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1. Introduction

1.1. General overview of plankton

The term plankton (Hensen, 1987; in ancient greek mhayktog / plagkos: drifter) encompasses
all organisms that live in the water column and cannot actively move against currents (Fig.
1.1). Their movement is therefore determined by passive transport through currents that
disperse them. However, some organisms are capable of active movement (e.g., vertical
migrations) and may have morphological structures related to movement such as flagella and
cilia. Some of drifting organisms that called ‘tychoplankton’ are benthic, but under certain
conditions (e.g., physical mixing), they suspended in water column (Kuhn et al., 1981). The
definition of plankton does not have a phylogenetic basis (i.e., there is no common ancestor),
but rather a functional one. Plankton is an extremely diverse group in terms of morphology,
phylogeny (Woese et al., 1990; Worden et al., 2015), taxonomic and functional level (Barton
et al., 2013), spanning across several orders of magnitude in size (microns to meters). It has
representatives from all domains of life, including prokaryotes (i.e., bacteria, archaea), protists
(unicellular eukaryotes), small to large metazoans, as well as viruses, sharing common
ecological futures (e.g., high growth rate, wide and diverse populations). However, there are
strong differences in physiology, metabolic capacities, or trophic behaviour (e.g., Massana and
Logares, 2013). It includes autotrophs (i.e., they produce their own food from inorganic
compounds), heterotrophs (i.e., they feed on existing organic matter), mixotrophs that combine
both autotrophic and heterotrophic trophic modes (Stoecker et al., 2017), and parasites which
infect other organisms in the ocean, having a significant impact on marine trophic networks
(Hudson et al., 2006).

Figure 1.1. Schematic illustration of morphological plankton diversity (i.e., copepods on the left), armoured
dinoflagellates on the right plate drawn by Ernst Haeckel for ‘Art Forms of Nature’ in 1904.
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In the late 1970’s, Sieburth categorised plankton and nekton?in several size spectra (Fig. 1.2).
Autotrophic organisms are arbitrarily distributed over three size classes: picophytoplankton
(0.2 —2.0 um), nanophytoplankton (2.0 — 20 um), and microphytoplankton (> 20 um). The first
class is mainly made of cyanobacteria of the genera Synechococcus and Prochlorochococcus,
although eukaryotic species have been described (e.g., Ostreococcus tauri, Courties et al.,
1994). The other two classes are more diverse, as they include coccolithophores, cryptophytes,
haptophytes, autotrophic dinoflagellates, and diatoms. The latter ones are emblematic
components within microphytoplankton. Diatoms account for 40% of the total primary
production in the ocean by dominating export production (Sarthou et al., 2005), and exert a
major influence upon the biogeochemical cycles of macro-nutrients, nitrogen (N), phosphorus
(P), and silicon (Si) (e.g., Tréguer et al., 2018).

Size classes Femto- Pico- Nano- Micro- Meso- Macro- Mega-
<0.2 pm 0.2-2pm 2-20 pm 20 -200 pm 0.2-20 mm 2-20cm 20-200 cm
Comp_ Necton Necton Necton
artment 2-20 cm 2-20 dm 220 m

Viroplankton -

Bacterioplankton

Phytoplankton

Metazooplankton

Figure 1.2. Distribution of size spectra of different taxonomic/trophic groups of plankton and nekton, in rows,
according to different size classes, in columns (modified from Sieburth et al. 1978).

The other five compartments are heterotrophic and / or mixotrophic and are associated with
relatively well-constrained size classes: viruses lie in the femtoplankton (0.02-0.2 um), free
bacteria and archaea in the picoplankton, and fungi (mycoplankton) in the nanoplankton (Fig.
1.2). The protozooplankton is the group whose size spectrum overlaps the most with that of the
phytoplankton. Protozooplankton includes unicellular eukaryotes, such as ciliates, that feed on
bacteria or graze on smaller-sized phytoplankton, heterotrophic nanoflagellates, and
dinoflagellates. They play a pivotal role in oceanic ecosystems as they consume phytoplankton,
they are grazed by mesozooplankton and thus contribute to nutrient remineralization (e.g.,

! Nekton: organisms that can move against currents.
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Sherr and Sherr, 2002). This thesis, will focus on planktonic microbial communities spanning

from bacteria to protists living in the surface waters of a coastal ecosystem.

1.2. Plankton: Tiny but powerful ocean organisms

Knowledge of distribution patterns,

Protists
2GtC

composition, and ecology of planktonic

communities is of great interest for many

Bacteria

reasons (e.g., Lombard et al., 2019). Life is ibcic

Animals

thought to have begun in the ocean, and 2GtC

Viruses
planktonic organisms, therefore, provide — **< =
Archaea
0.3GtC

Fungi
0.3GtC

important  evolutionary  insights on

diversity, complex life forms, and Figure 1.3. The composition of marine biomass

. . . represented using a Voronoi treemap (Source: Bar-On and
adaptations to highly variable ;o 2019).

environments.  Plankton  forms the

foundation of most marine food webs. In marine ecosystems, plankton account for more than
60 % of marine biomass (Bar-On and Milo, 2019; Fig. 1.3). This biomass is shared between
producers ~1 Gt C (i.e., bacteria, protists, plants) and consumers ~ 5 Gt C (i.e., animals, protists,
and bacteria). Phytoplankton account for less than 1% of Earth’s photosynthetic biomass, but
are responsible for almost half of the global annual net primary production (Falkowski et al.,
1998; Field et al., 1998). In contrast to terrestrial ecosystems, a small mass of producers
sustains a significantly larger mass of consumers. This is because of the high turnover occurring
over small time scales (hours to days) and their small size, while consumers such as fish have
much longer turnover, spanning from months to years (Sheldon et al., 1972). Furthermore,
planktonic organisms play significant roles in global cycles of the majority of oceanic chemical
elements, and they are key mediators of the Biological Carbon Pump (BCP)> The organic
material produced by phytoplankton is consumed by herbivorous zooplankton that provide a
crucial source of food for higher trophic levels. In particular, larval stages of many
commercially important fish species are zooplankton, and larval recruitment directly depends
on the abundance of phytoplankton (e.g., Platt et al., 2003). Because of their restricted

environmental preferences and relatively short life spans, plankton abundance and composition

2 BCP: vertical transfer processes including passive sinking of organic particles, physical mixing of particulate
and dissolved organic carbon (POC and DOC, respectively), and active transport by zooplankton migration. The
mineralization of the organic matter increases with depth the concentration of dissolved inorganic carbon. The
net effect of this phytoplankton-fuelled biological pump, is the transport of CO, from the atmosphere to the deep
ocean, where it may be sequestered over the timescales of deep-ocean circulation (100 to 1000 years).
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react tightly to both local and global environmental changes (e.g., Edwards et al.,
2013; Beaugrand and Kirby, 2010; Beaugrand et al., 2015). Some planktonic organisms can be
directly toxic to humans, or cause disease and parasitism in animals, including commercial
ones. For example, the diatom Pseudonitzschia spp. produces domoic acid, a neurotoxin that
contaminates mussels, fishes, birds, and humans (Husson et al., 2016). Given these important
functions, the biomass and diversity of both phytoplankton and zooplankton were identified as
Essential Ocean Variables (EOVs) by the Global Ocean Observing System (e.g., Miloslavich
et al., 2018).

1.3. Planktonic microbes in a changing world

With the advent of the industrial era and the intensification of agriculture, there has been a
continuous increase in greenhouse gas emissions for a little over a century, primarily due to the
growing use of fossil fuels, modifying environments and threatening ecosystems (IPCC 2023).
Atmospheric concentrations of greenhouse gases such as CO2, CHs4, N2O contribute to an
increase in positive radiative forcing on the climate, resulting in atmospheric warming (Luthi
et al., 2008). Among these gases, the atmospheric concentration of CO, has risen from 280
parts per million (ppm) during the pre-industrial era to over 415 ppm today (IPCC 2023).
Models even predict atmospheric concentrations reaching up to 430 ppm by 2060, with an
associated warming of 1.3°C (Dauvis et al., 2010; Fig. 1.4). Warming induces changes in water
stratification, as well as a decrease in pH, and dissolved oxygen (Bopp et al., 2013;
Kwiatkowski et al., 2020).

Global surface temperature has increased by
___1.1°Cby 2011-2020 compared to 1850-1900

Observed

Figure 1.4. Global average surface air temperature since 1850 (Source: IPCC report 2023).
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In this context, plankton are experiencing changes in their abundance and distribution. Studies
have shown that globally, both phytoplankton and zooplankton are appearing earlier in the
year, but the situation becomes more complex when considering specific groups and regions
(e.g., Friedland et al., 2018). For instance, in the North-East Atlantic, dinoflagellates are
blooming? about thirty days earlier, while diatoms are not showing significant changes in their
timing, although there is variation among different species within these groups (Chivers et al.,
2020; CPR data 1958-2016). There is also evidence of a global decline in the overall biomass
of phytoplankton (Boyce et al., 2010). Plankton distribution is also shifting poleward in order
to track their optimal thermal habitats (e.g., Poloczanska et al., 2013; Burrows et al., 2014;
Benedetti et al., 2021). However, the extent of these shifts varies for different species within
the diatom and dinoflagellate groups (Chivers et al., 2017). Additionally, the average size of
calanoid copepods (a type of zooplankton) is decreasing, primarily due to a northward
movement of smaller warm-water species and a decline in larger cold-water species
(Beaugrand et al., 2010). These changes in the timing, abundance, and distribution of plankton
have significant implications for marine ecosystems. The composition of plankton
communities and their interactions are being altered, leading to a decline in fisheries (e.g., Karl
et al., 2001). Besides the shifts associated with temperature increase, sediment archives
evidenced that human contaminations irreversibly affect protist communities (Siano et al.,
2021).

A fundamental objective in marine microbial ecology is to elucidate the diversity and
dynamics of planktonic microbes and determine the factors that influence their diversity
patterns. This knowledge is crucial for predicting how these patterns may be altered by

human activities and climate change.

3 Blooms have been described as periods of rapid (or even ‘explosive’) growth in planktonic biomass (Platt et al.,
1991) that can last from days to weeks. Regarding phytoplankton, blooms are considered as a condition of
elevated phytoplankton concentration, although there is no established quantitative threshold defining
“elevated.” The concentration of the photosynthetic pigment chlorvophyll (Chl) is commonly used as an index of
phytoplankton abundance, and has the benefit of being detectable from space (Behrenfeld and Boss, 2014).
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1.4. Ecological theories and processes controlling diversity patterns
Different conceptual frameworks allow studying of the processes that define diversity patterns.
In this section, main theories and ecological processes* explaining community diversity will be
presented (Fig. 1.5). Several theories of biodiversity have been formulated that could explain

community assemblages and their spatio-temporal distribution. Community assembly
describes how processes interact to determine species composition and local biodiversity of a
community (e.g., Chase and Myers, 2011). These theories, based on different principles, are

not mutually exclusive. They involve environmental mechanisms, interactions, and stochastic
ones (see Table 1.1 for terminology included in this section).

A Dispersal filter
L» ] . - -
2 \ Environmental filter
£ \ o
- Interaction filter
2 \

&

2

s3]

Figure 1.5. Example of ecological filters (i.e., processes), including dispersal limitation, abiotic and biotic
constraints that determine the community composition (modified from Cadotte and Tucker 2017).

4 Ecological processes: Community ecologists infer ecological processes of community assembly by considering
that any local community is a subset of a regional species pool shaped by biogeographical and historical effects
(Weiher et al., 1998; Grime, 2006): species thriving local community have successfully passed a hierarchy of
ecological filters, including dispersal limitation, abiotic and biotic constraints (Cadotte and Tucker, 2017; Figure
1.5).
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Table 1.1. Key terminology in community assembly (Source: Zhou et al., 2017 and references
therein; Cadotte and Tucker 2017).

Definition

Community assembly The occurrence and abundance of species in a community. It describes how
assemblages interact to determine species composition and local biodiversity
of a community.

Species pool A set of species occurring in a particular region that can potentially inhabit a
site because of suitable local conditions.

Historical effects The effects of the order and timing of past biotic or abiotic events on
community assembly

Deterministic processes Deterministic factors such as species traits, species interactions and
environmental conditions that govern community structure

Stochastic processes Random changes in community structure with respect to species identities

and/or functional traits due to stochastic processes of birth, death,
colonization, extinction and speciation.

Environmental filtering The effect of environmental conditions selecting those species capable of
survival and reproduction in a given environment.
Drift Random changes, with respect to species identity, in the relative abundances

of different species within a community over time due to inherent stochastic
processes of birth, death, and reproduction.

Selection Niche-based process that shapes community structure due to fitness
differences (e.g., survival, growth, and reproduction) among different
organisms, including effects of abiotic conditions and biotic interactions.

Dispersal Movement and successful establishment of a community from one location to
another via both active and passive mechanisms.

1.4.1. Environment

Two main complementary views exist regarding the influence of the environment on
community assemblages. The first view considers the neutral model of biodiversity developed
by Hubbell (2001), which was inspired by MacArthur and Wilson's (1967) theory of island
biogeography. In Hubbell’s model, all individuals are assumed to have the same prospects for
reproduction and death (neutrality). The variability in relative abundances across species is
solely due to demographic stochasticity or ‘ecological drift’. The neutral theory® of biodiversity
has been heavily debated, particularly due to its assumption of ecological equivalence. This
means that individuals have similar birth, death, speciation and immigration rates, and there
are no significant differences in fitness or competitive abilities among species. Therefore, the
presence or absence of specie is determined primarily by chance rather that by its specific
characteristics or competitive advantages. Although the neutral theory assumes the ecological
equivalence of all individuals, it has been able to successfully predict several key ecological

patterns in many communities, such as species abundance distributions and species-area

5 Comment on neutrality by science journalist Jhon Whitfield (2002) in Nature News: Vive la différence ?
Forget it. La différence est morte. That is the message from the proponents of neutrality, a view of ecology that is
anathema to many in the field. Rather than focusing on how differences between species allow them to coexist,
neutrality assumes that trees in the rainforest, or corals on a tropical reef, are basically all the same.’
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relationships, even outperforming the niche theory in some cases (Adler et al., 2007; Rosindell
etal., 2012).

The second view considers the concept of ecological niche, coined by Hutchinson (1957).
Hutchinson's multidimensional niche is an n-dimensional hypervolume, with each dimension
corresponding to an environmental variable. This volume represents the range of values of
abiotic characteristics within which an organism can survive, grow, and reproduce. For each
environmental variable, the range of values within which an organism can survive may vary in
size. It defines a tolerance around an optimum. Hutchinson's definition of the niche is based on
species coexistence. According to it, the separation of niches between species is governed by
the principle of Gause (1934). Gause executed a series of co-culture experiments. He observed
that for a number of species pairs, each species grew well in the absence of the other. However,
when these species were co-cultured, one species (e.g., Paramecium aurelia) dominated and
suppressed the other species (e.g., Paramecium caudatum). Based on these observations, he
formulated the law of competitive exclusion, which states that two species with identical or
closely similar ecological requirements cannot coexist indefinitely in the same environment.
Consequently, each species cannot occupy the entirety of its fundamental niche (Pulliam,
2000).The realized niche of a species is therefore narrower than its fundamental niche, due to
abiotic factors or biotic interactions, which represents the actual niche of a species (Hutchinson,
1957).

Once the concept of the ecological niche was established, it was widely accepted that all
organisms across different kingdoms of life are subject to the niche concept (review Colwell
and Rangel, 2009). However, Hutchinson observed that in the case of phytoplankton, multiple
species were capable of coexisting in the same environment (Hutchinson, 1961). This
observation contradicted the principle of competitive exclusion and became known as the
"paradox of the plankton™. ‘The problem that is presented by the phytoplankton is essentially
how it is possible for a number of species to coexist in a relatively isotropic or unstructured
environment all competing for the same sorts of materials... According to the principle of
competitive exclusion, we should expect that one species alone would outcompete all the others
so that in a final equilibrium situation the assemblage would reduce to a population of a single
species. Hutchinson proposed the hypothesis that equilibrium in the environment is never
reached because the environment (including abiotic and biotic factors) undergoes changes
before equilibrium can be achieved. As a result, competitive exclusion never reaches its peak,

allowing species to coexist. Several hypotheses have been proposed over the past sixty years

8



Chapter 1: General Introduction

to resolve the paradox of plankton, including trophic exclusion, stochastic processes, genome-

size evolution, and implications of asexual reproduction on speciation (Behrenfeld et al., 2021).

Through the lens of community ecology, according to Chesson's theory, coexistence is possible
when species have distinct ecological niches and exhibit niche differences (Chesson, 2000).
The theory suggests that coexistence is facilitated by two main mechanisms: niche partitioning
and species interactions. Niche partitioning refers to the differentiation of species in their
resource use or habitat preference, allowing them to coexist by reducing competition for limited
resources. Species interactions, such as predation, competition, facilitation, or mutualism, can
also contribute to coexistence. These interactions may lead to the stabilization of species
abundances, creating conditions for multiple species to persist in the community. Chesson's
coexistence theory provides a theoretical framework to understand community assembly and
diversity patterns, emphasizing the importance of niche differentiation and species interactions

in promoting species coexistence.

1.4.2. Interactions

Interactions are ubiquitous in the living world. There is no species that does not depend on
another for its survival. These interactions vary greatly in their effects and can be obligatory,
facultative, or opportunistic, occurring either briefly or over longer periods, thus rendering
individuals more or less interdependent. Long-lasting interactions are referred to as symbiotic
and can have diverse impacts on the partners involved. The following types of interactions are
commonly observed: mutualism, predation, parasitism, commensalism, competition,
amensalism, and neutralism (Fig. 1.6; Faust and Raes, 2012). In this section | will present the

interactions that have been studied or discussed during this thesis.
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Parasitism or predation
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Parasitism or predation

Figure 1.6. Summary of ecological interactions between members of different species. For each interaction
partner there are three possible outcomes: positive (+), negative (-), and neutral (0) (Source: Faust and Raes,
2012).

Biological interactions are increasingly recognized as a major force modulating microbial
community structure and function, in some cases more than abiotic factors (e.g., Genitsaris et
al., 2015; Lima-Mendez et al., 2015). Interactions between microorganisms have significant
effects on the circulation of energy, nutrient cycling, and transfer efficiency to higher trophic
levels (review Worden et al., 2015; Fig. 1.7). Among microbial interactions, predator-prey
interactions involve the transfer of carbon from phytoplankton and bacterial biomass to higher
trophic levels (Fenchel, 1988; Calbet and Landry, 2004). Heterotrophic and mixotrophic
protists are key players in this process. Grazers, through the excretion of organic matter,
contribute to the organic matter pool and promote the growth of microorganisms such as
bacteria and phytoplankton. This process, known as cross-feeding, facilitates the availability
of nutrients and enhances microbial productivity (Morris et al., 2013).

One of the most important interactions in microbial communities concern those of
phytoplankton and heterotrophic bacteria, and can span from cooperative to competitive
(Seymour et al., 2017). Heterotrophic bacteria primarily consume organic material released by
phytoplankton, such as dissolved organic carbon (DOC), which is abundant and easily
degradable (Ducklow et al., 2001). They also consume more complex products like
polysaccharides, and senescent or dead phytoplankton biomass (Teeling et al., 2012). From the
perspective of phytoplankton, bacteria can serve as providers of essential macronutrients
through the process of remineralization, where bacteria release previously bound nutrients back
into the environment (Azam et al., 1983; Buchan et al., 2014). When external nutrient supply
is limited, phytoplankton growth is expected to benefit from bacterial recycling of nitrogen and
phosphorus. Moreover, specific interactions between phytoplankton and bacteria can develop

10
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based on bacterial production of vitamins, such as vitamin B12, and enhancement of
bioavailability of micronutrients like iron (Amin et al., 2012; Durham et al., 2015). On the
other side of the spectrum bacteria can also compete with phytoplankton for inorganic nutrients
(Joint et al., 2002), or have a negative effect on phytoplankton growth (Mitchell, 1971; Meyer
et al., 2017). For example, algicidal bacteria produce lytic enzymes causing lysis, growth
inhibition, and death of phytoplankton (Mayali and Azam, 2004; Meyer et al., 2017). They
frequently follow algal blooms of diatoms, coccolithophores and Phaeocystis spp., as well as
toxic species belonging to the group of dinoflagellates (Demuez et al., 2015). These findings
emphasize the intricate ecological connections between these two groups of microorganisms

in aquatic ecosystems.

Another essential but still poorly understood interaction concerns parasitism. Parasitism is a
biological relationship between two organisms, in which the parasite benefits from its host
(Combes, 1996). Parasitism is an essential mechanism in trophic networks, altering or even
controlling the dynamics of host populations. However, such interactions are not stable over
time, as the host constantly seeks to escape from the parasite, while the parasite strives to
enhance its infection potential and counter the host's defence mechanisms (Thompson, 1988).
Parasites have the potential to strongly influence community composition and nutrient cycling
in an ecosystem by terminating for instance phytoplankton blooms, or even favouring the
growth of species through the infection of its grazers or competitors (Skovgaard and Saiz, 2006;
Chambouvet et al., 2008; Velo-Suarez et al., 2013). One of the most abundant sequences in
marine protistan diversity surveys belong to Syndiniales, known to be parasitic and to control
blooms of dinoflagellates, to infect ciliates and other protists (e.g., Chambouvet et al., 2008;
Guillou et al., 2008 and references therein). Yet, current knowledge regarding spatiotemporal
structures and host range of Syndiniales is scarce, due to difficulties with microscopic counts

and culturing of these organisms (e.g., Sassenhagen et al., 2020).

11
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Figure 1.7. Microbes and their interactions structuring oceanic ecosystems (Source: Worden et al., 2015).

1.4.3. Dispersal

Dispersal is a major process in ecology and evolution. In community ecology dispersal is
referred to the movement and successful establishment of organisms across space (e.g.,
Vellend, 2010). Several factors influence their successful establishment, including for instance
biotic interactions and environmental filtering. Environmental filtering is the effect of
environmental conditions selecting those species capable of survival and reproduction in a
given environment (Emerson and Gillespie, 2008). Dispersal can be viewed as a deterministic
process (i.e., biotic and abiotic conditions under which a species can persist), a stochastic one
(i.e., random changes), or both (Lowe and McPeek, 2014; Vellend et al., 2014). For example,
if dispersal rates are dependent on the population size, then dispersal is stochastic because it is
more probable for more abundant species to disperse than less abundant species. However,
dispersal rates could be different among different species, depending on their traits (e.g.,
spores, dormancy). From this point of view, dispersal is a deterministic process (Zhou and
Ning, 2017).

The investigation of microbial dispersal processes has been relatively limited compared to
other organisms due to the small size, high abundance, wide distribution, and short generation
time of microorganisms (Nemergut et al., 2013). Consequently, our understanding of microbial

12
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dispersal remains incomplete (e.g., Fenchel and Finlay, 2004). A central question in microbial
ecology revolves around whether microorganisms are limited in their ability to disperse, which
has generated debate within the scientific community. Historically, microorganisms were
considered to be everywhere and hence not limited by dispersal capacities (Bass-Becking
1934°). However, it is now accepted that microorganisms show strong biogeographic patterns,
which is evidence for dispersal limitation (e.g., Hanson et al., 2012; Zhou and Ning, 2017).
More importantly, although some microorganisms can propel themselves to a certain degree
within a short distance, microbial dispersal is typically considered passive (Nemergut et al.,
2013). Since passive dispersal is usually stochastic with respect to species identity, microbial
dispersal can be largely viewed as stochastic (Vellend et al., 2014). However, passive dispersal
may not always be stochastic. In marine systems the carrying capacity of the physical dispersal
vector (e.g., currents, upwelling, eddies) depend on the physical properties of microorganism

such as their size and their shape.
Conceptual Synthesis in Community ecology: Vellend’s framework

‘Community ecology is a mess. The rules are contingent in so many ways...as to make

the search for patterns unworkable’

(Lawton 1999:181)

Disentangling the mechanisms that shape communities is a challenge in ecology. There are
numerous ecological theories that aim to explain the composition and abundance of species
within communities. However, reconciling and unifying these different ecological theories is
complicated from both mathematical and conceptual perspectives (Chase, 2005). Vellend
(2010) proposed that patterns can be explained by four major processes: speciation, selection,
drift, and dispersal. Speciation refers to the generation of new species, selection involves
deterministic changes based on the selective value of species, drift encompasses stochastic
changes, and dispersal represents the movements of species. By assigning varying levels of
importance to these processes, all previously formulated ecological theories can be
conceptualized (Vellend, 2010). This classification into four ecological processes has the
potential to combine different ecological approaches and contribute to the development of a

general framework.

5 ‘Everything is everywhere, but the environment selects’ (Bass-Becking 1934): this hypothesis does not strictly
rule out patterns caused by geographical effects on ecology and historical founder effects, it does propose that
the remarkable dispersal potential of microbes leads to distributions generally shaped by environmental factors
rather than geographical distance.
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To study the patterns of living organisms and understand the underlying mechanisms, it is
necessary to quantify biodiversity, their properties and to identify their variation. This helps

establishing connections with potential driving forces.

1.5. Methods to study planktonic microbes
Methods for studding marine microbes and their environment have progressed greatly, from
early approaches based on microscopy that have been used since the first oceanographic
expedition ‘Challenger” in 1872, to the present use of advanced methods. These methods aim
to a complete understanding of the complex and multiscale processes of the ocean. For
example: i) flow cytometry characterises cells according to fluorescence and scattering
properties, ii) automated cell imaging techniques allows characterisation of natural state and
traits of organisms (e.g., CytoSence’, FlowCam?, UVP?), iii) remote sensing defines taxonomic
composition of phytoplankton in relation to satellite derived chlorophyl-a (Alvain et al., 2005),
and iv) exploitation of molecular methods and gene sequencing approaches to characterise
diversity. In particular, ocean observation through satellites and autonomous mobile platforms
such as floats and gliders have resulted in a considerable increase in the amount of data acquired
on the oceanic environment since the early 2000s (e.g., Chai et al., 2020). The use of these new
technologies has led to an increase in the spatial, vertical, and temporal coverage of the ocean
(3D observations), enabling a finer characterization of biotic and abiotic variability at multiple
spatiotemporal scales. The purpose of this section is not to present all the existing methods, but
rather to focus on the advantages and limitations of those used in the present thesis (Fig. 1.8).
In this thesis classical tools were combined (microscopy and cytometry) that provide data on

abundance and biomass, and molecular techniques that provide genetic diversity data.

7 CytoSense (scatter/fluorescence scan) show one-dimensional morphology and optical features of big cells,
colonies, chains and filaments. The optional camera makes bright field images of individual particles,
hydrodynamically focused along their long axis by low shear acceleration in a sheath.

& FlowCam uses a similar imaging principle as the CytoSense (but lacks the hydrodynamic focusing provided by
the sheath flow). Images are acquired either continuously or after the detection of a fluorescent (Chl-a) particle.
9 UVP consists of a camera connected to a red-emitting light unit, which purpose is to illuminate a volume of
water sampled by the camera in order to capture particles and organisms.
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Figure 1.8. Methods applied to quantify abundance, biomass and diversity of planktonic microbes in this thesis
(Modified from Sunagawa et al., 2020).

1.5.1. Inverted Microscopy — Utermé6hl method

In 1931 Utermohl invented a sedimentation method that relies on observation under an inverted
optical microscope for identifying and enumerating microplankton. Uterméhl method has
barely evolved in almost a century (Fig. 1.9). First, natural samples are fixed (e.g., acid lugol’s
solution) to maintain the features and organelles of the observed organisms. The samples can
be stored in 4 °C for long periods of time, even for several years. Then, samples are settled in
a cylinder with a capacity ranging from 10 to 200 ml depending on cell concentration. After 16
to 48 hours, the sedimented cells are observed using objectives positioned under the inverted
microscope stage. Microplankton such as diatoms, dinoflagellates and ciliates are then
identified down to the species level when possible, using available documentation for the study
areas and counted by scanning all or part of the chamber. Then the abundance (i.e., cells/L) is
determined by measuring the counted volume. Through inverted microscopy, it is also possible
to calculate microplankton biomass (i.e., ugC/L). For this, the sizes of different species are
measured, corresponding to simple geometric forms (e.g., ellipse, cylinder) allowing the
calculation of their biovolume (Hillebrand et al., 1999). The biovolume is then converted into
carbon content using conversion factors specific to the microplankton group of interest (e.g.,
Menden-Deuer and Lessard, 2000).
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Figure 1.9. Left: Illustration of Utermdhl method from the original paper in 1931, right: inverted microscope and
sedimentation chamber used today.

Despite the importance of microscopy, this method does have general limitations. Most
notably, it is time consuming and depends heavily on the expertise of the observer to
discriminate taxa, also including an observer-dependent bias. Taxonomic identification is
based on morphological characteristics, and thus can be difficult even for experts to identify
cells. For example, nanoplankton is difficult to identify because of their small size and lack of
distinctive morphological features. A further complication is that fixation of samples may not
work equally for all taxa and thus enumeration may be biased. For example, alkaline or neutral
lugol’s solution is most appropriate for coccolithophorids rather than acid lugol’s solution.
Also, improvements are still needed to refine the relationships between biovolumes and
biomasses, which differ depending on plankton group, size range and life stage. For example,
there is no unified formula for all diatoms to convert their resting spores into carbon biomass
based on biovolume (Kuwata et al., 1993; Leblanc et al., 2021).

1.5.2. Flow cytometry
In contrast to microscopy, flow cytometry is a rapid, easy and accurate method for
quantification of the abundance of small autotrophic and heterotrophic cells based on their
optical properties. Four decades ago, this method adapted from medical tools designed for
counting blood cells, to count instead autoflorescent particles (i.e., phytoplankton) present in
water, and has proven to be invaluable for the study of picoplankton and nanoplankton in the
ocean (e.g., Trask et al., 1982; Chisholm et al., 1988; Amann et al., 1990; Lomas et al., 2011;
Sunagawa et al., 2020). A flow cytometer measures and counts cells by hydrodynamically
aligning them in sheath fluid, which is a solution that runs through a narrow stream (10 to 20
mm wide). When a cell passes in front of the laser beam, the light of the laser scatters depending

on the cell’s size and shape. The direction of the scattering, (i.e., Forward Scatter (FSC), Side
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Scatter (SSC)) indicates the cell size. In contrast to FSC, SSC is also influenced by the cell

surface and internal cellular structure (granularity).

Biomedical uses of flow cytometry usually involve treatment of cells with fluorescent dyes or
probes before analysis, but the most common oceanographic applications entail measurement
of untreated phytoplankton cells that naturally exhibit fluorescence associated with their
photosynthetic pigments. Presence of chlorophyll-a and Phycoerythrin fluorescence allows to
discriminate phytoplankton from other particles, and flow cytometric analysis permits
enumeration of abundance, quantification of cell properties such as size and pigmentation, and
some level of taxonomic, optical and/or sized-based discrimination (e.g., Prochlorococcus,
Synechococcus, picoeukaryotes) (e.g., Olson et al., 1989). Cells without pigments such as
virus, bacteria and heterotrophic nanoflagellates (HNF) need to be stained with a fluorochrome
for detection by a cytometer. The most common fluorochromes for marine samples are the
nucleid acid stains DAPI (4,6-diamidino-2-phenylindole; Porter and Feig, 1980) and SYBR-
Green I; (Marie et al., 1999, 2000). Furthermore, staining with fluorochromes, coupled with
cytometric analysis, has made possible to study: 1) the life cycle of organisms and the
determination of organism growth rates (e.g., Dunker et al., 2018) 2) enzymatic activity by
evaluating fluorescence levels after staining (e.g., Gonzalez-Gil et al., 1998). 3) The use of
probes (FISH: Fluorescence in situ hybridization) coupled with flow cytometry allows the
study of harmful algae (e.g., Gyrodinium aureolum; Vrieling et al., 1996), or they provide in a

certain way taxonomic discrimination (e.g., Biegala et al., 2003).

There are some important limitations of conventional flow cytometry. First, flow cytometry
does not provide taxonomic discrimination (with exception of cyanobacteria). Even if flow
cytometry is combined with molecular probes, this approach remains technically challenging
and difficult to apply systematically for characterization of many plankton species (Biegala et
al., 2003). Flow cytometry provides much faster analysis of cells than microscopy, but the
sample volumes are still small (from tens of ul to a few ml) and relatively few discrete samples
can be processed compared with the space and time scales of change in the natural environment.
Moreover, flow cytometers are typically optimized so that analysis of small (pico- and nano-
sized) plankton is effective, but relatively rare and larger microplankton are missed or poorly
characterised.
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1.5.3. Metabarcoding

The first sequencing techniques were described in 1977: the Maxam-Gilbert chemical method
(Maxam and Gilbert, 1977) and the Sanger enzymatic method (Sanger et al., 1977). The Sanger
method, still used today, was quickly preferred over the Maxam-Gilbert method. It has
supported considerable progress and allowed the sequencing of the first human genome as part
of the Human Genome Project (1998 — 2003; Collins et al., 1998) . However, Sanger
sequencing is limited for large genomes and it is costly. New sequencing methods have been
developed in the last 20 years, leading to increasingly massive sequencing of living organisms.
In 2005, high-throughput sequencing (HTS or NGS: Next Generation Sequencing) was
developed. This technology is based on a principle of massive parallel sequencing that allows
to determine DNA/RNA sequences for whole genome or specific regions of interest at a much

lower cost than traditional Sanger sequencing (review Goodwin et al., 2016).

Among the NGS techniques, the environmental metabarcoding has revolutionized the way
scientists assess microbial diversity in natural environments. To study planktonic microbes,
DNA is extracted from samples collected in a particular environment. PCR amplification is
performed using general primers to target a small fragment of a DNA marker gene, resulting
in thousands of sequences per sample. Bioinformatic processing of the sequences obtained
from the pool of amplicons makes allows to describe the molecular diversity present in an

environmental sample (Fig. 1.10).

Sequencing Sequencing table

DNA extraction < Bioinformatics (ASVs, OTUS) Taxonomy
N 3 " rocl
Amplification 3
@» PR g - ASVs Q5
(e.g., COI, rbcl) } H DADIDIDERAL OTUs ‘@\ é\\:“'g

Figure 1.10. Overview of the different steps involved in metabarcoding of planktonic communities (Source: Jo et
al., 2019).

Metabarcoding allows the determination of the taxonomy of organisms and the study of their
phylogenetic relationships. This method is particularly interesting as it provides diversity data
on organisms that cannot be observed by microscopy, that are hard to cultivate, fragile, or rare.
Metabarcoding has revealed a previously hidden taxonomic richness, including rare species
and parasites (Lopez-Garcia et al., 2001) . As a result, metabarcoding studies have yielded

much higher biodiversity estimates compared to traditional microscopy-based methods (Bachy
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et al., 2013). Metabarcoding data have evidenced that a quite large proportion of eukaryotic

diversity remains unknown (Leray and Knowlton, 2016).

Despite the importance of metabarcoding in microbial ecology, each step of this method is
associated with potential biases. These biases can lead to the under- or overestimation of
certain taxa. For example, PCR biases lead to problems of i) quantification as some taxa are
over amplified (Gong and Marchetti, 2019; Sinclair et al., 2015), and ii) the creation of
chimeric sequences. These artificial sequences are made with the fusion of two (or more)
sequences, but are by definition lower in abundance than the “parent” sequences and can be
identified by software. Taxonomic groups such as dinoflagellates have a high number of gene
copies (Wisecaver and Hackett, 2011), resulting in their overrepresentation in molecular data
(Potvin and Lovejoy, 2009; Georges et al., 2014; Genitsaris et al., 2016; Christaki et al., 2021;
Santi et al., 2021; Caracciolo et al., 2022). Additionally, the number of copies depends on cell
size, and larger ones exhibit variations in the number of copies that can differ by several orders
of magnitude among taxa (see Figure 1 in Biard et al., 2017), leading to a higher representation
of larger organisms in sequencing datasets. As a consequence, metabarcoding data are semi-
quantitative, they do not present an accurate image of abundance and biomass (Lamb et al.,
2019). Another challenge is the clustering of sequences to ecologically relevant units.
Amplicons are clustered into Operational Taxonomic Units (OTUs) to account for intra-species
variability. Traditionally, a minimum similarity of 97% was required to consider two rRNA
sequences to belong to the same microbial species (Stackebrandt and Goebel, 1994). But the
use of an a priori genetic distance threshold to delineate fundamental units of diversity is not
always applicable or relevant (Brown et al., 2015) and limits the resolution of diversity analysis
by masking important patterns occurring between closely related organisms (Eren et al., 2013).
The recent development of new high-resolution methods: i) sequencing error analysis
(DADA2; Callahan et al., 2016), ii) information entropy analysis (oligotyping; Eren et al.,
2013), iii) error distribution profiles (SWARM; Mahé et al., 2015) constitutes an important
advance in microbial diversity analysis. These methods are supposed to provide a more

accurate image of the diversity by avoiding artificial similarity thresholds.

Metabarcoding has revolutionized the study of marine microbial diversity on a global scale,
(e.g., Massana and Pedrés-Alio, 2008; Massana et al., 2015; De Luca et al., 2021). Despite this

10 DADAZ2: It implements a novel algorithm that models the errors introduced during amplicon sequencing, and
uses that error model to infer the true sample composition. DADAZ2 replaces the traditional “OTU-picking” step
in amplicon sequencing workflows, producing instead higher-resolution tables of amplicon sequence variants
(ASVs).
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progress, a major challenge in microbial ecology remains the identification of microorganisms
responsible for specific functions in the environment and understanding the factors that
regulate these functions (Madsen, 2005; Gutierrez-Zamora and Manefield, 2010). To assess
this challenge, metagenomics and metatranscriptomics have emerged as powerful tools for
estimating the function potential (DNA-based) and functional activities (RNA-based) of
microbial communities. Unlike metabarcoding, which focuses on a specific genomic region,
shotgun metagenomic sequencing enables the sequencing of all genomic DNA present in a
sample. This approach provides extended genomic information, allowing both taxonomic
identification and functional characterization of the environment (Su et al., 2014). Although
these methods are currently used in several microbial studies (e.g., Gilbert and Dupont, 2011;
Mineta and Gojobori, 2016; Delmont et al., 2018), their integration into monitoring programs
is not yet fully realized because they are more expensive and computationally more complex

than metabarcoding.

1.5.4. Fluorescence in situ hybridization (FISH)
Given the above-mentioned biases associated with marker-gene sequencing, it is important to

complement it with true quantitative methods. One such technique is fluorescence in situ
hybridization (FISH) of
ribosomal RNA (rRNA) (Gall
and Pardue, 1969). The rRNA of
fluorescently labelled groups can
be  visualized under an
epifluorescence microscope,

enabling the detection,

identification, and enumeration

of active microorganisms without  Figure 1.11. Epifluorescence microscopy of planktonic microbes in
the Eastern English Channel. Hybridization with ALVO1 probe

the need for culture (Amann et (argeting Syndiniales Group I1 (planktonic parasites) that cannot be
S detected by conventional microscopy. Cytoplasm of Syndiniales

al., 1990; Fig. 1.11). These Group 11 in green; nucleus in red. Scale bar = 10 um (Christaki et

microorganisms are free in the  al-2023).

environment and/or in association with other organisms (e.g., attached or within their hosts for
parasites). This technique is based on the use of an oligonucleotide probe coupled with a
fluorochrome that will specifically hybridize to a target sequence (conventional FISH). The
TSA-FISH (Tyramide Signal Amplification-FISH, also called CARD-FISH; Catalyzed
Reported Deposition-FISH), on the other hand, involves a probe coupled to the HRP

20



Chapter 1: General Introduction

(Horseradish Peroxidase) enzyme and the substrate of this enzyme (tyramide) associated with
a fluorochrome (Schénhuber et al., 1997). TSA-FISH allows up to 10 to 20 times more intense
signal amplification than with the conventional FISH method. This improved method is
therefore essential for environmental samples for which the conventional method does not
provide intense enough fluorescent signals. This is the case for pico-sized cells with low rRNA
copy numbers. Most probes designed for prokaryotes and eukaryotes target broad taxonomic
groups, however some species-specific probes also exist (e.g., Eilers et al., 2000; Simon et al.,
2000; Not et al., 2004; Schattenhofer et al., 2009). The TSA-FISH approach also has its
inherent limitations: it is time-consuming, few probes are available as of now, and fine
taxonomic resolution is very challenging or even impossible to be provided. As the genetic
similarity among taxa increases, it becomes difficult to identify unique sequences that can be
targeted by probes. This can lead to a higher probability of cross-reactivity, where a probe may

bind to unintended targets, resulting in false-positive signals (Kubota, 2013).

To comprehensively understand the composition of planktonic microbes, it is essential to
employ a diverse range of complementary techniques that effectively capture their inherent
advantages while considering their respective limitations. By adopting a multi-faceted
approach, encompassing various methodologies (Table 1.2), we can obtain a holistic
representation of the planktonic microbial structure, thereby enabling long-term deployment

and sustainable monitoring.
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Table 1.2. Overview of advantages and limitations of traditional and molecular methods,

applied in this thesis, to study planktonic microbes.

Method Principle Data Type Advantages Limitations
Inverted Morphological Quantitative data  -Functional -Time consuming
Microscopy identification groups -No characterization of

(identification of  pico- and nanoplankton,
traits: e.g., colony  parasites
formation, spores, -Need expertise in
cysts) identification
-Possible biomass - Subject to human
estimation observer biases
- Reproductible
-Low cost
Flow Laser-based Quantitative data  -Fast - No precise taxonomic
Cytometry detection of -Reproductible identification

hydrodynamically
aligned fluorescent
cells

-Enumeration of
pico- and
nanoplankton
-Functional
groups to a certain
extent

-No precise biomass data
-No microphytoplankton
counting

-Costly instrument

Metabarcoding

Amplification of a
specific region of
DNA to identify
organisms to
species or genus
level using
databases

Semi-quantitative
data: relative
abundance of
reads (e.g., %
ASVs) within a
sample

-Fast

-Low cost
(approx.
25€/sample)
-Detailed
diversity
containing small
sized, cryptic
organisms, and

-No absolute abundance
and biomass

-PCR biases

-Different amplification
rates among species
-Different quantitative
estimates between
sequencers and runs
-Different bioinformatic

parasites analyses can yield
different community
composition
FISH Identification of Quantitative data  Ideal for -Difficult to create probes
(Fluorescence  groups of interest quantification that target specific taxa
In Situ using a fluorescent pico- and -Time consuming
Hybridization) probe matching nanoplankton, - Relatively Expensive
rRNA parasites
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1.6. Eastern English Channel

1.6.1. Importance and challenges of coastal ecosystems
Coastal regions comprise various interconnected ecosystems, ranging from estuaries to
continental shelves. These areas act as a boundary between the land and the ocean and are
affected by both terrestrial inputs and interactions with the open sea. Coastal zones offer a wide
range of ecosystem services, which represent the economic benefits that humans gain from
natural habitats. These services may account for up to one third of the earth's economic value
(Costanzaetal., 1997). Coastal ecosystems are some of the most fertilized systems in the world,
promoting primary and secondary productivity (Nixon and Buckley, 2002). Even though they
only cover 8% of the ocean's surface, they account up to 10 to 30 % in primary production,
supporting fisheries (Nixon and Buckley, 2002; Bauer et al., 2013; Cloern et al., 2014). Their
position at the interface between the continent and the ocean makes them particularly active
areas from a biogeochemical perspective. They play a major role in all biogeochemical cycles
including carbon, nitrogen, phosphorus, silicon (Siefert and Plattner, 2004). Their diversity and
productivity are also influenced by local hydrodynamism, such as currents (also influenced by
wind), and freshwater inflow, which are significant regulators of the onset of spring blooms
(Behrenfeld and Boss, 2014). Coastal hydrodynamism also contributes to the development of
mesoscale (10 — 200 km) and sub-mesoscale (1-10 km) physical structures, such as frontal
zones and eddies. These features have a significant impact on the ecosystem's biology, starting

with the microbial compartment (e.g., Casotti et al., 2000).

The major drivers of seasonal succession of plankton in shallow coastal systems are light,
temperature, day length and inorganic nutrients (Sverdrup, 1953; Margalef, 1958, 1963)). In
coastal temperate zones, seasonality results in major phytoplankton bloom in spring-summer
and/or a second one in autumn. The spring phytoplankton bloom is usually dominated by
phytoplankton of large size, such as diatoms (Fenchel, 1988). Blooms are an important,
widespread natural phenomenon in coastal ecosystems, supporting food webs with key roles in
ecosystem functioning (Behrenfeld and Boss, 2014 and references therein). These periodic
bursts in biomass are ecological hotspots, and the life cycles of many grazers are evolutionarily
tuned to the timing and location of these major events notably in coastal areas (Longhurst,
2007). Large diatoms typically dominate phytoplankton spring blooms due to their high ability
to use winter nutrient stocks and increasing irradiance (e.g., Chan, 1980). In these ecosystems,
heterotrophic protists are dominated by ciliates and dinoflagellates and they may consume up
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to 57% of primary production (e.g., Calbet and Landry, 2004). The end of the diatom bloom in
late spring coincides with decreasing nutrient levels and is followed by a drastic shift in
phytoplankton  composition towards pico- and nanophytoplankton and motile
microphytoplankton cells (i.e., flagellates and dinoflagellates) which prevail during summer.
This generally fuels the microbial loop*! and short-circuits the classical herbivorous food chain
(e.g., Azam et al., 1983; Sherr and Sherr, 1994), thus profoundly affecting the food-web

structure.

Despite their importance, coastal environments have become fragile due to growing
anthropogenic pressures in recent decades (Cloern et al., 2014; Newton et al., 2020). Various
pollutants, including nutrients, hydrocarbons, metals, and plastics are impacting coastal areas
(Cloernetal., 2014; Newton et al., 2020). One of the most significant threats to coastal systems
is eutrophication, caused by excessive nutrient loading from rivers. The intensification of
agricultural practices, urbanization, and industrialization in coastal zones has led to a
significant increase in nutrient inputs over the years (e.g., Grizzetti et al., 2012). In fact, since
the 1980s, there has been a global rise in the relative nitrogen to phosphorus content of major
riverine inputs to coastal zones, linked to an increased use of nitrogen fertilizers and improved
phosphorus removal from wastewater during re-oligotrophication efforts (Turner et al., 2003;
Grizzetti et al., 2012; Glibert et al., 2014). This has resulted in a strong nitrogen to phosphorus
imbalance in the inputs of most rivers, which affects coastal waters (Grizzetti et al., 2012;
Burson et al., 2016). These disturbances affect the functioning of coastal systems, leading to
increased phytoplankton production, changes in species composition, shifts in bloom
intensities and duration, and sometimes the proliferation of toxic algae, leading to mortality
events of several species (Cadée and Hegeman, 2002; Philippart et al., 2000; Lancelot et al.,
1987; Anderson et al., 2002).

Phytoplankton blooms are particularly frequent and intense in coastal ecosystems across the
globe. A recent study using daily satellite data evidenced a relationship between blooms and

ocean circulation, and identified the stimulatory effects of increasing temperature (Dai et

11 The microbial loop describes a trophic pathway in the marine microbial food web where dissolved organic
carbon (DOC) is returned to higher trophic levels via its incorporation into bacterial biomass, and then coupled
with the classic food chain formed by phytoplankton-zooplankton-nekton. The term microbial loop was coined by
Azam et al., 1983 to include the role played by bacteria in the carbon and nutrient cycles of the marine
environment
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al., 2023). Due to the importance of coastal ecosystems and the influence of human activities,

microbial surveys have been established worldwide.

The oldest and the most geographically extensive monitoring program in the world is the
Continuous Plankton Recorder (CPR). It started in 1931 and is operated until today by the
Marine Biological Association, based in Plymouth, UK. Commercial ships or other ships-of-
opportunity tow the CPR along their regular routes in near-surface waters (e.g., Batten et al.,
2003). The CPR filters plankton from seawater using a mesh with nominal size of 270 um, and
thus targets only zooplankton and some phytoplankton (although because of the silk wave it
may captures phytoplankton down to 10 um; Richardson et al., 2006). In France, national
microbial surveys have been investigating coastal regions for the past four decades. Their
primary goal is to examine the relationships between anthropogenic activities and the
functioning of the ecosystem. To achieve this, laboratories associated with IFREMER, CNRS,

and Universities are conducting diverse microbial surveys, including (Table 1.3):

1) REMI, (Réseau de contrle microbiologique des zones de production conchylicoles ;
microbial survey of shellfish production areas),

2) REPHY (Réseau d’Observation et de surveillance du Phytoplancton et de I’'HYdrologie

dans les eaux littorales ; phytoplankton and phycotoxin survey),
3) SOMLIT (Service d’Observation du Milieu LITtoral),
4) PHYTOBS (Réseau d’observation du phytoplancton), and

5) ROME (Réseau d’Observatoires pour la recherche en Microbiologie Environnementale

intégrée)

Several parameters acquired in these surveys contribute to the evaluation of ecological status
of the marine environment across Europe according to the frameworks Marine Strategy
Framework Directive (MSFD 2008/56/EC) and Water Framework Directive (2000/60/EC).
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Table 1.3. French national microbial surveys across coastal ecosystems.

Surveys  Creation Institute Objectives Stations Frequency Depth Methods
Most probable
REMI 1989 IFREMER  Enumeration of E. coli in live shellfish 363 Monthly or bimonthly  Surface number (MPN)
-Monitoring biomass, abundance and
composition of phytoplankton in coastal -Hydrological
and lagoon waters, as well as the parameters
REPHY 1984 IFREMER  associated hydrological parameters 300 Monthly or bimonthly  Surface - Microscopy
- Characterise the evolution of coastal - Hydrological
and littoral ecosystems parameters
- Determine the climatic and From surface - Microscopy
SOMLIT 1995 CNRS anthropogenic forces 20 Biweekly to bottom - Cytometry
-Study the responses of
microphytoplankton diversity in response
to climate change
- Asses the quality of the coastal
CNRS, environment through indicators -Hydrological
IFREMER, -Define ecological niches, parameters
PHYTOBS 1987 Universities -Detect variations in bloom phenology 25 Biweekly Surface - Microscopy
Study the spatio-temporal dynamics of
virus, bacteria, and microalgae -Biweekly seawater
communities, as well as potentially sampling
emerging toxic and pathogenic species -Monthly microbial Environmental
ROME 2020 IFREMER  along coasts 4 shellfish sampling ND DNA (eDNA)
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1.6.2. Hydrological characteristics of the EEC
The English Channel (EC) is a shallow epicontinental sea, with a maximum depth of 175 m,
situated on the continental shelf of the Northeast Atlantic and between the south coast of
England and the northern coast of France (Tappin and Reid, 2000). The EC is divided into two
distinct basins in terms of oceanographic characteristics, the western English Channel (WEC)
and the Eastern English Channel (EEC) (Dauvin, 2012; Fig. 1.12).
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Figure 1.12. Surface currents in the English Channel (Source: Reynaud et al., 2003).

The EEC stretches from the Strait of Dover to the Cap de la Hague. It is characterised by a
mega-tidal regime with semidiurnal tides (i.e., two high and low tides per day). The tidal range
in the EEC varies between 3 and 9 meters, during neap-tides and spring-tides, respectively. The
tide currents flow parallel to the coast, with northward flood streams during high tides and
southward ebb streams during low tides. The residual circulation parallel to the coast generates
a permanent water mass, which is continuously maintained by the riverine inputs, originating
from the local rivers, such as Somme, Authie, and Canche, as well as the Bay of Seine. As a
result, near-shore waters are less salty and more turbid compared to the open sea, and they are
separated the offshore waters by a frontal area called the coastal flow or ‘fleuve cotier'
(Brylinski et al., 1991; Lagadeuc et al., 1997; Sentchev et al., 2006). The coastal flow spans
from 3 to 5 miles and is characterised by phytoplankton richness and significant pollution. It
drifts northward due to residual circulation, dominant south-west winds, and the narrowing of
the Channel in the Dover Strait (Brylinski et al., 1991; Fig. 1.13). This coastal flow acts as a
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transition zone for material fluxes from the WEC to the North Sea, transferring dissolved and

particulate material towards the North Sea ; Velegrakis et al., 1999).

Figure 1.13. lllustration of the coastal flow ‘fleuve cotier’ and the frontal zone in the Eastern English Channel
(Source: Brylinski et al., 1991).

The meteorological conditions of the EEC and especially temperature, irradiance, winds, and
precipitation, exhibit cyclic changes throughout the year and cause spatiotemporal variability
of the physicochemical properties of water masses. Warmer water masses are observed in
summer than in winter due to increased irradiance that warms the first few meters of the water
column. The shallow depth and strong tidal current (1.0 to 2.5 m s!) generate constant mixing
of the water column preventing the formation of a seasonal thermocline (Gentilhomme and
Lizon, 1997).

1.6.3. Planktonic microbes in the EEC
The EEC is characterised by strong repeating patterns in phytoplankton succession, including
the annual spring nontoxic blooms of the haptophyte Phaeocystis globosa that can represent
up to 90% of the phytoplankton biomass (e.g., Schapira et al., 2008; Grattepanche et al., 20113a;
b, Breton et al., 2017).

Phaeocystis is widely distributed in a variety of marine habitats around the world. It presents
a polymorphic life cycle exhibiting phase alteration between colonies and two types of cells:
flagellates and non-flagellates (colonial) (Rousseau et al., 2007). Three out of the six
Phaeocystis species are associated with bloom events in nitrogen-rich areas. (Reviewed in
Schoemann et al., 2005). For example, Phaeocystis globosa forms big gelatinous colonies
reaching several millimeters, consisting of thousands of cells embedded in a polysaccharidic
matrix, in coastal and offshore waters (Schoemann et al., 2005). Phaeocystis is exceptional
because of its unique physiology, which impacts food-web structures, global biogeochemical

cycles and climate regulation (e.g., Lancelot et al., 1995). Furthermore, it is of particular
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interest due to its production of dimethylsulfoniopropionate (DMSP) (Liss et al. 1994) and also
its massive release of organic matter during the decline of the bloom (van Boekel et al., 1992).
This latter phenomenon often results in foam accumulation on the coast (Lancelot 1995, Hubas
et al. 2007). The foam formation occurs under specific windy conditions and the amount of
foam is dependent on wind speed and direction (Lancelot, 1995). While Phaeocystis globosa
blooms are not toxic, foam accumulation may result in anoxic conditions impacting marine

ecosystems significantly (Spilmont et al., 2009).

For the past two decades extensive research has been demonstrating the major drivers defining
Phaeocystis globosa blooms in the EEC (Breton et al., 1999, 2006; Seuront et al., 2006;
Spilmont et al., 2009; Grattepanche et al., 2011, 2011; Lefebvre et al., 2011; Monchy et al.,
2012; Christaki et al., 2014; Genitsaris et al., 2015, 2015, 2016; Breton et al., 2017; Rachik et
al., 2018; Breton et al., 2021, 2022). The depletion of silicates, a nutrient used only by diatoms
triggers colony formation and bloom of Phaeocystis in the laboratory, but abundant nitrogen
and silicate depletion are not the only reasons for Phaeocystis proliferation. The need for
sufficient irradiance has been considered to be higher than those of diatoms for maximum
growth, and thus could result in Phaeocystis globosa blooms (Peperzak et al., 1998).
Phaeocystis globosa has also a strong protection against grazing by forming colonies and may
further benefit from the increased grazing of mesozooplankton on the microzooplankton,
potential predators of Phaeocystis (Nejstgaard et al., 2007; Grattepanche et al., 2011a,b; Fig.
1.14). Furthermore, the re-oligotrophication and reduction in river inputs observed along the
coast over the past decade have promoted the blooms of Phaeocystis globosa by exacerbating

the imbalance between nitrates and phosphates (Breton et al., 2022).
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Top-down control
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Figure 1.14. Schematic illustration of microbial food web during Phaeocystis globosa bloom. In the Eastern
English Channel, heterotrophic protists, particularly large heterotrophic dinoflagellates, are the main predators
of diatoms and the only consumers of small Phaeocystis globosa colonies (Modified from Grattepanche 2011
thesis).

Microscopic observations and metabarcoding have shown that besides the intense bloom of
Phaeocystis globosa, other plankton microorganisms including diatoms, dinoflagellates,
bacteria and eukaryotic parasites prevail, and some of them present blooms or increases in the
EEC (e.g., Breton et al., 2000; Schapira et al., 2008; Lamy et al., 2009; Grattepanche et al.,
2011a, b; Hernandez-Farifias et al., 2014; Genitsaris et al., 2015; 2016; Christaki et al., 2017).
The structure and seasonal succession of microbial communities have been studied using
sequencing approaches (e.g., Christaki et al., 2014; Genitsaris et al., 2015, 2016). Genitsaris et
al. (2015) stated that biotic interactions appeared to be the main factor governing the structure
and temporal succession of protist communities. Another sequencing study revealed a highly
diverse community of eukaryotic endosymbionts, parasites, and organic matter degraders
(Christaki et al., 2017). The dominant members of this community are the Syndianiales Group
Il a phylogenetically related group to dinoflagellates (Lopez-Garcia et al., 2001). However,
massive sequencing techniques such as High Throughput Sequencing (HTS) only provide a
semi-quantitative estimation of a taxon, not its absolute abundance. In the case of
endosymbionts, HTS cannot determine their hosts and therefore their role. On the other hand,
microscopic observations focusing on phytoplankton using trait-based approaches have shown

that phytoplankton are regulated through competition-defence trade-offs (Breton et al., 2021).
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However, little is known regarding the mechanisms regulating ‘blooming taxa’, as the
previously referred studies were particularly focused on P. globosa blooms. In this thesis the
term ‘blooming taxa’ includes the planktonic microorganisms that bloom or present relatively

important increases.

1.7. Thesis Objectives

The aim of this thesis was to investigate the seasonal organization mechanisms of microbial
communities in the Eastern English Channel. In particular this thesis looked into ecological
processes through a community ecology approach, and interactions (i.e., between heterotrophic

bacteria and phytoplankton, and dinoflagellates and Syndiniales Group I1)

This work was supported by the State-Region Contract Plan (CPER) ‘Hauts-de-France’
MARCO (Recherche Marine et Littorale en Cote d’Opale — 2014-2020; https://marco.univ-

littoral.fr/) under the work package 2.3: ‘Taxonomic and functional diversity of procaryotes,
protists and planktonic metazoans’. The objective of the work package 2.3, was to enhance our
knowledge of the biological processes carried out by small planktonic organisms (viruses,
prokaryotes, photosynthetic and heterotrophic protists and zooplankton) that constitute the
basis of marine food webs, using both conventional and molecular methods. The preliminary
results of the work package 2.3, which inspired this thesis, showed that several planktonic taxa
marked the ecological succession with momentary proliferations or peaks, especially after the
wane of P. globosa bloom. These organisms belonged to different phylogenetic groups such as
bacteria, protists, potentially toxic phytoplankton and eukaryotic parasites, all of which have
in common their small size and rapid growth rate. While microbial surveys usually collect
samples every 2 weeks (Table 1.3). Two different frequencies were conducted to better capture
the temporal changes of planktonic communities (bi-weekly during 2016-2020 and at a higher
frequency during 2018-2020).

For this, 322 samples were gathered at 5 neighbouring coastal stations across 15 km. The
coastal and offshore stations south of Boulogne-sur-Mer on the frame of the National
Observation Service (SNO) ‘SOMLIT’, as well as three stations of the local monitoring
transect called ‘DYPHYRAD’ (DYnamique PHYtoplanctonique le long de la RADiale), from
2016 to 2020.
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- Chapter 2 aimed to investigate the ecological processes regulating phytoplankton
assemblages in the coastal waters of the Eastern English Channel.
) Which phytoplankton taxa bloom or show increases in the EEC?
i) Do stochastic and/or deterministic processes regulate the seasonal succession of

phytoplankton?

Skouroliakou, D-1., Irion S., Breton E., Artigas F-L., Christaki U., (2022), Stochastic and
deterministic processes regulate phytoplankton assemblages in a temperate coastal ecosystem,
Microbiology Spectrum, https://doi.org/10.1128/spectrum.02427-22

- Chapter 3 aimed to describe heterotrophic bacterial dynamics and identify putative
interactions during Phaeocystis globosa and transient diatoms blooms.

)} Do heterotrophic bacteria present seasonal patterns?

i) Does heterotrophic bacteria composition vary between different blooming events?

iii)  Arethere any taxon-specific relationships between phytoplankton and heterotrophic

bacteria?
To be submitted in Environmental Microbiology.

- Chapter 4 aimed to investigate interannual dynamics, diversity and identify
potential hosts of Syndiniales Group II.

i) Do Syndiniales Group Il have seasonal patterns and do they relate to dinoflagellate
dynamics?
i) Do stochastic and/or deterministic ecological assembly processes prevail in the

Syndiniales Group 1l community assembly?

iii) Is sequencing an accurate method to infer dinospore abundances?

Christaki U*, Skouroliakou D-1*, Jardillier, (2023), Interannual dynamics of putative parasites
(Syndiniales Group IlI) in a coastal ecosystem, Environmental Microbiology, DOI:
https://doi.org/10.1111/1462-2920.16358, *the first two authors contributed equally

The last chapter (Chapter 5) consists of a general discussion of the results obtained, the

conclusions, as well as the perspectives that will be developed.
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Preamble

While ecological deterministic processes are conducive to modeling, stochastic ones are far
less predictable. Understanding the overall assembly processes of phytoplankton is critical in
tracking and predicting future changes. The novelty of this study is that it addresses for the first
time, and on a pluri-annual scale, a long-posed question: Is seasonal phytoplankton succession
influenced by deterministic processes (e.g., abiotic environment) or by stochastic ones (e.g.,
dispersal, or ecological drift). Our results provided strong support for a seasonal and repeating
pattern with stochastic processes (drift) prevailing during most of the year, and in particular,

during the periods that presented monospecific phytoplankton peaks.
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Stochastic and deterministic processes regulate phytoplankton

assemblages in a temperate coastal ecosystem

Dimitra-loli Skouroliakou?® *, Elsa Breton?, Soléne Irion?, Luis Felipe Artigas?, and Urania Christaki®
! Univ. Littoral Cote d’Opale, CNRS, Univ. Lille, UMR 8187 LOG, Wimereux, France
Keywords: community assembly, phytoplankton, seasonality, ecological processes

This chapter has been published in the Microbiology Spectrum Journal

DOI : https://doi.org/10.1128/spectrum.02427-22

Résumé en Francgais

Dans cette étude, nous avons émis I'hypothese que les processus écologiques déterministes et
stochastiques régulant le phytoplancton présentent des schémas saisonniers et répétitifs. Cette
hypothése a été explorée lors d'une étude de 5 ans (287 échantillons) menée a petite échelle
spatiale (~15km). Les données de microscopie, cytométrie et de séquencage (metabarcoding)
ont permis une évaluation approfondie de la diversité et I'exploration des processus écologiques
régulant le phytoplancton, a l'aide d'une analyse de 'null modelling' (modele nul). Le
renouvellement temporel de la communauté (diversité béta) a mis en évidence un schéma inter-
annuel cohérent qui a déterminé la structure saisonniere du phytoplancton. En hiver et au début
du printemps le déterminisme (sélection homogéne) était le processus majeur dans
I'assemblage de la communauté phytoplanctonique (moyenne globale de 38 %). Des processus
stochastiques (ecological drift, dérive écologique) ont prévalu pendant le reste de I'année
(moyenne globale de 55 %) avec des valeurs maximales enregistrées a la fin du printemps et
en été, qui présentaient souvent des pics phytoplanctoniques monospécifiques
transitoires. Nous avons ainsi montré que globalement, la prévalence des processus
stochastiques rend a priori moins prévisible la dynamique saisonniere des communautés

phytoplanctoniques face aux changements environnementaux futurs.

Abstract

Assessing the relative contributions of the interacting deterministic and stochastic ecological
processes for phytoplankton community assembly is crucial in understanding and predicting
community organization and succession at different temporal and spatial scales. In this study,
we hypothesized that deterministic and stochastic ecological processes regulating

phytoplankton, present seasonal and repeating patterns. This hypothesis was explored during a
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five-year survey (287 samples) conducted at a small spatial scale (~15km) in a temperate
coastal ecosystem (eastern English Channel). Microscopy and flow-cytometry quantified
phytoplankton abundance and biomass, while metabarcoding data allowed an extended
evaluation of diversity and the exploration of the ecological processes regulating
phytoplankton, using null model analysis. Alpha diversity of phytoplankton was governed by
the effect of environmental conditions (environmental filtering). Temporal community
turnover (beta diversity) evidenced a consistent inter-annual pattern that determined the
phytoplankton seasonal structure. In winter and early spring (from January to March),
determinism (homogeneous selection) was the major process in the phytoplankton community
assembly (overall mean of the year was 38%). Stochastic processes (ecological drift) prevailed
during the rest of the year (from April to December, overall mean for the year was 55%) with
maximum values recorded in late spring and summer, which often presented recurrent and
transient monospecific phytoplankton peaks. Overall, the prevalence of stochastic processes
renders, a priori less predictable the seasonal dynamics of phytoplankton communities to future

environmental change.

2.1. Introduction

Understanding the mechanisms that shape species’ community structure is a central topic in
ecology (e.g., Connor and Simberloff, 1979; Chesson, 2000; Hubbell, 2001). ‘Niche theory’
hypothesises that species coexist due to their intraspecific and interspecific interactions, and
changing environmental conditions (Hutchinson, 1957). On the contrary, ‘neutral theory’
assumes that all species are ecologically functionally equivalent, and species coexist due to
random changes in the community structure because of stochastic processes of birth, death,
colonisation, extinction, and speciation (Chase and Myers, 2011). Given these two theories,
Chesson recognised that both niche and neutral processes act concomitantly in structuring
communities. In line with these perspectives, Vellend’s conceptual framework grouped four
major ecological processes that drive species composition and diversity: selection, dispersal,
speciation, and ecological drift. Selection refers to deterministic fitness differences between
individuals of the same or different species, including environmental filtering and interactions
among species (competition, predation, and facilitation); dispersal is the movement of species
across space; speciation is the generation of new genetic variation; and ecological drift
represents random changes in species’ relative abundance over time due to the inherent

stochastic processes.

35



Chapter 2: Phytoplankton community assembly processes

Assessing the relative importance of these processes has recently attracted the attention of
microbial ecologists mostly in soil and freshwater environments by using concepts developed
in terrestrial ecology (e.g., Stegen et al., 2012; Wang et al., 2013; Liu et al., 2017; Wu et al.,
2018; Aguilar and Sommaruga, 2020). These studies revealed the concomitant action of
deterministic and stochastic processes in shaping communities. Deterministic processes are
related to environmental conditions such as nutrient availability (Liu et al., 2017), species traits
or interactions (Zhou and Ning, 2017; and references therein), while stochastic processes that
include inherent randomness are less predictable and they are related to dispersal mechanisms,
drift, and speciation (Vellend, 2010). The majority of literature developing ecological theories

(such as, Hubbel’s, 2001) and the respective methodology derive from terrestrial ecology.

Historically, phytoplankton assemblages have been studied from a deterministic perspective
based on their traits (e.g., Tilman et al., 1982; Violle et al., 2007), and their environment
(Longobardi et al., 2022). However, deterministic processes in structuring phytoplankton
communities (Litchman and Klausmeier, 2008) are insufficient to explain overall community
structure and diversity patterns (Behrenfeld et al., 2021). Marine phytoplankton studies have
been partly focused on stochastic (e.g., Chust et al., 2013) or dispersal processes (e.g., Spatharis
et al., 2019). Yet, there is a need to understand how deterministic and stochastic processes
potentially change in one ecosystem at different time scales (Jia et al., 2018; Aguilar and
Sommaruga, 2020). Two existing phytoplankton studies have quantified the relative
contribution of both deterministic and stochastic processes focused on large spatial scale (Xu
et al., 2022) or short time periods (less than a year; Ramond et al., 2021). However, the present
study is the first one to quantify both deterministic and stochastic phytoplankton assembly
processes at a seasonal scale over a pluri-annual sampling period.

Given the annual emergence of P. globosa blooms and the high seasonal turnover in
environmental conditions and phytoplankton, the eastern English Channel is a very suitable
natural ecosystem to explore these ecological processes. It is a constantly mixed meso-
eutrophic epicontinental sea, which has been undergoing anthropogenic disturbances since the
last century (McLean et al., 2019). The nitrate enrichment with parallel silicate depletion in
late winter promotes annual spring blooms of the Haptophyte Phaeocystis globosa (Egge and
Aksnes, 1992; Breton et al., 2006). Yet, after the wane of the P. globosa bloom, the seasonal
succession is also marked by the increase in abundance and biomass of other planktonic taxa,

such as heterotrophic bacteria, reaching high abundances (Lamy et al., 2009), peaks of parasitic
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Syndiniales (Christaki et al., 2017), diatoms (Breton et al., 2017), and dinoflagellates (Gémez
and Souissi, 2007, 2008).

Previous studies investigating drivers structuring planktonic communities in the eastern
English Channel focused only on deterministic processes such as inter-taxa relations
(Genitsaris et al., 2016), environmental filtering (Breton et al., 2021), and predation
(Grattepanche, Breton, et al., 2011). The present study aimed to explore the stochastic and
deterministic ecological processes driving the seasonal organisation of phytoplankton
assemblages, and how these processes varied across seasons. We hypothesized that
deterministic and stochastic ecological processes regulating phytoplankton, present seasonal
and repeating patterns. For this, first, the seasonal diversity patterns combining morphological
(i.e., counts by microscopy and flow cytometry) and metabarcoding (18S rDNA amplicon
sequencing) data of phytoplankton obtained at five neighboring coastal stations in the eastern
English Channel from 2016 to 2020 were investigated. Second, the phylogenetic structure
(alpha diversity) and the phylogenetic turnover (beta diversity) in metabarcoding data using
null models according to (Stegen et al., 2012, 2013) were explored. Then finally, considering
the theoretical framework of Vellend, the relative importance of stochastic and deterministic

ecological processes across seasons was quantified.

2.2. Material and Methods

2.2.1. Sampling strategy

Subsurface seawater (2 m depth) of five coastal stations along a ca. 15 km transect was sampled
from March 2016 to October 2020 in the eastern English Channel (Figure S2.1). During, the
first two years, the S1 inshore station and the S2 offshore station of the SOMLIT monitoring

network (https://www.somlit.fr/) were sampled on a bi-weekly basis. From 2018 to 2020 three

stations were added: the coastal stations R1, R2 and the offshore station R4 from the local
monitory transect DYPHYRAD. The sampling was carried out weekly and more intensively
for some periods between 2018 and 2020. A total of 322 samples were gathered during 169
sampling campaigns at these five stations.

2.2.2. Environmental variables

Sea surface temperature (T, °C) and salinity (S, PSU) were measured in situ with a CTD
Seabird profiler. The average subsurface daily PAR experienced by phytoplankton in the water
column for six days before sampling was obtained from global solar radiation (GSR, Wh m)
as described in Breton et al., (2021). Wind stress (Pa) was calculated as described in Smith (

1988). In addition, seawater macronutrients concentration were analysed according to Aminot
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and Kérouel (2004). Chlorophyll-a (Chl-a) concentration was measured by fluorometry as
described in (Lorenzen, 1966). Additional details on environmental data acquisition and sample

analysis can be found at https://www.somlit.fr/en/ and in supplementary information.

2.2.3. Phytoplankton microscopic and cytometric counts (morphological data)

For diatoms and P. globosa counting, 110 mL water samples were collected and fixed with
Lugol's-glutaraldehyde solution (1% v/v). For dinoflagellates, another 110 mL were fixed with
acid Lugol’s solution (1% v/v) (data for dinoflagellates are available from 16/02/2018.
Phytoplankton was examined, when possible, to the species or genus level using an inverted
microscope (Nikon Eclipse TE2000-S) at 400x magnification after sedimentation in a 10, 50,
or 100 mL Hydrobios chamber, as described previously in Breton et al., (2021).

The abundance of pico- and nanophytoplankton (PicoNano, 0.2-20 um) and cryptophytes was
enumerated by flow cytometry with a CytoFlex cytometer (Beckman Coulter). For all samples,
4.5 ml were fixed with paraformaldehyde (PFA) at a final concentration of 1% and stored at -
80 °C until analysis (Marie et al., 1999). Phytoplankton cells were detected according to the
autofluorescence of their pigments (Chl-a, Phycoerythrin). P. globosa was discriminated from

the PicoNano group based on orange fluorescence (Phycoerythrin, 496 nm).

Biovolumes for diatoms and cryptophytes, dinoflagellates, and P. globosa were estimated
using an image analyser system and standard geometric forms according to (Hillebrand et al.,
1999). Then, the carbon-biovolume relationships were estimated following Menden-Deuer and
Lessard, (2000), Verity (1992), and Schoemann (2005; see Table S2.1 for details).

2.2.4. DNA barcoding

For DNA extraction 4 to 7 L of seawater was filtered on 0.2um polyethersulfone (PES)
membrane filters (142 mm, Millipore, U.S.A.) after a pre-filtration step through 150 um nylon
mesh (Millipore, U.S.A.) to remove metazoans. All filters were stored at —80 °C for 18S rDNA
amplicon Illumina MiSeq sequencing. A quarter of PES filter was used for DNA extraction
following the DNAeasy PowerSoil Pro Kit (QIAGEN, Germany) manufacturer’s protocol. The
185 rRNA gene V4 region was amplified using EK-565F  (50-
GCAGTTAAAAAGCTCGTAGT) and UNonMet (50-TTTAA GTTTCAGCCTTGCG)
primers (Bower et al., 2004). Pooled purified amplicons were then paired-end sequenced on an
[llumina MiSeq 2 x 300 platform. Quality filtering of reads, identification of amplicon
sequencing variants (ASV), and taxonomic affiliation based on the PR2 database were done in
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the R-package (Guillou et al., 2008; Callahan et al., 2016). Raw sequencing data have been
submitted to the Short Read Archive under BioProject number PRINA851611.

A total number of 41,179 ASVs were identified from 6,366,087 reads in 287 samples,
containing Metazoa, Streptophyta, Excavata, Alveolata, Amoebozoa, Apusozoa,
Archaeoplastida, Hacrobia, Opisthokonta, Rhizaria, and Stramenopiles. For the purpose of this
study only ASVs affiliated to Hacrobia, Stramenopiles, and Archaeoplastida were kept. In
addition, mixotrophic dinoflagellates ASVs related to Gymnodinium and Prorocentrum were
considered for their ecological importance. Gymnodinium is known to dominate dinoflagellate
abundance and biomass in the eastern English Channel (Grattepanche, Breton, et al., 2011),
while Prorocentrum showed a momentary increase in this study. Unaffiliated eukaryotic
ASVs, singletons and doubletons were removed, obtaining a final phyloseq object containing
6,471 ASVs corresponding to 2,448,955 reads, in 287 samples. The dataset was rarefied to the
lowest number of reads (1,020), resulting in 274,380 reads corresponding to 4,141 ASVs from
269 samples.

2.2.5. Diversity, statistical and community assembly analyses

To describe the phytoplankton communities, the alpha diversity and Faith’s phylogenetic
diversity indices were calculated. Kruskal-Wallis and the post-hoc Nemenyi test were used to
test if phytoplankton groups significantly differ among stations. To explore and summarize
seasonal variations in the abiotic environment the multivariate Principal Component Analysis
(PCA) was performed. Distance-based RDA analysis was applied considering morphological
and metabarcoding data. All analysis was performed in R (R Core Team, 2021).

To infer ecological assembly processes governing alpha and beta diversity, null models based
on metabarcoding data were applied according to Stegen’s framework (Stegen et al., 2012,
2013) reviewed by Zhou and Ning (2017). All tests presented here, were applied according to
this framework. Briefly, the community assembly analysis, is based on the comparison of
observed community turnovers (shifts in composition across samples), phylogenetic turnovers
(shifts in composition weighted by the phylogenetic similarity between taxa) and turnovers
expected by chance (in null-models), to estimate whether the differences between pairs of
communities are explained by dispersal, selection, or ecological drift. According to
phylogenetic community composition (alpha diversity) within each sample, phylogenetic
structure is divided into environmental filtering and overdispersion, which are deterministic

processes (Table 1). Based on phylogenetic turnover in community composition (beta
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diversity), deterministic processes are divided into homogeneous selection (i.e., consistent
environmental factors cause low compositional turnover) and heterogeneous selection (i.e.,
high compositional turnover caused by shifts in environmental factors). However, stochastic
processes are divided into homogeneous dispersal (i.e., low compositional turnover caused by
high dispersal rates), dispersal limitation (i.e., high compositional turnover caused by a low
rate of dispersal), and ecological drift that can result from fluctuations in population sizes due
to chance events (Stegen et al., 2012, 2013; Segura et al., 2013; Table 1). The implicit
hypothesis is that phylogenetic conservatism exists, which means that ecological similarity
between taxa is related to their phylogenetic similarity (i.e., phylogenetic signal; Losos, 2008).
Mantel correlograms were applied to detect phylogenetic signals, which correlate the
phylogenetic distances to the niche distances at different distance classes (e.g., Liu et al., 2017,
Doherty et al., 2020; further information in supplementary). Significant positive correlations
indicate that ecological similarity among ASVs is higher than expected by chance within the
distance class. Alternatively, significant negative correlations indicate that ASVs are more
ecologically dissimilar than expected by chance. Here the cal_mantel_corr function in the
microeco package was used (Liu et al., 2021).

To characterise if alpha diversity (i.e., phylogenetic structure) of phytoplankton is governed by
environmental filtering or overdispersion we used the NRI index (Nearest Related Index, see
also Table 2.1). For this, first, the phylogenetic metric MPD (Mean Pairwise Distance) was
calculated as it considers the mean phylogenetic distance among all pairs of species within a
community (Webb et al., 2002). Phylogenetic structure (alpha diversity) was then assessed by
the NRI for each community with null models based on 999 randomizations with the random
shuffling of the phylogenetic tree labels with MicrobiotaProcess package v.1.5.4.990 (i.e., the
get_NRI_NTI function). The NRI index is obtained by multiplying the standardized effect size

of mean pairwise phylogenetic distance by -1.

The phylogenetic temporal turnover between pairwise communities among sampling dates
(beta diversity) was quantified to investigate the action of deterministic and stochastic
ecological processes with microeco R package v.0.6.0 (Liu et al., 2021), using the
trans_nullmodel function. The phylogenetic distance between pairwise communities (beta
mean pairwise distance: BMPD) was computed with null models based on 999 randomizations
with the random shuffling of the phylogenetic tree labels as in Stegen et al., (2013). The BNRI
was calculated via the z score, as the difference between the observed BMPD and the mean of

the BMPD null models divided by the standard deviation of the null models. BNRI scores less

40



Chapter 2: Phytoplankton community assembly processes

than -2 indicate that the observed phylogenetic turnover is significantly lower than ~95% of
the null values and thus that homogeneous selection between the compared communities causes
higher than expected phylogenetic similarity. Similarly, BNRI scores greater than +2 indicate
the dominance of heterogeneous selection. The Raup-Crick distances based on the Bray-Curtis
similarity (RCuray) Were also calculated to further differentiate the stochastic processes
structuring the community assembly, when BNRI scores varied between -2 and +2 . Values, of
RCbray less than -0.95 and greater than 0.95 indicate less and more compositional turnover,
respectively, than the null expectation and that is attributed to homogeneous dispersal in the
former case and to dispersal limitation in the latter. All definitions of the different assembly
processes corresponding to the values of NRI and BNRI are shown in Table 1. Non-weighted
metrics were used as metabarcoding data are semi-quantitative and the rarefied dataset was
considered to prevent any bias due to potential under-sampling (Ramond et al., 2021). The
analysis in August has not been considered for further discussion in the present study because

of insufficient sampling (i.e., only three samples).

To evaluate whether phylogenetic structure (i.e., NRI) and turnover (i.e., BNRI) is attributed to
different environmental variables a Permutational Multivariate Analysis of Variance
(PERMANOVA) was performed based on the Bray-Curtis distance.

2.3. Results

2.3.1. Seasonality of the environmental variables and phytoplankton communities

Prior to the quantification of ecological processes regulating the phytoplankton communities
across seasons, the seasonal variations of the environment and the phytoplankton communities
were investigated. The environmental variables and phytoplankton community composition
measured in the eastern English Channel at the SOMLIT and DYPHYRAD stations evidenced
clear seasonal patterns from December 2016 to October 2020, typical of temperate marine
waters. Wind stress, nutrients, and chlorophyll showed great variability across seasons (Table
S2.2). Nutrient inputs originated mainly from local rivers and reached relatively high values
during fall and winter (Fig. S2.2A). For example, silicate concentrations recorded in winter
were high (e.g., on average 5.9 £ 1.9 uM in January), whereas values in spring and summer
were low on average (e.g., 0.9 £ 0.9 uM in June, Table S2.2, Fig. S2.2A). The N/P molar ratio
varied greatly across seasons (from 0.4 to 316), and most of the time strongly deviated from
the Redfield ratio (1958), (N/P=16, Table S2.2). A comparison of the mean ranks (Kruskal
Wallis and Nemenyi post hoc test) of environmental variables between the different stations

revealed significant differences in salinity, phosphate, silicate, and Chl-a between the stations
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(Fig. S2.2B). However, the environmental variables were of the same range and showed the
same seasonal variation at all stations (Fig. S2.2B). Principal Component Analysis (PCA)
performed on the environmental dataset showed that the first two principal components
contributed to 58 % of the total variance (Fig. 2.1A). The first principal component (PC1: 39.2
%) was mainly formed, by decreasing order, by phosphate, PAR, nitrite and nitrate, silicate,
temperature, and wind stress, opposing winter and summer conditions (Fig. 2.1A, Fig. S2.2A).
The second principal component (PC2: 18.8 %) was mainly formed by decreasing order by
Chl-a, salinity and temperature associated with spring and autumn. Overall, summer and
autumn samples formed tighter groups on the PCA biplot than spring and winter samples which

were more dispersed (Fig. 2A).
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Figure 2.1. (A) Principal component analysis (PCA) illustrating the variations of the environmental variables
(arrows) at all sampling dates (coloured points with the size corresponding to the cos2 values of the PCA):
Photosynthetic Active Radiation (PAR, E m? d?), temperature (T, °C), salinity (S, PSU), nitrite and nitrate
(NO2+NO; uM), silicate (Si(OH)a4, M), phosphate (PO4, uM), chlorophyll-a (Chl-a, xg L), rainfall (Kg m),
wind stress (Pa). The table on the bottom left represents the % of the contribution of the different environmental
variables in the building of the PCA axis (the most important contributors are in bold). (B) Distance-based
redundancy (db-RDA) ordination illustrating the variations of the phytoplankton communities, based on
metabarcoding data, (samples, coloured dots) in relation to the environmental variables (black arrows) in the
eastern English Channel at the DYPHYRAD and SOMLIT stations from March 2016 to October 2020.

The distance-based redundancy analysis (db-RDA) applied to metabarcoding data of
phytoplankton communities and the environmental variables showed that the first two axes
explained 45 % of the total variation in phytoplankton composition data (23 % and 22 % of the
total variability for db-RDAL1 and db-RDAZ2, respectively; Fig. 2.1B) with db-RDA1 and db-
RDAZ2 highlighting a seasonal succession similar the PCA. The permutation test showed that
PAR and temperature mainly contributed to the overall variability by 21 % (p=0.001) and 18
% (p=0.001), respectively, followed by nutrients (nearly 10 %, p=0.01, Table S2.3). Our study
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is one of the rare ones considering both morphological and metabarcoding data using a
relatively large data set (287 samples). Accordingly, since metabarcoding data are subjected to
PCR biases and are always expressed in relative abundances, while morphological data are
absolute abundances, it was important to confront the two data sets and see if they show similar
trends. For this, the db-RDA was also applied to the microscopy data, which revealed similar
seasonal trends (Fig. S2.3). The first two axes showed that the selected environmental variables
explained nearly 37 % of the total variation (db-RDA1: 24 % and db-RDAZ2: 13 %) in
phytoplankton data. The permutation test showed that PAR (24 %, p=0.001), temperature (10
%, p=0.001), and nutrients (10 %, p<0.05) mainly contributed to the overall variability (Table
S2.4).

2.3.2. Phytoplankton community inferred with metabarcoding and morphological data

Phytoplankton communities showed high variability in alpha diversity (Fig. 2.2 A-D). The
overall trend observed was decreasing Richness, Phylogenetic Faith’s diversity (PD) and
Shannon index from winter to spring, with the lowest observed values during the P. globosa
spring bloom (April, May) and highest observed values in summer and autumn. Accordingly,
the Simpson diversity index (1-D), showed the lowest values during the P. globosa spring

bloom and relatively high values during the rest of the year (Fig. 2.2A-D).
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Figure 2.2. Alpha diversity of the phytoplankton communities based on metabarcoding data collected in the
eastern English Channel at the DYPHYRAD and SOMLIT stations from March 2016 to October 2020. (A)
Richness, (B) PD, Faith’s phylogenetic diversity, and the (C) Shannon and (D) Simpson (1-D) indices. Solid black
lines represent the median, black dots the mean, colored dots the samples according to stations, and the black
stars the outliers.
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Based on morphological data (i.e., microscopy and cytometry counts), diatoms dominated the
phytoplankton biomass (mean 55 %) across all seasons except in April-May, when the
haptophyte P. globosa increased in biomass (42 % and 28 %, respectively, Fig. 2.3A). Pico-
nanophytoplankton contributed 32 % of the total biomass, while cryptophytes and
dinoflagellates accounted for only 4 % and 3 % of the total phytoplankton biomass, respectively
(Fig. 2.3A). Metabarcoding data also reflected the dominance of diatoms as relative read
abundance (mean 60 %) in the community and the Phaeocystis bloom in April and May (43 %
and 41 9%, respectively). Pico-nanophytoplankton, cryptophytes, and dinoflagellates
contributed 20 %, 0.5%, and 6, % of the mean relative read abundance, respectively (Fig. 2.3B).
Furthermore, no significant differences were found among the stations for the number of reads,

cell counts, and biomass of the different phytoplankton groups recorded in this study (Fig.

S2.4).
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Figure 2.3. Phytoplankton community structure in the eastern English Channel at the DYPHYRAD and SOMLIT
stations from March 2016 to October 2020. (A) From microscopy and cytometry (relative biomass as a percentage
of carbon, see Table S2.1 in Supplemental information for biomass calculation). (B) From rarefied metabarcoding
data (relative abundance as the percentage of reads of the ASVs).

Besides the P. globosa bloom in April and May (Fig. 2.4A), several important peaks belonging
to different groups were observed in spring, summer, and autumn, in both datasets. In July
2016, the planktonic diatom Chaetoceros socialis reached a maximum value of 3.1 10° cells L
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1 (Fig. 2.4B, Fig. S2.5), which coincided with a relatively high number of Chaetoceros reads
(32 %, Fig. S2.5). In July 2017, Guinardia showed a relatively high number of reads (69 %,
Fig. S2.6) in contrast to low abundance (18 102 cells L) in microscopy data. In June 2018, a
peak of the pennate diatom Pseudo-nitzschia pungens, reached 4.8 10° cells L (Fig. 2.4B).
The transient P. pungens peak was also clearly observed in metabarcoding data, reaching 73%
of relative read abundance (Fig. S2.7). In addition, the centric diatom Leptocylindrus danicus
marked diatom community structure also in June with a maximum concentration of 1.5 10°
cells L™ in 2018 (Fig. 2.4B, Fig. S2.7) and was also abundant in June of 2019 and 2020 (Fig.
2.4A, Figs. S2.8-S2.9). Dinoflagellates showed a peak in June 2018 (13.5 10%cells L™, Fig.
2.4C) attributed to Prorocentrum minimum, which contributed up to 9 % of the total relative
abundance of reads (Fig. S2.7). Pico- and nanophytoplankton showed peaks of abundance
generally in spring and summer, while the maximum abundance was recorded in September
2020 (35.4 10° cells L, Fig. 2.4D). According to metabarcoding, pico- nanophytoplankton
was dominated by the coccolithophorid Emiliania and the nanoplanktonic diatom Minidiscus.
Several peaks were observed in cryptophyte’s abundance in July 2016, 2018, and 2020; in 2016
peaks were also observed in April and September (Fig. 2.4E). Based on metabarcoding, the

dominant cryptophyte was assigned to Plagioselmis.
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Figure 2.4. Abundance (cells L) of the phytoplankton groups identified in the eastern English Channel at the
SOMLIT and DYPHYRAD stations from March 2016 to October 2020 based on microscopy and flow cytometry
data. (A) P. globosa, (B) diatoms, (C) dinoflagellates (Gymnodinium and Prorocentrum), (D) PicoNano, and (D)
cryptophytes. No data were available from 2016 to 2017 for dinoflagellates and all phytoplankton from February
14, 2020 to May 20, 2020 because of the sanitary crisis). Solid black lines represent the median, black dots the

mean, and the black stars the outliers.

2.3.3. Phylogenetic structure, temporal turnover, and ecological processes driving the
phylogenetic phytoplankton community structure
Mantel correlograms correlating the phylogenetic distances to the niche distances at different
distance classes detected significant positive correlations across short phylogenetic distances
(< 0.4 phylogenetic distance, Fig. S2.10). Except for salinity, all the evaluated environmental
variables showed significant negative correlations over intermediate phylogenetic distances.
These results supported that phylogenetic metrics can be applied to infer ecological assembly
processes. Significant positive correlations across long phylogenetic distances were observed

for PAR (nearly 0.8 phylogenetic distance, Fig. S2.10).

Ecological processes governed the alpha diversity of phytoplankton (i.e., phylogenetic
structure) were investigated using the NRI index. It showed that, phylogenetic clustering
prevailed during all seasons suggesting environmental filtering (NRI > 0, Table 2.1). The

strongest values of phylogenetic clustering were detected from January to March (NRI > 3,
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Fig. 2.5). From April to July, NRI values showed a decreasing trend, indicating a tendency

towards a weaker phylogenetic clustering at this time of the year. From September to

December, NRI values showed again an increasing trend (Fig. 2.5).

Table 2.1. Definitions of the different assembly processes, and respective model conditions
referenced from Webb et al. 2002, Stegen et al. (2012, 2013), and Zhou and Ning (2017).

Process Deterministic Stochastic
Diversity Alpha diversity
Clustering Phylogenetic Phylogenetic
clustering overdispersion
Definition Environmental Competitive
conditions, exclusion,
selecting resulting in
those species limiting
capable of similarity
survival (overdispersion)
and persistence
in a local
environment
(environmental
filtering)
Phylogenetic NRI>0 NRI<0
structure index
Diversity Beta Diversity
Process Homogeneous Heterogeneous Dispersal Homogeneous  Drift
selection selection limitation dispersal
Definition Consistent Shifts in Movement of  High rate of Population size
environmental environmental an individual ~ movement of fluctuates due to
factors factors cause a is restricted an individual chance events
cause a low high from one
compositional compositional location to
turnover turnover another
Phylogenetic BNRI < -2 BNRI >2 -2 <BNRI <2
turnover index
Taxonomic - - RCpray>0.95 RCpray<-0.95  -0.95<RCpray<0.95

turnover index
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Figure 2.5. Phylogenetic structure (alpha diversity) of the phytoplankton community in the eastern English
Channel at the DYPHYRAD and SOMLIT stations from March 2016 to October 2020 based on metabarcoding
data. Phylogenetic structure based on the net relatedness index (NRI) with NRI > Oand NRI < 0 suggested
phylogenetic clustering and overdispersion, respectively (see Table 2.1). Solid black lines represent the median
and black dots the mean.

To test if phylogenetic structure (i.e., NRI) and turnover (i.e., BNRI) were attributed to different
environmental variables a PERMANOVA was applied. PAR and temperature -although they
explained a very small amount of the variance of the data set- were the only variables
significantly linked with phytoplankton phylogenetic structure and phylogenetic turnover
(Tables S2.5, S2.6, p < 0.001). Most of the variance remained unexplained with residuals
presenting 67 % and 87% for the phylogenetic structure and phylogenetic turnover (Tables
S2.5, S2.6).

The different ecological processes, selection, dispersal and drift were quantified using the null
model analysis. The analysis applied to the entire data set showed that drift and homogeneous
selection were the dominant ecological processes driving the seasonal succession of the
phytoplankton community, contributing to 55 % and 38 %, respectively, over the entire period
of study (Fig. 2.6A). Heterogeneous selection contributed weakly to the seasonal succession of
the phytoplankton community (6 %) and dispersal did not have any significant influence. The
null model analysis applied additionally at the monthly scales showed three distinct patterns.
First, phytoplankton succession in winter-early spring was dominated by the homogeneous
selection, contributing to 83 %, 52 %, and 54 % of the assembly processes in January, February,
and March, respectively. Second, spring and summer periods were mostly dominated by drift
mechanisms (contributing from 69 % to 87 %, depending on the month). Third, autumn was
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dominated primarily by drift, contributing from 52 % to 65 % to the assembly processes with

homogeneous selection accounting from 25 % to 38 % (Fig. 2.6B, Table S2.5).
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Figure 2.6. The relative importance of the ecological processes (beta diversity) driving phytoplankton
communities in the eastern English Channel at the DYPHYRAD and SOMLIT stations from March 2016 to
October 2020. A: considering the whole data set, B: data discriminated per month. *, only three samples were
available for August, so the data was not interpretable.

2.4. Discussion

In the present study, microscopy and flow cytometry allowed phytoplankton biomass to be
quantified, while metabarcoding data provided an extended evaluation of its diversity. Alpha
diversity of phytoplankton communities was regulated by environmental filtering. Drift,
followed by homogeneous selection, were the major mechanisms regulating the temporal
turnover in community composition (beta diversity) and prevailed across seasons. Three
periods were evidenced: (i) Winter-early spring, with homogeneous selection as the major
process regulating the phytoplankton communities, composed mainly of diatoms communities
(e.g., Thalassiosira); (ii) Spring-summer, with drift as the major process in community
assembly during the bloom of P. globosa and during the transient peaks of various taxa
(diatoms, dinoflagellates, and pico-nanophytoplankton); and (iii) Autumn, with a combination
of drift and homogeneous selection as a major ecological process in phytoplankton community
assembly dominated by diatoms (Table 2.2). Overall, we evidenced that deterministic and

stochastic ecological processes varied across seasons in alpha and beta diversity.
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Table 2.2. Summary of the seasonal characteristics of the phytoplankton community in coastal
waters of the eastern English Channel. The median values are given in parentheses. The
relative terms “High,” “Moderate,” and “Low” refer to the median of the entire data set.

Median  January-March  April-July September-December
in entire
dataset
Dominant phytoplankton Thalassiosira sp.  Phaeocystis globosa, Thalassiosira sp.,
(morphological and Chaetoceros socialis, Ditylum sp.,
metabarcoding) Leptocylindrus danicus,  piconanophytoplankton
Pseudonitzschia
pungens, Prorocentrum
minimum,
piconanophytoplankton
PAR (Em2d1) 60.8 Low (35.5) High (84.9) Low (41.7)
T(°C) 15 Low (7.7) Moderate (15.2) Moderate (16.5)
NO2+NO3 1.0 High (4.3) Low (0.5) Moderate (1.3)
Si(OH)4 1.3 High (2.9) Low (0.8) Moderate (1.8)
PO, 0.2 High (0.4) Low (0.1) Moderate (0.2)
Windstress (Pa) 0.04 High (0.1) Moderate (0.04) High (0.1)
Rainfall (kg m?) 1.3 Moderate (1.1) Low (0.8) High (2.0)
Richness 272 Low (213) Low (218) High (361)
Taxonomic alpha 3.4 High (3.5) Low (2.5) High (3.8)
diversity (Shannon)
Ecological processes 1.4 Environmetnal Environmental filtering Environmental filtering

(Alpha diversity) filtering (3.1) (0.8) (1.5)
Ecological processes Homogeneous Drift Drift + Homogeneous
(Beta diversity) selection selection

2.4.1. Seasonal diversity patterns

Overall, the relative abundance of the major phytoplankton groups inferred by metabarcoding
was in good accordance with the relative carbon biomass inferred by morphological approaches
in particular for pico- nanophytoplankton and cryptophytes and to a lesser degree for diatoms
(Durkin et al., 2022, Fig. 2.3). Moreover, the distance-based RDA analysis showed similar
seasonal patterns in both datasets (Figs. 2.1B, S2.3).

The most abundant diatom taxa were common in both data sets. Three diatom taxa showed
transient blooms in summer (June-July): (i) the chain-forming centric diatom L. danicus has
been previously reported in high abundances in the sampling area during summer (Genitsaris
et al., 2015; Breton et al., 2017) . A good correspondence between a high number of reads and
cell counts of Leptocylindrus has been reported also in the Gulf of Naples (Piredda et al., 2018);
(if) The chain-forming diatom Pseudo-nitzschia is known to form dense blooms along the
French coast of the eastern English Channel and is often a co-occurring species of the P.
globosa (Bottin et al., 2016 and references therein); and (iii) The colony-forming diatom C.
socialis observed in July has been reported in the English Channel in spring and summer
(Napoléon et al., 2014; Breton et al., 2017).
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Dinoflagellates are known to be over-represented in sequencing data, and their use in numerical
analysis can lead to important biases (e.g., Medinger et al., 2010; Christaki et al., 2021). In this
study, two small mixotrophic dinoflagellates (Gymnodinium and Prorocentrum) were included
in the analysis for the reason that they were the only dinoflagellates to exhibit relatively high
abundances in microscopy data, while they did not represent an exaggerated number of reads
in metabarcoding data (Fig. 2.3, S2.4). Gymnodinium and Prorocentrum were prominent
members of the protist community in previous studies in the western and eastern English
Channel (Widdicombe et al.,, 2010; Grattepanche, Breton, et al., 2011). The genus
Gymnodinium showed relatively stable cell numbers across seasons, while the species P.
minimum showed a peak in 2018. Intense but brief blooms of P. minimum have been previously
reported during the summer months in the Western English Channel (Widdicombe et al., 2010).
The P. globosa bloom in April and May was clear in both datasets, however, metabarcoding
data evidenced the presence of low relative abundances of P. globosa all year long (Fig. 2.3B),
which were not recorded by microscopy and cytometry because of its very low abundance.
Pico- nanophytoplankton showed maximum concentrations also in summer reaching 2 107 cells
L1, and one in fall 3.5 107 cells L (Chase et al., 2009; Fig. 2.4D)

2.4.2. Ecological processes shaping phytoplankton seasonal organization

The NRI index calculated for the whole phytoplankton community evidenced that alpha
diversity of phytoplankton communities governed by environmental filtering (Webb et al.,
2002; Tables 2.1, 2.4, and Fig. 2.5). Environmental filtering is the effect of environmental
conditions selecting those species capable of survival and persistence in a local environment
(Emerson and Gillespie, 2008; Kraft et al., 2015) and it is known to play a major role in
structuring marine phytoplankton communities (Segura et al., 2013; Bottin et al., 2016; Klais
et al., 2017; Burson et al., 2019). Phytoplankton communities, based on the phylogenetic
temporal turnover (beta diversity), assembled across seasons through a concomitant action of
deterministic and stochastic processes. However, stochastic processes (i.e., drift) contributed
by far more than ecological selection to community assembly, except for winter and early
spring (from January to March), when homogeneous selection regulated phytoplankton

communities (Figs. 2.5, 2.6).

The dominance of homogeneous selection in winter and early spring is coherent with the strong
environmental filtering conditions, such as, the high nutrient concentration values, and low
light availability recorded during this period (NRI > 4 Fig. 2.5A, see also Table 2.1, and 2.2).

Hence, homogenous selection has been seen as the selection of species with common and
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appropriate genomic architecture and metabolic strategies for surviving and persisting in a local
environment (Grzymski and Dussag, 2012; Louca et al., 2016) implying an increase in
community similarity (Stegen et al., 2015). This process dominates in community assembly
when environmental conditions are spatially homogenous (Fig. S2.2B; Segura et al., 2013; Jia
et al., 2018). In the geographic scale of our study (ca 15 km), the coastal waters of the eastern
English Channel represented an homogeneous pool of phytoplankton taxa undergoing similar
selection processes (Figs. 2.6, S2.4). The dominance of diatoms at this time of the year, mainly
of the genus Thalassiosira, was coherent with the worldwide observations of diatoms thriving
in light-limited, nutrient-enriched, and colder waters submitted to relatively high wind-driven
turbulence (Schapira et al., 2008; Armbrust, 2009). Silica frustule and large centric vacuole are
considered as key traits for diatom success in winter and early spring for protecting against
mechanical and salinity shocks (Logares et al., 2009; Hoef-Emden, 2014) and optimizing light
affinity (Hansen and Visser, 2019).

The prevalence of stochastic processes in phytoplankton community assembly in beta diversity
was observed during the rest of the year (from April to December, Fig. 2.6, Table 2.2).
Maximum drift values were recorded in late spring and summer - periods that presented
monospecific phytoplankton peaks. This was coherent with the large quantity of unexplained
variance between environmental variables and the phytoplankton community in terms of
abundance, and phylogenetic structure and turnover (db-RDA and PERMANOVA,
respectively). The dominance of drift is in accordance with a previous study quantifying the
ecological processes in natural ecosystems using the same analytical approaches of the present
study (Logares et al., 2018) . These authors found that microeukaryotic communities were

governed by drift (72%), while the relative contribution of selection and dispersal were low.

However, identifying the underlying mechanisms and factors favouring stochasticity is
challenging. Hence, studies are still scarce and detecting stochastic processes may suggest the
non-consideration of unmeasured environmental variables (Zhou and Ning, 2017), as well as
from a mixture of antagonistic processes (Powell et al., 2015). Moreover, multiple factors may
influence the relative importance of stochastic versus deterministic processes in community
assembly, including predation (Chase et al., 2009), productivity (Chase, 2010), community size
(Orrock and Watling, 2010), resource availability (Kardol et al., 2013), as well as disturbance
(Dini-Andreote et al., 2015). For example, predators can increase the importance of stochastic
processes by reducing the number of individuals that can live in a given environment, and thus

the community size, by increasing the probability of species going extinct locally (Chase et al.,
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2009). Nonetheless, the minor role played by dispersal in shaping phytoplankton communities
in this study area (Fig. 2.6) is coherent with the small spatial scale investigated (~15 km) (e.g.,
(Heino et al., 2015; Logares et al., 2020).

In this study, the continuous decrease in species richness observed from February to May (Fig.
2.2A) potentially suggests intense stress for the diatom community which -despite increasing
light- faces silicate limitation during this period (Breton et al., 2006; Fig. S2.2A). This
presumption of stress is reinforced by the low degree of silicification and the decrease of the
functional evenness observed by Breton (2021) in May. Note that functional evenness describes
the evenness of abundance distribution in a functional trait space (Mason et al., 2005). In fact,
a decrease in functional evenness, which reflects under-used parts of the niche (Mason et al.,
2005), is considered a fingerprint of disturbance (Mouillot et al., 2013). P. globosa, although
it is a poor competitor for nitrate and has a lower maximum growth rate than diatoms (Breton
et al., 2017) does not require silicate and thus it blooms under limiting silicate and excess of
nitrate in spring (Lancelot et al., 1998). Phaeocystis has also a strong protection against grazing
by forming colonies and may further benefit from the increased grazing of mesozooplankton

on the microzooplankton, potential predators of Phaeocystis (Grattepanche, et al., 2011).

Despite the relatively low nutrient levels after the P. globosa bloom, phytoplankton richness
and PD values increased (Table 2) and several transient peaks belonging to different
phylogenetic groups (diatoms, dinoflagellates, and pico- nanophytoplankton) appeared in
summer (Fig. 2.4; Christaki et al., 2017). This suggests that other mechanisms lowered the
competitive exclusion in shaping phytoplankton communities at this time of the year. One
plausible explanation is that the new niche opportunities that might have resulted from intense
bacteria activity remineralising the organic resource derived from P. globosa. This resource is
recurrently released in May in the seawater (Lamy et al., 2009), and/or from the under-used
and the vacant niches left open after the species loss at the end of the Phaeocystis bloom. Such
a large input of dissolved organic material may be compared to large inputs of nutrients, which
is typically considered a perturbation that favours ecological drift (Chase and Myers, 2011)
through the enhanced growth of a variety of species and by reducing competition. Jurburg et
al., (2017) stated that ecological drift in soil microbial communities was due to the niche
enlargement after a perturbation. Mixotrophy typically reflects such a possibility (Xu et al.,
2022). The dinoflagellate P. minimum which showed a peak in abundance in June is
mixotrophic (Fig. 2.4B; Fan et al., 2003). This species grows photosynthetically on inorganic

nutrients, but compensates for low concentrations of inorganic nitrogen by mixotrophic
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utilization of organic nitrogen and other compounds released at the end of P. globosa bloom.
Other alternative strategies also exist, such as, adaptation to high light levels. Indeed, the
diatoms L. danicus and P. pungens are considered adapted to high light conditions
(Widdicombe et al., 2010; Polimene et al., 2014), whereas pico- nanophytoplankton and
cryptophytes, can acquire nutrients in low concentration; outcompeting larger cells for nutrient
uptake (Reynolds, 1984) due to the high surface/volume ratio reducing the “package effect”
(Finkel, 2001), and increasing nutrient diffusion (Raven, 1984), compared to larger cells.
Overall, these specific adaptations provide a better efficiency for growth that is necessary for

maintenance and ecological success during seasons with low nutrient and high light levels.

Autumn phytoplankton communities were subjected to the combined action of drift and
selection processes. The local environment progressively increased the action of environmental
filtering and, consequently, the contribution of homogeneous selection to community assembly
increased (Fig. 2.5, 2.6, and Table 2.2). Nutrients became progressively available again, light
and temperature diminished, while high turbulence values (wind stress as a proxy) enhanced
physical mixing (Fig S2.2). This could explain the high richness, diversity, and a community
characterized by large diatoms such as Thalassiosira sp. and Ditylium sp. (e.g., Fig. S2.7). Drift
remained a major mechanism in autumn, potentially related to high grazing pressure in late
summer-autumn (Grattepanche, Breton, et al., 2011). External forces such as wind stress and
salinity showed high variability and extreme values particularly in September (Fig. S2.2),
which seemed to be a transitional period between summer and autumn conditions (Figs. 2.1A,
S2.2,S2.3).

It is acknowledged that there are several limitations to discuss. Inferring ecological processes
based on phylogenetic metrics is challenging. The phylogenetic signal is required, which was
indeed detected in our study (Fig. S2.10). The phylogenetic signal has been confirmed in
natural phytoplankton communities and based on evolutionary models (Bruggeman, 2011), but
the opposite has been demonstrated in an experimental study focused on eight species of
freshwater green algae (Narwani et al., 2013). However, our results present the overall action
of ecological processes at the whole community level, and not on a particular taxonomic group.
Different taxonomic classes may be structured by different processes (Xu et al., 2022). The
sampling effort is also important. For example, in this study, only three samples were available
for August, and thus the results could not be interpreted (Fig. 2.6). Finally, the biases derived
from PCR and sequencing may add bias in calculating the importance of the ecological

processes in community assembly. Nonetheless, in this study, there was -as discussed above-

54



Chapter 2: Phytoplankton community assembly processes

a relatively good correspondence between morphological and metabarcoding data. Molecular
and morphological data are complementary but unfortunately are rarely considered together in

actual marine planktonic studies, and this is one of the strong points of our work.

Concluding this study, null modeling based on phytoplankton metabarcoding data revealed that
stochastic and deterministic processes presented seasonal and repeating patterns. Our results
provided strong support that, except for winter and early spring, the ecological drift prevailed
during the rest of the year and in particular during the periods that presented by recurrent and
transient monospecific phytoplankton peaks. The prevalence of stochastic processes renders a
priori the seasonal dynamics of phytoplankton communities less predictable. In this context,
the exploration of ecological processes driving phytoplankton communities in the long term is
critical in our understanding of pelagic ecosystems' response relative to environmental

variability.
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2.5. Supplementary

Supplementary Materials and Methods
DNA barcoding

Different molecular barcodes of 10 bp were added to both forward and reverse primers to tag
amplicons and allow to differentiate them after sequencing. Polymerase chain reaction (PCR)
mixtures comprised 1 pL of DNA, 12.5 puL of DreamTaq Green PCR Master Mix (Thermo
Fisher Scientific, U.S.A.), 1 uL of each primer (10 umol L), and 9.5 uL nuclease-free water
in a total volume of 25 pL. PCR settings included an initial step of denaturation at 94 °C for 2
min, 25 cycles of denaturation at 94 °C for 15 s, annealing at 55 °C for 30 s, an extension at 72
°C for 1 min and 30 sec, and a final step of extension at 72 °C for 5 min. About 4 uL. PCR
product was used to check amplification on 1% agarose gel. The remaining amplicon products
from five different PCR reactions of each sample were pooled and purified together using the
QIAquick PCR purification kit (Qiagen, Germany), according to the manufacturer’s
instructions. DNA concentrations after purification were measured with a Qubit 2.0
fluorometer (Thermo Fischer Scientific Inc) with the dSDNA High Sensitivity Assay Kit (Life
Technologies Corp., U.S.A.) and adjusted at equal concentrations depending on the sequencing
run (20 to 47 ng/uL).

Diversity and statistical analysis

The alpha diversity indices Richness, Shannon and Simpson were calculated with the “vegan”
package (Oksanen et al., 2020) and Faith’s phylogenetic diversity index was calculated with
the “Picante” package (Kembel et al., 2010). Heatmaps were generated to illustrate the overall
phytoplankton community composition and diversity of the 30 most common genera in all
samples (i.e, 0.5 % of reads in the entire dataset), using the “Ampvis2” R-package (Andersen

et al., 2018) after pooling ASVs belonging to the same genus. Monthly boxplots were built
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using the “ggplot2” package (Wickham, 2016) to illustrate seasonal variations of the
environmental variables, the alpha diversity indexes, the phylogenetic indexes and the different
phytoplankton groups. To test how the environmental variables and the different phytoplankton
groups’ abundance, biomass and number of reads differed among stations the non-parametric
test Kruskal-Wallis was performed, followed by a post hoc Nemenyi test (package
“PMCMRplus”; Pohlert, 2015). To explore the seasonal environmental gradient a Principal
Component Analysis (PCA) was performed on environmental variables using the “ade4”,
“FactoMineR” and “factoextra” packages (Dray et al., 2007; Lé et al., 2008; Kassambara and
Mundt, 2020). The significance of each environmental variable in driving the phytoplankton
community structure was assessed by distance-based redundancy analysis (db-RDA)
(Legendre and Anderson, 1999) based on Bray-Curtis dissimilarity distance matrix using the
“microeco” R package v.0.6.0 (Liu et al., 2021). The significance of db-RDA models was
tested with a permutation test using the permutest function with 999 permutations.

Community assembly

Mantel correlograms were applied to detect phylogenetic signals (closely related taxa have
similar habitat associations). The phylogenetic signal was evaluated for PAR, temperature,
salinity, nitrite and nitrate, phosphate, and silicate. It allowed characterizing the continuous
correlations by comparing each matrix of between-ASV environmental optima (or “niche
value”) differences and the second matrix of between-ASV phylogenetic distances. For
example, for PAR we took all the records of a given ASV (this was done for all ASVs) and
recorded the PAR of each record, the ASV’s abundance in each record, and then found the
abundance -weighted mean of PAR. This is the ASV’s ‘niche value’ for PAR. The analogous
procedure was used to estimate ASV niche values for all the other environmental parameters.
To summarize major trends in this relationship, between-ASVs niche differences were placed
in phylogenetic distance bins and median niche difference was found in each bin (which are
represented by the squares in the graph). X axis shows the phylogenetic distances (0: lowest,
1.0 maximum). Y axis shows the correlation between environmental optima and phylogenetic
distances. All mantel correlograms showed positive correlation between niche optima and
phylogenetic distances at short phylogenetic distances, which justifies the utilisation of the

phylogenetic metrics to infer community assembly (Stegen et al., 2012).

The BNRI was calculated as the difference between the observed PMPD and the mean of the
BMPD null models divided by the standard deviation of the null models. Beta net relatedness

values (BNRI) lower than expected (i.e., BNRI < -2) indicate a dominance of homogeneous
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selection. In contrast, BNRI values which are greater than expected (i.e., BNRI > 2) indicate
that communities are experiencing heterogeneous selection. When the deviation was low (i.e.,
-2 < BNRI < 2), an additional step was conducted to define whether the beta diversity of the
communities could be structured by dispersal or drift (Table 1). In this step, the Raup—Crick
metric (RCbray) (Chase et al., 2011) was calculated using the Jaccard’s distance. For this,
RCbray compares the measured b-diversity against the b-diversity that would be obtained if
drift was driving community turnover (i.e., under random community assembly). The
randomization was run 999 times based on the presence-absence of all ASVs across each
pairwise community comparison that is randomized. RCbray values less than - 0.95 indicate
that community turnover is driven by dispersal limitation, RCbray values greater than 0.95
indicate homogeneous dispersal respectively, and values between -0.95 and +0.95 point to a
community assembly governed by drift or other undominated mechanisms.
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Supplementary Tables

Table S2.1. Cell to carbon biomass conversion factors used in this study for the estimation of
biomass of the different phytoplankton groups identified in the eastern English Channel at the
SOMLIT and DYPHYRAD stations from March 2016 to October 2020.

Conversion factor

References

Diatoms

0.811

pgC cell™=0.288 x (biovolume)

Based on linear dimensions the biovolume was calculated
according to the cell shape (Hillebrand et al 1999).

Conversion from biovolume to biomass according to Menden
Deuer & Lessard 2000 and according to microscopic observations
over the period 2007-2015 (Breton et al., 2017)

Dinoflagelates

pgC cell’=0.76 x (biovolume)*®*?

Based on linear dimensions the biovolume was calculated
according to the cell shape (Hillebrand et al 1999).

Conversion from biovolume to biomass according to Menden
Deuer & Lessard 2000 and according to microscopic observations
over the period 2018-2020 (this study)

Phaeocystis free flagellate cell |8 pgC cell Schoemann et al., 2005

Phaeocystis colonial cells 14.2 pgC cell™

Nanophytoplankton 4.98 pgC cell” Cell carbon was estimated using the empirical relationship
between biovolume and cell carbon of Verity et al. (1992).
0.433x (biovolume)®®.Mean ESD=3.03 um (ecquivalent sphere
diameter) according to microscopic observations

Picophytoplankton 1.19 pgC cell’” As above, based on mean ESD=1.74

Cryptophytes 11 pgC cell™ Conversion from biovolume to biomass according to Menden

Deuer & Lessard 2000 and according to microscopic observations
over the period 2007-2015 (Breton et al., 2017)
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Table S2.2. Monthly range, mean (£SD) and median values of the mean Photosynthetic Active
Radiation (PAR1om, E m~2 d™7), sea surface temperature (T, °C), salinity (S, PSU), nutrients
(nitrite and nitrate: NO2 + NOs, phosphate: POs, all in uM, the N/P molar ratio, silicate
Si(OH)a, uM), chlorophyll-a (Chl-a, ug L™?), rainfall (Kg m?), and wind stress (Pa) in the
eastern English Channel at the SOMLIT (S1, S2) and DYPHYRAD (R1, R2, R4) stations from
March 2016 to October 2020. Note that only three samples were available for August (with

grey color).

January February  March April May June July August September October November December
PARom (Em?d™?)

Range 17.4-21.3 23.2-35.5 36.2-52.8 56.5-69.3 73.03-83.86 84.3-86.7 79.7-86.7 66.5-66.5 46.6-64.0 29.4-46.4 20.2-28.3 14.8-17.5
MeantSD 19.2+1.6 29.1+3.8 46.7+4.7 62.3%33.1 79.67+3.57 86.1+0.7 84.2+2.1 66.5+t0.0 55.6+5.7 39.7#5.5 22.7+2.8 16.0+1.0
Median 19 28.6 48.2 63.7 81.27 86.4 84.9 66.5 55.2 38.3 22.2 15.9

CV(%) 8.4 13.1 10.0 5.1 4.48 0.9 2.5 0.0 10.2 14.2 12.5 6

T(°C)

Range 5.4-7.9 6.0-8.3 5.8-9.5 8.6-11.4 11.03-14.7 13.7-18.2 16.5-20.1 19.1-19.5 12.4-19.8 14.4-18.1 10.6-149 8.1-11.4
MeantSD 7.1+0.8 7.4+0.7 8.0t£1.3 9.6+£0.7 12.91+1.06 15.4+1.0 17.8+0.8 19.3+0.2 18.1+1.3 16.2+0.9 12.6+1.3 10.2+0.8
Median 7 7.5 8.2 9.7 12.86 15.4 17.8 19.5 18.6 16.4 12.8 10.4

CV(%) 11.8 10.2 16.6 7.5 8.19 6.4 4.2 1.2 7.4 5.4 10.4 7.9
S (kM)

Range 33.8-34.9 32.9-34.8 33.3-34.9 32.6-35.2 33.5-35.0 31.2-35.1 33.4-34.9 0.03-0.1 33.8-349 33.6-35.1 34.1-35.0 33.9-35.0
Mean+SD 34.2+0.4 34.0+0.6 34.2+0.5 34.1%0.6 34.2+0.4 34.3+t0.5 34.6+0.3 34.6£0.2 34.5+0.2 34.5+0.3 34.6+0.3 34.4+0.3
Median 34.1 34.1 34.2 34.2 34.09 34.4 34.6 34.6 34.6 34.5 34.6 343

CV(%) 1.0 1.7 1.5 1.7 1.27 1.4 0.9 0.5 0.5 0.8 0.8 0.8

NO,+NO; (uM)

Range 3.4-10.6 0.3-23.9 1.1-20.7 0.3-9.3 0.14-1.6 0.01-44 0.2-1.1 0.2-0.5 0.3-2.8 0.2-3.5 0.4-5.2 1.1-8.6
MeantSD 8.0+4.0 7.616.6 5.2+¥4.4 2.2+23 0.53+0.4 0.9+¢1.0 0.5+0.2 0.4+0.2 1.0£0.6 1.5+0.8 2.2+1.4 3.5£2.4
Median 10.0 4.2 4.2 1.5 0.41 0.5 0.5 0.5 0.7 1.5 1.8 2.9

CV(%) 49.8 86.5 85.2 104.1 74.01 113.5 42.0 44.2 67.8 52.4 66.3 68.6
PO, (M)

Range 0.4-0.6 0.2-1.0 0.01-0.6 0.03-0.3 0.01-0.29 0.01-04 0.01-0.2 0.1-0.2 0.01-0.5 0.03-0.4 0.01-0.5 0.1-0.8
MeantSD 0.5+0.1 0.5+0.2 0.3+0.1 0.1+0.1 0.1+0.07 0.1+0.1 0.1+0.05 0.1+0.1 0.17#0.1 0.2#0.1 0.3+0.2 0.4+0.2
Median 0.5 0.5 0.2 0.2 0.11 0.1 0.1 0.1 0.14 0.2 0.2 0.4

CV(%) 14.0 39.3 51.3 47 71.24 91.7 57.0 52.2 64.0 46.5 56.4 47.3

N/P
Range 7.0-24.2 0.4-352 4.8-52.7 1.5-43.7 0.82-262.5 2.1-316.1 1.1-15.3 3.0-3.9 23-780 2.7-16.3 0.4-5.2 3.8-21.1
MeantSD 16.6+8.7 14.7+10.5 18.5+13.2 13.0+12.0 25.71461.0 17.4+42.4 7.313.3 3.4+04 8.4+12.2 7.7+2.7 2.2+1.4 9.1+4.6
Median 18.5 9.4 14.6 9.3 4.22 7.5 6.5 3.3 53 7.1 1.8 9.0
CV(%) 52.8 71.8 71.7 92.0 237.3 243.6 44.8 12.2 145.0 35.0 66.3 50.2

Si(OH)4 (kM)

Range 4.6-88 18141 0.1-5.2 0.1-3.6 0.05-2.68 0.01-3.0 0.01-3.4 1.1-29 0.01-48 0.1-6.1 0.3-5.5 1.0-9.3
MeantSD 5.9+1.9 5.2+3.6 1.9+1.5 0.9+0.8 1.04+0.70 0.9+0.9 1.3+1.1 2.1+0.9 1.2+1.1 1.8+1.7 2.7¢1.5 4.612.7
Median 5.1 3.3 1.8 0.6 0.9 0.6 1.2 2.3 0.7 1.5 3.1 4.3
CV(%) 33 68.3 79.2 88.9 67.52 96.5 84.2 41.9 92.8 92.7 53.5 58.6

Chl-a (ug L")

Range 1.01-2.77 0.6-7.9 1.6-9.3 0.6-15.2  0.6-10.9 0.6-9.6 0.6-85 0.8-1.5 0.5-7.9 1.0-6.9 0.7-4.6 0.5-3.5
MeantSD 1.7+0.6 3.9+2.2 5.1+2.3 5.743.1 2.943.0 2.311.7 2.1-15 1.1+0.3 1.61£1.2 2.4+1.3 2.5t1.4 1.5+0.9
Median 1.6 3.5 5.1 5.4 1.7 1.8 1.7 0.9 13 2.0 2.6 1.3
CV(%) 33.7 56.7 44.3 54.9 102.2 74.1 70.8 32.6 73.5 53.0 56.9 61.2

Rainfall (Kg m?)

Range 1.0-2.6 0.0002-5.5 0.1-43 0.01-3.2 0.02-46 0.02-4.6 0.01-3.8 23-24 0.05-6.5 0.1-8.0 0.2-46  0.05-0.1
Mean+SD 1.8t0.6  1.8+2.1  1.6+1.4 1.6%1.2 1.3+1.4 1.3+1.4 1.0+1.1 2.440.0 2.7424 2.7#2.1  2.0-1.7 0.1x0.03
Median 1.7 1.0 1.1 2.5 0.7 0.7 0.6 2.4 2.4 2.4 1.4 0.1
CV(%) 36 117.9 88.2 75.5 103.2 103.2 109.5 0.5 87 77.8 83.3 32.1

Wind stress (Pa)

Range 0.03-0.1 0.05-0.2 0.02-0.2 0.02-0.1 0.01-0.07 0.01-0.1 0.01-0.1 0.1-0.1 0.02-0.2 0.03-0.1 0.02-0.1 0.05-0.1
MeantSD 0.1+0.03 0.1+0.1 0.1+0.1 0.04+0.02 0.04%+0.02 0.04+0.02 0.04+0.02 0.1+0.0 0.06+0.04 0.1+0.04 0.1+0.03 0.1+0.03
Median 0.05 0.1 0.1 0.04 0.04 0.04 0.03 0.1 0.04 0.1 0.1 0.1
CV(%) 52.6 60.3 69.6 41.6 43.45 42.7 61.1 2.5 70.3 49.2 42.9 32.1
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Table S2.3. Permutation test for distance-based redundancy analysis (db-RDA) under the
reduced model of phytoplankton communities based on metabarcoding data in relation to
environmental variables in the eastern English Channel at the SOMLIT and DYPHYRAD

stations from March 2016 to October 2020. P-value significant codes: 0 “***’, 0.001 “**’,
0.01 “*°,0.05 ., 0.1, “’ 1

Parameter Unit df Sum of squares Pseudo-F Pseudo-r p-value
PAR 101 Em?d? 1 6.49 21.53  0.001 *oHk
SST °C 1 5.43 18.05 0.001 *Ex
SSU nu 1 0.75 2.49 0.002 ok
NO2+NO3 uM 1 1.39 4.62 0.001 *Ex
PO4 uM 1 0.91 3.03 0.001 *Ex
Sio4 uM 1 0.75 2.49 0.001 *Ex
Chla mg Lt 1 0.81 2.68 0.001 ok
Rainfall Kg m’ 1 0.52 1.73 0.02 *
Wind Stress Pa 1 0.49 1.62 0.029 *
Residual 235 70.65

Table S2.4. Permutation test for distance-based redundancy analysis (db-RDA) under the
reduced model of phytoplankton communities based on morphological data in relation to
environmental variables in the eastern English Channel at the SOMLIT and DYPHYRAD

stations from March 2016 to October 2020. P-value significant codes: 0 “***°, 0.001 “**,
0.01 “*°,0.05 ., 0.1 ", 1

Parameter Unit df Sum of squares Pseudo-F Pseudo-r’ p-value
PAR 0m Em’d” 1 7.47 2350  0.001 *Hk
T °C 1 3.14 9.88 0.001 ok
S nu 1 0.40 1.25 0.210 n.s.
NO,+NO; UM 1 0.94 2.95 0.001 *Ax
PO, UM 1 1.40 4.41 0.001 *Ax
Si(OH), UM 1 0.76 2.10 0.013 *
Chl-a ngl™ 1 1.63 5.12 0.001 *oAx
Rainfall Kg m” 1 0.86 2.71 0.003 *x
Wind Stress Pa 1 0.57 1.79 0.035 *
Residual 212 67.38
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Table S2.5. The relative contribution of each ecological process in community assembly is

presented by the percentage per month (see also Fig. 2.6).

Month Heterogeneous selection Homogeneous selection Dispersal limitation Homogeneous dispersal  Drift
January 0 83 17 0 0
Fabruary 0 52 8 19 19

March 0 54 4 11 31

April 1 11 11 69
May 0 2 6 6 87
June 0 16 10 72
July 1 12 8 4 75
August 0 0 33 33 33
September 2 38 4 4 52
October 0 30 2 8 60
November 0 28 1 7 65
December 0 25 4 10 61

Table S2.6. Permutational multivariate analysis of variance (PERMANOVA) between the
phylogenetic community structure of eukaryotic phytoplankton (NRI) and the environmental
variables measured in the eastern English Channel at the SOMLIT and DYPHYRAD stations
from March 2016 to October 2020. P-value significant codes: 0 “***’, 0.001 “**’, 0.01 *’,

0.05 “.7,0.1, “ 1.

Phylogenetic structure (NRI)

Parameter Unit df Sum of squares R’ F

p-value
PAR 10m Em?d? 1 0.69 0.02 7.76 *ok
T °C 1 2.48 0.07 27.95 ok
S nu 1 0.17 0.006 1.96
NO,+NO; my 1 0.12 0.004 1.36
PO, my 1 0.15 0.005 1.67
Si(OH), my 1 0.05 0.001 0.51
Rainfall Kg m’ 1 0.14 0.004 1.53
Wind Stress Pa 1 0.005 0.005 1.77
Residual 236 21.98 0.670
Total 244 31.13 1.00

Table S2.7. Permutational multivariate analysis of variance (PERMANOVA) between the
phylogenetic community turnover of eukaryotic phytoplankton (betaNRI) and environmental
variables measured in the eastern English Channel at the SOMLIT and DYPHYRAD stations
from March 2016 to October 2020. P-value significant codes: 0 “***’, 0.001 “**’, 0.01 *,

0.05 °.",0.1, “ " 1.

Phylogenetic turnover (betaNRI)

2

Parameter Unit df Sum of squares R F p-value
PAR10m Em?d? 1 1.60 0.05 13.05 Ll
T °C 1 2.27 0.07 18.55 ok
S nu 1 0.07 0.002 0.63
NO,+NOs ny 1 0.02 0.001 0.14
PO, ny 1 0.06 0.002 0.52
Si(OH), ny 1 0.05 0.001 0.37
Rainfall Kg m’ 1 0.19 0.006 1.59
Wind Stress Pa 1 0.10 0.003 0.79
Residual 236 28.85 0.87
Total 244 33.58 1.00
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Supplementary Figures

Local monitoring networks

51.03°N

50.93°N

50.84°N

RRI
LOG

50.75°N Boulogne-sur-mer
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Figure S2.1. Location of the SOMLIT (S1, S2) and DYPHYRAD (R1, R2, R4) stations in the eastern English Channel (map creation with R software using the package
Googlemap).
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Figure S2.2. (A) Monthly variations of the environmental variables: Temperature (T, °C), Photosynthetic Active Radiation (PAR, E m2 d1), Salinity (S, PSU), nitrite and
nitrate (NO2+NO3 M), phosphate (PO4, M), silicate (Si(OH)4, uM), chlorophyll-a (Chl-a, ug L), wind stress (Pa), rainfall (Kg m2) (B) Spatial variations of the environmental
variables measured in the eastern English Channel at the DYPHYRAD and SOMLIT stations from March 2016 to October 2020. The letters indicate significant differences (p
< 0.05) between stations based on Kruskal-Wallis and Nemenyi post-hoc test on the top of the graphs. Solid black lines represent the median, black dots the mean and the black

stars the outliers.
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according to the months) to explore the link between the structure of the phytoplankton communities and the environmental variables (black arrows; temperature (T, °C),
Photosynthetic Active Radiation (PAR, E m2 d1), salinity (S, PSU), nitrite and nitrate (NO2+NO3 M), phosphate (PO, uM), silicate (Si(OH)a4, uM), chlorophyll-a (Chl-a, ug
L), wind stress (Pa), rainfall (Kg m) measured in the eastern English Channel at the DYPHYRAD and SOMLIT stations from March 2016 to October 2020.
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Figure S2.4. Spatial variations of the number of reads (purple), abundance (number of cell cell L%, in green) and biomass (ugC L™, in yellow) of the different phytoplankton
groups (A: diatoms, B: dinoflagellates, C: P. globosa, D: pico- nanophytoplankton (PicoNano), and E: cryptophytes) identified in the eastern English Channel from March
2016 to October 2020. The letters indicate significant differences (p < 0.05) between stations based on Kruskal-Wallis and Nemenyi post-hoc test. Solid black lines represent
the median, black dots the mean and the black stars the outliers.
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data set), occurring in the eastern English Channel at the SOMLIT (S1, S2) stations in 2016.
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Figure S2.6. Heatmap illustrating the relative abundance of reads of the 30 most abundant phytoplankton genera (i.e., contributing to at least 0.5 % of reads in the whole data
set), occurring in the eastern English Channel at the SOMLIT (S1, S2) stations in 2017.
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Figure S2.7. Heatmap illustrating the relative abundance of reads of the 30 most abundant phytoplankton genera (i.e., contributing to at least 0.5 % of reads in the whole data

set), occurring in the eastern English Channel at the SOMLIT (S1, S2) and DYPHYRAD (R1, R2, R4) stations in 2018.
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Figure S2.8. Heatmap illustrating the relative abundance of reads of the 30 most abundant phytoplankton genera (i.e., contributing to at least 0.5 % of reads in the whole data

set), occurring in the eastern English Channel at the SOMLIT (S1, S2) and DYPHYRAD (R1, R2, R4) stations in 2019.
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Figure S2.9. Heatmap illustrating the relative abundance of reads of the 30 most abundant phytoplankton genera (i.e., contributing to at least 0.5 % of reads in the whole data

set), occurring in the eastern English Channel at the SOMLIT (S1, S2) and DYPHYRAD (R1, R2, R4) stations in 2020.
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Figure S2.10. Exploration of the phylogenetic signal of the phytoplankton communities in the eastern English Channel at the SOMLIT and DYPHYRAD stations from March
2016 to October 2020 through Mantel correlograms between the Euclidean distance matrix of ASVs environmental optima for (A) Photosynthetic Active Radiation (PAR, E
m2 d1), (B) temperature (T, °C), (C) salinity (S, PSU), (D) nitrite and nitrate (NO2+NOj; uM), (E) phosphate (PO4, uM), (F) silicate (Si(OH)4, M), and the phylogenetic
distance matrix. Black and white squares indicate significant (p<0.05) and non-significant correlation values, respectively.
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Preamble

One of the most important interaction in microbial communities concerns phytoplankton and
heterotrophic bacteria, and can span from cooperative to competitive (Seymour et al., 2017).
The rapid responses of bacteria are directly linked to changes in their physicochemical and
biological environment, even if their community structure can be relatively predictable (e.g.,
review Fuhrman et al., 2015). Bacteria therefore represent the biological intermediate link
between physicochemical changes in the environment and phytoplanktonic community
responses. However, in the EEC the study of bacteria communities in relation to phytoplankton
has been overlooked with the last study dating 14 years ago. In this chapter, microscopy data
were used to describe diatom communities and P. globosa, and metabarcoding data to describe
heterotrophic bacterial communities over five years. Extended local similarity (eLSA) network

analysis was applied to identify potential relationships with P. globosa and diatom blooms.
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Bacterial dynamics and interactions during distinct

phytoplankton blooms in temperate coastal waters

Keywords: Bacteria, diatoms, Phaeocystis globosa, interactions, network analysis

This chapter is a draft paper

Résumé en francais

Cette étude a visé a contribuer a notre compréhension des interactions complexes entre le
phytoplancton et les bactéries hétérotrophes dans les écosystémes cotiers. Pour cela, la
dynamique du phytoplancton et des bactéries hétérotrophes a été étudié en combinant le
séquencage 16S rDNA, la microscopie et la cytométrie en flux dans un écosystéme cotier
mésotrophe sur une période de cing ans (soit 282 échantillons). Cette étude s'est concentrée sur
deux groupes de phytoplancton concurrents et phylogénétiquement éloignés (les Haptophytes,
i.e., P. globosa, et les Bacillariophyta, i.e., les diatomées). L'analyse eLSA a été utilisée pour
construire des réseaux pendant les périodes sans efflorescences et les périodes d’efflorescences.
Dans I'ensemble, les résultats de cette étude ont mis en évidence l'importance des interactions
saisonnieres et spécifiques. L'hiver a été caractérisé par des communautés riches et diversifiées
de diatomées, le printemps par des efflorescences de P. globosa, tandis que I'été était marqué
par de courtes efflorescences monospécifiques de diatomées. L'hiver a montré des
communautés bactériennes interconnectées, indiquant une dégradation synergique de divers
substrats déerivés du phytoplancton. Au printemps, malgré des variations dans I'intensité des
efflorescences de P. globosa, la composition des communautés bactériennes est restée
constante d'une année a l'autre, suggérant I'établissement d'un environnement stable pour les
communautés bactériennes pendant ces efflorescences. En été, des associations spécifiques
entre les efflorescences transitoires monospécifiques de diatomées et les bactéries

hétérotrophes ont été observées.

Abstract

Marine phytoplankton and bacteria form the foundation of marine food webs. The specific
interactions taking place between phytoplankton and bacteria have been mainly focused in
diatom blooms. This study aimed to contribute to our understanding of the intricate interactions
between phytoplankton and bacteria in coastal ecosystems. For this we studied the dynamics
of phytoplankton and heterotrophic bacteria combining 16S rDNA amplicon sequencing,
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microscopy and flow cytometry in a meso-eutrophic coastal ecosystem over a period of five
years (i.e., 282 samples). We focused on two competing and phylogenetically distant
phytoplankton groups (Haptophytes (i.e., Phaeocystis globosa) and Bacillariophyta (diatoms)).
We applied extended local similarity analysis (eLSA) to construct networks during non-
blooming and blooming periods. Overall, our results highlighted the importance of seasonal
and species-specific interactions between phytoplankton and evidenced the bacterial
community dynamics in the EEC. Winter was characterised by a rich and diverse diatom
communities, spring by P. globosa blooms, while summer by short monospecific diatom
blooms. Winter showed interconnected bacterial communities, indicating a synergistic
degradation of diverse phytoplankton-derived substrates. In spring, despite variations in the
intensity of P. globosa blooms, the composition of bacterial communities remained consistent
across years, suggesting the establishment of stable-state environment for bacterial
communities during these blooms. In summer, specific associations between transient

monospecific diatom blooms and heterotrophic bacteria were observed.

3.1. Introduction

Despite making up only 0.2% of the total biomass of primary producers on earth, marine
phytoplankton contributes up to 50% of global primary production (Falkowski et al., 1998;
Field et al., 1998). Heterotrophic bacteria in the marine environment are responsible for
remineralizing at least half of this production (Azam et al., 1983). The abundance, diversity,
and functions of these microorganisms are influenced by various factors, including
temperature, light, nutrient availability, and biotic interactions (review Fuhrman 2015). The
latter are increasingly recognised as the determinant force modulating microbial community

structure and function (e.g., Genitsaris et al., 2015; Lima-Mendez et al., 2015).

Thus, the interactions between heterotrophic bacteria and phytoplankton represent a
fundamental ecological relationship in marine ecosystems (review Seymour et al., 2017).
Interactions span the spectrum of ecological relationships from cooperative to competitive
(Amin et al., 2012). For example, a typically cooperative (i.e., mutualistic) relationship
concerns the release of dissolved organic carbon by phytoplankton, which provides carbon and
energy to bacteria. In return, bacteria can facilitate access to nutrients, including vitamins, to
support phytoplankton growth (e.g., Durham et al., 2015). The interactions of these two
biological compartments strongly influence nutrient cycling and biomass production and affect
carbon and oxygen fluxes (Cole, 1982; Azam and Malfatti, 2007). While on the other side of
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the spectrum, algicidal bacteria induce negative effects on phytoplankton targets (Mayali and
Azam, 2004; Meyer et al., 2017).

The associations between phytoplankton and bacteria have been explored through experimental
and in situ studies (e.g., Lelong et al., 2012; Delmont et al., 2014; Amin et al., 2015; Cooper
and Smith, 2015; Durham et al., 2015). Experimental studies have evidenced important roles
through species-specific associations. For example, using the exudates of diatom species as a
growth substrate allowed to establish specific links between the substrate preferences of several
bacteria (Landa et al., 2016). In situ studies have investigated heterotrophic bacterial dynamics,
and have shown predictable recurrent seasonal patterns at taxonomic and functional levels, in
oligotrophic and eutrophic ecosystems (Teeling et al., 2012, 2016; Chafee et al., 2018; Auladell
et al., 2023). These patterns were influenced by abiotic factors including temperature,
stratification, mixed layer depth, nutrients and winds, as well as, biotic factors including
phytoplankton blooms (e.g., Buchan et al., 2014; Teeling et al., 2016; Bunse and Pinhassi,
2017).

Processing phytoplankton-derived organic matter requires diverse heterotrophic bacteria with
different adaptive strategies (Buchan et al., 2014). Heterotrophic bacteria are generally
distinguished as either oligotrophs or copiotrophs. (Koch, 2001; Lauro et al., 2009).
Oligotrophs grow in low labile organic matter environments such as winter and deep offshore
waters, while copiotrophs develop during high productivity periods such as phytoplankton
blooms (e.g., Giovannoni et al., 2014; Lemonnier et al., 2020). They also present different
degrees of ecological specialization, with generalist bacteria being able to assimilate broad
range of substrates, while specialists can only assimilate a narrow range of substrates (e.g.,
Mou et al., 2008).

Actually, the majority of our knowledge regarding the influence of phytoplankton blooms on
bacteria dynamics is related to diatom-dominated blooms. (e.g., Teeling et al., 2012, 2016;
Chafee et al., 2018; Arandia-Gorostidi et al., 2022). This is due to the ecological significance
of diatoms on a global scale (e.g., Tréguer et al., 2018). It remains unclear whether similar
patterns are extended to other phytoplankton, particularly those that may compete with
diatoms. Phaeocystis globosa typically competes with diatoms and often dominates spring
blooms in coastal waters (e.g., Peperzak et al., 1998). P. globosa can form colonies of cells
embedded in a mucopolysaccharide matrix reaching up to a centimetre in diameter (review,

Schoemann et al., 2005). Specific polysaccharides define which bacteria are attracted to
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colonize the organic matter excreted by phytoplankton (e.g, review, Mihlenbruch et al., 2018).
The availability of distinct polysaccharides in the Phaeocystis colony matrix, along with other
chemical properties, such as the presence of amino-sugars and abundant
dimethylsulfoniopropionate (DMSP), suggest that a unique bacterial consortium thrive in the
Phaeocystis microenvironment (Solomon et al., 2003; Shen et al., 2011; Mars Brisbin et al.,
2022). The few existing studies focused on P. globosa and associated bacteria showed drastic
shifts in bacteria composition and activity at different phases of the bloom, however these
studies conducted in short period of time (less than a year; Alderkamp et al., 2006; Lamy et
al., 2009; Gibson et al., 2022).

The present study aimed to improve our understanding relative to phytoplankton and
heterotrophic bacterial communities in particular during blooming periods. For this,
phytoplankton and heterotrophic bacteria dynamics were investigated in the coastal waters of
the meso-eutrophic Eastern English Channel (EEC) characterized by blooms of two
phylogenetically distant and competing groups, Haptophytes (i.e., Phaeocystis globosa) and
Bacillariophyta (diatoms). The phytoplankton succession in this area is characterized by a rich
diatom winter community, recurrent P. globosa bloom in spring (e.g., Breton et al., 2006),
showing variable blooming intensities across years (Houliez et al., 2023), and transient diatom
blooms in summer (Skouroliakou et al., 2022). It remains to determine whether variable
blooming intensities of P. globosa exhibit similar bacteria structures on multiple years, and
whether they are comparable to those of diatom blooms. It is noteworthy that there are only
few studies on bacterial dynamics in the EEC, with the last one dating 14 years ago extended
on small temporal scale during the growth, bloom, and senescence phases of P. globosa bloom
(four months; Lamy et al., 2009). Our objective here was to describe bacteria interannual
patterns and taxon-specific relationships between bacteria and phytoplankton on a pluriannual
scale. We hypothesized that bacterial seasonal community structure was associated with
different seasonal phytoplankton communities, but also affected by P. globosa and transient
summer diatom blooms. The temporal patterns of phytoplankton and bacterial communities
were investigated using microscopy, flow cytometry, and 16S rRNA gene amplicon
sequencing at the surface coastal waters of the EEC from 2016 to 2020 (i.e., 282 samples). The
extended local Similarity Analysis (eLSA) was used to investigate potential relations between

phytoplankton and bacteria.
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3.2. Material and methods
3.2.1. Sampling

Subsurface seawater samples were collected (2 m depth) at five neighboring stations in the
EEC (Fig. S3.1). From 2016 to 2020, the SOMLIT (French Network of Coastal Observatories;
https://www.somlit.fr/) coastal S1 and offshore S2 stations were sampled on a bi-weekly basis.

From 2018 to 2020 the sampling effort was intensified with weekly samplings at three
additional stations (R1, R2, and R4) from the local monitoring transect ‘DYPHYRAD’ situated
approximately 15 km north of the SOMLIT stations (Fig. S3.1, Table S3.1). Higher frequency
samplings (2-3 times per week) were also carried out after the end of the spring bloom in June-
July and in autumn September-October at stations R1-R4. The higher frequency was applied
to catch rapidly changing heterotrophic bacteria and phytoplankton dynamics. The post-spring
bloom period (June-July) was chosen because high bacterial abundance and activity were
observed after a P. globosa bloom (e.g., Lamy et al., 2009), as well as high diatom abundance
and biomass (e.g., Breton et al., 2017). High frequency sampling was carried out in September
and October because it is a transitional period from summer to winter conditions (e.g., Breton,
2000). Only three samples were collected in August due to the unavailability of the boat during

this month. For this reason, the August data are presented but not further discussed.

3.2.2. Environmental variables

Sea surface temperature (T, °C) and salinit