc.

From a hydrodynamic perspective, the time gap between the emergence of P. australis in
Dinan-Kerloc'h and the Bay of Brest does not align with the idea of particles originating from
Dinan-Kerloc'h being transported.

Lagrangian particle trajectories were observed for 7 days from Telgruc and Dinan-Kerloc'h in
order to see their directions between the stations (fig.8).
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From 02-26 to

03-05
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Dinan-Kerloc’h

Fig. 8: Map of the trajectories of 100,000 Lagrangian particles from Telgruc from February 26 to
March 05" (top map) and from Dinan-Kerloc'h from March 09® to March 16" (bottom map). Other
monitoring stations are indicated by blue dots. The red lines represent the trajectories of the particles
emitted, and the black dots represent the arrival position of these particles after 7 days of simulation.

Particle trajectories from Telgruc showed predominantly coastal trajectories, mainly towards
the Dinan-Kerloc'h area, but a large majority headed south towards the Bay of Douarnenez, or
outside the model's footprint (to the south). It is also interesting to note that a very small number
of them end up in the Bay of Douarnenez after 7 days and those that were there were more
likely to be located in the southern part of the bay. The trajectories also revealed that particles
were not required to transit through Dinan-Kerloc'h as they made their way to the Bay of Brest.
A fraction of particles was carried offshore from Dinan-Kerloc’h and proceeded towards the

Bay of Brest.

185



Chapter 4

By contrast, on departure from Dinan-Kerloc'h on March 9™, particles tended to disperse within
the simulation zone. Many of them exit the model footprint to the south and south-west, and
even to the north. A small number of particles are moving towards the Bay of Douarnenez, and
a few particless are moving directly from Dinan-Kerloc'h to the Bay of Brest, but it would

appear that the majority of them, before reaching the Bay of Brest, head south and pass offshore
(fig. 8).

4.3.2 Does the spatio-temporal dynamics of expressed transcripts show a shift?

Next, we investigated whether the physiological state of P. australis cells changed during the

bloom and whether these changes followed a spatio-temporal pattern

Our approach is based on the global gene expression as a proxy of physiological state. This
approach enables us to capture the temporal and spatial variability between cells, without

specifically characterizing this physiological state.

To determine gene expression dynamics of P. australis according to sampling dates and
stations, a PCA was performed to visualise the variability between samples for 14 924
expressed genes. The two first PCA components explained 22.2% of the dataset variability and
showed that the higher variability on gene expression was not spatial but temporal (fig. 9).

When two samples are close in the PCA, this indicates that at least part of the gene expression

is similar.
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Fig. 9: PCA on all genes expressed by P. australis. The dots indicate the dates, and the colours indicate
the different stations. The lines link the samples of each station from the beginning to the end of the
sampling.

The first axis (accounting for 11.5% of the variability) illustrates the temporal changes of P.
australis gene expression. Along this axis, temporal change of P. australis gene expression was
mainly marked for Telgruc. Lanvéoc displayed the second most notable temporal changes in
gene expression. On the contrary, gene expression changes for Dinan-Kerloc’h and Sainte-
Anne were more restrained along this first axis and displayed higher changes along the second

one.

On March 9", when P. australis was first detected at Dinan-Kerloc’h, gene expression was
similar in Dinan-Kerloc’h and Telgruc. On March 12", expression remained similar according
to the first axis but diverged along the second axis. After this date, gene expression in Dinan-
Kerloc’h and Telgruc tend to diverge. On April 6™, end of P. australis presence in Dinan-
Kerloc’h, gene expression in Dinan-Kerloc’h was similar to that shown in Telgruc on March
23¢

On March 239, P. australis was detected at Lanvéoc. At this date the expression was similar to
the one observed in Telgruc on March 19" and March 23%. Then gene expression at these two

stations tend to diverge till the end of the bloom.
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P. australis was then detected at Sainte-Anne (March 26'), and gene expression was similar to
Telgruc on March 23% and March 19" and Lanveoc on March 23% only according to the first
axis. According to this same axis, on March 30", expression was similar in Lanveoc, Saint-
Anne and Dinan-Kerloc’h.

Finally, at the end of the bloom, gene expression was similar at Telgruc (March 30") and

Lanvéoc (April 9™), but not at the other two stations.

Although these results represent only part of the variability in P. australis gene expression, they
highlighted a strong relationship between stations on some of the expressed genes, in particular

between Telgruc and the other stations.

4.3.3 Does gene expression differ depending on the local environment?

Finally, we tested whether the cell physiological states were correlated with environmental
variables.
In figure 10, we investigated the relationship between gene expression and the environment

using a canonical correspondence analysis (CCA).
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Fig. 10: Canonical Correlation Analysis (CCA) of the genes expressed by P. australis in each sample
(shapes and colors) and its association with environmental variables. Sampling dates (colors) and
sampling stations (shapes) are indicated. Black dots are quantitative explanatory environmental
variables with their position indicating their direction of increase. For clarity, the black rectangle
represents a zoom on some environmental variables.
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The first axis (accounting for 14.2% of the variance) explained the temporal evolution in gene
expression. Gene expression at the beginning of the bloom was on the right side while at the
end it was on the left.

On this first axis, at the beginning of the bloom, gene expression was correlated with phosphate
and to lesser extent silicate, picophytoplankton abundances and intracellular toxins. At the end
of the bloom, gene expression was correlated with higher temperature and extracellular toxins.
On the second axis (accounting for 8.5% of the variance), especially for Dinan-Kerloc’h,

Sainte-Anne and Lanvéoc, the end of the bloom was correlated with higher PAR.

More generally, it seems that gene expression is correlated with the seasonal evolution already

observed in figure 6.

4.4 Discussion

In this study, metatranscriptomic samples were used to characterize the emergence of the toxic
diatom P. australis in four stations of West Brittany in March 2021. Its first appearance at the
different stations followed a south-north gradient, with a time lag.

Indeed, the species was first identified in the south of the study area (Bay of Douarnenez,
Telgruc) the 26™ of February before being observed between 7 and 11 days after at the next
station (Dinan-Kerloc'h), and again 10 and 17 days after further north at the stations of the Bay

of Brest (Sainte-Anne and Lanvéoc).

As said before, cells of P. australis were first identified at Telgruc on February 26", Starting
from March 5 until March 23", P. australis cells were actively growing at the Telgruc
sampling point. This is supported by the increase in absolute Pseudo-nitzschia cell densities
(supplementary materials, fig 1) and very strong relative abundance of the P. australis species
within the genus (the latter being especially visible in the figure 6 of chapter 2). Even when
tidal coefficients and subsequent dilution were increasing (between March 10 to 16), absolute
Pseudo-nitzschia cell densities tend to be stable. As a result, the gene expression pattern in
Telgruc from March 5™ to 23" should reflect the fact that the cells were actively growing. The
shift in gene expression after March 23, might reflect a transition from actively growing to
non-growing cells. To validate these hypotheses, our metatranscriptomic dataset could be used

to study the expression of specific gene functions.
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The actively growing cells in Telgruc were probably transported by currents toward Dinan
Kerloc’h and started to be detected at this station around March 9+, This is in phase with the
simulated hydrodynamic connectivity time between these two stations. When they reached this
station, cells were in the same physiological state as the actively growing cells from Telgruc.
An alternative explanation would be that gene expression in Telgruc and Dinan Kerloc’h around
March 9" were similar because the environmental conditions were similar at the two stations.
The environment variables were relatively similar at this time, however, on the 16" it was also
the case but gene expression started to diverge. This would tend to favor the hydrodynamic
connectivity hypothesis rather than the environmental one to explain the gene expression

similarities observed on March 9™,

At Dinan Kerloc’h absolute Pseudo-nitzschia cell densities (and thus P. australis densities)
remained low during the entire period of monitoring, suggesting that either cells were not
actively growing (or at least displayed a low growth rate) or growth rate was unable to cope
with local dilution rate at this station. In any case, we observed a divergence in gene expression
between Telgruc and Dinan-Kerloc’h after March 9. From this date, it is conceivable that a
growing cell population arriving (consistently) from Telgruc by the currents is mixed with
another cell population that was moved earlier from Telgruc (or another place) but is no longer
dividing. Around March 30", absolute Pseudo-nitzschia cell abundances increase at this station.
We have three possible hypotheses for this, first, this may result from an active local growth of
P. australis (to be tested by looking at gene expression of specific genes), second, the
hydrodynamic transport of the dense bloom from the Bay of Douarnenez (unlikely because
gene expression is quite different in Telgruc and Dinan-Kerloc’h on March 30™) and third, the
active development of P. fraudulenta (its relative abundance strongly increased in Dinan-

Kerloc’h around this date, cf figure 6 of chapter 1).

The time lag between P. australis appearance in the Telgruc area and the Bay of Brest is
compatible with hydrodynamic connectivity time. We may thus wonder if the healthy dividing
cells from the Bay of Douarnenez could have travelled to the Bay of Brest and be directly
responsible for the increase in cell densities observed in this area. If it is the case, the cells
would have travelled from the Bay of Douarnenez to the Bay of Brest without transiting by the
Dinan-Kerloc’h area. Interestingly, the Lagrangian simulations seem to support this since some
particles show trajectories that avoid Dinan-Kerloc’h area but still reach the Bay of Brest.
Eulerian simulations showed very short transport time between Dinan-Kerloc'h and the Bay of
Brest through the apparition of P. australis in Sainte-Anne or Lanveoc is later (fig. 4). This
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could be explained either by a retention of cells in the Bay of Dinan (the Dinan-Kerloc'h area
for releasing the tracer being not representative for the sole Dinan-Kerloc'h station) or that the
first slight apparition of P. australis in Dinan-Kerloch (7" to 15" of March) remained
unperceived in the Bay of Brest while the second apparition on March the 27" was strong

enough to be transferred and perceived in our metatranscriptomic results.

When they first appeared in the Bay of Brest, P. australis cells gene expression displayed some
similarity with the Telgruc P. australis cells sampled at the same date. Two alternative
hypotheses may explain this pattern. First, it could mean that gene expression changed
independently depending on local environmental conditions and that conditions were similar in
the Bay of Brest and Telgruc. However, at the time of P. australis appearance in the Bay of
Brest, environmental conditions were not more similar in the Bay of Brest and Telgruc than at
other sampling dates. Second, it could mean that gene expression changed synchronously in the
actively dividing cells across the entire study area during up to 30 days (table 1). It could either
be due to environmental conditions changing in a synchronous fashion across the entire study
area or to an internal clock governing changes in gene expression more or less independently
of environmental conditions. It should be noted that in the present study, the major changes in
environmental conditions reflect the transition from winter to spring and these changes display
a similar trend across the entire study area (increase in temperature, PAR, and decrease in
nutrients due to consumption). We may also wonder, at what point our intertidal sampled sites
might overestimate the spatial differences in environmental conditions across the entire area.
More specifically temperature, salinity, and nutrient concentrations may vary rather quickly at
intertidal sites but these changes can be short term, limited in space and may not reflect the
environmental conditions encountered by most of the cells across the entire study area. In
further studies, we could envisage monitoring the salinity and temperature conditions
encountered by the particles during Lagrangian simulations. With the present data, it seems

difficult to tear apart the environmental vs internal clock explanation.

After the initial cell arrivals in the Bay of Brest, gene expression diverged from Telgruc as well
as between Sainte-Anne and Lanvéoc. As already developed for Dinan Kerloc’h, this may
reflect active cells arriving continuously by transport, and mixing with other cells arrived

earlier, and/or in a distinct physiological state (which have stopped dividing?).

One major question remains. At what point did P. australis cells actively divide in the Bay of

Brest? Concentrations of Pseudo-nitzschia counts were much higher in the Bay of Douarnenez
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compared to the Bay of Brest, with a maximum of 498,000 cell/L at Telgruc, while in the Bay
of Brest the maximum counts were 59,700 cell/L at Sainte-Anne and 63,500 cell/L at Lanvéoc
(see supplementary materials and relative abundances fig. 6, chapter 2). This is further
reinforced by the findings of REPHY's observations (REPHY, 2022, see introduction) of P.
australis over the last decade, consistently revealing higher quantities in the Bay of Douarnenez
compared to the Bay of Brest. It is well known that there's a difference in the speed of currents
between the Bay of Douarnenez, which are much lower (Le Fevre and Grall, 1970) than those
prevailing in the Bay of Brest (Le Pape et al., 1996; Le Pape and Menesguen, 1997). This
is confirmed by additional calculations we did, taking advantage of our Eulerian simulation of
tracer dilution in 2021 (see Supplementary materials 3). Indeed, the calculated e-flushing times
(the time needed for dilution to drop the tracer quantity to 37% of initial quantity in a particular
area) were much longer in the Bay of Douarnenez and Lanvéoc area (2 and 3 days,
respectively), than in Dinan-Kerloc'h (0.6 days), and in Sainte-Anne (0.1 days). This makes the
Bay of Douarnenez a more retentive zone as previously stated by Merceron et al. (2007).
Various studies have shown that a long residence time of water in an ecosystem favors
phytoplankton development and retention (Artigas et al., 2014; Drouzy et al., 2019; Lucas and
Deleersnijder, 2020; Ruiz-Villarreal et al., 2016; Velo-Suérez et al., 2010), while regions with
a short residence time limit the development of high phytoplankton biomass, despite local
conditions favorable to the development of a bloom (Lucas and Deleersnijder, 2020). One study
on the east coast of the United States (Cape Cod) showed that one important factor controlling
the Alexandrium fundyense bloom was the water retention (Ralston et al., 2015). The
differences in dilution rate may therefore explain the differences in P. australis concentrations
observed between the Bay of Douarnenez and the Bay of Brest. More specifically, this may
indicate that the balance between growth rate and dilution rate is a major factor explaining the
differences in cell abundances between the two bays. Reaching high cell densities in the Bay of
Brest would need higher growth rates than in the the Bay of Douarnenez. Moving from purely
hydrodynamic toward biological models including cell growth rate could help addressing this

problem. Even a simple 0D model with two test cases may help.

With this last point, we may even wonder whether the observed spatio-temporal time shift might
not simply be the result of the growth rate vs dilution difference between the two bays.
However, such a simple explanation seems unlikely given that the time lag is visible for

different species (chapter 2) and also exists towards the end of the blooming period, which
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cannot be explained by differences in dilution rates. In addition, flushing times are relatively

long at Lanvéoc.

Finally, taken together, the results seem to suggest a hydrodynamic transport of cells from
Telgruc. This would suggest that the Bay of Douarnenez is a source area of the P. australis
blooms in West-Brittany. Although the content of this chapter is based on a single spatio-
temporal monitoring study of P. australis, it is worth pointing out that REPHY's observations
of P. australis blooms have always begun in the Bay of Douarnenez, and then extended to the
bay of Brest. Different studies have highlighted the transport of HAB, from a source area where
blooms are induced to a sink area (e.g. Giddings et al., 2014; MacFadyen et al., 2005).
MacFadyen et al. (2005), by studying the trajectories of ARGOS-tracked drifters and particles
in a model, demonstrated that a seasonal cold eddy located off the mouth of the Strait of Juan
de Fuca was involved as an initiation site for toxic HABs (in particular Pseudo-nitzschia spp.)
affecting the Washington coast. Giddings et al. (2014), further investigated the development of
Pseudo-nitzschia on the Washington coast using a realistic simulation model. They highlighted
that transport pathways are seasonal, with transport to the Washington coast from a northern
source (the Juan de Fuca eddy) during the summer/fall upwelling season and from a southern
source (Heceta Bank) during winter/early spring due to predominant wind-driven currents.

Another crucial aspect to consider when examining P. australis blooms is their toxicity. If cells
can be transported, is it possible that toxins can too? In the present study, the measured
particulate and dissolved toxins reveal a peak of intracellular toxicity at Telgruc when P.
australis cells divided on March 19", with 203,800 cells of Pseudo-nitzschia per litre (the
maximum absolute concentration was on the 23" with 498,000 cells/L). Seven days later, a
major peak in extracellular toxins was observed in Dinan-Kerloc'h (March 26M). This
observation raises the question of whether this extracellular peak, which is not observed at the
other stations, could be the result of the large bloom peak of Telgruc. In addition, the
hydrodynamic time intervals correspond (7 days between the two peaks). REPHY data
(REPHY, 2022) measured domoic acid concentrations above the sanitary threshold (20 mg/kg
bivalve flesh) three times higher in the Bay of Douarnenez (Kervel) than in Dinan-Kerloc'h.
These observations showed that in 2021, Kervel station as well Dinan-Kerloc’h has been
heavily impacted by P. australis.

In the Bay of Brest, toxins did not exceed sanitary thresholds (REPHY/, 2022). This is confirmed
by the present study, with lower toxin concentrations in the Bay of Brest. Nonetheless, for both
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Sainte-Anne and Lanvéoc stations, it seems that particulate toxin peaks precede dissolved toxin
peaks. The particulate peaks seem to arrive at the same time as our identification of P. australis
in the Bay of Brest. Moreover, the hydrodynamic times coincide with transport from the Bay
of Douarnenez. Is this the result of cell transport in active division?

Environmental stress has not been identified in the literature as a precondition for toxin release
in P. australis. In our current study, there does not appear to be any nutrient limitation in the
Bay of Douarnenez or the Bay of Brest at the time of the intracellular toxin peak observed at
the different stations. Unlike other Pseudo-nitzschia species (see Lelong et al., 2012),
experiments on P. australis cells collected in the English Channel produced domoic acid under
equilibrated growth, without nutrient limitation (Thorel et al., 2014). Furthermore, in their
study, Thorel et al. (2014) also found higher concentrations of domoic acid in the cells during
the exponential growth phase. These observations are in line with other studies carried out on
P. australis strains, which have shown that cells produce domoic acid during the exponential
growth phase (Lelong et al., 2012; Martin-Jézéquel et al., 2015; Schnetzer et al., 2017).
Moreover, in the chapter 5 of this thesis, gene expression over the entire period of a P. australis
bloom revealed higher expression of genes related to the toxin biosynthesis during the first
(exponential growth) and third (decrease) period of the bloom.

Thus, as mentioned earlier in this discussion, the toxin study showed that it could be that the
cells arriving in the Bay of Brest were in an exponential growth phase. If so, this could explain

the similarities in gene expression between the Bay of Douarnenez and the Bay of Brest.

To conclude this chapter, the coupled results from the environment, hydrodynamics and gene
expression indicated that the cells were transported from the Bay of Douarnenez to the Bay of
Brest. Cells arriving at the various stations showed a similar physiological state at Telgruc (in
the Bay of Douarnenez), before diverging. Further investigation is needed to gain a deeper
understanding of this final aspect.

It should be noted that in the present study, we were addressing the complexity of P. australis
development by simulating its movement through behaviourless particles. It is possible to add
the organism of interest’s biology and behavioral characteristics (such as growth rate, grazing
rate, etc.) (Xiong et al., 2023). But this point requires a high knowledge of the organisms, and
a lack of parameters can alter the simulation. In addition, we are aware that in the present study
the pattern of gene expression was used as a global description of the physiological state of the

cells. This approach remains somewhat broad and preliminary, and additional research is
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required, especially regarding the exploration of functions associated with similarities in gene
expression between stations.

Nevertheless, the coupling between the hydrodynamic modeling and the spatio-temporal
physiological state study of P. australis cells provides relevant information and appears as two
complementary analyses in the understanding of bloom dynamics. Indeed, taken separately,
these two methods showed a strong correlation between the Bay of Douarnenez and the other
stations. The coupled study of the two methods therefore lends weight to the conclusions of this
chapter. It is also important to note that the study of the environment is also a support to the
transport, since the different stations showed different environments at the moment of P.
australis emergence. We therefore suggest conducting further comprehensive investigations
into the local environmental conditions conducive to the development of P. australis in the Bay

of Douarnenez during early spring
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Chapter 5

Sexual reproduction, a major event
determining the dynamics of gene
expression during a P. australis
bloom?

Léa Prigent?, Julien Quéré?, Martin Plus?, Mickaél Le Gac?
fremer, DYNECQO, F-29280 Plouzané, France.
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Context

In chapter 3 we identified a south-north hydrodynamic connectivity at the time of P. australis
development. In chapter 4, we identified consistent results between this hydrodynamics and the
transport of Eulerian tracers from the Bay of Douarnenez.

However, we have not established a clear link between P. australis development and the biotic

and/or abiotic environment.

To understand the development of a bloom, particularly of toxic species, it seems crucial to
identify it from start to finish, and discern the environmental parameters that lead the causative
species to dominate the community. Nevertheless, as previously discussed in earlier chapters,
pinpointing the pertinent environmental variables can be a complex task. Indeed, the
exhaustiveness of environmental conditions is very complicated to obtain. However, by
studying the genes expressed during a bloom, transcriptomics can provide many answers about

the mechanisms that lead one species to develop rather than another.

For this reason, in this chapter, metatranscriptomic samples collected during the entire period
of a P. australis blooms (3 weeks) in April 2017 in the Bay of Brest were analyzed.

Metatranscriptomics studies the genome-wide transcription and transcriptional regulation of all
organisms in a given environment or at a specific time, by extracting RNA from all organisms

directly from environmental samples (Lin, 2021).

By studying all the genes expressed specifically by P. australis during its bloom, the chapter 5
introduces the first study focused on understanding in situ blooms through gene expression.
This study can shed light on mechanisms governing blooms that cannot be detected by
traditional studies of the environment-species development linkage. And could provide relevant

answers to the question of what causes a bloom?

Thanks to a study of the genes specifically expressed by P. australis during its bloom, we posed

two mains questions:

How does gene expression change during a bloom? What are the functions of the genes

showing a change in their expression dynamics?
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In order to understand the physiological transitions occurring during a bloom, gene functions
were analyzed in terms of broad functional categories as well as focusing on genes specifically

involved in the diatom life cycle (especially the sexual reproduction) and domoic acid

biosynthesis.

This chapter will be valorized and submitted to the ISME journal.
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Résumeé :

Les efflorescences phytoplanctoniques sont un phénoméne important et répandu dans tous les
écosystémes aquatiques, soutenant les réseaux alimentaires et les services écosystémiques
essentiels. Les études écologiques ont fourni des informations précieuses sur le lien entre les
variables environnementales et les successions d'espéces in situ. Cependant, la physiologie in
situ des especes lors des efflorescences reste mal caractérisée. L'utilisation de la
métatranscriptomique peut désormais y remédier. Pendant un mois, en avril 2017, un
¢chantillonnage d’échantillons métatranscriptomique a été réalisé lors de I’efflorescence de
I'espéce toxique Pseudo-nitzschia australis dans la rade de Brest (Bretagne, France). Ces
échantillons ont été analysés pour étudier pour la premiere fois la dynamique d'expression des
génes pendant toute la durée d'une efflorescence in situ. En utilisant une approche globale,
plusieurs grandes catégories fonctionnelles de genes ont montré une forte dynamique
temporelle dans leur expression. Au début de I’efflorescence, les genes impliqués dans la

photosynthése, la production d'énergie, le stockage ainsi que dans la biosynthése des toxines
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étaient fortement exprimés et, dans une moindre mesure, a la fin de I’efflorescence. Au milieu
de P’efflorescence, un changement abrupt dans 1'expression des genes a été identifi¢ au moment
ou l'abondance relative de P. australis était la plus élevée. A ce moment-la, nous avons pu
mettre en évidence une expression marquée de genes liés a la reproduction sexuée. Par la suite,
de nombreux changements dans la dynamique d’expression des genes ont été observés, les
génes impliqués dans la biogenese des ribosomes, la synthese des protéines et la division
cellulaire ont été surexprimés pendant quelques jours. Dans l'ensemble, cette étude met en
évidence des fonctions clés présentant une expression dynamique in situ et illustre comment

des fonctions étudiées en in vitro peuvent aider a comprendre les efflorescences in situ.

Abstract

Phytoplankton blooms are an important, widespread phenomenon in all aquatic ecosystems,
supporting food webs and essential ecosystem services. Ecological studies have provided
valuable insights about the link between environmental variables and species successions in
situ. However, the in situ physiology of blooming species remains poorly characterized. This
may now be addressed by using metatranscriptomic. During one month, in April 2017, a
metatranscriptomic sampling was carried out during the bloom of the toxin producing species
Pseudo-nitzschia australis in the Bay of Brest (Brittany, France). These samples were analyzed
to investigate for the first time gene expression dynamics during the entire period of a bloom in
situ. Using a global approach, several functional gene categories displayed a strong temporal
pattern of differential gene expression. At the beginning of the bloom, genes involved in
photosynthesis, energy production, storage as well as in toxin’s biosynthesis were highly
expressed and to a lesser extend at the end of the bloom. In the middle of the bloom, an abrupt
change in gene expression was identified at the time of highest P. australis’s relative
abundances with a marked expression of genes related to sexual reproduction. Following this,
genes involved in ribosome biogenesis, protein synthesis and cell division were overexpressed
for a few days. Altogether, this study highlights key functions displaying dynamic expression

in situ and illustrates how functions mainly studied in vitro may help understand in situ blooms.
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5.1 Introduction

Phytoplankton plays a major role in aquatic ecosystems. It has a remarkable morphological and
functional diversity and contributes to about half of the Earth's primary productivity (Field et
al., 1998). Among this group, diatoms represent one of the most diverse and dominant protists
(Armbrust, 2009; Kooistra et al., 2007). When environmental conditions are favorable, diatoms
can temporarily proliferate in high densities (up to millions of cells per liter) and form a natural
phenomenon called bloom. To form a bloom, species must display high growth rate and low
mortality (Ji et al., 2018).

Improving our understanding of algal blooms requires the ability to detect entire bloom events
(from start to the end), to identify the parameters that lead the causative species to dominate the
community and/or to understand the physiology of the causative species. Up to now, the
processes of initiation, maintenance and termination of blooms are poorly understood. During
the last decades a number of research studies have been carried out to identify the ecological
and physiological factors that trigger the initiation and influence the magnitude of these events.
Abiotic factors influencing species occurrence and dynamics include hydrodynamic processes,
environmental conditions (temperature, salinity), and nutrient availability (Zhou et al., 2018),
whereas biotic factors include grazing, pathogenicity, parasitism, and the microbial community
composition (Carnicer et al., 2015; Zhou et al., 2018). However, each ecosystem and study area
have its own environmental characteristics and the impact of these factors may differ between
ecosystems, and bloom expansions are still unclear. Few studies have investigated these blooms
in situ at the physiological level. By simultaneously quantifying the expression of thousands of
genes, metatranscriptomic enables to characterize the cellular strategies of various organisms
(Metegnier et al., 2020). These transcriptomic analyses of the natural community
(metatranscriptomic) remain scarce but are beginning to shed light on mechanisms that could
govern the dominance of a species during blooms.

Some studies have investigated the expression of genes of microorganisms in situ. A study
during a bloom of the dinoflagellate Alexandrium minutum identified a low expression of
photosynthesis and central metabolism genes during a bloom (Metegnier et al., 2020). Other
studies investigating bloom formation have highlighted the over-expression of genes in
response to high nutrient demands. For example, compared to a laboratory culture, the
dinoflagellate A. fundyense over-expressed genes related to nitrogen fixation, CO2
concentration and saxitoxin production during a natural bloom (Zhuang et al., 2015). Another

study observed that dinoflagellates increased the expression of genes involved in N, P and Fe
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acquisition (Gong et al., 2018). The raphidophyte Heterosigma akashiwo displayed a strong
upregulation of phosphate and dissolved organic phosphorus (DOP) uptake genes during
a bloom, compared to the pre-bloom period, suggesting that rapid phosphorus uptake and
efficient DOP utilization may be a driving force for bloom initiation in this species (Ji et al.,
2018). However, no metatranscriptomics study has been carried out during the entire duration
of a diatom bloom.

The dynamics of communities are strongly dependent on the life cycle of the individual species
(Basu et al., 2017). Diatoms have unique life cycles during which multiple mitoses lead to cell
size reduction until a sexualization size threshold (SST) is reached. Below this threshold, sexual
reproduction occurs, restoring the original cell size. Sexual reproduction is an obligate phase in
diatom life cycles, important not only for recombination, but also to escape the miniaturization
process (Basu et al., 2017; Montresor et al., 2016). Pennate diatoms have a heterothallic mating
system and sex occurs between strains of opposite mating type (MT+ and MT-). This is the case
of the genus Pseudo-nitzschia (Annunziata et al., 2022; Russo et al., 2018).

The harmful algal genus Pseudo-nitzschia is a diatom of increasing global occurrence and
concern (Bates et al., 2018; Trainer et al., 2012). Species of this genus are cosmopolitan,
persisting in all seas and oceans at a wide range of temperature conditions (Hasle, 2002), and
their distributions span estuaries, coastal and open ocean (Bates et al., 2018). Some Pseudo-
nitzschia species produce domoic acid (DA), a neurotoxin responsible for Amnesic Shellfish
Poisoning. A total of 58 Pseudo-nitzschia species have been identified worldwide, and at least
half are confirmed DA producers (Bates et al., 2018). These species are often extremely difficult
to distinguish morphologically from one another, and several species, producing DA or not,
often co-occur during multi-species blooms. This is a considerable hurdle to understand the
physiological dynamics of a specific species in relation to environmental conditions in situ. In
the present study, a metatranscriptomic sampling was carried out during the entire time course
of a bloom of one of the most toxic Pseudo-nitzschia species, P. australis. These samples were
analyzed to investigate how gene expression changed and what are the functions of the genes
displaying dynamic expression. In order to understand the physiological transitions occurring
during a bloom, these gene functions were analyzed in terms of broad functional categories as
well as focusing on genes specifically involved in diatom life cycle and domoic acid

biosynthesis.
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5.2 Materials and Methods

5.2.1 Field sampling and metatranscriptomic samples

During one month in April 2017, 26 samples were obtained daily (except Saturdays and
Sundays) during a Pseudo-nitzschia australis bloom. Duplicate water samples were collected
from shore at a single site (48.360160; - 4.553163) in the Bay of Brest (Brittany, North-West
of France) as close as possible to high tide. Water samples (between 6 and 15.1 liters) were
filtered onto polycarbonate filter (10 wm, 47 mm) using a peristaltic pump before being frozen
in liquid nitrogen after stabilization using RNA later (Fisher Scientific, llIkirch, France). Then,

samples were transferred to our laboratory and stored at —80 °C before extraction.

5.2.2 Environmental data

Nutrients concentrations (nitrate, phosphate and silicate, in pumol/L) were provided by the
French marine monitoring network: SOMLIT (http://somlit.epoc.u-bordeauxl.fr, Service
d’Observation en Milieu LITtoral). Sampling is carried out at sub-surface and in constant tidal
conditions at high tide, weekly and at — 2 m at the Brest station (48,2129, -4,3305)

The buoy MAREL Iroise provided temperature (°C), conductivity, turbidity (NTU) and
chlorophyll fluorescence which is a proxy of the phytoplankton biomass (Fluorescein
Fluorescence Units (FFU)) measured every 20 min at a depth of 2m, at a location situated at 50
m from the SOMLIT-Brest station (Rimmelin-Maury et al., 2023). Finally, the
photosynthetically active radiations at the sea surface is provided by Météo-France AROME

numerical model (1.3 km resolution, Seity et al., 2011).

5.2.3 RNA extraction, library preparation and sequencing

Total RNA was extracted by sonicating filters on ice (Vibra-cell 75115, Bioblock Scientific,
Ilikirch, France) for 30 seconds at 35% intensity in LBP buffer (Macherey-Nagel, Duren,
Germany). Extraction was performed using NucleoSpin® RNA Plus kit (Macherey-Nagel)
following the manufacturer's protocol. Library preparation was performed using the Illumina
MRNA TruSeq stranded kit starting from 0.5 pg of total RNA. A total of 26 samples were
paired-end sequenced using 2 x 150 bp cycles on Illumina Novaseq6000 at the GeT-PlaGe

France Genomics sequencing platform (Toulouse, France). To avoid batch effects, samples
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were randomized for RNA extraction, library preparation and sequencing. Generated fastQ files
have been deposited to ENA with accession numbers ERR9850563-65, 570-571, 575-576, 585-
588, 593-596, 598-599, 608-609, 614-618, 622-623.

5.2.4 Bioinformatic analysis

Prior to read mapping, raw reads quality were assessed using FastQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/), and Trimmomatic63 (V. 0.33, Bolger
et al., 2014) was used to trim ambiguous, low quality reads and sequencing adapters with
parameters ILLUMINACLIP: Adapt.fasta: 2 :30 :10 :8 LEADING: 3 TRAILING: 3
MAXINFO:135:0.8 MINLEN: 80.

5.2.4.1 Community analysis

Similarity between the forward trimmed reads and two reference databases were identified
using blastn (-max_target_seqs 10 -evalue 1e™%). Trimmed reads were aligned to two different
databanks following the protocol used in Prigent et al. (submitted). For a complete
characterization of the eukaryotic community: the manually curated protist Ribosomal
Reference database (PR2, Guillou et al., 2012) based on 18S rRNA sequences was used. For a
more precise taxonomic characterization of the diatoms, the sequences were aligned to the
reference bank Diat_barcode (Rimet et al., 2019), based on the chloroplast marker rbcL.
Homology between environmental reads and sequences from the two databases were

determined based on e-values (chapter 2).

Blast outputs were analyzed using R (version 3.2.3; R Core Team, 2014). Following the
methods introduced in chapter 2, reads displaying minimum e-values <= 10° against
Diat_barcode and <= 1070 against PR2 were filtered out. For each of the remaining reads, the
database sequences displaying the lowest e-value (up to ten) were considered. For PR2, if all
the database sequences displaying the lowest e-value belonged to a given class, reads were
assigned to this class. For diat_barcode, if all the database sequences displaying the lowest e-
value belonged to a given species or genus, reads were assigned to this species or genus
respectively. Otherwise, reads were not considered. The relative abundances of the
communities were obtained for each sample by dividing the sum of the reads associated with

each species, genera or class, by the total number of aligned reads.
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5.2.4.2 Gene expressions and functions analysis

- Reference transcriptomes and alighment

Using the BWA-MEM aligner (Li, 2013), trimmed reads were aligned to a metareference
corresponding to the combination of 315 species specific reference transcriptomes, representing
213 unique genera (Metegnier et al., 2020). 1t mostly corresponded to the resources developed
during the Marine Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP,
Keeling et al., 2014) with the addition of reference transcriptomes obtained for three Pseudo-
nitzschia species (Pseudo-nitzschia australis, Pseudo-nitzschia fraudulenta and Pseudo-

nitzschia pungens) based on local strains (Lema et al., 2019).

Samtools was used to discard reads displaying low quality alignments (MapQ<10), to remove
read pairs that did not align to the same transcript and to generate the raw read count expression
matrix (Li et al., 2009). Raw read counts corresponding to P. australis contigs were then
extracted.

- Overall gene expression dynamics

After preliminary analyses, the April 24" samples were excluded due to low relative
abundances of P. australis, and transcripts covered by less than 5 reads on average across
samples were discarded from the analyses. In order to minimize differences between samples,
the dataset was normalized using Deseq?2 rlog transformation (Love et al., 2014).

Differential expression (DE) analyses were performed using the DESeq2 package (Love et al.,
2014). A PCA based on the 25,140 transcripts identified three sample groups (“early” for the
beginning of the bloom: 04/04; 04/05, 04/06 and 04/07; “middle” for the middle of the bloom:
04/10, 04/11, 04/12, 04/13 and 04/14; and “late” for end of the bloom: 04/18, 04/19, 04/20 and
04/21; see results).

After checking the homogeneity of the replicates (fig. 4), reads from replicates were pooled by
summing the expression matrices.

Pairwise DE was tested between sample groups using Wald tests (implemented in DESeq2)
considering a negative binomial generalized linear model with a false discovery rate (FDR)
threshold set at qvalue = 0.05. Considering the identified transcripts as significant, expression
profiles across samples were clustered according to negative binomial models as implemented

in MBCluster.Seq, using expectation-maximization algorithm for estimating model parameters
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and cluster membership (Si et al., 2014). Different cluster sizes were visually inspected and
clusters with similar profiles were merged, finally 6 clusters were selected (fig.5).

Gene expression is reported as the log 2-fold change (log2FC) of the expression of a given
transcript over the median expression considering all samples. It is calculated as: l0g2(2Xi/2X)
where Xiis the rlog transformation (regularized log transformation, as implemented in
DESeq?2) of the number of reads mapping to a given transcript for each samples i and X is the

rlog transformation of the number of reads mapping to a given transcript for all samples.

In parallel, WGCNA R package (Langfelder and Horvath, 2008) was used to see if there are
expression patterns that are not captured by the differences between sample groups. For that,
24,117 contigs displaying an average normalized read count (2%) > 2 per sample were grouped
into modules of co-expressed transcripts across the 24 samples (Supplementary material 5). A
soft-thresholding power of 8 and bicor correlation were used as parameters. Module
identification was performed using dynamic tree cut with minimum cluster size of 1,000
transcripts, and modules displaying a Pearson correlation >0.95 were merged. Clustering results
using WGCNA and deseq2/MBClusters showed similar results. Hereafter, only results from

MBClusters cluster’s analyses were reported.

Reference transcriptome annotation was previously performed (Lema et al., 2019). It was based
on sequence similarity with the manually curated Uniprot database as inferred using blastx and
considering e-value <10<. Based on this result reference contigs were classified in various Gene

Ontology (GO) categories (http://geneontology.org/). Overrepresentation of GO categories in

the identified clusters were tested for functional gene categories represented by at least five
transcripts, using Fisher Exact tests followed by a false discovery rate (FDR) correction for
multiple testing with a significance threshold set at g-value = 0.05. Fisher Exact tests odds ratios
(ORs) were reported. Only GO categories containing more than five differential expressed
transcripts in a given cluster were considered. However, the hierarchical Gene Ontology
classification system leads to redundancies (i.e. a similar set of genes can be found in different
GO categories). To take account of this redundancy, GO categories displaying an overlap
coefficient: GOi GOjmin(GOi,GOj) > 0.8 (where GQOj is the size of the GO category j) were
clustered (Lema et al., 2019).
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- Candidate gene identifications

On April 4™, a strong over-expression of DE genes was identified and the associated functions
were investigated. For this purpose, sequence similarity between these genes and proteins of
identified function in the NR and uniprot-swissprot databases was searched using blastx with
an e-value <107. The homologous proteins with the lowest e-value were selected.

In addition, genes involved in P. australis toxin production and sexual reproduction were
searched. Homologs of the dabA, dabB, dabC and dabD genes involved in domoic acid
production in Pseudo-nitzschia multiseries (Brunson et al., 2018) were identified using tblastn.
Similarly, homologs of 384 genes (supplementary material table 2) identified as involved in
sexual reproduction in Pseudo-nitzschia multistriata (Annunziata et al., 2022; Basu et al., 2017,
Patil et al., 2015; Russo et al., 2018 and personal communication of G. Bilcke) were used as
queries against P. australis transcriptome using tblastn (e-value <107) and keeping the contig

displaying the lowest e-value.

5.3 Results

5.3.1 A blooming period
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Fig. 1: Temporal evolution of the mean chlorophyll fluorescence per day between 2017-02-01 and 2017-

05-30. The survey period is shown in black.
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The temporal evolution of the chlorophyll biomass was shown daily between February 1% and

May 30'". The results clearly indicated that the study period coincided with the first major spring
208



Chapter 5

bloom of 2017. This bloom had a chlorophyll peak on April 9" with a value of 14.04 FFU
which then decreased until it reached 5.1 FFU on April 24%",

The composition of the eukaryotic community was identified using metatranscriptomic samples
between April 4™ and April 24™. A total of 15 phylums of eukaryotes with relative abundances
over 2% were identified. The phylum Bacillariophyta, also known as diatoms, was the most
abundant and ranged between 38% (April 20" and 81% (April 6) of the total abundance.
Urochordata was a phylum also present throughout the monitoring with a maximum relative
abundance of 29 and 26% on April 12", Dinophyceae, Prymnesiophyceae and Spirotrichea
were also present in all samples but in a relative abundance not exceeding 14%. Finally, the
presence of Arthropoda, mainly corresponding to copepods, was identified at the end of the
monitoring period with a maximum relative abundance of 20% on April 19" (supplementary

material fig. 3 and 4).

The dominant diatoms were then identified at the species and/or genus levels (fig.2).

Others (<0.02) I cuinardia_sp.
100 . Cerataulina_pelagica . Guinardia_delicatula
. Chaetoceros_sp. . Guinardia_striata
— . Chaetoceros_debilis . Rhizosolenia _sp.
e 80
— . Chaetoceros_diadema . Rhizosolenia_fallax
(%]
[1}] Chaetoceros_didymus Rhizosolenia_formosa
Q
% 60 Chaetoceros_protuberans . Rhizosolenia_shrubsolei
-g . Chaetoceros_decipiens Lauderia_annulata
3
O Chaetoceros_tenuissimus . Mavicula_germainii
[4\]
© 40 . Chaetoceros_cunvisetus Bacillaria_paxillifer
>
ﬁ Ditylum_brightwellii . Pseudo-nitzschia _sp.
E 20 Rhizosolenia_setigera . Pszeudo-nitzschia_pseudodelicatissima
. Thalassiosira_sp. . Pseudo-nitzschia_cuspidata
. Thalassiosira_antarctica . Pszeudo-nitzschia_hasleana
alassiosira_nordenskioeldii seudo-nitzschia_fraudulenta
0 Thal iosi d kioeldii P do-nitzschia_fraudulent
=l =] =] =] [=] T[] [1=] [1=] [ [ =] [ =] [ [ ] [ 1= Thalassiosira_rotula . Pseudo-nitzschia_australis
=== = |=||=||=[=||=||=]||=]||=]|]|=
ol ool |o| o] |lol|lo]l ool |o]|o]|o] |of | Thalassiosira_mediterranea
N[ [N || || [ || | [N || [ N] | ey || [N
— — — — — e— — — — — — — —— —
|| =] || | =] | = (| | = || | ] ]| =
SMEEEEEIEEEEEEES
=t || O] |~ |O] = ||| |=F| | 0| || |D||=—]||=F
O O[O |Of [= == || |=]||=]||=]||CJd] [Cd] [T
Samples

Fig. 2: Relative abundances of the diatom community composition during the 2017 monitoring (the
category others regroup genus/species lower than 2%).

Among the diatoms, P. australis was the dominant species in the community. The results clearly
indicated the evolution of the bloom with lower relative abundances at the beginning and at the
end of the monitoring. Its relative abundance was maximum between April 10" and 14" (values
between 54% on April 10" and 67% on April 12).
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Other Pseudo-nitzschia species were also detected. More specifically, P. hasleana was present
throughout the monitoring period with a maximum relative abundance of 13% on April 20"
and April 21 when the abundances of P. australis were decreasing. The other species, P.
fraudulenta, P. pseudodelicatissima, P. cuspidata displayed less than 3% relative
abundance. Reads for which species assignment was not possible were grouped under Pseudo-
nitzschia sp. and represented relative abundances between 4.1% on April 4" and 15.9% on April
11,

Other diatom species were identified, such as Cerataulina pelagica and Chaetoceros debilis
which were abundant before the bloom peak, i.e. before April 10™. From April 18", the relative
abundance of P. australis decreased, and the species P. hasleana, the genus Chaetoceros and to
a lesser extent the diatom Guinardia delicatula increased in relative abundance. On April 24™,

P. australis no longer dominated the diatom community (fig.2).
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Fig. 3: Temporal evolution of abiotic parameters during the sampling period for nutrients: Nitrate
(NO3), Phosphate (PO4) and Silicate (SiOH4) (Somlit data), Photosynthetically Active Radiation (PAR,
Arome data) and temperature, salinity and turbidity (NTU) (Marel-lroise buoy). The black line on the
first three graphs represent the sampling period, due to the lower sampling frequency on Somlit data (1
time per week), a longer period is shown to get an insight into the evolution of the nutrients.

The weekly nutrient data showed a decrease in concentration during the monitoring period

(black line) that began upstream. Nitrates and silicates showed fairly similar dynamics in the
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evolution of their concentrations with maximum values reached on February 17" with 13.7
pmol/L and 6.48 pmol/L respectively. Phosphate concentrations declined more slowly from
January 1%, but became more marked from April 3" onwards (from 12 pmol/L on March 25%
to 7.18 umol/L). During the monitoring period, between April 3 and April 24", concentrations
decreased from 7.2 umol/L to 0.7 umol/L for nitrates; from 0.2 umol/L to 0.03 pumol/L for
phosphates and from 2.84 umol/L to 1.23 pumol/L for silicates. The PAR was variable without
a clear trend over the period of the survey. Peaks on PAR were identified between April 7t
and 9" and between April 18" and 215 with maximum values above 1000 uE/m2/S.
Maximum daily values below 800 UE/m2/S for several consecutive days were recorded
between April 10" and 15". Temperature, salinity and turbidity varied according to the tidal
cycle, which displays high amplitude in the study area. The variations in salinity seemed to be
well related to these cycles (supplementary material table 1), with lower salinity values during
low tidal coefficients (tidal amplitude < 4 meters), and higher values during higher tidal
coefficients (tidal amplitude > 4 meters) due to the large influx of marine water into the area.
In general, some trends regarding temperature and turbidity can be noted. An increase, typical
of northern hemisphere spring, was identified, with values ranging from an average of 11.5°C
at the beginning of the survey period on April 4" to 12.5°C at the end of the survey on April
24",

Over the monitoring period, lower turbidity was recorded between April 5 and 13" with daily
average values below 5 NTU, before increasing from April 14" (fig. 3). These results suggested
little freshwater inflow, or a quiet period over the survey period.

5.3.3 Gene expression dynamics change over the bloom period

To determine gene expression dynamics of P. australis, a principal component analysis (PCA)
was performed to visualize the variability between samples containing 25,140 expressed genes.
The two first PCA components explained 66% of the dataset variability (Fig.4). Three groups
of samples displaying similar gene expression were identified and corresponded to samples
from April 4" to 7" (early), the April 10" to 14" (middle) and April 18" to 21% (late).
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Fig. 4: Principal component analysis of normalized gene expression profiles for each sample.

A total of 8,252 genes were identified as differentially expressed between the three groups of
samples. These genes were grouped into 6 clusters based on gene expression changes across
samples (fig. 5). The clusters contained between 75 (cluster 6) and 2591 (cluster 2) genes.
Overall, these gene clusters displayed pronounced gene expression differences between the
early, middle and late groups of samples, with major shifts in gene expression occurring on
April 10" and 18™.
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Fig 5: Right side: clusters of DE genes displaying similar gene expression dynamics (expressed as
log2FC) across samples. The number of transcripts belonging to each cluster is indicated in parenthesis.
Left side: overrepresented Biological Process in each cluster (GO terms). Go terms (y axis) were
presented based on their odd-ratio (x axis). For each GO term, the number of transcripts identified over

the total number of transcripts contained in it and presented in P. australis transcriptome, is indicated
in parenthesis.

The over-representation of gene functions was analyzed in the 6 clusters. At the beginning of
the bloom (from April 3™ to April 10™), cells appeared to be engaging in high levels of
photosynthesis, as indicated by the over-representation of "Photosynthesis, light-harvesting™ in
cluster 3. Inaddition, although decreasing during this first phase, there was also over-
representation of processes related to energy production and storage (cluster 4: “glycolytic

process”, “pentose phosphate shunt”, “fatty acid biosynthesis” and “proton-transporting ATP
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synthase complex”), as well as involving the biosynthesis of a variety of interconnected
compounds (terpenoids, fatty acids, carotenoids, protoporphyrinogen 1X and isopentenyl

diphosphate).

In the second phase (from April 10" to 14™), two main groups of functions were
overrepresented (cluster 1). The first one was related to ribosomal biogenesis and protein

9% <el

synthesis: “DNA-directed RNA polymerase activity”, “!de novo' UMP biosynthetic process”,

99 13 2 (13

“ribosomal large subunit assembly”, “structural constituent of ribosome”, “ribosomal large
subunit biogenesis”, “RNA secondary structure unwinding”, “pseudouridine synthase activity”,
“RNA processing, exonuclease activity”, and “poly(A) RNA binding”. This could indicate that
the cells were experiencing high rates of protein synthesis and required additional ribosomes to
meet this demand. The second one was related to the organization of chromosomes:
“chromosome condensation”, “condensed chromosome kinetochore” and “spindle

organization”. A GO function “defense response to virus” was overrepresented as well during

this stage.

In a last phase (from April 14" to 21%), cells appeared to display a slight increase in their
photosynthesis (cluster 3) and a more pronounced increase in processes related to energy
production and storage, as well as involving the biosynthesis of a variety of interconnected
compounds (cluster 4). We also note the very strong overrepresentation of "phosphate-
containing compound metabolic process” (odd-ratio of 111) which may indicate tight regulation
of phosphate utilization during this last phase. This last phase is also characterized by an under-
representation of various functions related to the cellular redox balance (cluster). More
specifically, this is the case of the functions: such as "oxidation-reduction process",
"glutathione transferase activity" and "glutathione metabolic process”. More indirectly, the
category “methionine biosynthetic process” may also be related to the redox balance as
methionine, is a precursor for the synthesis of S-adenosylmethionine, which is involved in a
variety of cellular methylation reactions, some of which are involved in redox regulation.
Finally, related to "cysteine biosynthetic process from serine”, cysteine is also important for
redox regulation as it contains a thiol group that can be oxidized and reduced in response to
changes in the cellular redox state. Cysteine is also a precursor for the synthesis of glutathione,
which is an important antioxidant molecule that helps to maintain the cellular redox balance.
Overall these results suggest a decreased level of the cellular redox balance toward the end of

the bloom.
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Throughout the bloom (from April 51 to 21%), there was a moderate but rather constant increase
in several processes related to excretion processes: "cytoplasmic vesicle™, "vacuolar transport”,
"Golgi apparatus", "Golgi stack", “vacuole fusion, non-autophagic”, "endosome" and more
specifically related to proteins: "endopeptidase activity”, "protein secretion”, "protein
transport”, "proteasome complex”. Associated with this, we noted the extremely strong
overrepresentation of "dimethylallyl diphosphate biosynthetic process”. Dimethylallyl
diphosphate (DMAPP) is an important precursor for the synthesis of isoprenoids. In diatoms,
DMAPP is synthesized through the methylerythritol phosphate (MEP) pathway, which provides
precursors for the synthesis of pigments such as chlorophyll, carotenoids, as well as
phytohormones and secondary metabolites. Among isoprenoids are terpenoids, carotenoids,
protoporphyrinogen IX and isopentenyl diphosphate, compounds with biosynthesis genes
overrepresented during the last phase of the bloom (cluster 4). It is also important to note that
DMAPP is a domoic acid precursor.

Finally, between the early and middle phases, genes belonging to cluster 6 display a
transitory but extremely high over-expression (among the highest observed in the present
study). In this cluster, the only over-represented GO category is “peptidase activity” which may

indicate a metabolic shift.

In order to understand the major changes that occurred on April 10", the annotation of
individual genes belonging to cluster 6 were analyzed.
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Fig. 6: Function of the genes belonging to cluster 6. Homology searches were carried out on the
UNIPROT and NR database and by searching for candidate genes identified in the literature.

In total, 75 genes belonged to cluster 6. No homology was identified for 50 of these genes,
although some of them displayed high over-expression levels on April 10", such as for instance
comp21766_c0_seql (log2FC of 9.1), comp49603 cO seql (log2FC of 6.7),
comp52530 c0_seql (log2FC of 6) and comp53321_c0_seql(log2FC of 5.4).

The two annotated genes displaying the highest over-expression levels on April 10" (log2FC
of 8.1 and 7.9 for comp38021_c0_seg2 and comp53010_c0_seql) were homologous to the
“mating type related plus 1” gene identified in P. multistriata. Several other genes that may be
related to sexual reproduction, also belonged to cluster 6. It was the case of a gene identified as
sex marker (comp44166 cO_seql; Bilcke XXX, log2FC of 4.1), two Rad51 homologous
(log2FC of 2.7 and 2.3) identified as an important gene family whose members are employed
in homologous recombination during both mitotic and meiotic DNA repair (Patil et al., 2015),
as well two genes homologous to cathepsin D (Log2FC of 4.8 and 3.7) identified as molecular
proxy of sexualisation in MT- (Marotta et al., 2022).

Other genes that were highly over-expressed and annotated on April 10" included functions
related to autophagy: “Autophagy-related protein 8” (log2FC 5.2), “uric acid-xanthine
permease” (log2FC 4.9), associated with “amidohydrolase family protein™ function (log2FC
3.4) as well "Cytochrome b5, seed isoform™ (log2FC 3.2). The other annotated genes identified

with a lower overexpression (< log2FC of 3) were involved in multiple functions: glucose
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metabolism, membrane and cell wall proteins, mMRNA transport and monitoring, transport

regulation...
5.3.4 Expression of genes related to sexual reproduction during bloom

Altogether, the pattern of expression presented above suggested a potential sexual reproduction
event. To further investigate this, a focus was made on genes whose expression changed in vitro
during a sexual reproduction. We reviewed the literature focusing on transcriptomic analyses
performed during sexual reproduction experiments in diatoms and identified a total of 348
genes (Supplementary material table 2; (Annunziata et al., 2022; Basu et al., 2017; Patil et al.,
2015; Russo et al., 2018 and genes shared by Bilcke G. (in prep). Among these genes, 298
found homology to the reference transcriptome of P. australis. These genes were over-
represented in the clusters presented above (p-value 1.9¢’, Odd-ratio 1.77, two-sided Fisher
Exact test), with 161 genes belonging to the clusters (fig.5).
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Fig. 7: Comparison of the expression level (under- in brown and over-expressed in blue) of genes
identified as differentially expressed or involved in sexual reproduction in the literature with their
homologs identified in the P. australis reference transcriptome. For readability, only homologous genes
displaying absolute log2FC > 2 are represented in the figure. The different letters represent gene
expression analysis’s timings after sexual reproduction in the literature: (a) Directly (Russo et al., 2018
and Bilcke. G personal communication); (b) 6h after opposite MT contact (Basu et al., 2017) (c) From
1 hour to 5 days (Annunziata et al., 2022) and (d) Sexual reproduction period (Patil et al., 2015). All
homologous genes identified are found in the supplementary material (table 2) in comparison with the
literature.

First of all, mating type (MT) related genes, that were over-expressed at the time of sexual
reproduction during in-vitro studies (Russo et al., 2018), tend to be over-expressed on April
10th (fig.7a). This was the case of MRP1 (log2FC=7.6, as already seen above), but also, to a
lesser extent, of MRP2 (log2FC=2.1) and MRM2 (log2FC=2). In addition, another gene
identified as a sex marker (Bilcke G., personal communication) showed an over-expression
with a logFC of 4. Of the remaining mating type related genes, no MRM1 homolog was
identified in P. australis reference transcriptome and MRP3 displayed a rather stable expression
level throughout the bloom.

Second, numerous genes identified as down regulated from a few hours to a few days after
opposite MT contact during in vitro studies (Annunziata et al., 2022; Basu et al., 2017) were
under-expressed between April 10" and 18" (Fig. 7b and c).

From 1 hour to 5 days (Annunziata et al., 2022), there was an over-representation of the under-
expressed genes in the clusters 3-4 (p-value < 2.2 €8, Odd-ratio 16.48, two-sided Fisher Exact
test) as well as over-expressed genes in cluster 1 (p-value < 2.2 e1%, Odd-ratio 2.82, two-sided
Fisher Exact test).

The only two notable exceptions were the glucose-6-phosphate dehydrogenase (G6PD) also
under-expressed in vitro and nitrite reductase (NiR) that were up-regulated between April 10th
and 18th (Fig. 7¢) and under-expressed in vitro.

Third, the genes identified as involved in diatom meiosis in vitro (Patil et al., 2015) displayed
a rather stable expression throughout the bloom (Fig. 7d). The only exceptions were a handful

of genes displaying slightly lower expression (log2FC < -2) on April 4™ (Fig. 7d).
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5.3.5 ldentification of toxins biosynthesis genes
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Fig. 8: DA biosynthesis gene expression dynamics in P. australis.

The four genes (dab ABCD) identified as involved in the biosynthesis of DA in P. multiseries
(Brunson et al., 2018) were identified in P. australis transcriptome. The four genes displayed
similar expression dynamics with over-expression decreasing during the early phase, under-
expression during the middle phase before being over-expressed during the late phase (fig. 8).
The under-expression during the middle phase was especially strong for dabA (a minimum
log2FC of -2.9). Among these genes, two (dabA and dabB) showed a significant difference in

expression during the survey and belonged to cluster 4 (see supplementary material fig 7).

5.4 Discussion

5.4.1 Gene expression dynamics was marked over time

The gene expression dynamics of P. australis showed strong temporal changes during a three-
week bloom. These changes mostly occurred between three main periods of relatively stable
expression. The results are discussed: 1. to determine whether changes in gene expression may
be related to environmental parameters, 2. to relate the functions of the genes displaying
dynamic expression to bloom progression and 3. to illustrate that a punctual sexual reproduction

event may be one of the main drivers of bloom progression.
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Biotic and abiotic environment in relation with gene expression dynamic changes?

Different studies showed that in natural ecosystems, microorganisms have different metabolic
processes in response to different environmental conditions (Gong et al., 2018; see Kolody et
al., 2022).

First, concerning the biotic environment, it is interesting to notice the dominance of diatoms
throughout the P. australis bloom monitoring. A co-occurrence of different accompanying
species throughout the bloom was identified with progressive changes throughout the bloom.
At the beginning, the species Cerataulina pelagica, Ditylum brightwellii, and the genera
Thalassiosira and Chaetoceros were mainly present. From the middle, P. australis and the
genus Pseudo-nitzschia largely dominated the diatom community (> 50%) before decreasing in
relative abundance, accompanied by an increase of the species Guinardia delicatula, and
species of the genus Chaetoceros and Rhizosolenia. These different changes in the community
seemed to take place over 3 periods as did the dynamics of gene expression. We note that the
dominance of P. australis in the middle of the bloom did not seem to reduce the number of
accompanying species compared to the early and late bloom’s samples. This contrasts with one
documented consequence of a HAB event can be the alteration of the accompanying
phytoplankton community. For instance, during a H. akashiwo bloom, a significant shift in the
phytoplankton community was revealed by 18S rDNA sequencing and microscopic
observations, suggesting a negative influence of H. akashiwo high abundances on the
community diversity (Ji et al., 2018).

At the end of the bloom period, copepod relative abundance, especially the species Acartia
clausii, increased. It is known that grazers like copepods contribute to bloom termination
(Turner, 2014). It was also shown in vitro that DA production was induced by the presence of
copepods in P. seriata, suggesting that domoic acid production may be related to grazing
defense (Tammilehto et al., 2015). In the present study, expression of genes related to DA
biosynthesis increased at the end of the P. australis bloom. However, expression of DA
biosynthesis genes was also high at the beginning of the bloom with very few or no copepods
at all. The over-expression of DA genes at the beginning of the bloom might also suggest a
possible advantage given by DA for community dominance. But literature's results remain
contrasted, and the role of DA in terms of competitive advantage is not fully elucidated
(Zabaglo et al., 2016). Although the literature has not shown a direct link, we believe that DA
is an advantage during a bloom for two reasons: firstly, to dominate the community, and

secondly, to defend against grazers. Moreover, except for DA genes, no competition-related
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gene functions as stress-related appeared to explain gene expression changes by species
successions.

Second, phytoplankton gene expressions have been shown to be strongly affected by abiotic
parameters. For example, in an upper estuary, where nutrients are replete, a community highly
expressed photosynthesis, carbon fixation and other growth-related genes. In the lower estuary,
where nutrients can be temporarily limiting, phytoplankton increased gene expression related
to nutrient acquisition processes to scavenge the scarce nutrients from the environment in order
to meet the nutrient needs (Gong et al., 2018). In the present study, changes in environmental
parameters such as turbidity, temperature, salinity, PAR and nutrients were not consistent with
gene expression changes. During the time course of the bloom, a continuous decrease in nutrient
concentrations was measured, but genes related to nutrient uptake or assimilation did not
display significant expression changes. This contrasted with several studies identifying nutrient
related gene expression as a major signal in early bloom (Gong et al., 2018; Ji et al., 2018;
Zhuang et al., 2015). Moreover, in situ measurement of temperature did not coincide with
marked changes in gene expression. Salinity and turbidity were mainly linked to the tidal cycle
and could not explain the strong changes in gene expression. PAR values fluctuated during the
time course of the bloom, with higher PAR values recorded during the early and late phase and
lower values during the middle phase. This may be directly linked to the expression of genes
related to photosynthesis that tend to display higher expression during the early and late phases
and lower expression during the middle phase. We also note that several studies have shown
under-expression of photosynthesis related genes after sexual reproduction in vitro (Annunziata
et al., 2022; Basu et al.,, 2017; Montresor et al., 2016). As a result, low expression of
photosynthesis related genes might also be a direct consequence of the sexual reproduction
event that occurred during the bloom (see below).

Moreover, daily rhythms of photosynthesis are common in photosynthetic organisms, and
chloroplast genes are usually most highly expressed in the middle of the day (Reynolds et al.,
1993). For instance, a study on the dinoflagellate H. akashiwo identified that genes involved in
photosynthesis and carbon fixation displayed high expression in the middle of the day when
light intensity was highest (Ji et al., 2018).

In the present monitoring, samples were collected close to high tide and therefore at different
times of the day. However, the time of sampling was not correlated with the expression levels

of genes related to photosynthesis.
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Important metabolic functions are down-regulated in the middle of the bloom

Six gene clusters displaying dynamic gene expression across the three bloom periods were
identified.

At the beginning of the bloom (early period), genes involved in photosynthesis displayed high
expression levels. Genes related to this biological process have previously been identified as
displaying dynamic expression in situ in diatoms (Alexander et al., 2015; Gong et al., 2018;
Metegnier et al., 2020). In the present study, photosynthesis decreased sharply when the relative
abundance of P. australis appeared to be the greatest. This is also the case for transcripts
involved in storage and sugar metabolism. These functions related to energy production and
phytoplankton growth appeared to have an important role in the early stages of the bloom, until
the relative abundance of P. australis peaked to the highest levels. DA biosynthesis was also
over-expressed at this time, DA synthesis requires energy and a certain level of light suggesting
a strong link with photosynthesis (Brunson et al., 2018), this was confirmed in the present study
with similar dynamics expressions of these functions.

After this early period, a marked transition in gene expression took place and the expression of
the former genes strongly decreased. During the middle period, different functions showed an
over-expression, such as ribosomal biogenesis and protein synthesis. The over-expression of
these functions seemed to contradict the under-expression of photosynthesis genes, since
photosynthesis is generally the primary energy source, whereas protein synthesis is the primary
energy sink (McCain et al., 2022). This suggested that during the middle bloom period the
accumulated energy was used up.

At the end of the bloom, decreased expression of genes involved in cellular redox balance and
more specifically related to glutathione were also identified. Environmental stress can lead to
perturbations in oxygenic metabolism and induce oxidative stress by overproduction of reactive
oxygen species (ROS) which can alter the redox balance in a cell and be toxic at high levels
(Volpert et al., 2018). Cells have developed different antioxidant mechanisms, including
glutathione, to overcome this toxicity. As a result, changes identified in the expression of genes
related to redox potential at the end of the bloom may suggest a disequilibrium in the redox
potential, known to increase deteriorative processes and cell senescence (Bidle, 2016; Kranner
et al., 2006) that could explain the termination of the bloom.

Finally, we may note throughout the bloom a moderate but rather constant increase in several
processes related to excretion processes. Extracellular vesicles are produced by many

organisms, carrying a wide repertoire of molecules, e.g. proteins, lipids, different types of RNA.
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Currently, the understanding of their functions is still very limited, and different studies
highlight their importance in a myriad of functions particularly involved in cell-cell signaling,
especially during stress conditions and host-pathogen interactions (Aguilera et al., 2022; Schatz
etal., 2021). Interestingly, a study on vesicles excreted by Prochlorococcus suggested a role of
these vesicles in mitigating ROS toxicity (Biller et al., 2022). According to the present study,

this might also be related to cell redox balance and bloom termination

5.4.2 Sexual reproduction, a major event during a P. australis bloom?

The knowledge of diatom life cycles mostly comes from laboratory studies. In these
experiments numerous genes differentially expressed during sexual reproduction experiments
were identified (Annunziata et al., 2022; Basu et al., 2017; Ferrante et al., 2019; Patil et al.,
2015; Russo et al., 2018).

In the present study, a strong gene expression signal compatible with a transient and
synchronized sexual reproduction event in situ was identified.

First, a transient gene expression pattern was identified between the early and middle bloom
phases. The expression of several genes tended to indicate that sexual reproduction was actually
occuring in a synchronized fashion at the time of sampling. This was the case of the mating
type related gene: MRP1. This gene is MT+ specific and strongly upregulated during the early
phase of sex (Russo et al., 2018). A study identified this gene as a key regulator of the MT—
sexualization mechanism (Marotta et al., 2022). In the present study, two homologs of this gene
were identified and they were both among the most highly overexpressed genes between the
early and middle phases. To a lesser extent, other mating type related genes (MRP2 and MRM2)
were over-expressed at this date. This was also the case of other putative sex marker genes.
Among them, one marker was found strongly expressed during sexual reproduction in several
diatoms (Bilcke G., personal communication). In addition, two cathepsin D homologs displayed
high expression levels. Different studies have identified high expression of this gene during
sexual reproduction (Basu et al., 2017; Marotta et al., 2022). Moreover, in Saccharomyces
cerevisiae, Cathepsin D is a peptidase that degrades pheromones to generate a gradient useful
for detecting the closest mating partner (Barkai et al., 1998).

Second, following this transient expression pattern, in situ gene expression dynamics is
extremely similar to the one observed a few days after sexual reproduction during experiments.

More specifically, in vitro, P. multistriata showed a down-regulation of many genes involved
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in major metabolic processes such as photosynthesis, nutrient transport and assimilation, fatty
acid biosynthesis and carbon assimilation after sexual reproduction (Annunziata et al., 2022).
These genes were over-represented in different clusters with a high odd-ratio (16.48) compared
to the over-expressed genes also over-represented but with a smaller odd-ratio (2.82). A large
proportion of the genes displaying low expression in Annunziata et al. (2022) also displayed
low expression levels during the middle phase of the bloom. Most of the genes seemed to be
under- more than over-expressed after the sex event. More specifically, during this phase, the
most down-regulated process was photosynthesis as well as related processes such as carotenoid
biosynthesis. This down-regulation is described as a method to decrease the input of
photochemical energy in a way to protect cell health during the sexual phase (Annunziata et al.,
2022).

In addition, genes involved in fatty acid biosynthesis were down-regulated in the same period.
When their growth is stopped caused by multiple reasons (nutrient starvation, pharmacology)
it is known that microalgae accumulate lipids in specific compartments called lipid droplets
(LD) (Annunziata et al., 2022). LDs can store reserves of energy, membrane components,
carbon skeletons, carotenoids and proteins (Leyland et al., 2020). This was hypothesized to be
linked with the sex event, and permitted to store energy: consequence of cell division arrest
highlighted in different studies (Annunziata et al., 2022; Basu et al., 2017; Scalco et al., 2014),
or a strategy used by the cells to transfer storage molecules to the F1 generation (Annunziata et
al., 2022). Together, these two important metabolic processes seemed to indicate that, at the
early and end bloom’s period, cells produced and stored energy that would be used for sex.
Mate finding and sexual reproduction are known to be energetically costly (Lewis, 1987).
Interestingly, even if it was difficult to make a functional link, it is worth noting the over-
expression of the “glucose-6 phosphate dehydrogenase” gene which is related to the carbon
assimilation process. This enzyme involved in the pentose phosphate pathway was also over-
expressed in vitro (Annunziata et al., 2022).

In addition to photosynthesis and fatty-acid biosynthesis, genes involved in DA biosynthesis
were also under-expressed for few days from the moment sexual reproduction started. A study
of Bates et al. in 1998 documented that short, old cells after many generations of vegetative
division produced less DA than new, large cells formed after sexual reproduction. Because
blooms are the result of mitosis resulting in short cells, a large number could produce DA in
the early period; before sex event (middle period). At the end of the bloom, the population
mainly composed of new cells increased DA gene expressions. However, no direct role has

been demonstrated for this toxin in sexual reproduction (Bates et al., 1998), but this result could
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explain under-expression of the DA biosynthesis gene expression during the bloom when a sex
event took place.

Moreover, different studies showed that cells involved in sexual reproduction blocked cell
divisions (mitosis) for few days, halting population growth (Annunziata et al., 2022; Basu et
al., 2017; Scalco et al., 2014). In this study, as we saw above, genes involved in protein
synthesis and ribosomal biogenesis were over-expressed in the middle of the bloom, in addition
with the over-expression of chromosome organization genes functions. The amount of
ribosomal protein and protein encoding transcripts has previously been shown to be positively
correlated with metabolic rates and growth (Gifford et al., 2013; Gong et al., 2018; Wei et al.,
2001). This over-expression runs inverse to the growth arrests identified in the literature
according growth rate analyses, at the time of sexual events. A study on the diatom S. marinoi
supported our results since no evidence of marked growth arrest was identified and no major
signals related to cell cycle control were detected. However, blooms are the result of numbers
of cell division (Smayda, 1997) and in the study, the increased cell divisions during the middle
period does not seem consistent with what would be expected, i.e at the beginning of the bloom.
Indeed, at this time the greatest abundance of cells seems to be already present (chlorophyll a
values) compared to the early and end period and the relative abundance of P. australis had
already been reached.

Pseudo-nitzschia life cycle is characterized by a size-reduction-restitution life in which cells of
opposite mating type (+ and -) produce gametes when they reach a certain threshold of cell size
and population concentration, at which a sexual event can take place. Meiosis is characteristic
of this stage, and the genes of this function identified in the study and known to play a role in
DNA duplication, chromosome maintenance and stability and DNA repair were found to be
relatively stable during the monitoring with the exception of a Rad51 A-1 homolog at the
beginning of the middle monitoring phase. One explanation already raised in the article of
Ferrante et al. in 2019, could be that their expression levels were already sufficient to allow for
the meiotic machinery to function during the progression of sexual reproduction. Genes
involved in meiosis were detected in the transcriptome of the sexualized diatom S. marinoi
during the switch from vegetative lifestyle to sexual reproduction (Ferrante et al., 2019). It
should be noted that the sexual phase in diatoms is also characterized by strong morphological
changes after pairing with different stages (gametes, zygotes, auxospores) before returning to
the initial state. And we wonder if genes involved in protein synthesis, ribosomal biogenesis
were not the result of these major morphological changes that would require high protein
requirements, for example the formation of the siliceous shells typical of diatoms after the
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auxospore state. Moreover, genes related to the organization of chromosomes were over-
expressed at this time and are necessary for meiosis to function properly (Murray and Szostak,
1985). The time associated with the sexual phase in literature seemed to be in line with the
present study (Basu et al., 2017). Indeed, after a short time sensing between the different mating
types (that we assumed to be the peak of the cluster 6; fig 6); the sexual phase, with numerous
morphological changes took place with over-expression of genes involved in protein synthesis.
At the same time, different metabolic functions were under-expressed as photosynthesis, fatty
acid biosynthesis as well domoic acid biosynthesis. These profound changes took place during
the sexual phase, which according to the literature seemed to take place for several days
(Annunziata et al., 2022; Basu et al., 2017; Scalco et al., 2014).

Added to the laboratory studies information about sexual reproduction, some rare
morphological observations of natural populations were reported anyway. The paucity of
reports is due to different reasons: (1) low sampling frequencies and the limitations of visual
identifications of sexual stages, inherent limitations of sampling and counting procedure;
(2) Sexual reproduction in diatoms in the field is thought to occur on average every three years,
whilst the mating cells and auxospores are formed over 2—4 days (Davidovich and Bates, 1998).
These varying time scales means that studying this process in its natural environment is very
difficult (Kim et al., 2023).

However, this is not impossible, as regular monitoring could enable this phenomenon to be
observed in situ, as diatom species don’t bloom all the same year, and synchronization between
cells has been observed in situ during sex event. This was particularly observed in the present
study by strong over- and under-expression of genes during the time course of a P. australis
bloom. Sexual stages in natural environment of Pseudo-nitzschia species have been observed
and reported twice (Holtermann et al., 2010; Sarno et al., 2010). In Europe, sexual stages of
two species of Pseudo-nitzschia were detected at the Long Term Ecological Research Station
MareChiara in the Bay of Naples (Mediterranean Sea), where they accounted for 9.2 and 14.3%
of the total number of cells of P. cf. delicatissima and P. cf. calliantha, respectively (Sarno et
al., 2010). Another massive sex event has been reported along the Washington coast (USA)
involving P. australis and P. pungens. Auxospores were detected for a long time period (about
3 weeks) and accounted for 59% of the P. australis population at the end of the bloom
(Holtermann et al., 2010).

In addition to the synchronous aspect, the observation of sex in situ has shown that several

factors must be in place to allow it. Firstly, the cells must reach a sexualisation size threshold
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(SST) (Basu et al., 2017). Secondly, a threshold cell concentration is required in order to allow
vegetative cell’s encounter and subsequent gametogenesis. This requirement can be met at the
end of the exponential growth phase of the bloom (D’Alelio et al., 2009; Scalco et al., 2014).
Because the major changes were present from a sample which appeared to be consistent with a
dominance of P. australis, we assumed that the latter argument coupled with all the others
presented in this section was in favour of the detection of sexual reproduction in the samples
studied with the perception of chemical cues deriving from mating partner at the beginning of
the middle period followed by many changes in the population genes expression described
above. We believe that this event determined the entire gene expression dynamic during a

bloom.

Conclusion

This study is the first to identify gene expression dynamics during the all-time course of a P.
australis bloom in the natural environment. Analysis of these genes revealed a strong dynamic
during the bloom characterized by 3 distinct periods. Based on numerous signals found on in
vitro sexual reproduction experiments, we believe that sexual reproduction is the key event in
the blooming of P. australis, that impacts all gene expression dynamics. Different points are in
agreement with this: 1) the strong over-expression of MRP1 gene (mating type related plus
gene); 2) over-expression of genes related to sexual reproduction (mating type related genes,
Rad51 A-1, Cathepsin D, putative sexual markers ect); 3) prolonged changes in genes related
to metabolic functions during several days (photosynthesis, carbon assimilation, cell growth,
fatty acid biosynthesis, AD biosynthesis); and 4) common changes in gene expression with
genes identified as marker of sexual reproduction in the literature. All these different
observations suggested that P. australis cells have been sexually reproducing for a few days.
And we hypothesize that as soon as the cells receive the chemical signals related to sexual
reproduction, they reduce different metabolism processes in order to promote this event. Our

data provide a baseline for future gene expression dynamic studies of natural bloom.
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Discussion

The general aim of the thesis was to understand the spatio-temporal development dynamics of
toxic blooms of Pseudo-nitzschia australis in Western Brittany (France). To achieve this, our
original approach was to combine different analytical methods. By simultaneously exploring
gene expression, the environment (both biotic and abiotic), and hydrodynamics, we were able
to gain a comprehensive understanding at different scales of P. australis blooms in Western

Brittany.

6.1 Summary of the results

Phytoplankton is by definition a group of ‘wandering' organisms, subject to the influence of
marine environment driving their movements and their development. Consequently,
understanding a given area can involve characterising the phytoplankton composition at
different sites within that area. Does this composition vary between the different stations in the
zone? If so, what are the causes?

The aim of the chapter 2 was to characterise the spatio-temporal dynamic of the diatom
community (to which the genus Pseudo-nitzschia belongs) by identifying its composition at the
lowest taxonomic level (species/genus) in relation to the biotic and abiotic environment. During
two periods in late winter/early spring, four contrasting sites differing in terms of their openness
to the ocean and the amount of freshwater received were analysed along the on western coast
of Brittany (chapter 2). In this chapter, using high-frequency monitoring, we have highlighted
a relatively homogeneous diatom community, over 2 years of monitoring, in spring 2019 and
2021. More specifically, using metatranscriptomic samples, we identified species frequently
found on the East Atlantic coast in early spring, as is the case of Guinardia delicatula,
Rhizosolenia setigera and the genus Thalassiosira sp. (mainly T. nordenskioeldii and T.
minima). Within this homogeneity, one of the major points to note is the shift in the succession
of communities in a South-North direction between the stations monitored. The station located
furthest south showed earlier changes in its succession than the stations further north. We also
identified that changes in the succession of diatoms (the dominant phylum) were mainly

correlated with seasonal changes in PAR and temperature, and a decrease in phosphate.
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However, there was no local explanation for this shift. However, there was no local explanation
for this shift, no time lag in environmental changes was identified. Also, some stations differed
in environment, e.g. the Bay of Brest is more impacted by freshwater.

The second approach in this thesis was to characterise the hydrodynamics in the study area
(chapter 3). Is it an explanation for the development pattern observed in chapter 2? The idea
was to characterise and compare the existing hydrodynamic connectivity in the West-Brittany
area in the month of March over different years during which P. australis blooms were
observed. Eulerian simulations over the study area showed a marked connectivity between the
Bay of Douarnenez and the Bay of Brest, whatever the year. However, our connectivity
indicators (Pmax, the maximum tracer concentration arriving in an area; and Tmax, the time
corresponding to Pmax in that area) were highly variable, illustrating a variable connectivity
intensity between the Bay of Douarnenez and the Bay of Brest, amongst the year. For instance,
the average Pmax from the Bay of Douarnenez to the Bay of Brest was around 5 times greater
in 2014 than in 2019. When the winds were from the south or south-west, with increasing tide
amplitude, connectivity was stronger than when the winds were from the east, or when the tides
had coefficients that increased. This suggested that the variability of the results obtained from
the simulations is partly due to the wind direction and the tide.

In chapter 4, the study of hydrodynamic connectivity was coupled with the results of the 2021
monitoring, where a major P. australis bloom was observed (488,000 cell/L of Pseudo-
nitzschia spp. counted on March 23", with a dominance of P. australis). Based on these results,
we found a good concordance between hydrodynamic connectivity times and the appearance
of P. australis. P. australis was first observed in Telgruc. It then appeared in Dinan-Kerloc'h
between 7 and 11 days later, which coincided with the estimated time of the hydrodynamic
transport (5-7 days). Then, P. australis cells emerged in the Bay of Brest between 21-28 days
which also coincided with the time of the estimated hydrodynamic transport from Telgruc (19-
32 days). However, from Dinan-Kerloc’h to the Bay of Brest, there was a discrepancy between
hydrodynamic and appearance time of P. australis. These results suggest a development in the
Bay of Douarnenez, which would thus be a 'hot spot’ for the development of P. australis in the
area. We assume that transport from this area leads to the development of P. australis cells into
the Bay of Brest. Various reasons highlighted by the results of the chapter 4 support this
hypothesis: (1) a South-North hydrodynamic transport which indicates that P. australis cells
from the Bay of Douarnenez may travel to the Bay of Brest; (2) Weaker dilution of water masses
in the Bay of Douarnenez than in the other study areas which favors phytoplankton development
and retention; (3) Physiological state similar to the appearance of the cells at the various stations
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with Telgruc, in the Bay of Douarnenez which suggests a strong link between the Bay of
Douarnenez and the different stations; (4) This last point, independently of local environmental
conditions, since at the time of the gene expression similarities, the environment was not similar
between stations.

In Chapter 5, in order to better comprehend the physiological state of the P. australis cells
during a bloom, we specifically studied the genes expressed by this species throughout the
period of its development in the Bay of Brest. We studied the genes expressed during a high-
frequency bloom monitoring period. Analysis of these genes revealed a strong dynamic during
the bloom, characterised by 3 distinct periods. Among the genes expressed, numerous signals
related to sexual events in vitro were also identified during the bloom: (1) the strong over-
expression of MRP1 gene (mating type related plus gene); (2) over-expression of genes related
to sexual reproduction (mating type related genes, Rad51 A-1, Cathepsin D, putative sexual
markers ect); (3) prolonged changes in genes related to metabolic functions during several days
(photosynthesis, carbon assimilation, cell growth, fatty acid biosynthesis, AD biosynthesis);
and (4) common changes in gene expression with genes identified as marker of sexual
reproduction in the literature. Thanks to these different signals, we have demonstrated that
sexual reproduction is a central event which impacts global expression dynamics during a

bloom.

6.2 The importance of combining analysis methods

First of all, the point I wish to discuss relates to the choice of analytical methods when studying
a bloom. It is essential to point out that all studies, whatever their nature, are often restricted

and sometimes conditioned by technical and budgetary constraints.

Coastal systems are among the most dynamic natural systems on Earth, making their study
particularly challenging. In coastal regions, environmental conditions can change rapidly due
to factors such as wind speed and direction, precipitations, river discharge, waves and tides.
Since the growth of phytoplankton is closely dependent on these variations, understanding their
dynamics can become a complex task. A holistic approach that integrates a set of monitoring
or analysis (i.e. satellite imagery, numerical models, in situ observations, molecular biology)
may provide different information about coastal ecosystems at different spatial and temporal

scales. Of course, none of these tools are perfect, being that each is characterized by intrinsic
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errors and therefore specific uncertainties, which is also an important subject of investigation
(Martellucci et al., 2021).

In the case of this thesis, the combination of different approaches (fig. 1) enabled us to gain

an understanding of P. australis blooms in West Finistere.

In fact, is we consider a bloom in an area, notably of HABSs, in our case P. australis, which can
have a negative impact on the surrounding ecosystems (death of organisms due to toxins) and
human activities (fishery closures). When we seek to comprehend the occurrence of a

phytoplankton bloom, several fundamental questions arise.

Firstly, we inquire about the specific location (Where?) and timing of this species' growth
(When?). What factors contribute to its development? Is it influenced by local environmental
conditions, biotic or abiotic factors, or hydrodynamic elements that facilitate its proliferation?
(How?) Are there any coexisting species that play a role in this process? (With who?) Lastly,
why does it thrive during this particular period? (Why?) Is it linked to its life cycle or an
environment uniquely suited to its ecological niche, providing a competitive advantage? (fig.1)

Throughout this thesis, we employed a range of analytical techniques to address these inquiries
(fig. 1): in situ environmental analysis, metatranscriptomics, and hydrodynamic modeling. Each
of these approaches yielded insights into distinct aspects of the questions at hand. The synergy
resulting from the combination of these methods allowed us to attain more comprehensive and

holistic answers.

This raises a point: Understanding a bloom requires the use of various analysis methods.
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Pseudo-nitzschia australis bloom development
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Fig. 1: Conceptual diagram showing the different methods used in the thesis and the questions
associated with their use. Full arrows indicate a complete answer to the question, and broken arrows
indicate a partial answer.

Considering the methods used in this manuscript “one by one”, how far can we go in

understanding the bloom? (fig.1).

In the spatio-temporal analysis of a bloom, identifying the composition of the community is a
key first step. This enables us to identify the dominant species and its evolution: does it
dominate the community on its own? Are there accompanying species?

In a spatial study, if similar communities are identified between study stations, this would
indicate a strong link between the areas studied, while different communities would show a

cleavage between areas and a different environmental impact.

In this thesis, the first objective was to pinpoint and thoroughly characterize this community at
the most precise taxonomic level attainable (e.g species and if not possible: genus). This
detailed identification is of great importance for identifying the P. australis responsible for the
problem, which is difficult to identify within the pseudo-nitzschia genus using light microscopy
alone.

The application of metatranscriptomics allowed us to discern the community down to the finest
taxonomic level, and to identify Pseudo-nitzschia species at the specific level (chapter 2).

Nevertheless, while we did acquire data regarding the relative abundances associated with
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various species, it is important to note that a species may appear in high relative abundance in
metatranscriptomic samples but exhibit low absolute abundance. In order to assess the absolute
abundance of a species, it becomes crucial to couple those results with light microscopy counts
at higher taxonomic level.

However, light microscopy results are limited not only by the expertise of the observer, but also
by the quantity of water analyzed (how representative was it of the environment?) and the
various technical biases (are the lugolated cells actually present in the sample analyzed and not
stuck to the flask wall?). Various methods can also be used to obtain information on the
phytoplankton community. In this thesis, we also used flow cytometry to count cell abundance

in phytoplankton size ranges (pico-nano-micro phytoplankton).

Similarly, understanding the process of bloom development cannot be solely achieved through
isolated investigations. This is because blooms emerge as a complex interplay of factors
encompassing the biotic, abiotic, physical and physiological environment (Anderson et al.,
2012). As illustrated in the figure 1, each of the methods used provided insights into only a
portion of the potential factors contributing to the bloom development.

Due to the dynamic nature of coastal environments, acquiring data about the specific
environmental conditions conducive to species development can be a challenging endeavor.
Additionally, it is essential to ascertain whether the sample collection site aligns with the area
where the species is likely to thrive. These inquiries can be addressed through hydrodynamic
modeling with simulations involving tracers within the region. Eulerian transport proves
valuable when investigating the dispersion and dilution of tracers emanating from a zone that
may reflect phytoplankton biomass during a bloom. On the other hand, Lagrangian transport
tracks particle movements in both space and time, offering insights into potential trajectories.
Furthermore, metatranscriptomics, by examining expressed genes, provides a glimpse into the
physiological condition of cells at the time of sampling. It can reveal whether the cells were
under stress, engaged in intensive cell division, or exhibited overexpression of genes related to
nutrient uptake or toxins biosynthesis for example. Collectively, these methods complement
each other and contribute to a comprehensive understanding of bloom development.

To conclude this part, it is important to notice that in view of the increasing number of Harmful

Algae Bloom (HAB) events, it seems necessary to combine different analysis methods. To
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illustrate, the hydrodynamic simulation periods were set on the basis of the development of P.
australis which was identified using metatranscriptomics.
The different methods used in this thesis provide us a more comprehensive view of the bloom

initiation factors, as well as their initial location in Western-Brittany.

6.3 P. australis blooms in Western Finistere: an origin, the Bay of
Douarnenez

Throughout the thesis, thanks to the coupled analysis of different methods, the results reflected
the Bay of Douarnenez as the zone of initiation of P. australis blooms. There are many

arguments to support this:

The REPHY identification of P. australis blooms, first in the Bay of Douarnenez and

then in the Bay of Brest (see introduction).

o Spatio-temporal analysis at 4 stations located on the south-north gradient between the
Bay of Douarnenez and the Bay of Brest revealed an early development in the south and

a later emergence in the north (chapter 2).

e Hydrodynamic simulations carried out in the study area revealed northward
conservative tracer transport and lower dilution of water masses in the Bay

of Douarnenez (chapter 3).

e A multi-approach analysis showed consistency between the appearance times of P.
australis and the simulated hydrodynamic connectivity times between the departure of
the tracer at Telgruc and its identification at other stations. We also found a
correspondence between the physiological state of the cells at the time of their
appearance at the various stations, and the cells of Telgruc (chapter 4).

Blooms of P. australis have been a recurring event in the region, with the most recent
occurrence in 2023, and they have been happening approximately every 2-3 years for the past
decade. For these reasons, we consider the Bay of Douarnenez to be a hot spot for the

development of P. australis in West- Brittany.
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During this thesis, we were particularly interested in the northeastern part of the Bay of
Douarnenez, due to the monitoring of the Telgruc station. However, during P. australis bloom
monitoring in 2021, REPHY data (REPHY, 2022) also observed high and increasing
abundances of the toxic species at the Kervel monitoring station located in the south-east of the
Bay of Douarnenez. The recorded concentrations were 84,000 cell/L on March 7% and 488,100
cell/L on March 21%. These results coincide with the absolute counts of Pseudo-nitzschia at
Telgruc: 101,400 cell/L on March 9™ and 498,000 cell/L on March 23". This would indicate
that bloom development took place at least in the entire eastern part of the Bay of Douarnenez.
This was also confirmed by satellite images obtained by the OC5 algorithm (IFREMER) using
MODIS data (NASA) (1 km resolution, fig. 2) As a reminder, the highest cell concentrations in

Telgruc were between March 19" and 23",

2021-03-24

2021-03-20

2021-03-21

ay of Douarnend 12

ay of Douvarnenez Bay of Douarnenez

2021-03-24

2021-03-23 2021-03-24

Bay of Douarnenef

Bay of Douarnenes

Bay of Douarnene|

Fig. 2: Chlorophyll a (umol/L) surface concentrations maps between March 20" and 25™, 2021 in West-
Finistére.

The frequency of the term “hot spot” is increasing in the literature related to Harmful Algal
Blooms (HABSs). This is partially attributable to enhanced sampling efforts and advancements
in analytical techniques. Notably, the integration of satellite data (chlorophyll a) and numerical
models has contributed significantly to our improved understanding of bloom spatial dynamics.
In our case, we characterize the hot spot as an area where the initial growth of P. australis
occurs, and subsequently, due to hydrodynamic conditions, extends its influence to affect other

areas.
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This phenomenon has been relatively well studied on the United state coast during P. australis
bloom periods. Regions affected by Pseudo-nitzschia extend along the coast of Washington
State, with a demonstrated “hot spot” in the Juan de Fuca eddy area, where Pseudo-nitzschia
blooms occur relatively frequently, associated with high DA concentrations (Trainer et al.,
2009, 2002). For cells (thus DA) to reach the coast from the eddy region, toxic cells must first
reach a concentration level sufficient to form a bloom. Subsequently, they need to escape the
eddy and move southward towards the razor clam beaches, then make their way onto coastal
beaches, remaining in the surf zone for a significant period to allow a substantial ingestion of
toxic cells by clams. The highest concentrations of toxic cells, along with onshore transport,
occur during periods of downwelling winds (storms). On the other hand, the escape from the
eddy and the southward movement happen during periods of upwelling winds, as observed by
MacFadyen and Hickey in 2010. Another area where toxigenic Pseudo-nitzschia blooms
initiate, referred to as a "hot spot," is the Heceta Bank off the coast of Oregon, as indicated by
Trainer et al. in 2000. In recent years, the impact of DA toxicity on industries such as razor
clamming, mussel harvesting, and Dungeness crab fishing appears to be increasing, with
extensive and prolonged closures occurring notably from 2003 to 2005, as reported by Tweddle
etal., in 2010. Additional hotspot regions in California include Monterey Bay, San Luis Obispo,

and Point Conception, as documented by Trainer et al., in 2000.

These various observations indicate that when our focus is on algal blooms, particularly HABs,
it is essential to examine these blooms from a spatial perspective. In other words, the region
where monitoring occurs might not necessarily coincide with the area where the bloom initially
develops. This can introduce biases, particularly in relation to the environmental factors
affecting the bloom's development. To illustrate, in our study we took samples from 4 different
geographical areas. The environmental characteristics of these areas differed according to their
position (more specifically, freshwater inflow, tides, winds, currents). As an illustration, if we
consider a location highly influenced by the inflow of freshwater into the Bay of Brest, such as
Sainte-Anne, we would observe stronger correlations with factors like nutrients, salinity, or
currents compared to the zone we have identified as the initial development area. In this latter
zone, salinity levels are higher, and the influence of nutrients and currents is comparatively

weaker.

The high spatial and temporal variability of coastal zones makes it difficult to understand the
precise trigger of HAB development. A telling example concerns blooms in upwelling regions.
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The analysis of in situ data have not always produced strong correlations and consistent
directional relationships on the occurrence of Pseudo-nitzschia in California. For example, it
is normal to find strong correlations between Pseudo-nitzschia abundances and cooler
temperatures and higher salinity, which are direct consequences of upwelling, a primary driver
of toxic Pseudo-nitzschia blooms (Bates et al., 2018; Lelong et al., 2012; Smith et al., 2018;
Trainer et al., 2012, 2010).

In our case, P. australis mainly develops in West-Brittany in late winter/early spring period, in
a highly dynamic environment, characterized by high tides and strong winds, with significant

seasonal changes (increased temperature, increased daylight and irradiance).

But the question remains, to what extent is this development the result of the local environment?
The various samples were collected at coastal level, with a strong impact from the coast. This
raises the question: to what extent is the coastal environment representative of the
developmental environment of P. australis? Doesn't the high variability of the environmental

parameters collected conceal a signal that would be obvious if we did not sample at the coast?

To make sure of this, it would have been interesting to see the variability of environmental
values in the different study areas through coast-to-open-ocean transect sampling. Similarly, it

would have shown us the extent of the bloom.

In view of the complexity of blooms, which are influenced by many constantly fluctuating
factors, particularly in coastal areas, metatranscriptomics offers the possibility of exploring the
responses of cells to the various environmental stresses they are confronted with, using RNA-
seq datasets. With this in mind, we are convinced that metatranscriptomics by analyzing all the
genes expressed by a specific species represents a solution for capturing the direct impact of
the environment on its physiological state. In a variable environment such as the coast, this can
provide important information on the role of the different environmental variables on the
potential development of cells. In other words, it enables us to gain a more comprehensive
understanding of blooms compared to traditional species-environment correlations, as it
directly reveals the impact of the environment by the study of the cells at the physiological
level. In this study, we were able to highlight the important role of sexual reproduction in the
overall dynamics of gene expression during a bloom of P. australis in 2017. Furthermore, by
studying similarities in the physiological state of the cells during spatio-temporal monitoring in

2019 and 2021, we were able to see that the physiological state at the time of the appearance of

240



Chapter 6 - Discussion

P. australis presented high similarities between the different stations and Telgruc. We would

not have been able to obtain this information with the P. australis presence/environment link.

« Some analysis perspectives

How can we be sure that cells are being transported from the Bay of Douarnenez?

First of all, we can carry out complementary analyses on the spatio-temporal monitoring of
2021. We can analyze the specific functions of expressed genes. When analyzing the spatio-
temporal variability that exists during the 2021 bloom, we saw strong similarities at the time of
emergence of P. australis in Dinan-Kerloch and in the Bay of Brest with Telgruc before
diverging. In order to find some explanation about it, we suggest analyzing which genes and
associated functions show a change between the initial state of gene expression at cell
emergence at the different stations and gene expression after some days.

To address this, we propose two potential approaches that could be tested using the
metatranscriptomic dataset of 2021. (1) We could analyze the major categories of functions
associated with genes showing similar expression dynamics (identified by WGCNA) in the

different study stations using Gene Ontology analysis (http://geneontology.org/). Similarly, a

Gene Ontology analysis could be conducted on the genes displaying the highest expression
variability on the first axis of the PCA conducted on all the samples of 2021 (fig. 9, chapter 4).
(2) We could perform a differential expression analysis by categorizing samples with
expression patterns similar to Telgruc together and those with expression patterns distinct from
Telgruc together, these groups would be established on the basis of the PCA (fig. 9, chapter 4).
After this, a search for functions can be carried out either by GO analysis to obtain broad

categories of functions, or on protein sequence libraries such as NR and Uniprot-Swissprot.

Second, to verify this south-north transport, we also propose to carry out sampling cruises
between the Bay of Douarnenez and the Bay of Brest at the time of P. australis blooms. A
precise analysis of the cells could be made by light microscopy, for example, are the cells in
the Bay of Douarnenez smaller resulting in numerous divisions compared with the other
stations?

An analysis of gene expression could also show whether there are correspondences in

expression in space and time between the different samplings (as done in chapter 4).
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Lastly, coupling mortality and growth rates to a physical model of cell transport could enable
us to check whether hydrodynamic times are consistent with the displacement of P. australis in

relation to its biology.
How can we improve our knowledge of the ecological niche of P. australis?

In this thesis, we have examined the spatio-temporal dynamics of P. australis bloom and
identified a south-to-north pattern in its initiation, with the initiation of blooms in the Bay of
Douarnenez. However, the specific conditions responsible for this localized growth remain

unclear.

We strongly advocate for the implementation of high-frequency monitoring of P. australis
blooms in the Bay of Douarnenez over an extended period of several years. Long-term data
collection efforts could help us identify, through statistical analysis, the favorable conditions
that lead to its development, compared with the environmental conditions in years when it

doesn't bloom.

The information gathered could significantly contribute to our understanding of its recurrent
presence in West-Finistere and potentially facilitate the development of a numerical P. australis
model development for this region. Indeed, gaining a deeper insight into its ecological behavior
could pave the way for the creation of physical-biological models, utilizing data on growth and
mortality rates, linked to the environment. Over time, such models could offer fisheries
managers and decision-makers real-time predictive tools for monitoring the development and

movement of P. australis.

The best perspective on P. australis blooms understanding remains long term data
acquisition: the more data we have, the better we'll be able to understand the environmental

and/or physical conditions linked to its development in the region.

6.4 Is there sexual reproduction without bloom?

In chapter 5 of this thesis, the expression dynamics of P. australis genes were studied
throughout the entire course of a bloom in the natural environment. Without any prior

consideration, the analysis of P. australis expressed genes revealed strong dynamics during the
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bloom, characterized by 3 distinct periods. On the basis of numerous signals identified from in
vitro sexual reproduction experiments and found in our data, we showed that sexual
reproduction is the key event in P. australis bloom, impacting all gene expression dynamics.
Different points support it: (1) the strong over-expression of MRP1 gene (mating type related
plus gene); (2) over-expression of genes related to sexual reproduction (mating type related
genes, Rad51 A-1, Cathepsin D, putative sexual markers ect); (3) prolonged changes in genes
related to metabolic functions during several days (photosynthesis, carbon assimilation, cell
growth, fatty acid biosynthesis, DA biosynthesis); and (4) common changes in gene expression
with genes identified as marker of sexual reproduction in the literature.

A progressive reduction in cell size during mitotic cell division is a distinctive feature of diatom
species (Montresor et al., 2016). This is due to the presence of a rigid siliceous cell wall (the
frustule) composed of two slightly unequal halves. During cell division, daughter cells always
synthesize the inner half of the frustule, implying that the average cell size of the population
gradually decreases. Sexual reproduction plays a fundamental role in the diatom life cycle. It
contributes to increasing genetic diversity through meiotic recombination, and also represents
the phase during which large cells are produced to counteract the process of cell size reduction
that characterizes these microalgae. It is not only the phase in which genetic recombination
occurs when haploid gametes are produced after meiosis, but also the phase in which large cells
are regenerated. In many diatoms, large cells are produced following sexual reproduction,
during which the zygote (called "auxospore™), which is not surrounded by the rigid frustule, can
develop and, during this phase, the initial large cell is synthesized (Ferrante et al., 2019). In this
context, it could be envisaged that if sexual reproduction did not occur, the cells would continue

to reduce in size, eventually leading to their extinction.

Throughout this thesis, we have been interested in the phenomenon of bloom in P. australis,
which is the result of massive development when conditions are favorable. Its blooms depend
on the rapid asexual reproduction of diatoms by mitosis, which facilitates rapid growth and
biomass accumulation, but reduces the average size of the dividing clonal cell. Finally, it
appears necessary that during blooms, the cell that reaches a minimum critical size triggers
sexual reproduction to restore its maximum size (Sison-Mangus et al., 2022).

Although very few studies have observed sexual reproduction events in the natural environment

in diatoms. Auxospore formation has been identified in situ in the diatom Fragilariopsis
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kerguelensis (Assmy et al., 2006). Two studies observed and reported sexual reproduction
events in Pseudo-nitzschia species (Holtermann et al., 2010; Sarno et al., 2010).

However, given the number of bloom monitoring events, it is not clear why there are so few
reports on sexual reproduction in diatoms. As suggested by Montresor et al., in 2016, this may
be due to a lack of knowledge of the morphology of sexual stages, which may be rare and
therefore easily neglected or underestimated. Indeed, in both events of sexual reproduction
observed in situ (Holtermann et al., 2010; Sarno et al., 2010), only a certain fraction of the
population undergoes sex. In Europe, sexual stages of two species of Pseudo-nitzschia were
detected at the Long Term Ecological Research Station MareChiara in the Bay of Naples
(Mediterranean Sea), where they accounted for 9.2 and 14.3% of the total number of cells of P.
cf. delicatissima and P. cf. calliantha, respectively (Sarno et al., 2010). During another massive
sex event reported along the Washington coast (USA) involving P. australis and P. pungens.
Auxospores were detected for a long time period (about 3 weeks) and accounted for 59% of the
P. australis population at the end of the bloom (Holtermann et al., 2010). Comparable results

were reported from laboratory experiments (Scalco et al., 2014).

Another factor to consider is that sexual events are short-term events. This could be due to the
fact that the sexual phase occurs under very specific conditions, requiring an appropriate cell
concentration, a precise cell size (in the life cycle of P. multistriata, opposite MTs produce
gametes only when they are shorter than 55 pm (D’Alelio et al., 2009), and possibly other
external cues. When pennate diatom strains of opposite mating types are mixed under laboratory
conditions, gametogenesis is only recorded for a few hours/days (Scalco et al., 2016, 2014
Vanormelingen et al., 2013). Gamete formation in centric homothallic diatoms also occurs
within a short time interval (typically ~2 days) in culture (Koester et al., 2007). In the field,
sexual reproduction in diatoms is estimated to occur on average every three years, with mating
cells and auxospores forming in 2 to 4 days (Davidovich and Bates, 1998). The recurrence of
blooms reported in the article is in line with observations made by REPHY (REPHY, 2022) in
Western Brittany. Since 2014, significant P. australis blooms (> 100,000 cells/L) have occurred
at intervals of approximately every 2 to 3 years, specifically in 2014, 2017, 2019, 2021, and
2023. These variable and tight timescales (both for development and for sampling sexual

events) make it very difficult to study this process in its natural environment (Kim et al., 2023).
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During the bloom study in 2017, the sexual reproduction event (4 days long) seemed to
condition the entire gene expression dynamics of P. australis. This leads us to pose the
following questions:

Is it possible for sexual reproduction to occur independently of a bloom event?
Furthermore, could there be a biological cycle, akin to a biological clock, where, under
specific environmental conditions, cells divide extensively (resulting in a bloom) in order

to facilitate pairing and initiate sexual reproduction?

One study has already mentioned a synchronicity in P. australis bloom development along the
West Coast of the United States. This synchronicity was observed from southern California to
central California (Du et al., 2016). With regard to the cyclical nature of the blooms, P.
multistriata blooms in the Gulf of Naples occur with great regularity. Peak abundance occurs
every year, between late summer and early autumn, but cohorts of large cells, resulting from
sexual events, have only been found to be present one year in two (D’Alelio et al., 2010).
Moreover, the authors predicted, following the results of a population growth model, that P.
multistriata would become locally extinct if sexual reproduction did not occur within 4 years
(D’ Alelio et al., 2010).

In this thesis, the environmental conditions that caused P. australis to develop are still unclear.
Since the species was first identified in West Brittany by the REPHY, the species developed
rather recurrently over the late winter/early spring period, with large blooms detected by the
REPHY in 2014, 2017, 2019, 2021, 2023 (see introduction). This suggests that this period
provides the ideal environmental conditions for its development. To illustrate, in the 2021°s
monitoring, the environmental changes were rather linked to the temporal evolution typical of
early spring (increase of PAR and temperature, high nutrients). Previous studies showed that
Pseudo-nitzschia spp. has been observed on different French coastal areas from spring to early
summer when light intensity and photoperiod increase (Belin et al., 2021; Husson et al., 2016;
Thorel et al., 2017). More generally, different studies have highlighted that Pseudo-nitzschia
spp. blooms in coastal ecosystems are especially common in nutrient-rich waters with high
nutrient inputs (Lundholm et al., 2010; Parsons and Dortch, 2002). Some studies identified P.
australis blooms in coastal upwelling systems (e.g. Anderson et al., 2006; Schnetzer et al.,
2013; Torres Palenzuela et al., 2019). Generally, high nutrient conditions are known to be well
present at the beginning of spring, or autumn, in temperate coastal areas with the increase in

river flows.
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Furthermore, given the identification of P. australis blooms at regular frequencies in the study
area, this prompts us to inquire whether the internal biological clock of P. australis may
exert an influence on the timing of its sexual reproduction event.

We also wonder whether P. australis could survive despite unfavorable environmental
conditions that would prevent it from developing in a given year. More specifically, could the
recent lack of development of P. australis in certain regions of the world be the result of
unfavorable environmental conditions that prevented this species from growing,
reproducing and eventually disappearing locally, even if it had a significant impact for
several years?

Take the most notable example: a major toxicity event was identified in northeastern Canada in
the Prince Edward Island, in 1987, when hundreds of people were poisoned and three died after
eating shellfish contaminated with P. multiseries. At that time, the toxin reached among the
highest levels recorded (790 mg DA g?) in blue mussels (Davidovich and Bates, 1998). After
this initial event, there were several years of shellfish harvest closures due to domoic acid
contaminations in mussels. These closures affected the eastern part of the island (in 1987, 1988,
1999), as well as the northern part of the island (in 1990, 1991, 1992, 1993 and 1999) caused
by the toxic species P. multiseries before declining (Bates, 2004). The last harvest closure
occurred in 2002, covering most of the southern Gulf of St. Lawrence (north of the island), but
this time caused by a massive bloom of toxic P. seriata (Bates et al., 2002). Since then, no
toxic events have been reported at this location, and P. multiseries has not been detected there
(Trainer etal., 2012).

Another more local example concerns the Bay of Seine (Normandy) in France. Historically,
this region has experienced two major toxicity crises caused by domoic acid produced by
diatoms Pseudo-nitzschia spp. These events occurred in 2004 (as reported by Nezan et al.,
2006) as well as in 2011 and 2012 (according to Ifremer data). These incidents led to the partial
closure of the scallop fishery in the Bay of Seine for several months. Since then, no more toxic

blooms of this type have been detected in the area.

If sexual reproduction plays a crucial role in the survival of a species in its environment, it could

become the central element to be monitored in the natural environment.
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Overall, sexual reproduction improves the population's chances of coping with environmental
changes (e.g. global warming) (Ruggiero et al., 2018), thus contributing to the persistence of

the species in its natural environment.

To conclude this section, |1 recommend field studies aimed at targeting genes associated with
sexual reproduction, which have been identified in the laboratory (Annunziata et al., 2022; Basu
et al., 2017; Patil et al., 2015; Russo et al., 2018). It is important to note that the sampling
frequency during proliferation periods may not be sufficient to observe the sexual reproduction
event. Indeed, as we pointed out earlier, sexual reproduction is a short-term process, and it may
be necessary to increase the sampling frequency to detect it.

As an example, in this thesis, during the 2019 and 2021 bi-weekly monitoring, specific efforts
were made to detect these markers, but the signal seems to be much less obvious than during
the daily monitoring in 2017, due to the lower sampling that doesn't allow us to easily capture
changes in the genes that could have been related to this short event. Further studies are needed

for these two years.

In addition, | recommend additional long-term studies to examine the possibility of cyclicity
within toxic species bloom, and P. australis in particular. These studies could help identify: (i)
any exceptional events that may have prevented this species from developing, or even

disappearing locally; (ii) to improve our overall understanding of its ecology.

o Doaccompanying species play a role in the sexual reproduction of Pseudo-nitzschia
in situ?

To conclude this discussion, | would like to address a point raised in the paper by Ferrante et
al, 2023 about the "mystery of how planktonic cells of P. multistriata, unable to swim, can find
their partners and pair up in the 3D space of the water column™.
During the 3 years that P. australis has been monitored, the species has always been identified
with accompanying species during its blooms. During the 3 surveys, the species most frequently
found were Chaetoceros spp., Guinardia delicatula, Rhizosolenia setigera and Cerataulina
pelagica (chapter 2). These species all form chains. We therefore wonder whether the presence
of these species does not favour P. australis cells pairing and sexual reproduction.
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Various studies identified specific blooms of Pseudo-nitzschia with other accompanying
species (e.g. Clark et al., 2019; Houliez et al., 2023). One study identified P.
pseudodelicatissima populations within Chaetoceros socialis colonies during 3 weeks in the
field (fig. 3) (Rines et al., 2002). During their study, the authors observed different cell sizes
ranging from 48 to 102 um (are there species that have reached the size threshold necessary for
sexual reproduction?). Only towards the end of the study was P. pseudodelicatissima
occasionally observed living freely in the water column, independently of C. socialis.
Concentrations of P. pseudodelicatissima then reached ~6 x10* cells I'* (Rines et al., 2002). In
this study, since the cells have increased in size, it is very likely that there has been a sexual
reproduction event.

Other studies have also demonstrated the colonization of C. socialis by various protists (Rines,

1988; Sieracki et al., 1998). For example, long, needle-like ‘Nitzschia' living on C. socialis were
reported by Margalef et al. (1955) and Taylor (1982).

Fig. 3: Light micrographs (phase-contrast) of P. pseudodelicatissima cells living within and
upon a colony of the diatom Chaetoceros socialis, photographed in the field. Picture taken from
Rines et al., 2002.

Pseudo-nitzschia spp. are only mobile when they have a substrate on which to slide. Motility is
important for sexual reproduction in this genus, as colonies of different mating types must align

with each other, or agglutinate (Davidovich and Bates, 1998; Fryxell et al., 1991), and
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gametangia need a substrate on which to glide. C. socialis provides a substrate in the water
column, which can act as a support, an aid, for the completion of the life cycle (Rines et al.,
2002). It should also be noted that the hydrodynamics of the environment play a role in
encounters between species. | think it is a combination of support from accompanying species

and environmental disturbance.

Considering the identification of various diatom species during P. australis blooms in the
literature and also during the different monitoring made during this thesis, we contemplate
whether chain-forming diatoms might play a pivotal role in triggering sexual reproduction in
the natural environment. Further research into the role of accompanying species during P.

australis blooms is encouraged.

Conclusion

Throughout these three years, our approach has been characterised by the use of
multidisciplinary approaches, encompassing various scales ranging from the investigation of
connectivity between zones through the simulation of tracer transport (Eulerian and
Lagrangian), to the study of genes (Metatranscriptomics), including an understanding of the
environment. These studies were complementary and contributed to giving us an idea of the
spatio-temporal development of P. australis blooms in Western Finistere. More generally, we
have shed light on mechanisms that were previously poorly understood and rarely observed in
situ, raising many questions about the biology of blooms. The results clearly the fact that the
study of P. australis blooms (and perhaps other diatoms) requires both a study of the
environment and a study of the life cycle. There is no doubt that we still have a long way to go
to achieve a complete understanding of blooms. I strongly believe that this can only be achieved
through interdisciplinary approaches and ambitious exploratory research, such as that carried

out in this study.
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2019 monitoring data
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2021 monitoring data
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A. Different e-value thresholds test (10+; 10=; 10)

A.l. Diatoms community
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Fig. 1: Comparison of different e-value thresholds of blast outputs for species assignment. The
category others regroup class or genus/species lower than 2% of total abundance. The numbers above
the barplots are the total number of transcripts for each sample.
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Fig. 2: Comparison of different e-value thresholds of blast outputs for species assignment. The category

others regroup class lower than 2% of total abundance. Due to the large output file size, only a few
samples were compared.
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B. Taxonomic identification, number of corresponding reads

B.1. 2019

Table 1: Number of total environmental reads for each sample, and number of reads used for
assignment to genus and species in 2019 samples.

Dates Stations Number total reads Number genus reads Number diatom reads
2019/03/01 Dinan-Kerloc'h 21376800 Number genus reads 1936
2019/03/01 Lanvéoc NA NA NA
2019/03/01 Telgruc NA NA NA
2019/03/01 Sainte-Anne 10420676 17836 111
2019/03/05 Dinan-Kerloc'h NA NA NA
2019/03/05 Lanvéoc NA NA NA
2019/03/05 Telgruc NA NA NA
2019/03/05 Sainte-Anne NA NA NA
2019/03/08 Dinan-Kerloc'h NA NA NA
2019/03/08 Lanvéoc NA NA NA
2019/03/08 Telgruc NA NA NA
2019/03/08 Sainte-Anne NA NA NA
2019/03/11 Dinan-Kerloc'h NA NA NA
2019/03/11 Lanvéoc 15245583 28420 326
2019/03/11 Telgruc 12643734 28947 886
2019/03/11 Sainte-Anne 11053538 36861 186
2019/03/15 Dinan-Kerloc'h NA NA NA
2019/03/15 Lanvéoc 14584657 42040 481
2019/03/15 Telgruc 12367622 78020 5257
2019/03/15 Sainte-Anne 8539096 19791 287
2019/03/19 Dinan-Kerloc'h 17893311 25200 347
2019/03/19 Lanvéoc 13098667 23277 241
2019/03/19 Telgruc 19086146 55605 5019
2019/03/19 Sainte-Anne 11843341 15259 116
2019/03/22 Dinan-Kerloc'h 14312220 29197 443
2019/03/22 Lanvéoc 11884415 16149 178
2019/03/22 Telgruc 14439424 160325 2067
2019/03/22 Sainte-Anne 13043571 16408 292
2019/03/26 Dinan-Kerloc'h 11399993 136834 4653
2019/03/26 Lanvéoc 11545397 69233 3917
2019/03/26 Telgruc 9409769 240061 3987
2019/03/26 Sainte-Anne 21402032 53917 1874
2019/03/29 Dinan-Kerloc'h NA NA NA
2019/03/29 Lanvéoc 9143197 46062 1072
2019/03/29 Telgruc 13552952 351529 5193
2019/03/29 Sainte-Anne 11861773 26191 338
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Table 2: Number of total environmental reads for each sample, and number of reads used for

assignment to genus and species in 2021 samples.
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Dates Stations Number total reads Number genus reads Number diatom reads
2021/02/26 Dinan-Kerloc'h 31067075 34495 467
2021/02/26 Telgruc 25761923 98008 1097
2021/02/26 Lanvéoc 46038228 223464 1160
2021/02/26 Sainte-Anne 34460848 148128 1465
2021/03/02 Dinan-Kerloc'h NA NA NA
2021/03/02 Telgruc 45204124 574610 4775
2021/03/02 Lanvéoc 53256948 73607 378
2021/03/02 Sainte-Anne NA NA NA
2021/03/05 Dinan-Kerloc'h 44046384 214171 5780
2021/03/05 Telgruc 33265663 89030 1296
2021/03/05 Lanvéoc 38461579 40006 323
2021/03/05 Sainte-Anne 16259233 59805 510
2021/03/09 Dinan-Kerloc'h 59946182 381286 9780
2021/03/09 Telgruc 34176881 75032 1168
2021/03/09 Lanvéoc 31377972 93917 723
2021/03/09 Sainte-Anne 105893092 124456 753
2021/03/12 Dinan-Kerloc'h 30950121 369502 4222
2021/03/12 Telgruc 20418797 33828 587
2021/03/12 Lanvéoc 29635123 25732 116
2021/03/12 Sainte-Anne 37802005 179817 2199
2021/03/16 Dinan-Kerloc'h 43299209 37508 377
2021/03/16 Telgruc 39421780 135929 1438
2021/03/16 Lanvéoc 46422507 96347 589
2021/03/16 Sainte-Anne 25179146 88819 633
2021/03/19 Dinan-Kerloc'h 37480107 60075 780
2021/03/19 Telgruc 47407372 307647 5526
2021/03/19 Lanvéoc 37243840 204075 2392
2021/03/19 Sainte-Anne 42892223 112583 858
2021/03/23 Dinan-Kerloc'h NA NA NA
2021/03/23 Telgruc 34474926 149645 2218
2021/03/23 Lanvéoc 43424475 84276 1404
2021/03/23 Sainte-Anne 37157409 60144 352
2021/03/26 Dinan-Kerloc'h NA NA NA
2021/03/26 Telgruc 24447221 524552 4011
2021/03/26 Lanvéoc 38842577 420746 3813
2021/03/26 Sainte-Anne 36835654 698361 8444
2021/03/30 Dinan-Kerloc'h 27111473 337871 5241
2021/03/30 Telgruc 46464605 176659 1046
2021/03/30 Lanvéoc 35925794 486753 7334,
2021/03/30 Sainte-Anne 40642897 205546 1078
2021/04/02 Dinan-Kerloc'h NA NA NA
2021/04/02 Telgruc 36182490 79865 409
2021/04/02 Lanvéoc 28161268 223304 2220
2021/04/02 Sainte-Anne 24103362 106640 1362
2021/04/06 Dinan-Kerloc'h 25095498 58013 884
2021/04/06 Telgruc NA NA NA
2021/04/06 Lanvéoc 33175620 168047 1206
2021/04/06 Sainte-Anne 35410719 278793 2205
2021/04/09 Dinan-Kerloc'h 30709678 74038 410
2021/04/09 Telgruc NA NA NA
2021/04/09 Lanvéoc 40422350 294705 3092
2021/04/09 Sainte-Anne NA NA NA
2021/04/13 Dinan-Kerloc'h NA NA NA
2021/04/13 Telgruc NA NA NA
2021/04/13 Lanvéoc NA NA NA
2021/04/13 Sainte-Anne 36535432 55390 516
2021/04/16 Dinan-Kerloc'h 33459231 611691 6884
2021/04/16 Telgruc 41664174 1584381 5802
2021/04/16 Lanvéoc 34605834 1244546 7405
2021/04/16 Sainte-Anne 38268883 157268 566

C. Environmental data

303



C.1. 2019

Stations —

Temperature (°C)
= . I~} @
LQ l- 2% é :

N b D NG 9, o O
DT HT QY NN N AT A W
Q“—’ 65 d’-’ 65 <:§b 65 P PP
&Y S Y &Y Y

@f@@f@@@f@@f@

Samples

04

=

£03

=z

@

©02

o

w

2

o 0.1
NP ® N 00 b P D

D :
65 Q’b 65 Q’b 65 Q’b & Q’b &9
BT N WY NS

@@f@f@f@f@f@f@f@

’éz

N @ N B0 O
ISR NoAr A
SEIRSSE Q’b Q'b & Q'b
SIS IS SRS IS ]

FESPT S P B B B

Samples

0
N

) Samples
3

— 3000
@

[s]

c

& 2500
C

3

el

© 2000
C

h=]

€ 1500
s

g
<,1000
-

[=%

[=]

C

[u]

z

’sa

A
=

%%?

Iy
wn

Waye height (m)

<
=

NP PN 0O ) P
P Y
IR IRC R AR SRR IR

S S S S N S N

Samples

<?9

Supplementary material — Chapter 2
Dinan-Kerloc'h — Lanveoc — Sainte-Anne — Telgruc
35
T T T
34 <40
£
33 230
z 2
£32 =
] Z20
31 -
®
£10
30 =
29
NP N 50 ) o P SRS IR I

65 65 Q{b Q’b Q{b Q“—’ %555 qdb,\qp“b
& fﬁ’ f@ f)‘? f@ f)‘? ()9 & P

Samples

30

Silicate (umol/L)
— [}
= (=]

Picophytoplankton abundance (cell/L)

D P @ N 0,0 )
455 65 SRS Q’b SN
ittt

@f@f@f@f?@f@@

Samples

*?9

<%9

N BN e oD
N NYORE NE ¥ 0 s
S
'\'\'\'\\'\q{@@"\q

L S S L S

Samples

Microphytoplankton abundance (cell/L)

’&e

Q{b d’-’ 65 d’-’ Q‘b' 65' & Q‘b' IS
WY Y O

r@@f@f@f@@@f@@

Samples

30000

20000

NGO @ N 0O ©
N av a° 2
455 & 65 65 65 65 Q’b Q’b [t

W N N A WY T Y &

@@@@@@@f?@

Samples

1000

800

PAR (WE/m2/s)

600

400

N0 RN 00 o D
S
SIS IO ISR

PETFTEP PSS B

Samples

Fig.3: Temporal evolution of environmental parameters during the 2019 monitoring. The different
colors correspond to the stations (red: Dinan-Kerloc’h,; green: Lanvéoc, blue: Sainte-Anne; yellow:

Telgruc)
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Table 3: Values of the different parameters used in the 2019 monitoring study according to time and

stations.
Sampling stations 03/01 03/05 03/08 03/11 03/15 03/19 03/22 26/03 03/29
Sainte-Anne
Temperature (°C) 11.8 11.8 12 12.2 11.4 11.1 11.7 12.5 13.5
Salinity 34.1 343 34.2 34.4 34.2 338 338 331 315
Nitrate + Nitrite (umol) 15.29 12.43 14.14 11.71 13.16 18.65 18.53 30.21 45.09
Phosphate (umol) 0.37 0.36 0.32 0.42 0.34 031 0.33 0.29 0.24
Silicate (pmol) 7.52 6.14 7.42 10.10 8.09 17.90 11.98 17.12 33.95
Wave height (m) 0.53 0.89 0.64 0.59 0.83 0.28 0.15 0.05 0.09
PAR (LE/m2/s) 449.44 378.77 440.49 671.27 432.14 674.91 866.40 977.35 1096.56
Picophytoplankton abundances (cell/mL) 25909 15863 19438 22850 34594 14607 30820 28768 36521
Nanophytoplankton abundances (cell/mL) 1680 1388 1552 1860 2128 1754 2570 2167 1447
Microphytoplankton abundances (Ce”/ITIL) 346 219 184 333 284 383 448 170 301
Lanvéoc
Temperature (°C) 11.1 11.1 10.8 111 10.8 10.5 11.6 11.3 11.8
Salinity 34.1 33.7 34.1 33.8 34 33.7 339 341 34.1
Nitrate + Nitrite (umol) 3.75 14.95 15.09 15.81 14.24 16.96 14.68 11.58 9.79
Phosphate (umol) 0.09 0.38 0.37 0.33 0.30 0.24 0.29 0.25 0.18
Silicate (umol) 8.92 8.12 10.28 7.86 7.09 12.36 15.85 5.81 16.18
Wave height (m) 0.11 0.31 0.18 0.21 0.36 0.02 0.01 0.01 0.02
PAR (LE/m2/s) 450.17 380.08 441.16 818.35 432.88 714.37 865.26 854.17 1096.55
Picophytoplankton abundances (cell/mL) 33714 32211 16510 16058 28171 25109 26268 38565 19681
Nanophytoplankton abundances (cell/mL) 1475 1591 1906 1281 1938 1987 1918 2706 1603
Microphytoplankton abundances (cell/mL) 215 316 269 203 342 298 334 422 464
Dinan-Kerloc’h
Temperature (°C) 11.8 12.1 10.8 10.6 11.1 11.8 13.4 10 10.1
Salinity 34 29.1 34.3 34.1 34.2 341 344 346 34.4
Nitrate + Nitrite (umol) 4.61 10.63 7.50 7.42 7.91 6.25 4.73 4.42 2.44
Phosphate (umol) 0.25 0.40 0.34 0.32 0.31 0.24 0.21 0.20 0.15
Silicate (iumol) 5.10 18.57 8.40 8.73 13.15 15.61 11.56 7.08 3.26
Wave height (m) 0.78 1.34 0.94 1.11 0.92 0.6 0.56 0.4 0.57
PAR (LE/m2/s) 451.09 380.12 441.97 673.31 433.47 676.75 868.6 979.7 1099.05
Picophytoplankton abundances (cell/mL) 21482 15517 31820 34144 28225 32362 32377 36802 37732
Nanophytoplankton abundances (cell/mL) 1505 922 2668 2081 1524 1798 1579 695 1837
Microphytoplankton abundances (cell/mL) 180 244 289 244 151 266 268 467 280
Telgruc
Temperature (°C) 11.1 10.8 10.8 115 10.8 10.9 12.9 10.2 113
Salinity 34.5 34.8 34.6 34.8 34.7 34.8 34.5 34.8 34.8
Nitrate + Nitrite (umol) 3.67 7.05 4.67 3.26 224 7.02 3.11 1.55 1.79
Phosphate (umol) 0.09 0.29 0.17 0.15 0.08 0.19 0.09 0.05 0.03
Silicate (umol) 4.96 3.53 2.86 3.57 4.15 8.09 2.73 1.98 12.20
Wave height (m) 0.66 1.18 0.75 1 1.26 0.35 0.39 0.26 0.34
PAR (LE/m2/s) 497.1 386.7 407 846.9 433.83 634.06 903.95 919.09 1118.87
Picophytoplankton abundances (cell/mL) 13500 13623 22293 26568 22188 28419 15462 23975 27382
Nanophytoplankton abundances (cell/mL) 1584 1466 2194 2013 2541 2286 1309 1252 1446
Microphytoplankton abundances (cell/mL) 528 298 180 392 392 250 405 NA 425
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Fig. 4: Temporal evolution of environmental parameters during the 2021 monitoring. The different
colors correspond to the stations (red: Dinan-Kerloc’h; green: Lanvéoc; blue: Sainte-Anne; yellow:

Telgruc)
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Table 4: Values of the different parameters used in the 2019 monitoring study according to time and
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stations.
Sampling stations 02/26 03/02 03/05 03/09 03/12 03/16 03/19 03/23 03/26 03/30 04/02  04/06 04/09 04/13  04/16
Sainte-Anne
Temperature (°C) 9.7 111 10.2 10.6 10.1 10.1 10.8 11.4 10.9 135  FE 11.7 11 145 13.9
Salinity 30.7 312 31.9 315 31.4 314 e 27.4 323 30.4 317 323 332 26.4 26.9
Nitrate + Nitrite (umol) 3859 4534 28460 4105 3823 5546 127.16 10233 2525  60.29 31 2980 1271 127.28 8136
Phosphate (umol) 0.48 0.46 0.69 0.40 0.45 0.53 0.48 0.29 021 0.42 0.16 0.17 0.16 0.34 0.21
Silicate (pmol) 1870 2257 129.80 1827 1571 2431 5173 4069 889 2241 1273 11.48 416 5457  133.95
Wave height (m) 0.28 0.21 0.29 0.83 1.01 0.22 0.22 0.16 0.79 0.32 0.30 0.1 01 0.1 0.14
PAR (LE/m2/s) 821.94 386.12 820.14 65631 416.12 437.48 568.73 870.79 551.74 99587 1121.16 789.96 642.43 670.16 1122.48
Picophytoplankton abundances (cell/mL) 24170 26066 15983 25249 28673 27520 24725 45302 29779 22632 12826 5139 4979 11807 13154
Nanophytoplankton abundances (cell/mL) 1690 1483 1239 1921 1631 1697 1360 1511 1195 1773 1529 1497 964 3497 3937
Microphytoplankton abundances (cell/mL) 42 239 208 405 165 159 211 484 352 194 492 183 157 218 983
Lanvéoc
Temperature (°C) 10.7 10.1 9.7 9.8 10.8 10.8 10.4 10.6 10.6 10.8 b 10.6 10.9 11 113
Salinity 31.8 32 31.9 319 317 317 31.8 32 31.8 32.7 331 33.1 33 339 33.9
Nitrate + Nitrite (umol) 3369 32.68 4589 3758 3403 3662 3212 30.14 2528 17.34  13.83 13.84 958 1279  10.40
Phosphate (umol) 0.38 0.40 0.45 0.36 0.39 0.40 0.37 0.27 0.20 0.18 0.18 0.07 0.07 0.06 0.09
silicate (umol) 1455 1478 1485 1499 1411 1329 1301 1015 839 4.42 2.28 2.33 0.65 2.68 1.73
Wave height (m) 0.06 0.11 0.21 0.06 0.51 0.16 0.26 0.08 0.43 0.13 0.34 0.19 0.02 0.09 0.12
PAR (LE/m2/s) 82368 42814 8809 72377 45597 43821 5866 957.87 550.5 993.5 11908 997.15 587.9 698.13 1347.92
Picophytoplankton abundances (cell/mL) 36253 29927 24128 26844 21501 25581 36242 42739 34380 21835 11963 7079 3859 7961 14886
Nanophytoplankton abundances (cell/mL) ~ 1497 1152 1344 1333 1192 1241 1977 1519 1264 1437 1500 1725 1056 2763 4020
Microphytoplankton abundances (cell/mL) 273 250 379 375 298 256 566 462 592 348 325 280 223 260 472
Dinan-Kerloc’h
Temperature (°C) 11 9.5 9.7 9.4 10.9 10.9 10.1 87 10.6 112 12 9.8 11.3 9.5 9.7
salinity 30.8 318 31 30.1 315 315 317 25.2 321 326 32.8 342 332 344 339
Nitrate + Nitrite (umol) 2673 23.61 30 2507 2651 2971 2911 2198 2085 13.05  12.67 10.55 921 1092 3.45
Phosphate (umol) 0.37 0.41 0.35 0.28 0.40 0.32 0.36 0.30 0.21 0.17 0.10 0.19 021 0.15 0.07
Silicate (pmol) 1890 1308 1671 1511 1405 1182 1176 23.08  3.48 3.04 417 3.93 3.98 2.47 4.13
Wave height (m) 0.73 0.63 0.62 0.62 0.85 0.54 0.73 0.37 0.79 0.78 0.34 0.34 0.20 021 0.34
PAR (LE/m2/s) 825 387.55 822.86 65836 417.45 438.79 57031 87295 553.16 998.1 1123.56 791.61 64377 671.48 1124.46
Picophytoplankton abundances (cell/mL) 32940 27707 32444 53616 28162 40060 25410 52315 47973 41712 15469  NA 5428 9657 31767
Nanophytoplankton abundances (cell/mL) 2650 1679 1883 2229 1377 1682 1247 2347 1664 2148 1517 NA NA 5042 6383
Microphytoplankton abundances (cell/mL) 128 119 163 326 213 177 93 423 306 259 60 NA 195 70 207
Telgruc
Temperature (°C) 10.4 10 9.7 9.8 10.3 103 9.8 9.9 10.4 12.3 12.6 8.7 10.5 9.8 10.2
salinity 32 32.2 323 32 315 315 324 327 323 32 32.9 34.1 34.1 34.7 345
Nitrate + Nitrite (umol) 19.50 3001 3156 3318 2678 3061 2462 1929 2213 1872 1581 12.19 1196 1953  6.44
Phosphate (umol) 0.33 0.40 0.45 0.32 0.46 0.40 0.16 0.09 0.08 0.11 021 0.36 0.25 017 0.06
Silicate (umol) 11 1641 1526 1289 1582 1258 571 1.68 2.14 1.03 2.09 4.82 3.20 3.67 3.54
Wave height (m) 0.06 0.11 0.21 0.06 0.51 0.16 0.26 0.08 0.43 0.13 0.34 0.2 0.02 0.09 0.13
PAR (1E/m2/s) 825.89 367.18 765.23 78839 417.82 439.15 503.88 91599 49154 11013 1167.79 1065.08 669.12 691.99 1315.36
Picophytoplankton abundances (cell/mL) 19729 23242 26029 38292 29684 23939 18931 19964 14090 17117 8701 NA 4605 6334 29945
Nanophytoplankton abundances (cell/mL) 1833 1265 1453 932 1251 1544 1545 1925 1334 2728 585 NA 1304 5220 15823
Microphytoplankton abundances (cell/mL) 100 130 165 78 89 83 174 465 338 349 162 82 64 248 644
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D. Relative abundances class communities
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Fig. 5: Relative abundances of the class community composition during the 2019 monitoring (the
category others regroup class lower than 2% of total abundance). Blank areas correspond to missing

data.

308



Supplementary material —

D.2. 2021

Telgruc

100
80
60
40
20

Dinan-Kerloch

[ ST N R+ -]
[ T e T s T e |

[}

1001

oo
[

Relative abundance (%)

= D
[ T

Lanvéoc

]
=

=]

Sainte-Anne

1001
80
60
40
20

O

G:}‘L‘JQ‘L% © O A o

8] NTON 'L’bQQQ
,\d" d’-“’ 0"-“’ 0"-“’ d’-“* d’-“* d’-“* d’-“’ Q”-“’ ,\d’-" ,\d" o d" 0"‘ Q"‘
'9@'9@@@'9'9'9'9'9'9'9'9'9

Dates

Class

. Autre

. Bacillariophyta
. Dinophyceae

B Filosa-Thecofilosea
. Mamiellophyceae
. Prymnesiophyceae
. Spirotrichea

. Synurophyceae
. Ascomycota

. Dictyochophyceae
[ ] Euglenozoa

. Florideophyceae
Cryptophyceae
Choanoflagellatea
Telonemia_xX
Arthropoda
Rotifera

Annelida
Urochordata
Cnidaria
Embryophyceae
Bryozoa
Ciliophora_X
Mollusca

MAST-1
Ulvophyceae
Craniata

Chapter 2

Fig. 6: Relative abundances of the class community composition during the 2021 monitoring (the
category others regroup class lower than 2% of total abundance). Blank areas correspond to missing

data.

E. Pseudo-nitzschia sp. light microscopy counts

Table 5: Light microscopic counts of cells (cell/L) of the genus Pseudo-nitzschia from the 2019
monitoring samples from the 2019/03/01 to 2019/03/29 for the four monitoring stations (Telgruc,

Dinan-Kerloc’h, Lanvéoc and Sainte-Anne).
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03/01 03/05 03/08 03/11 03/15 03/19 03/22 26/03 03/29

Telgruc 38100 39300 20700 66000 88760 36100 28000 20100 14400
Dinan-Kerloc’h 500 1100 1400 1100 300 1300 3100 2200 1200
Lanvéoc 200 0 1200 1000 2400 1600 1000 0 500

Sainte-Anne 900 200 300 0 600 400 0 1000 1400

Table 6: Light microscopic counts of cells (cell/L) of the genus Pseudo-nitzschia from the 2021
monitoring samples from the 2021/02/26 to 2021/04/16 for the four monitoring stations (Telgruc,
Dinan-Kerloc’h, Lanvéoc and Sainte-Anng).

26/02 02/03 05/03 09/03 12/03 16/03 19/03 23/03 26/03 30/03 02/04 06/04 09/04 13/04 16/04

Telgruc 14900 5300 6700 101400 98200 67000 203800 498000 47200 202300 43300 300 0 0 0

Dinan-Kerloc’h 1600 1300 2200 23800 6200 7800 1600 34700 22900 125300 207200 8700 200 200 0
Lanvéoc 200 0 0 1700 200 2100 3200 8300 14400 63500 21600 44000 8600 1200 3100

Sainte-Anne 0 0 0 0 600 0 700 1000 44900 44800 59700 23500 3300 3600 0

F. Rbcl gene expression

species
2 Pa

® Pf
Pp

media

X1
0 X2

B xo
AN

Log2 fold change rbcl expression

TR ANy
PR R R R R VR R

Samples

Fig.7: Rbcl gene expression in Pseudo-nitzschia australis (Pa), Pseudo-nitzschia fraudulenta (Pf) and
Pseudo-nitzschia pungens (Pp). Shape and colors indicate strains and media, respectively. Media X1
corresponded to low phosphate, media X2 low nitrate and media X9: nutrient replete environment.
Different replicates were present for each strain and media, the average expression and standard error
is given for each strain in each medium.

More informations about the methods in Lema et al. in 2019.
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Caractérisation interannuelle de la connectivité
hydrodynamiqgue entre la baie de Douarnenez et
la rade de Brest

Léa Prigent?, Mickaél Le Gac?, Martin Plus?

fremer, DYNECO, F-29280 Plouzané, France.
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Des différences interannuelles de connectivités hydrodynamique

1. Pmax
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Matrices de connectivité représentant les Pmax de 19 traceurs dans les 19 zones pour les 4
années simulées. La matrice est a lire a I’horizontale en considérant dans les différentes zones,
I’arrivée des traceurs venant des 19 autres stations. Par exemple en 2021, la zone 10 regoit au
maximum 50.1 % du traceur parti de la zone 5.
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4.2. Tmax

Matrices de connectivité représentant les temps d’arrivée des pourcentages maximales de
masses initiales des 19 traceurs dans les 19 zones pour les 4 années simulées. La matrice est a
lire a I’horizontale en considérant dans les différentes zones, le temps d’arrivée des traceurs
venant des 19 autres stations.
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Fig.1: Temporal evolution of environmental parameters associated with spatio-temporal monitoring in
2021. The temporal evolution of the parameters of the Telgruc station are plotted in purple, the Dinan-
Kerloc'h station in red, Lanvéoc in green and Sainte-Anne in blue.
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Fig. 2: First two components of a PCA showing relationships between biotic and abiotic environment
(in black) and samples. The difference with the PCA in the article is the presence of nutrient ratios.
Sampling dates (colors) and sampling stations (shapes) are indicated. The black arrows represent the
biotic and abiotic variables, their position indicating the direction of their increase. The closer two
arrows are, the more correlated they are.
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Fig. 3: Evolution of the mass of tracer leaving a zone. Each color represents a starting zone. Red for
Telgruc, green for Dinan-Kerloc'h, blue for Sainte-Anne and purple for Lanvéoc. The calculated e-
flushing times associated with each zone are indicated. This is the time needed for dilution to drop the
tracer quantity to 37% of initial quantity in a particular area.
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Fig. 1: PAR values at the time of sampling. The 3 colours represent the groups of samples on the basis
of gene expression (yellow for the beginning of the bloom: 04/04; 04/05, 04/06 and 04/07; blue for the
middle of the bloom: 04/10, 04/11, 04/12, 04/13 and 04/14; and purple for end of the bloom: 04/18,

04/19, 04/20 and 04/21).
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Table 1: Average daily water level (in metres) between high and low tide.
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Fig. 2: Relative abundances of the phylum community composition during the 2017 monitoring (the
category others regroup phylum lower 2% of total abundance).
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Fig. 3: Relative abundances of the Arthropod’s class community composition during the 2017
monitoring (the category others regroup class lower than 2% of total abundance).
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Fig. 4: Relative abundances of the Maxilopoda’s class species community composition during the 2017
monitoring (the category others regroup species lower than 2% of total abundance).
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Fig. 5: Clusters of genes displaying similar gene expression dynamics (expressed as log2FC) across the

24 samples using WGCNA analysis.
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Fig. 6: Comparison of the expression level (under- in brown and over-expressed in blue) of genes
identified as differentially expressed or involved in sexual reproduction in the literature with their
homologs identified in the P. australis reference transcriptome. The different letters represent the gene
expression analysis’s timing after sexual reproduction in the literature: (a) Directly (Russo et al., 2018,
and Bilcke. G personal communication); (b) 6h after opposite MT contact (Basu et al., 2017) (c) From
1 hour to 5 days (Annunziata et al., 2022) and (d) Sexual reproduction period (Patil et al., 2015). All
homologous genes identified are found in the supplementary material, table 2 in comparison with the
literature.
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Cluster 4

o

Log2FC gene expression

Fig. 7: DAB’s gene expression dynamics in the cluster 4. Only dabA and dabB homologous genes were
identified on it.
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Table 2: Genes’ markers of sexual reproduction identified in the literature associated with their homologue in the reference transcriptome of P. australis.

Functions Annotations Papers Gene expression Analysis timing
ATP-binding casette, subfamily B Basu et al., 6h after opposite MT
(MDR/TAP), member 1 ABC transporters 2017 Over contact
DNA repair protein RAD51 homologue 1, Basu et al., 6h after opposite MT
RAD51-Al Cell cycle and meosis 2017 Over contact
DNA repair protein RAD51 homologue 3, Basu et al., 6h after opposite MT
RAD51-C Cell cycle and meosis 2017 Over contact

Basu et al., 6h after opposite MT
Pds5 Cell cycle and meosis 2017 Over contact
Structural maintenance of chromosomes Basu et al., 6h after opposite MT
protein 5 Cell cycle and meosis 2017 Over contact
Structural maintenance of chromosomes Basu et al., 6h after opposite MT
protein 3 Cell cycle and meosis 2017 Over contact
Structural maintenance of chromosomes Basu et al., 6h after opposite MT
protein 1 Cell cycle and meosis 2017 Over contact

Basu et al., 6h after opposite MT
Cohesin complex subunit SCC1 (RAD21) | Cell cycle and meosis 2017 Over contact

Basu et al., 6h after opposite MT
Cohesin complex subunit SA-1/2 (SCC3) | Cell cycle and meosis 2017 Over contact
G2/mitotic specific cyclin S13-6 Basu et al., 6h after opposite MT
(dsCYC5) Cell cycle and meosis 2017 Down contact

Basu et al., 6h after opposite MT
Cyclin-B2-2 (dsCYC4) Cell cycle and meosis 2017 Down contact
Ferrodoxin-dependant glutamate synthase Basu et al., 6h after opposite MT
2 Nitrate metabolism 2017 Down contact

Basu et al., 6h after opposite MT
Ammonium transperl, member 5 Nitrate metabolism 2017 Down contact

Basu et al., 6h after opposite MT
Nitrate/nitrite transporter NarU Nitrate metabolism 2017 Down contact
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Basu et al., 6h after opposite MT
Transcription factor SKN7 Transcription factors 2017 Down contact

Basu et al., 6h after opposite MT
Transcriptional activator Myb Transcription factors 2017 Down contact

Basu et al., 6h after opposite MT
Major intracellular serine protease Protein processing Receptor like 2017 Down contact
Probable leucine rich repeat receptor-like Basu et al., 6h after opposite MT
protein Kinase At2933170 Protein processing Receptor like 2017 Over contact
Probable leucine rich repeat receptor-like Basu et al., 6h after opposite MT
protein kKinase At1g35710 Protein processing Receptor like 2017 Down contact

Basu et al., 6h after opposite MT
Receptor-like protein kinase 5 Protein processing Receptor like 2017 Down contact
Probable leucine-rich repeat receptor-like Basu et al., 6h after opposite MT
serine/threonine protein kinase At4g08850 | Protein processing Receptor like 2017 Down contact

Basu et al., 6h after opposite MT
Receptor-like protein kinase HSL1 Protein processing Receptor like 2017 Down contact
Leucine-rich repeat receptor-like Basu et al., 6h after opposite MT
serine/threonine protein Kinase GS02 Protein processing Receptor like 2017 Down contact

Basu et al., 6h after opposite MT
Somatic embryogenesis receptor kinase 1 | Protein processing Receptor like 2017 Down contact
Probable leucine rich repeat receptor like Basu et al., 6h after opposite MT
serine/threonine protein kinase At4g26540 | Protein processing Receptor like 2017 Down contact
Probable leucine-rich repeat receptor-like Basu et al., 6h after opposite MT
protein Kinase Protein processing Receptor like 2017 Down contact
Probable leucine-rich repeat receptor-like Basu et al., 6h after opposite MT
protein Kinase Protein processing Receptor like 2017 Down contact

Basu et al., 6h after opposite MT
Soluble guanylate cyclase 88E Signalling Miscellaneous 2017 Over contact

Basu et al., 6h after opposite MT
Protein aardvark (adhesion protein) Signalling Miscellaneous 2017 Over contact
Tetratricopeptide (TPR) repeat-containing Basu et al., 6h after opposite MT
protein (protein-protein interactions) Signalling Miscellaneous 2017 Over contact
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Basu et al., 6h after opposite MT
Salicylate carboxymethyltransferase Signalling Miscellaneous 2017 Over contact
Basu et al., 6h after opposite MT
E3 ubiquitin-protein ligase Nedd-4 Signalling Miscellaneous 2017 Over contact
Basu et al., 6h after opposite MT
Heat shock protein 3 MT-specific Miscellaneous 2017 Over contact
Basu et al., 6h after opposite MT
Cathepsin D MT-specific Miscellaneous 2017 Over contact
TPR repeat-containing protein (protein- Basu et al., 6h after opposite MT
protein interactions) MT-specific Miscellaneous 2017 Down contact
Russo et al.,
MRP1 Mating type identification 2018 Over Directly
Russo et al.,
MRP2 Mating type identification 2018 Over Directly
Russo et al.,
MRP3 Mating type identification 2018 Over Directly
Russo et al.,
MRM1 1 Mating type identification 2018 Over Directly
Russo et al.,
MRM1_2 Mating type identification 2018 Over Directly
Russo et al.,
MRM?2 Mating type identification 2018 Over Directly
DNA replication and chromosome Patil et al.,
Mcm2 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,
Mcm3 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,
Mcm4 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,
Mcmb5 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,
Mcm6 maintenance 2015 Over Sexual reproduction period
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DNA replication and chromosome Patil et al.,

Mcm7 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Mcm8 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Mcm9 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Smcl maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Smc2 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Smc3 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Smc4 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Smc5 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Smc6 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Pds5 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Scc3 maintenance 2015 Over Sexual reproduction period
DNA replication and chromosome Patil et al.,

Rad21 maintenance 2015 Over Sexual reproduction period
Patil et al.,

Spoll-2 Double strand break formation 2015 Over Sexual reproduction period
Patil et al.,

Spo11-3/Top VIA Double strand break formation 2015 Over Sexual reproduction period
Patil et al.,

Rad50 DNA damage sensing and response 2015 Over Sexual reproduction period
Patil et al.,

Mrell DNA damage sensing and response 2015 Over Sexual reproduction period
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Patil et al.,

Mer3 Crossover regulation 2015 Over Sexual reproduction period
Patil et al.,

Mnd1l Crossover regulation 2015 Over Sexual reproduction period
Patil et al.,

Msh4 Crossover regulation 2015 Over Sexual reproduction period
Patil et al.,

Msh5 Crossover regulation 2015 Over Sexual reproduction period
Patil et al.,

Rad51-A(1) Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Rad51-A(2) Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Rad51-B Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Rad51-C Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Rec-A Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Rad52 Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Radl Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Msh2 Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Msh6 Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Mlhl Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Pmsl Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Mus81 Double strand break repair 2015 Over Sexual reproduction period
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Patil et al.,

Fancm Double strand break repair 2015 Over Sexual reproduction period
Patil et al.,

Fenl Accessory proteins required during meiosis | 2015 Over Sexual reproduction period
Patil et al.,

Exol Accessory proteins required during meiosis | 2015 Over Sexual reproduction period
Patil et al.,

Dna2 Accessory proteins required during meiosis | 2015 Over Sexual reproduction period
Patil et al.,

Brca2 Accessory proteins required during meiosis | 2015 Over Sexual reproduction period
Annunziata et

Nark Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Nark Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Nark Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Ntr Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

NarU Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

NirD Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

FNT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Fid Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

uT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

HANT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

HANT Nitrogen al., 2022 Down from 1 hour to 5 days
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Annunziata et

HANT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Ntr Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Amt Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Amt Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

uT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

NR Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

FAGOGAT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

FAGOGAT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

FAGOGAT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

Amt Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

NiR Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

NR Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

NR Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

HANT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

HANT Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

HANT Nitrogen al., 2022 Down from 1 hour to 5 days
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Annunziata et

Amt Nitrogen al., 2022 Down from 1 hour to 5 days
Annunziata et

HANT Nitrogen al., 2022 Over from 1 hour to 5 days
Annunziata et

PPT2 Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

PPT2 Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

TPT Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

PPT3 Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

PPT3 Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

XPT Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

IMP3 Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

SLC Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

SLC Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

PstS Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

IPT1 Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

MPT Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

PIT Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

TPT Phosphorus al., 2022 Down from 1 hour to 5 days
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Annunziata et

IMPA Phosphorus al., 2022 Down from 1 hour to 5 days
Annunziata et

MPT Phosphorus al., 2022 Over from 1 hour to 5 days
Annunziata et

MPT Phosphorus al., 2022 Over from 1 hour to 5 days
Annunziata et

MPT Phosphorus al., 2022 Over from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Down from 1 hour to 5 days
Annunziata et

SIT Silicon al., 2022 Over from 1 hour to 5 days
Annunziata et

G1S Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cyc Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cyc Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
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Annunziata et

J Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cdk5 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycU4l Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycA2A Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cdk11 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cdk11 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycB21 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycB22 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycB22 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycY Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycH11 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

G2MCyc Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

G2MCyc Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CdkD3 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cdk2 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

G1SCyc Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
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Annunziata et

Cdk1 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cdk20 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycB15 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

G2MCyc Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

Cyc0 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CycT14 Cyclins-Cdks al., 2022 Down from 1 hour to 5 days
Annunziata et

CdkC1 Cyclins-Cdks al., 2022 Over from 1 hour to 5 days
Annunziata et

CycB214 Cyclins-Cdks al., 2022 Over from 1 hour to 5 days
Annunziata et

CycB22 Cyclins-Cdks al., 2022 Over from 1 hour to 5 days
Annunziata et

CdkC2 Cyclins-Cdks al., 2022 Over from 1 hour to 5 days
Annunziata et

CycB13 Cyclins-Cdks al., 2022 Over from 1 hour to 5 days
Annunziata et

G1SCyc Cyclins-Cdks al., 2022 Over from 1 hour to 5 days
Annunziata et

MCAT FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

3-OXO-ACPS FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

3-OX0O-ACPS FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Down from 1 hour to 5 days
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Annunziata et

FAD FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

HPO8 FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

KCS-5 FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ACC FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ACC FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ACC FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ACC FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ELOVL FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

SCD5 FA synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

FABI FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FABI FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FABI FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACC FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Over from 1 hour to 5 days
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Annunziata et

FAD FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ELOVL FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACAT FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

DEGS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ELOVL FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACC FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

30X0OACPS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

30XOACPS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FABI FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FAD FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

FABI FA synthesis al., 2022 Over from 1 hour to 5 days
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Annunziata et

ELOVL FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

DEGS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

SCD5 FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

HADH FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

ACS FA synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

DGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

DGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

LPAAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

MOGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

DGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

DGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

DGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PDAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PAP TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PAP TAG synthesis al., 2022 Down from 1 hour to 5 days
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Annunziata et

GPAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PAP TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PDAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

MOGAT TAG synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PDAT TAG synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

LHCFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHCFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHCFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHCFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
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Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
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Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHFs/LHCRs Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHCX Light Harvesting/photoprotection al., 2022 Over from 1 hour to 5 days
Annunziata et

LHCX Light Harvesting/photoprotection al., 2022 Over from 1 hour to 5 days
Annunziata et

LHCR Light Harvesting/photoprotection al., 2022 Down from 1 hour to 5 days
Annunziata et

LHCX Light Harvesting/photoprotection al., 2022 Over from 1 hour to 5 days
Annunziata et

LHCX Light Harvesting/photoprotection al., 2022 Over from 1 hour to 5 days
Annunziata et

PSIID1 Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
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Annunziata et

PSIID1 Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

CytC6 Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

CytB6sub Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

st/as Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

rcp Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

Psh27 Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

PSlap Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

PsbU Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

Psb28 Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

CytB6sub Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

ATPC Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

PsbM Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

CytB6sub Photosynthetic electron transport al., 2022 Down from 1 hour to 5 days
Annunziata et

ZEP2 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PDS1 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PDS1 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
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Annunziata et

PSY Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

CRT-OX Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

CRTISO Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ZEP1 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ZEP1 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

GGPS Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

VDL1 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PSY Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

LCYB Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

VDL2 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

PDS Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

CRT-OX Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

VDR Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

CRTISO4 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

VDE Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

CRTISO03 Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
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Annunziata et

CRTISO Carotenoids synthesis al., 2022 Down from 1 hour to 5 days
Annunziata et

ZEP3 Carotenoids synthesis al., 2022 Over from 1 hour to 5 days
Annunziata et

PRK Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

PGP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

GAPDH Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

GAPDH Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

TKT Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBA Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBA Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

PGK Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

RPE Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

DXS Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

SBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

RPI Carbon assimilation al., 2022 Down from 1 hour to 5 days
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Annunziata et

GAPDH Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

HAD-hydrolase Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

TPI Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

PGP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

PGP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

TPI Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

RPE Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

RPE Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

6PGL Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

6PGL Carbon assimilation al., 2022 Down from 1 hour to 5 days
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Annunziata et

FBP Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

6PGD Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

6PGD Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

PGK Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

TKT Carbon assimilation al., 2022 Over from 1 hour to 5 days
Annunziata et

HAD-hydrolase Carbon assimilation al., 2022 Down from 1 hour to 5 days
Annunziata et

PDHB1 Carbon assimilation al., 2022 Over from 1 hour to 5 days
Annunziata et

G6PD Carbon assimilation al., 2022 Over from 1 hour to 5 days
Annunziata et

RPE Carbon assimilation al., 2022 Over from 1 hour to 5 days

Markerl Putative sex marker genes Bilcke. G Over Directly

Marker2 Putative sex marker genes Bilcke. G Over Directly

Marker3 Putative sex marker genes Bilcke. G Over Directly

Marker4 Putative sex marker genes Bilcke. G Over Directly

Marker5 Putative sex marker genes Bilcke. G Over Directly
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Une étude multidisciplinaire combinant l'expression de genes, l'environnement et

Mots clés : Pseudo-nitzschia australis, efflorescence spatio-temporelle, mer d’Iroise, rade de Brest,
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Résumé : Certaines espéces de diatomeées du genre
Pseudo-nitzschia produisent de l'acide domoique,
une neurotoxine responsable du syndrome
d'intoxication amnésique chez I'Homme ou de
mortalités chez des animaux marins. Les
efflorescences de Pseudo-nitzschia et les toxicités
qui en résultent constituent un probleme mondial.
En France, le Finistere est affecté de maniére
réguliere au début du printemps par une des
espéces les plus toxiques, P. australis. Cette thése
se concentre sur la dynamique spatio-temporelle
des efflorescences de cette espéce dans la mer

d'lroise. En combinant simulations
hydrodynamiques, metatranscriptomique, suivi
des efflorescences et des conditions

environnementales associées, cette thése a mis en
évidence un role important de 1’hydrodynamique
dans I’initiation et 1’extension des efflorescences
de P. australis (et d’autres espéces de diatomées).

En effet, un transport hydrodynamique Sud-
Nord des efflorescences a été identifié, avec un
potentiel  développement en baie de
Douarnenez avant d’étre transportées plus au
nord, en rade de Brest. Ce développement local
dans la baie de Douarnenez pourrait-étre
favorisé par une faible dilution, permettant
I'accumulation des cellules. En revanche,
aucune relation entre environnement local et
décalage spatio-temporel des efflorescences
n’a pu étre mise en évidence. Par contre, il a été
découvert que la reproduction sexuée joue un
role essentiel dans la physiologie de P.
australis lors d'une efflorescence in situ. Cette
étude met en évidence le role combiné de
I’environnement, de la connectivité
hydrodynamique et du cycle de vie dans le
développement, le transport, et la persistance
d’une efflorescence en milieu naturel.

Title: Spatio-temporal dynamics of Pseudo-nitzschia australis blooms in the Iroise Sea: A multi-
disciplinary study combining gene expression, environment, and hydrodynamics.

Keywords: Pseudo-nitzschia australis, spatio-temporal bloom,

metatranscriptomic, hydrodynamics

Abstract: Diatoms of the Pseudo-nitzschia genus
produce domoic acid, a neurotoxin responsible for
amnesic poisoning syndrome in humans, following
consumption of filter-feeding mollusks, and
mortality in mammals and seabirds. In France,
West-Finistére is regularly affected in early spring
by one of the most toxic species, P. australis. This
thesis focuses on the spatio-temporal dynamics of
blooms of this species in the Iroise Sea. By
combining hydrodynamic simulations,
metatranscriptomics, monitoring of blooms and
associated environmental conditions, this thesis
has highlighted the important role of
hydrodynamics in the initiation and extension of P.
australis blooms (and other diatom species).
Hydrodynamic transport of the blooms from south

Iroise sea, Bay of Brest,

to north has been identified, with potential
development in the Bay of Douarnenez before
being transported further north to the Bay of
Brest. This local development in the Bay of
Douarnenez could be favoured by low dilution,
allowing cells to accumulate. However, no
relationship between the local environment and
the spatio-temporal shift in the blooms could be
established. However, it was discovered that
sexual reproduction plays an essential role in
the physiology of P. australis during an in situ
bloom. This study highlights the combined role
of  the environment, hydrodynamic
connectivity and the life cycle in the
development, transport and persistence of a
bloom in a natural environment.



