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SUMMARY (ENG)

Marine plankton, which incorporates all organisms that drift with currents, is responsible for about half of global primary production, plays a major role in global biogeochemical cycles and facilitates climate regulation. Understanding the dynamics of marine plankton is thus crucial in improving our capacity to accurately predict the environmental consequences of global changes. Time-series are witnesses of long-term ecological change and also provide a great opportunity to understand how the environment shapes planktonic communities to be able to predict their composition in the future.

The main goals of this thesis are to describe the temporal patterns of planktonic protist communities in coastal tidally-mixed waters and unveil their main drivers. The work presented in this manuscript is based on the analysis of microscopy counts and DNA metabarcoding (rDNA 18S V4) data from plankton samples collected biweekly over 8 years (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) at the Somlit-Astan station (Roscoff, Western English Channel). Morphological data allowed us to assess absolute abundance of eukaryotic phytoplankton and metabarcoding data revealed a great diversity of both phototrophic and heterotrophic microeukaryotes.

First we elucidated the recurrent seasonal pattern of the dominant species and OTUs (rDNA-derived taxa) that drive annual plankton successions at the Somlit-Astan station and identified diatoms as the dominant group of phytoplankton. Then, we partitioned the planktonic taxa into two groups (core and transient) using a new metric estimating the temporal regularity of occurrence of organisms over the years (perplexity index), and we explored how these two groups interact with each other and with the environment. Core taxa persist through time and are very abundant whereas transient taxa occur intermittently. Finally, we compared the Somlit-Astan time-series with another one in the Gulf of Naples (Lter-Marechiara) focusing on diatoms. We highlighted six unique sequences abundant at both sites (maximum abundance > 10%) despite the difference of temperature.

This thesis supports evidence that microbial planktonic communities are shaped by time, and more specifically they are responding to the temporal structure of the environmental factors on one hand, and the self-organization processes of the community assembly (i.e. interactions), on the other hand. Those are major forces shaping annual plankton successions and the notable resilience of core species. Transient species instead are mainly driven by stochastic events.

RESUME (FR)

Exploration des fluctuations temporelles des communautés planctoniques de la Manche Occidentale par l'analyse de données morphologiques et de metabarcoding d'une série temporelle Le plancton marin, qui regroupe tous les organismes qui dérivent au gré du courant, est à l'origine de près de la moitié de la production primaire, joue un rôle majeur dans les cycles biogéochimiques et participe à la régulation du climat de la planète. Il est donc crucial de comprendre la dynamique du plancton marin afin de mieux pouvoir prédire les conséquences environnementales du changement global. Les séries temporelles sont les témoins des changements écologiques à long terme mais sont aussi l'opportunité de comprendre comment l'environnement façonne les communautés planctoniques et ainsi être capables de prédire leur composition.

Les principaux objectifs de cette thèse sont de décrire les patrons temporels des communautés planctoniques de milieu macrotidal côtier turbulent et de mettre en évidence leurs forçages. Le travail présenté dans ce manuscrit s'appuie sur l'analyse de données de comptage au microscope et de données de metabarcoding (ADNr 18S V4) provenant d'échantillons de plancton collecté toutes les deux semaines pendant huit ans (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) à la station Somlit-Astan (Roscoff, Manche occidentale). Les données morphologiques nous ont permis d'estimer l'abondance absolue du phytoplancton eucaryote et le metabarcoding a révélé une importante diversité de microeucaryotes photosynthétiques et hétérotrophes.

Nous avons dans un premier temps élucidé le patron de récurrence saisonnière des espèces/OTUs dominantes qui régissent les successions saisonnières à la station Somlit-Astan et identifié les diatomées comme étant le groupe de phytoplancton dominant. Ensuite, nous avons partitionné les taxons planctoniques en deux groupes (principaux et transitoires) en utilisant une nouvelle métrique (indice de perplexité), et nous avons exploré comment ces deux groupes interagissent entre eux et avec leur environnement. Les taxons qualifiés de principaux persistent dans le temps et sont très abondants alors que les taxons transitoires apparaissent de manière intermittente. Enfin, nous avons comparé la série temporelle de Somlit-Astan avec celle de Lter-Marechiara (Golfe de Naples) en s'intéressant au diatomées. Nous avons mis en évidence six séquences uniques qui sont abondantes (abondance maximale > 10%) à chaque site malgré la différence de température.

Cette thèse montre que les communautés planctoniques microbiennes sont façonnées par le temps, et plus spécifiquement qu'elles répondent à la structure temporelle des facteurs environnementaux d'une part, et aux processus d'auto-organisation de l'assemblage de la communauté (c'est-à-dire les interactions), d'autre part. Ce sont des forces majeures qui façonnent les successions annuelles du plancton et la remarquable résilience des espèces principales. Quant aux espèces transitoires, leur présence est principalement expliquée par des événements stochastiques.

INTRODUCTION I) MARINE BIODIVERSITY AND ECOSYSTEM FUNCTION

Our planet diversity is remarkable, and it is what support the variety of life (i.e. genes, species, or functional traits). Oceans, which teem with microorganisms such as bacteria, viruses, and protists, cover approximately 70% of Earth's surface and may have been the first biome to exist on our planet, as life originated here. Many of these microbes fundamentally influence the ocean's ability to sustain life on Earth and play a fundamental role in climate processes that have global and socioeconomic impacts [START_REF] Bigg | The role of the oceans in climate[END_REF]. For example, microbial diversity contributes to ecological processes that control fluxes of energy, allow nutrients cycling [START_REF] Arrigo | Marine microorganisms and global nutrient cycles[END_REF]Falkowski et.al, 2008), primary production (the use of sunlight to transform inorganic matter into new biological tissue) and decomposition (the recycling of organic waste). For all these reasons, studying patterns of their biodiversity in space and time and answering the following questions is very important in the marine realm. Which processes are at the origin of microbial biodiversity patterns, which environmental factors are responsible for changes in community composition? How can we explain the overall relative resilience of marine ecosystems where microbial forms are so diverse? Disclosing the processes behind diversity and identifying the specific responses of species has never been so important as it is now, due to climate change (Cardinale et al., 2012). Because of anthropogenic activities, species are reorganizing by migrating in more suitable environments or simply shifting their life cycle to a different time of the year, when the conditions are more adapted to their survival. In particular this is happening at an unprecedented speed for plankton communities (Beaugrand et al., 2002;[START_REF] Hutchins | Microorganisms and ocean global change[END_REF].

i.e. forms that are invisible to the naked eye. Microbial plankton includes viruses, prokaryotes (archeae, bacteria) and unicellular eukaryotes, also designed as protists, or microeukaryotes. In fact, microbial forms populate all marine habitats, from surface to bottom including sediments and they represent overall about half of the marine carbon (C) biomass (Figure 1).

Figure 1: The composition of marine biomass. (A)

The absolute biomasses of different taxa represented using a Voronoi treemap. (B) Dissection of the global marine biomass by trophic mode and taxonomy. (C) Uncertainties of values shown in (A) depicted as a color gradient around each estimate. The strength of the gradient at each point represents the probability that the total biomass of a specific kingdom has the specific value. From Bar-On & Milo, (2019).

Marine plankton is characterized by a vast range of sizes (mainly in the micrometers range, Lee & Fuhrman, 1987; Figure 2). Different size classes are classically distinguished.

They include the femtoplankton (0.02-0.2 µm), the picoplankton (0.2-2µm), the nanoplankton (2-20 µm), the microplankton (20-200 µm), the mesoplankton (0.2-20 mm), the macroplankton (2-20mm) and the megaplankton (20-200 cm) (Sieburth et al., 1978). The sampling protocol targeted in total 12 organismal size fractions from picoplankton to megaplankton, that is, across more than seven orders of magnitude in size, corresponding to the range from the size of a bee to ten times the height of Mount Everest. From [START_REF] Sunagawa | Tara Oceans: towards global ocean ecosystems biology[END_REF].

Marine planktonic organisms can also be classified in functional groups (group of species which ensure the same function in the ecosystem and share same functional traits, [START_REF] Reynolds | Phytoplankton assemblages and their periodicity in stratifying lake systems[END_REF]Romagnan et al., 2015). The trophic function is often used for a first order classification. The phytoplankton is composed of mostly small organisms (pico-to microplanktonic) that are autotrophic, i.e. able to convert sun light into oxygen through photosynthesis thanks to the presence of chloroplasts. This group includes both eukaryotes and prokaryotes (the cyanobacteria). Zooplankton is composed of organisms that feed on organic carbon sources. They can be grazers, parasites, or saprophytes. Their sizes range from 2µm to several m and include both microscopic organisms (microzooplankton, composed of heterotrophic protists) or macroscopic organisms (mostly metazoans). These organisms need to provide themselves organic material to build the necessary energy to survive. Some plankton species may also be mixotrophic, meaning that despite the possibility of doing photosynthesis, they can also graze on other organisms (Flynn et al., 2013;Stoecker et et al., 2016). The decomposers form another functional group that degrade the organic matter. Planktonic decomposers are mostly bacteria and fungi. Other functional traits, relate for example, to the behavior, the reproductive strategy etc. that have been acquired through evolution and that correspond to adaptations to a specific environment, which can be used to go further in the distinction of functional groups. Among planktonic microorganisms, protists are key players, they represent alone about one third of the C biomass and are extremely diverse, both taxonomically and functionally (Bar-On et al., 2019).

Marine planktonic protists: main lineages and functions

Protists appeared on Earth around ~2 billion years ago [START_REF] Caron | Marine Protistan Diversity[END_REF] and now constitute the majority of lineages across the eukaryotic tree of life (Figure 3) which make them the perfect subject to answer questions related to biodiversity processes. Their size range that spans more than five orders of magnitude goes from 1 to 100,000 µm and despite being single cell many of them are found to live in colonies. Protists live in almost any environment that contains water, also a simple puddle formed after a rainy day. Many of them, such as the microalgae are photosynthetic and are vital primary producers in ocean ecosystems, while some others are responsible for a range of serious human diseases, such as malaria and sleeping sickness. Dinoflagellates, for examples, one of the most abundant protist taxa, deeply underestimated before the development of high throughput sequencing (HTS) [START_REF] Bescot | Global patterns of pelagic dinoflagellate diversity across protist size classes unveiled by metabarcoding[END_REF], can develop in some very harmful blooms, also known as red tides which are responsible for the mass mortality of fish and invertebrates in coastal waters (Smayda, 1997).

Figure 3: The eukaryotic tree of life. Synthesis of information on morphology, phylogenetic and phylogenomic analyses to highlight eukaryotic diversity. The tree is divided into 7 subgroups which all contain unicellular eukaryotic lineages (protists). From [START_REF] Worden | Rethinking the marine carbon cycle: Factoring in the multifarious lifestyles of microbes[END_REF].

In the phylogenetic tree of life, protists are widespread, since they are all eukaryotes that do not differentiate into tissues [START_REF] Adl | The new higher level classification of eukaryotes with emphasis on the taxonomy of protists[END_REF], and thus all eukaryotes that are not fungi, animals, plants or multicellular algae. They have a relatively simple organization but not very much else in common as they developed quite different strategies. Their classification evolves rapidly, especially with the new molecular approaches that are allowing environmental surveys. Along with discoveries, the resolution of nodes in phylogenies is progressively achieved [START_REF] Adl | Revisions to the Classification, Nomenclature, and Diversity of Eukaryotes[END_REF]Berney et al., 2017). But the discovery of new taxa and lineages, in particular from environmental and -omic approaches increases the challenges linked to the understanding of their phylogenetic complexity. New challenges are also faced when producing updated classifications and names, even for the upper taxonomic ranks. Planktonic protists representatives are found in the following main lineages (Figure 3):

 Opisthokonts: This group contain the multicellular Metazoans and Fungi. Single cells in the Opistokonts are characterized by a single posterior flagellum, and may be parasistic (e.g. fungi and microsporidia), saprophytic (e.g. the chytrids) or consume preys by filtration (e.g. choanoflagellates).

 Amoebozoa: that move and feed through phagocytosis, with pseudopodia (= cellular projections) and are amorphous (= no shape) heterotrophs; Amoebozoans include tubulinid, arcellinid, and mycetozoan.

 Excavates: typically possess a feeding groove and include parasites but also phototrophs (i.e. the euglenids)

 Achaeplastids: This group contains almost exclusively phototrophic organisms which plastids originate from a primary endosymbiosis (Margulis, 1981). Marine protists in this group are mainly green microalgae that belong to "early diverging" lineages in the Chlorophyta.

 Alveolates: Alveolates own cortical alveolae (alveolar sacs inside the cell); They include phototrophic, mixotrophic and heterotrophic organisms. Marine alveolates include ciliates and dinoflagellates and also the apicomplexans (gregarines) that are obligate parasites.

 Rhizaria: such as the acantharians, foraminifers, and cercozoans. It includes flagellates and amoeba, some of them possess ectoplasmic extensions and complex skeletons, many are symbiotic with microalgae, and some possess plastids (the chlorarachniophytes).

 Stramenopiles: marine Stramenopiles include notably the diatoms or Bacillariophyta, the raphidophytes and the labyrinthulids -this important group contains phototrophic but also non-photostrophic protists. It is characterized by two unequal flagella, one bearing mastigonems (i.e. tripartite hair like structures) during at least part of their life cycle. This thesis focuses on studying the dynamics of protists in general, and diatoms are studied in more detail in the last chapter. Diatoms are some of the most abundant organisms on Earth with millions of cells in every liter of sea water, and they are probably the most studied among the photosynthetic protists. Diatoms are among the protist groups with the highest diversity and abundance in marine waters according to both studies based on their morphologic [START_REF] Round | Diatoms: biology and morphology of the genera[END_REF] and genetic characters [START_REF] Malviya | Insights into global diatom distribution and diversity in the world ' s ocean[END_REF][START_REF] Piredda | Diatom diversity through HTS-metabarcoding in coastal European seas[END_REF]. They own a particular characteristic siliceous skeleton, called the frustule, that surrounds the cell membrane [START_REF] Hallegraeff | Taxonomy and Morphology of the Marine Plankton Diatoms[END_REF]. Some of them are solitary but many live in colonies and can form very long chains. They are particularly important in coastal areas and at high latitudes. They have a widespread geographic ranges and distributions [START_REF] O'malley | Everything is everywhere: but the environment selects": ubiquitous distribution and ecological determinism in microbial biogeography[END_REF], and have colonized both the benthic and pelagic marine environments. Diatoms play an important role in the capture of CO2 and production of O2 in the atmosphere. More than 20% of the oxygen concentration present in our planet is produced by diatoms [START_REF] Falkowski | Biogeochemical controls and feedbacks on ocean primary production[END_REF] that can be compared to microscopic underwater forests. Their participation in both silica [START_REF] Tréguer | The world ocean silica cycle[END_REF] and carbon [START_REF] Falkowski | The Microbial Engines That Drive Earth's Biogeochemical Cycles[END_REF] cycles influences the ecosystem health. It is therefore important to study their diversity for understanding marine ecosystem resilience, especially in coastal environments which are constantly influenced by both climate driven changes and anthropogenic perturbations [START_REF] Goberville | Climate-driven changes in coastal marine systems of western Europe[END_REF]Tréguer et al., 2014).

A number of other groups are forming rather independent lineages. Among them are the cryptomonads and haptophytes that are large and well-studied groups of important marine primary producers. The two groups include also mixotrophic and heterotrophic representatives. Haptophytes possess a characteristic microtubule-based appendage.

Cryptophytes are unicellular organisms that possess trichocysts as well as two flagella that emerge from an anterior depression. Kataplepharids, centrohelids and telonemids are all heterotrophs that can also be abundant in the plankton. Only recently, other Stramenopiles who act as bacterivorous protists called MAST, have been discovered. They represent a key eukaryotic group in marine food webs and contribute substantially to picoplankton grazing and nutrient re-mineralization in vast areas of the ocean [START_REF] Massana | Massana et al 2006_Distribution and abundance of uncultured heterotrophic flagellates in the world oceans[END_REF].

In marine ecosystems, protists are known to fulfill different roles as primary producers, consumers, decomposers, parasites and symbionts [START_REF] Caron | Marine protistan diversity[END_REF]Figure 4).

In general, they participate into complex networks of interacting organisms that structure the ocean ecosystem and feed the carbon cycle. Their lifestyles and trophic modes that determine how they interact with other microorganisms are diverse. In planktonic protists, the following trophic modes are found [START_REF] Adl | Revisions to the Classification, Nomenclature, and Diversity of Eukaryotes[END_REF][START_REF] Worden | Rethinking the marine carbon cycle: Factoring in the multifarious lifestyles of microbes[END_REF](Figure 4): (i) phototrophy, i.e. conversion of CO2 into organic carbon via photosynthesis; planktonic microalgae that hold plastids are phototrophs (ii) osmotrophy, in which all cells take up other molecules from the environment and (iii) saprotrophy, that involves extracellular digestion in the recycling of organic matter, some microscopic Fungi, but also some heterotrophic Stramenopiles (the labirynthulids for example) are known as saprotrophs; (vi) predation, that imply the consumption of preys often by phagocytosis, although some protists such as the choanoflagellates, use filtration to capture their prey. Dinoflagellates, rhizarians, but also amoeba, and heterotrophic stramenopiles are important marine grazers that use diverse strategies to capture their preys; (v) mixotrophy, which is a combination of strategies including phototrophic and heterotrophic behavior. Many dinoflagellate or haptophyte species with plastids also have the capacity to feed or organic carbon (and preys); (vi) parasitism, defined as an association that includes an infection. The Syndiniales, a group of dinoflagellates, is known to parasite other dinoflagellates. Many uncultured marine alveolates (or MALV) belong to this group practicing (vii) symbiosis, a mutualistic relationship benefic for both organisms involved. In sum, in the oceans, protists are responsible, together with the cyanobacteria, for most of the input of energy via photosynthesis, but also largely contribute to the transfer of organic matter to higher trophic levels and through the microbial loop. [START_REF] Worden | Rethinking the marine carbon cycle: Factoring in the multifarious lifestyles of microbes[END_REF].

Marine planktonic protists: how many species?

The Earth is hosting between 5.3 and one trillion of species forms, most of which are microscopic [START_REF] Costello | Can we name earth's species before they go extinct?[END_REF][START_REF] Lennon | The underestimation of global microbial diversity[END_REF]. Scientists have estimated that there are around 8.7 million species of plants and animals in existence, however only around 1.2 million species have been identified and described so far [START_REF] Mora | How many species are there on earth and in the ocean?[END_REF]. The latest estimated eukaryotic marine species number is 16.5 million, among which ~226,000 species have been described and currently accepted, and ~20,000 described only in the last decade [START_REF] Appeltans | The magnitude of global marine species diversity[END_REF]. Estimating the total number of planktonic protists species, like estimating the total number of planktonic bacteria species is not an easy task. According to the literature, protist catalogued species include ~4,350 species of phytoplankton (microalgae), ~1,350 species of protozooplankton (relatively large, often biomineralized, heterotrophic protists) [START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF]. These numbers exceed the number of described planktonic metazooplankton species (holoplanktonic animals, ~5,500 species). But the census of marine pelagic protists is far from being complete. One of the reasons is that delineating species for groups of organisms that are microscopic and reproduce mainly through vegetative reproduction is particularly tricky.

The identification and distinction of protist species has traditionally been based on morphology and most of the species described to date have been distinguished using details of their external morphology or of their ultrastructure [START_REF] Oliver | Un método posible para la evaluación rápida de la biodiversidad[END_REF]. But for those organisms with minute size and high morphological convergences, additional characters, and especially genetic characters are often necessary to delineate and describe species.

Comparative biodiversity analyses of protist species are often based on genetic datasets. In these analyses, genetically coherent clusters of individual can be distinguished operationally from sequence data through different bioinformatics pipelines. But with genetic characters, like with details about morphology, the question of the operational thresholds used to group individuals within a species is particularly difficult. Today, in biodiversity studies, instead of distinguishing species, individuals are rather clustered in Operational Taxonomic Units (OTUs). OTUs are obtained after comparison of genetic sequences using algorithms that calculate the similarities between sequences. The OTUs are clusters of sequences that differ by less than a fixed dissimilarity threshold (~3%) or like in Swarm that uses amplicon abundance information and OTU's internal structures to refine the clustering results (Mahé et al., 2014[START_REF] Mahé | Swarm v2: highly-scalable and highresolution amplicon clustering[END_REF]. Another strategy to study the diversity of protists is to use unique sequences, or an Amplicon Sequence Variant (ASV). The Divisive Amplicon Denoising Algorithm (DADA and DADA2, [START_REF] Callahan | DADA2: Highresolution sample inference from Illumina amplicon data[END_REF] for example, resolve differences of as little as 1 nucleotide and allow to work with ASVs correcting amplicon errors without constructing OTUs). Sequences of OTUs or ASVs can then be assigned by similarity analyses, based on their genetic affiliation, with reference sequences collected in apposite databases (like for example Silva or PR2, [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF][START_REF] Quast | The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools[END_REF]. Analyses of protist diversity across the global oceans using -omic approaches have shown that the current list of species is largely incomplete and that these microbial eukaryotes comprise a huge amount of the organismal and genetic complexity of our planet's biomes, potentially even the majority (e.g. [START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF][START_REF] Mahé | Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests[END_REF]. Connecting these new genetic data to species names and functions represents a huge challenge.

MARINE MICROBIAL DIVERSITY PATTERNS IN SPACE AND TIME

Every region on Earth vary in the number and types of species. Biogeography is the study of the distribution of organisms across space and time, and recent advances in marine microbial communities' studies showed that these communities follow predictable patterns.

In community ecology we look, in particular, for repeated patterns because they can constitute key biodiversity patterns (Fuhrman, Cram & Needham, 2015). Despite the clear resilience of such patterns of diversity, their description, whatever scale is taken in consideration, is very challenging for protists and microbial organisms in general.

Examples of biodiversity patterns for pelagic protists

Microscopic planktonic organisms are known for their tremendous diversity emerging from physico-chemical environment adaptations and from the complex ecological networks they form (Lima-mendez et al., 2015). The distribution of these organisms is not random and biodiversity patterns have been recently uncovered, both in space and time.

Here are some examples.

The latitudinal diversity gradient

The increase in numbers of animal and plant species from the poles toward the equator is one of the most pervasive patterns of life on Earth. Since many years' scientists studied the reasons why species richness of most taxa increase with decreasing latitude: the so called latitudinal diversity gradient (LDG). Unraveling patterns of diversity across macroclimatic gradients, such as the latitudinal diversity gradient, is a way to anticipate the effects of climate change (Ibarbalz et al., 2019). The LDG has been identified across bacteria [START_REF] Fuhrman | A latitudinal diversity gradient in planktonic marine bacteria[END_REF] and for multiple marine plankton groups, including protists [START_REF] Cermeño | Phytoplankton biogeography and community stability in the ocean[END_REF]. As shown in recent studies, phyto-, bacterio-and zooplankton all exibited higher diversity in tropical and subtropical regions that then decreased poleward (Ibarbalz et al., 2019). The same gradient has been observed for tintinnids and copepods [START_REF] Dolan | The legacy of the last cruise of the carnegie: A lesson in the value of dusty old taxonomic monographs[END_REF]. Further investigations to elucidate the LDG are needed, but in the meantime contrasting strategies in energy acquisition is one of the explanations proposed. It seems that similar trophic mode exhibit similar LDG forms, except phototrophs and heterotrophic protists (Ibarbalz et al., 2019). This pattern in particular, could be the result of top-down or bottom-up controls by other trophic levels, as well as interspecific competition (i.e. copepods feeding on phototrophic diatoms or dinoflagellates) [START_REF] Saiz | Copepod feeding in the ocean: Scaling patterns, composition of their diet and the bias of estimates due to microzooplankton grazing during incubations[END_REF].

The commonness and rarity of species

In general, in biological communities and for marine protists in particular, we observe few species that are exceptionally abundant while all the rest are rare [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF]. The pattern repeated across different taxonomic groups, it is also known as the phenomenon of the "rare biosphere" [START_REF] Mitchell | Microbial Diversity in the Deep Sea and the Underexplored "Rare Biosphere[END_REF]. Or if we consider rarity in time we can observe "occasional" species [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Ulrich | Frequent and occasional species and the shape of relative-abundance distributions[END_REF] observed in time as sporadic blooms (Caracciolo et al., in prep). Characterizing the rarity in aquatic microbes is not easy with cultivation techniques which most of the time concentrate on the most abundant species. Recently, it has been possible to describe the most rare organisms distribution and temporal dynamics using HTS with a particular focus on protists (Fuhrman, 2009;[START_REF] Logares | Patterns of rare and abundant marine microbial eukaryotes[END_REF][START_REF] Logares | Rarity in aquatic microbes: Placing protists on the map[END_REF]. While abundant species have crucial role in energy, carbon and nutrient flow, and are those typically participating to the seasonal cycle [START_REF] Björk | The dynamic core microbiome: Structure, dynamics and stability[END_REF][START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF], some studies also shows the important role that rare species might play, for example as keystone species [START_REF] Pester | A "rare biosphere" microorganism contributes to sulfate reduction in a peatland[END_REF] or in stabilizing the community [START_REF] Gaston | The importance of being rare[END_REF][START_REF] Shade | Temporal patterns of rarity provide a more complete view of microbial diversity[END_REF][START_REF] Snell Taylor | The prevalence and impact of transient species in ecological communities[END_REF].

II) TEMPORAL PATTERNS OF MARINE PLANKTON COMMUNITY

A major question in ecology concerns the identification and explanation of geographic variability affiliated with ecological communities [START_REF] Cormack | Spatial and temporal analysis in ecology[END_REF]. Geographic space functions either as a factor that shapes the structure of communities, or as a confounding variable that introduces bias when it is neglected during an ecological analysis [START_REF] Legendre | Spatial autocorrelation: trouble or new paradigm?[END_REF][START_REF] Keitt | Accounting for spatial pattern when modeling organism-environment interactions[END_REF]. The structure of communities is inherently spatial for two reasons.

First, population dynamics and interspecific interactions are governed by organisms that exist and interact only in their immediate vicinity [START_REF] Tilman | Spatial ecology: the role of space in population dynamics and interspecific interactions[END_REF]. Such biotic processes are at the origin of a spatial autocorrelation within communities [START_REF] Legendre | Spatial autocorrelation: trouble or new paradigm?[END_REF]. Note also that the so-called neutral processes, which are not functionally linked to changes in environmental conditions, such as ecological drift and random dispersion can generate spatial autocorrelation within communities [START_REF] Diniz-Filho | Spatial autocorrelation analysis allows disentangling the balance between neutral and niche processes in metacommunities[END_REF]. Second, physical processes create a spatial structure in environmental factors which, in turn, cause an induced spatial dependence in ecological communities [START_REF] Legendre | Spatial autocorrelation: trouble or new paradigm?[END_REF]. Temporal dynamics refer to changes in the abundance of various members (or populations) in a community happening over time. Analogously to the spatial context, a temporal structure of communities manifests itself through the observation of relationships (or the lack of statistical independence) between different time intervals along a time series and arises from similar mechanisms (Legendre & Gauthier, 2014). Temporal patterns in biodiversity have received less attention in ecology in comparison to spatial patterns [START_REF] White | Erratum: A comparison of the species-time relationship across ecosystems and taxonomic groups[END_REF].

However, recently the increasing availability and extent of biological ocean time series, that measure the composition of microbial community, have helped increase the effort to study phenological variability of marine plankton, to know how species respond to climate change [START_REF] Edwards | Impact of climate change on marine pelagic phenology and[END_REF][START_REF] Ji | Marine plankton phenology and life history in a changing climate: Current research and future directions[END_REF][START_REF] Cohen | A global synthesis of animal phenological responses to climate[END_REF]. Phenology is defined as "the study of life-cycle and seasonal natural phenomena, with particular relation to climate". But in order to make predictions on how biodiversity will respond to further global change, it is necessary to document and attempt to understand the current patterns in biodiversity. The study of marine microbial dynamics, principally involving bacterioplankton communities, or phytoplankton assemblages in lakes, has shown that their composition follows predictable patterns at different time scales, that patterns are repeatable over several years and can be predicted from environmental factors or ocean conditions [START_REF] Reynolds | Phytoplankton assemblages and their periodicity in stratifying lake systems[END_REF]Fuhrman et al., 2006).

PLANKTON DYNAMICS AND PROCESSES AT DIFFERENT TIME SCALES

Planktonic community are, at least in part, under the control of external forces related to the environmental conditions (temperature, nutrient supply, physical mixing) and internal feedback mechanisms (competition, viral infection, predator-prey interactions) that either alter or consolidate the community (Fuhrman, Cram & Needham, 2015) through growth, death, import and export. According to Vellend, (2010), patterns in the composition and diversity of species (or community dynamics) are influenced by four different processes that occur at different spatial and temporal scales: selection (e.g. competition, predation), drift (random events that influence species abundance), dispersal (movement of individuals from and in the community) and speciation (evolutionary processes driving biodiversity). All of these processes are as well influenced by the local hydrography that characterize each oceanic site and more generally by environmental factors.

Plankton communities are rather resilient but also dynamic, in constant change. The different timescales at which changes occur in planktonic microbial communities (changes of abundances of various members or populations in the community), and the potential drivers of these changes have been reviewed by Fuhrman et al., (2015). Microorganisms are characterized by very short generation times (average of approximately one day in the surface waters; [START_REF] Ducklow | Bacterial Production and Biomass in the Oceans. Microbial Ecology of the Oceans[END_REF]. Consequently, changes in community composition is occurring at the scale of a day or week. Changes within the day are mostly related to the physiological response of the organisms to changes in the environment that occur rapidly.

There can be both predictable changes (i.e. day-night cycle of primary productivity, internal clocks and interactions with vertically migrating plankton) or not predictable changes (i.e. due to storms or wind events which induce upwelling and consequences of interactions such as competition, grazing, viral infection, etc.). Daily to weekly changes are connected with the environmental variation (i.e. weather and mesoscale oceanographic processes, microbial interactions and food-web cascade effects) (Fuhrman et al., 2015). In coastal waters, processes linked to the proximity with land, such as for example pulses of freshwater from rivers can also lead to daily to weekly changes [START_REF] Cloern | Complex seasonal patterns of primary producers at the land-sea interface[END_REF]. It is at this scale that we observe phytoplankton blooms and the consequent association with bacteria lineages.

The most important changes, considered in this framework, are quantified at a seasonal and interannual scale, and are compatible with the most common intervals in major long-term ocean time-series. Seasonal patterns of changes in biodiversity are phased with the seasonal variations in the physical and chemical ocean conditions (Fuhrman et al., 2006) that are caused by changes in the solar angle. This astronomical phenomenon imposes seasonal variations of day length, light intensity, UV penetration, and has consequences on the weather patterns (winds and storms frequencies), seasonal upwelling and associated changes in nutrient availability and stratification. Interannual variability in species composition is generally attributed to climate variability (i.e. El Niño Southern Oscillation, Pacific Decadal Oscillation) but also to stochastic variations associated to yearto-year changes in weather conditions (Dakos et al., 2009). Other variations that happen at time scales longer than decades can emerge from geological or astronomical processes.

Other anthropogenic (i.e. overfishing, invasive species or environmental degradation), regional environmental changes (i.e. hypoxia/anoxia caused by eutrophication) and foodweb cascade effects, can also alter plankton abundance, community composition and seasonal cycle of plankton succession [START_REF] Marić | Phytoplankton response to climatic and anthropogenic influences in the north-eastern Adriatic during the last four decades[END_REF][START_REF] Tallberg | Seasonal succession of phytoplankton and zooplankton along a trophic gradient in a eutrophic lake -Implications for food web management[END_REF].

THE SEASONAL DYNAMICS OF MARINE PLANKTON

The change of seasons is one of those patterns cyclical through time. Seasons are the result of Earth's orbit around the sun and Earth's axial tilt relative to the ecliptic plane. In temperate and polar regions, seasons are marked by changes in the intensity of light and in day length. In the Northern hemisphere, more light is received in summer (June, July) as the hemisphere faces the sun, and the warmest period occurs a bit later, due to seasonal lag (time needed for the warming of land and water masses). These processes related to Earth rotation are then indirectly influencing the repartition of biodiversity on Earth and in the oceans and are at the origin of seasonal patterns of variation in community composition from poles to the equator.

The observed seasonal succession of plankton species

The seasonal succession of plankton is the annual recurrent sequence of plankton species abundances (Figure 5), which should ideally be investigated from small prokaryotes to large zooplankton (Romagnan et al., 2015). Seasonal successions of plankton species have been observed at every latitude, in polar, temperate and tropical regions; in the oceans and in lakes and also in soil communities (Margalef, 1978;[START_REF] Crump | Synchrony and seasonality in bacterioplankton communities of two temperate rivers[END_REF][START_REF] Habekost | Seasonal changes in the soil microbial community in a grassland plant diversity gradient four years after establishment[END_REF]Sommer et al., 2012;Fuhrman et al., 2015;Barraquand et el., 2018). The best described seasonal pattern in temperate biomes is the canonical phytoplankton spring bloom which is a response to seasonal increases in temperature and solar radiation (Sverdrup, 1953;Cushing, 1959;Sommer et al., 1986). Phytoplankton blooms are signals of the annual population growth activity in pelagic ecosystems (Smayda, 1997). They are represented as a peak, observed in the annual phytoplankton biomass, which persists for a few weeks to months. A second bloom can develop in late summer or autumn depending on nutrient availability (Sommer et al., 1986;[START_REF] Longhurst | Seasonal cycles of pelagic production and consumption[END_REF]. Factors such as nutrient limitation, cell sinking and grazing, or parasitic attacks, will all influence the end of the bloom (Kivi et al., 1993). In subtropical and tropical waters where seasonal changes in solar radiation and temperature are limited, plankton biomass is much more stable at an annual scale (Dakos et al., 2009). Despite the lower prominence at these latitudes, environmental conditions such as irradiance, temperature, stratification, mixed layer depth, and nutrients also show seasonal variability that affects biomass and community composition. Annual species successions have been hard to demonstrate for microorganisms (i.e., viruses, bacteria, archaea and protists; phototrophic and non-phototrophic microeukaryotes), especially for the smallest and cryptic species. The use of High Throughput Sequencing (HTS) and metagenomics approaches has shown that marine microbial communities exhibit clear annual patterns of species or Operational Taxonomic Units (OTU) successions (Gilbert et al., 2012;Fuhrman et al., 2006Fuhrman et al., , 2015;;[START_REF] Giner | Environmental sequencing provides reasonable estimates of the relative abundance of specific picoeukaryotes[END_REF]Bunse & Pinhassi, 2017;Kase et al., 2020). But documenting which species are involved in the main sequence of the seasonal succession is still not undemanding, especially for microbial communities. The causes of the seasonal peaks of plankton biomass and seasonal successions of plankton species have been deeply searched, and putative mechanisms ranging from bottom-up to top-down controls have been proposed, to explain patterns observed in lakes and marine ecosystems (Sverdrup, 1953;[START_REF] Smyth | A broad spatio-temporal view of the Western English Channel observatory[END_REF]Sommer et al., 2012;[START_REF] Behrenfeld | Climate-mediated dance of the plankton[END_REF]Barton, Lozier, & Williams, 2014;Giner et al., 2019).

Factors potentially involved in the control of the seasonal successions of plankton species

Oceans are very dynamic in contrast to the terrestrial ecosystems. The marine environment has a very specific hydrography, strictly related to the local physico-chemical factors (i.e. light, climate and nutrient loading), that differ with latitude while the currents and more generally the movements of water masses can complicate things by inducing dispersion and movement of planktonic populations [START_REF] Mark | CONCEPTUAL SYNTHESIS IN[END_REF]. Originally, Margalef and Reynolds highlighted the influence of three major parameters on phytoplankton growth: nutrients, light availability and turbulence. Margalef argument is that when there is no winds or tides, nutrients are sequestered by plankton and bacteria. Small phytoplankton characterized by low sinking rates (i.e. small diatoms, cyanobacteria and dinoflagellates; Figure 6) would then dominate this phase of nutrient-depleted (oligotrophic) waters.

Nutrients are known to be closely associated with seasonal changes in plankton abundance (Wafar et al., 1983), especially during summer in temperate coastal waters, when their limitation causes the decrease of plankton biomass. But during winter, oceans lose heat to the atmosphere and surface waters cool, increase in density and sink [START_REF] Mann | Dynamics of marine ecosystems: Biological-physical interactions in the oceans[END_REF].

Intense winds induce oceanic turbulence, which throughout winter brings nutrient rich waters to the surface, affecting nutrient supply in the euphotic zone and leading to a bloom (Longhurst, 2007;[START_REF] Hopkins | Control of a phytoplankton bloom by wind-driven vertical mixing and light availability[END_REF]. During the typical spring bloom, larger plankton cells proliferate, mainly diatoms adapted to competition (i.e. Thalassiosira sp., Chaetoceros sp.) but also some harmful dinoflagellates can develop red tides (Figure 6; [START_REF] Margalef | Functional morphology of organisms involved in red tides, as adapted to decaying turbulence[END_REF].

A new diatoms/dinoflagellates bloom awaits autumn season characterized by renewed nutrient inputs. [START_REF] Cullen | Physical influences on marine ecosystem dynamics[END_REF], from Margalef, 1978. Macronutrients and inorganic micronutrients such as nitrate, phosphate and silicic acid are necessary for some phytoplankton species (e.g. silicate for the exoskeleton of diatoms) in order to build the metabolic reactions needed for survival (es. carbon fixation, silica uptake, CO2 acquisition, etc.). On the other hand, seasonal successions are also an emergent property of the community dynamics, where the complex network of biotic interactions (e.g., predation, competition, parasitism, mutualism) and the species selforganization determine resilience of species assemblages for a specific time [START_REF] Drake | The mechanics of community assembly and succession[END_REF]Dakos et al. 2009;[START_REF] Logares | Contrasting prevalence of selection and drift in the community structuring of bacteria and microbial eukaryotes[END_REF]. Self-organization processes selected by environmental filters, could then be the major force shaping annual plankton successions. In other words, intrinsic community biological factors, including interactions within and between species and functional groups, could drive the stability of marine plankton through time.

Figure 6: The "mandala" of Margalef representing the succession of plankton communities in an ecological space defined by then degree of turbulence and macronutrients concentrations (i.e. phosphates and nitrates). Adapted by

TRANSIENT SPECIES: THE TOURISTS IN THE CORE SEASONAL

SUCCESSIONS PATTERNS

Microbial community abundance distributions based on surveys involving -omic approaches typically show a long 'tail' of low relative abundance genetic entities [START_REF] Logares | Patterns of rare and abundant marine microbial eukaryotes[END_REF][START_REF] Shade | Temporal patterns of rarity provide a more complete view of microbial diversity[END_REF]. The high numbers of rare taxa is a general feature of biological communities [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Lynch | Ecology and exploration of the rare biosphere[END_REF]. Rare taxa in microbial communities are recognized to play a key role in the ocean and some of them may sustain seasonal patterns in marine ecosystems [START_REF] Alonso-Sáez | The hidden seasonality of the rare biosphere in coastal marine bacterioplankton[END_REF]. The r-selected microorganisms that are periodically recruited from the rare biosphere (blue line) can switch between abundant and rare, depending on periodic environmental conditions such as temperature and seasonality. The r-selected microorganisms that are occasionally recruited from the rare biosphere (red line) persist with relatively rare abundances, responding to occasional episodic or stochastic cues such as precipitation and stress. Microbial taxa that show periodic increases in abundance but are permanently rare (green line) are adapted to exist at low relative abundance and respond with K-selected shifts in abundance, persistently avoiding predation and occupying a narrow niche. Permanently rare taxa (yellow line), which include possible keystone species, show persistent low-abundance distributions, occupying a narrow niche, and can escape from predation, although there is increased susceptibility to starvation. Transiently rare taxa (purple line) are occasionally rare owing to immigration. Their persistence depends on suitable conditions for survival and reproduction. As reported from [START_REF] Lynch | Ecology and exploration of the rare biosphere[END_REF].

However, rare taxa may include several types of organisms (Figure 7, [START_REF] Lynch | Ecology and exploration of the rare biosphere[END_REF], since some may constitute a seed-bank of species that can take over and "replace" "equivalent" abundant species in a given habitat, while others may just be transient "tourists" that are transported from adjacent habitats. In long-term data it is possible to distinguish species that persist through time from those that are more transient based on temporal occupancy [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF]. Species that are recurrently occurring each year and that persist through time along the years, are considered as the real residents of the community, or core species by many authors [START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF][START_REF] Dolan | Dynamics of core and occasional species in the marine plankton: Tintinnid ciliates in the north-west Mediterranean Sea[END_REF][START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF]. Species that are observed erratically and infrequently because they enter the community only from time to time are generally called transients [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Ulrich | Frequent and occasional species and the shape of relative-abundance distributions[END_REF]. By definition, the factors influencing the presence and abundance of species in ecological systems differ between the two groups of core and transient species [START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF][START_REF] Snell Taylor | The prevalence and impact of transient species in ecological communities[END_REF]. Core would be more dependent of the local environmental conditions that determine the suitability of the habitat, while transient would be more dependent primarily on factors that increase the richness of potential immigrants, such as the heterogeneity of the surrounding regions [START_REF] White | The combined influence of the local environment and regional enrichment on bird species richness[END_REF] and other stochastic events [START_REF] Shade | Temporal patterns of rarity provide a more complete view of microbial diversity[END_REF]. Identifying core species is probably easier for those species which have both regular occurrence and high abundances. In planktonic microbial communities, that are characterized by an especially long tail of rare species that can be uncovered using -omic approaches, determining the core or transient status of species is not an easy task. If simple occurrence, or yearly occurrence thresholds can be used, other strategies that take into account the involvement of species in interaction networks have been proposed [START_REF] Krabberød | Long-term patterns of an interconnected core marine microbiota[END_REF]. In any case, further studies are needed to characterize the diversity of rare microbial entities and decipher their functions. Recently, Trousselier et al. [START_REF] Troussellier | Sustaining rare marine microorganisms: Macroorganisms as repositories and dispersal agents of microbial diversity[END_REF] have proposed that transiently rare microbial taxa may be sustained by macro-organisms, especially fishes (and be part of their microbiote). Macro-organisms, in this hypothesis, could be key contributors in the microbial diversity maintenance by favoring certain rare taxa through trophic processes [START_REF] Troussellier | Sustaining rare marine microorganisms: Macroorganisms as repositories and dispersal agents of microbial diversity[END_REF].

III) SOMLIT-ASTAN: A MARINE COASTAL TIME-SERIES

STATION

This thesis explores temporal patterns of planktonic biodiversity at the SOMLIT-Astan coastal station, situated in the Western English Channel (WEC), off Roscoff, France (Figure 8). Coastal systems, such as those of the English Channel, that support one the busiest marine traffic in the world, are particularly vulnerable to cumulative disturbances caused by human activities (Halpern et al. 2013).

IMPORTANCE OF THE MARINE COASTAL ECOSYSTEMS

The coastal environment is the one where the land masses meet the seas. It includes tidal wetlands, estuaries, bays, shallow near-shore waters, mangrove swamps, and in-shore reef systems. Despite the coastal systems cover around 8% of the global oceans, they produce more or less a third of the ecosystem services of our planet [START_REF] Costanza | The value of the world's ecosystem services and natural capital[END_REF][START_REF] Costanza | Changes in the global value of ecosystem services[END_REF], meaning the same amount than terrestrial or marine ecosystems off-shore. For this reason, coastal ecosystems have a preponderant role in the functioning of our planet. For example, they are critical habitats for feeding, breeding, nursery and resting areas for all kind of marine organisms. Nevertheless, the coastal areas throughout the world are under enormous environmental stress, which is caused by a wide range of factors, including pollution and the destruction and deterioration of marine habitats. This is probably linked to the fact that 40 to 60% of the population is concentrated within the first 100km between terrestrial environments and the shoreline [START_REF] Vitousek | Human domination of Earth's ecosystems[END_REF][START_REF] Martínez | The coasts of our world: Ecological, economic and social importance[END_REF].

Coastal ecosystems typically follow a similar functioning to the open ocean in term of environmental processes involved in the production of marine plankton. But here the hydro dynamism is very variable because of the turbulence associated to the tides, if present, and to the upwelling that allow nutrients to reach the surface triggering new phytoplankton blooms [START_REF] Cloern | Phytoplankton Ecosystems ' From a Review Dynamics Some in Coastal General Lessons With Sustained Investigation of San[END_REF]. These systems also receive organic matter from terrestrial ecosystems [START_REF] Liénart | Dynamics of particulate organic matter composition in coastal systems: Forcing of spatio-temporal variability at multi-systems scale[END_REF]. This input can sustain processes of the microbial-loop as well as can also result in nutrient over-enrichment or eutrophication [START_REF] Goberville | Early evaluation of coastal nutrient overenrichment: New procedures and indicators[END_REF]. Salinity gradient is also important, in particular close to the estuaries that can carry species adapted to different environmental conditions. However, coastal ecosystems are known to support an accelerated anthropogenic impact due to the human activities and pressures [START_REF] Conley | Biogeochemical nutrient cycles and nutrient management strategies[END_REF]. This influences the dynamics of coastal plankton and these ecosystems, whith effects shown at different levels: from species to habitat. We can observe eutrophication, anoxia events, red tides linked with toxic protists [START_REF] Heisler | Eutrophication and harmful algal blooms: A scientific consensus[END_REF], invasive species [START_REF] Hallegraeff | Transport of diatom and dinoflagellate resting spores in ships' ballast water: Implications for plankton biogeography and aquaculture[END_REF], decrease of top-predators [START_REF] Borja | Marine management -Towards an integrated implementation of the European marine strategy framework and the water framework directives[END_REF] or keystone species and habitat degradation. Understanding the microbial dynamics in coastal environments is a major issue in order to undertake management measures, especially since coastal ecosystems represent essential environments and are actually affected by the global effect of climate change [START_REF] Goberville | Climate-driven changes in coastal marine systems of western Europe[END_REF][START_REF] Hutchins | Microorganisms and ocean global change[END_REF].

THE SOMLIT-ASTAN STATION IN THE ENGLISH CHANNEL

The SOMLIT-Astan station is situated in the Western English Channel (WEC), an epicontinental sea, which stands as a biogeographical crossroad between the warmtemperate Atlantic system and the cold-temperate North Sea and Baltic continental system of Northern Europe. Significant biological shifts, including species replacements or major changes in species abundances and distributions, have been documented in the English Channel (EC) since over a century in response to climate change and other anthropogenic drivers (Boalch, 1987;Mieszkowska et al., 2014;[START_REF] Southward | Long-term oceanographic and ecological research in the western English Channel[END_REF]. There are indications that current anthropogenic climate changes have already impacted pelagic and benthic compartments and affected the productivity of this shelf sea (see for example: Beaugrand et al., 2002;Genner et al., 2004;[START_REF] Southward | Long-term oceanographic and ecological research in the western English Channel[END_REF]Widdicombe et al., 2010). The EC is a zone of high turbulence due to strong tidal currents. A seasonal thermocline, occurring from May to October, is only reported in its western entrance, offshore and along the UK coasts [START_REF] Hill | Currents driven by a steady uniform wind stress on the shelf seas around the British Isles[END_REF]. In these seasonally stratified waters sampled regularly by the Plymouth L4 Western Channel Observatory (Pingree & Griffiths, 1978), plankton temporal dynamics has been recently explored (Edwards, Litchman & Klausmeier, 2013;Widdicombe et al., 2010;Barton et al., Stock, 2020) and both seasonal and inter-annual changes in abundance were observed along with significant long-term changes in community composition and reorganization of plankton food web (Molinero, Reygondeau & Bonnet, 2013;Reygondeau et al., 2015). The temporal dynamics of planktonic communities in the permanently well-mixed waters that characterize the French coasts of the WEC have been less intensively studied. In this region, the hydrodynamics is mostly driven by intense tidal currents and density gradients due to inflows of small rivers. These features are at the origin of strong physical and biogeochemical heterogeneity and of a mosaic of interconnected benthic and pelagic habitats (Dauvin, 2008;Delavenne, Marchal, & Vaz, 2013;Gac et al., 2020).

The monitoring of hydrology and biodiversity at the SOMLIT-Astan

Station

Monitoring of the hydrology and phytoplankton at the SOMLIT-Astan station has been implemented in 2000 (Guilloux et al. 2013) The purpose of this network is to follow standardized sampling and analytical protocols to measure hydrological and biological parameters for an easy comparison between sites. The sampling strategy varies among sites, depending for example on the presence or not of a thermocline, but the general procedure includes :: Bi-monthly sampling (Niskin bottle) at high tide (± 1 h, for sites under tidal influence) every 15 days ; One CTD vertical profile;

A group of 16 surveyed parameters;

A quality control process based on the NF/EN ISO/CCI 17025 standard;

Annual inter-comparison exercises between all SOMLIT and Ifremer teams.

All data are public and freely available through requests from the SOMLIT web site (https://www.somlit.fr/en/). The SOMLIT 16 parameters measured at the surface are: temperature, salinity, pH, dissolved oxygen, nitrate, nitrite, ammonium, phosphate, dissolved silicium, suspended organic matter, chlorophyll-a, particular organic carbon and nitrogen, the stable isotopes of carbon and nitrogen, and pico and nanoplankton abundances.

The diversity of phytoplanktonic communities at the SOMLIT station is monitored in the frame of another national monitoring program called PHYTOBS (PHYtoplankton OBServatory, since 2018). The stations monitored by these programs are situated in coastal areas (i.e. lagunes, bay, estuaries and the whole coastal systems), potentially vulnerable because of the increasing pressures due to human activities. In order to assess better the biodiversity and temporal dynamics of planktonic assemblages at the SOMLIT-Astan Station, the Plankton Ecology group of the Station Biologique de Roscoff (SBR) is also archiving, since 2000 (Guilloux et al., 2013), samples that are intended to the analysis of genetic diversity.

Sampling protocols at Somlit-Astan station

For the monitoring of hydrological and biological parameters at the SOMLIT-Astan station, samples are collected twice a month during neap tides since February 2000 (with some interruptions in 2004, 2005 and 2006 for the monitoring of plankton) using a 5 L Niskin bottle. Samples collected are then either processed onboard or brought back to the laboratory for further fixation or analysis (generally about 1-2 h after sampling). Sampling is operated by the Sea and Observatory facility of the SBR ("Service Mer, Service Observation") onboard the research Vessel Neomysis.

Protocols used to measure hydrological parameters and to obtain pico-and nanoplanktonic abundances are available on the SOMLIT website (see above).

To obtain phytoplankton microscopic counts, aliquots (250 mL) of the seawater samples collected along with samples for hydrological monitoring are preserved with acidic Lugol's iodine solution. Phytoplankton counts (for cells above ~10 μm) are obtained from subsamples (50 mL) after sedimentation in Utermöhl settling chambers (for details, see Guilloux et al., (2013); NF EN 15024, (2006)). Since 2007, sampling and taxa counts have been mainly conducted by Fabienne Rigaut-Jalabert (SBR). Microphytoplankton counts are available from the RESOMAR Pelagos database (http://abims.sb-roscoff.fr/pelagos/) and will soon be available from the PHYTOBS website (https://www.ir-ilico.fr/Portail-dedonnees/PHYTOBS).

Since 2009, sea surface water is sampled for genetic diversity analysis. To obtain genetic biodiversity data, 5L of natural samples are successively filtered in the laboratory through 3 μm polycarbonate filter (Whatman) and through a 0.22 μm Sterivex filter (PVDF, Millipore), leading to two size fractions (>3 μm and 0.2-3 μm). Filters are preserved in a lysis buffer at -80°C until DNA extraction. The protocols used to extract nucleic acids, amplify the genetic markers and obtain genetic sequences are detailed in the articles that constitute the next chapters of this thesis.

ENVIRONMENTAL AND BIOLOGICAL VARIABILITY AT THE SOMLIT-ASTAN STATION

Several articles have described the environmental conditions and biodiversity of the coastal waters around the SOMLIT-Astan station in Roscoff (Figure 9). The region is characterized by low temperature ranges between winter and summer, by sustained wind throughout the year and frequent storms from fall to spring as well as heavy rainfall, with a maximum monthly mean rainfall during December (~125mm). Like other coastal systems it is often associated with important and variable input of nutrients (phosphates, nitrates, nitrites and silicates) via river discharge [START_REF] Meybeck | Global coastal segmentation and its river catchment contributors: A new look at land-ocean linkage[END_REF][START_REF] Dürr | Global spatial distribution of natural riverine silica inputs to the coastal zone[END_REF]Tréguer et al., 2014). Contrary to the Northern stratified side of the WEC, the South is permanently well-mixed thanks to the tidal streams and the two hydrographical provinces separated by a frontal structure (Pingree & Griffiths, 1978). A weak stratification can be observed when winds are low and during neap tide (Guilloux et al., 2013).

Lists of phytoplankton taxa present in the vicinity of Roscof have been established

for the period between February 1962 and November 1963, but the first annotated checklist of marine microphytoplankton species for the SOMLIT-Astan station has been published by Guilloux et al. (Guilloux et al., 2013), with data collected from 2000 to 2010. The list includes 178 taxa (including 131 diatom species). In this framework, dinoflagellates, appear as less diversified and never dominant because less accessible with morphological data. Due to the particular environmental conditions, the spring bloom is significantly delayed with respect to the usual model described for temperate seas and tidal cycles are expected to exert the main influence [START_REF] Sournia | A daily study of the diatom spring bloom at Roscoff (France) in 1985. I. The spring bloom within the annual cycle[END_REF]. A regularity in phytoplankton succession had already been observed in the early 80' with the typical spring-summer bloom at Roscoff, in the Bay of Morlaix, marked by the succession of three major groups: Thalassiosira spp., Rhizosolenia spp. and Chaetoceros spp. (Martin-Jezequel, 1983). At this time series station, previous work has also pointed to the prominence of pico-and nanoplanktonic species. A Chlorophyta, Micromonas pusilla (Prasinophyceae) was found as dominant all year (Not et al., 2004).

Nano-diatoms belonging to the genera Minidiscus and Thalassiosira have also recently been identified as prominent members of the community at this sampling station (Arsenieff et al., 2020).

IV) OMICS TOOLS FOR OCEAN OBSERVATION

The molecular revolution started about two decades ago, when Olsen et al. (1986) andPace et al. (1986) introduced the concept of studying the composition of microbial communities by sequencing genes cloned directly from complex natural samples, rather than cultures.

The advent of "omics" (metagenomic, metabarcoding, metatranscriptomic, metaproteomic and metabolomic) not only provided an alternative to describe biological communities, but in particular led to the discovery of previously unknown groups of microorganisms that could finally be identified acknowledging their distribution in space and time. Nevertheless, additional information is needed to study the overall role of organisms in the sea, in particular to predict interactions between organisms and their functions. DNA sequences technologies had impressive improvements with the advance of next-generation sequencing (NGS) platforms [START_REF] Glenn | Field guide to next-generation DNA sequencers[END_REF] in comparison of Sanger sequencing, and had a huge impact for biodiversity research.

In this study we use High-throughput sequencing (HTS) of environmental barcodes (DNA metabarcoding), a general sequencing approach that has the potential of revealing the presence of all species present within a sample. The first DNA metabarcoding study was related to bacterioplankton (Giovannoni et al., 1990) even if the expression "DNA metabarcoding" to design high-throughput multispecies identification using degraded DNA extracted from an environmental sample, was coined years later [START_REF] Taberlet | Environmental DNA: For biodiversity research and monitoring[END_REF]. The barcode is a short taxonomically informative and highly variable DNA region, which ends on both sides with two conserved regions, serving as primers anchors for the PCR. Primers can be group-specific or universal [START_REF] Kocher | Dynamics of mitochondrial DNA evolution in animals: Amplification and sequencing with conserved primers[END_REF] and in general can attach to different specific region of DNA even if the approach has now been standardized [START_REF] Hebert | Biological identifications through DNA barcodes[END_REF] by introducing specific marker genes (such as, for example the V4 or V9 regions of the SSU rRNA gene, or regions of the Cytochrome Oxydase or COI).

Metabarcoding uses massive parallel sequencing of bulk samples (total DNA) or potentially degraded DNA from environmental samples (eDNA). It is particularly suited to study the biodiversity of organisms for which species identification is not practical. Thanks to this technology we are now able to chart biodiversity of ecologically relevant organisms that have long been overlooked by culture-based methods. And DNA-based methods made easier the identification of the strains collected and the comparison of communities across large geographical areas. Thus, it should be implemented and integrated in global biodiversity assessments along with complementary approaches.

Figure 9: An integrative approach to advance biodiversity research in the genomic era. Closing the gap between traditional approaches derived from ecology, taxonomy, and phylogeny and fastevolving molecular techniques would enable researchers to capitalize on almost 3 centuries of taxonomic research and one decade of building repository barcodes. From Cristescu, (2014).

The main steps of a metabarcoding study (Figure 10) consist in:

1. Sampling: sampling is usually carried on a vessel with Niskin bottles. Some liters of water are then filtrate using some polycarbonate membranes of different size. Biodiversity is constrained by the volume of processed water due to limitations of filter membranes.

2. DNA extraction: the nucleic acids extraction is performed in lab, the classical method is the phenol-chloroform method (Sambrook et al., 1989) 6. Identification of multiple taxa: the sequences obtained are then assigned to given reference databases (i.e. PR2 [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF]. Such database need constant curation as taxonomy is constantly changing. Moreover, such databases contain many environmental sequences that have not been checked or assigned, so they are unreliable and generally need to be removed. As several studies have already shown, beyond research in ecology, eDNA is used for assessing biodiversity and it can be a highly accurate biomonitoring tool [START_REF] Mächler | Utility of Environmental DNA for Monitoring Rare and Indicator Macroinvertebrate Species[END_REF][START_REF] Valentini | Next-generation monitoring of aquatic biodiversity using environmental DNA metabarcoding[END_REF]. Some studies compared the performance of HTS and morphology to show that they both work equally well for benthic monitoring of marine ecosystems [START_REF] Lejzerowicz | High-throughput sequencing and morphology perform equally well for benthic monitoring of marine ecosystems[END_REF]. In general, Omics-based approaches expanded our knowledge of marine protists and provided deeper insights into the contributions of both novel and previously known taxa to biogeochemical cycles and other ecosystem-sustaining processes, like for example seasonal succession dynamics.

OVERVIEW AND OBJECTIVES

Some pictures from the SBR and Neomysis boat that sample in Astan buoy.

OVERVIEW AND OBJECTIVES

In this context, the main objective of this Ph.D. was to describe the seasonal cycle of marine protists at a coastal time-series station with the use of a morphogenetic approach, and to better understand how external processes (i.e. environmental factors) and internal processes (i.e. species interactions) are structuring the community and contributing to its resilience. To do so, I used two datasets that consisted in (1) morphological taxa counts and

(2) genetic sequences reads counts from metabarcoding (i.e. OTUs or ASVs, from 18S V4 rRNA gene). These data were obtained from samples collected at the SOMLIT-Astan timeseries station (Roscoff, Western English Channel) between the years 2009 and 2016. The combination of these two datasets allowed not only to analyse the temporal patterns of planktonic protists communities at this station but also to determine the metabarcoding pertinence in such long-term analyses. Seen the possibility of comparison with morphologic data, some of the most abundant metabarcoding sequences (i.e. Minidiscus genera), part of the diatom group but not retrieved in phytoplankton cell counts because nanoplanktonic (3-10µm), could also be cultivated and connected to actual strains in the RCC, and further analysed at the TEM. In Chapter III: I focused again only on metabarcoding data to analyse the temporal distribution of OTUs abundance. I have used our newly developed method, the Perplexity Index (PI), in order to separate core and transient communities and I studied their regularity in the occurrence and abundance within the time-series. In particular, the relationship between these two groups and their species richness in time was analysed. A global interaction co-occurrence network was built in order to investigate and quantify core versus transient associations. An extract of the winter 2013-2014 showed a transient network which is dominated by metazoan and heterotrophic or parasite protist.

In Chapter IV: I focused on diatoms, first building a reference tree to better assign diatoms at Somlit-Astan. In addition, diatoms seasonal cycle at Astan was compared with

Lter-Marechiara station in the Mediterranean Sea. The abundance profile was analysed in relation to the thermal niche occupied by each of the most abundant diatom species, which were retrieved in common at both sites.

Each chapter is complemented with respective analyses and figures, including the supplementary material when necessary. The figure number always go from 1 to 10 but including the chapter number (I to IV) in front of each figure in the relative chapter. The general results will be further discussed at the end of the manuscript and a brief summary will be given in conclusions together with the potential future perspectives in the field of plankton ecology relative to the temporal patterns of microbial plankton communities.

CHAPTER 1 Plankton time-series and metabarcoding: on the importance of keeping protocols unchanged

The little guys are designed by Noan Le Bescot.

Thank you for letting me play with them.

Context of the work

In this chapter we investigate the homogeneity of our 8 years metabarcoding dataset (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016). Two main methodological factors might be responsible for significant variability in our time-series. First, the sequencing has been done on several runs, (i) the 2009-2011 and (ii) the 2012-2016. Secondly, a different procedure of DNA concentration and purification was applied on the small size fraction samples (0.2-3µm) for the first 3 years. The different runs do not induce much variability. In contrast, a different DNA concentration and purification protocol implies a quantitative and qualitative change of the DNA extracted with repercussions on the measured community composition. Because of that, the samples from the small size fraction could not be analyzed as a whole. We highlight the importance of maintaining protocols unchanged to allow comparative studies among different metabarcoding datasets.

Data

-DNA metabarcoding dataset (18S V4 rDNA) of the bi-monthly sampled time-series of SOMLIT-Astan (2009-2016). Two size fractions are considered, the 0.2-3 µm (n=188) and the >3 µm (n=186).

Numerical analyses

-Non-metric multidimensional scaling (NMDS; [START_REF] Clarke | Non-parametric multivariate analyses of changes in community structure[END_REF] of Bray-Curtis dissimilarities to compare the different sequencing runs and DNA extractions.

-Non-parametric multivariate analyses of variance (PERMANOVA) on Bray-Curtis dissimilarities to test how much variability is attributed to the runs and to the different DNA purifications (small fraction, 2009-2011 and 2012-2016).

-Comparison of the taxonomic composition between sequencing runs and DNA purification.

Main results obtained

-The NMDS allows us to distinguish different groups of samples. The samples from the size fraction 0.2-3 µm collected during the 2012-2016 period were distant from samples from the size fraction > 3 µm collected between 2009 and 2016.It also shows that the samples from the size fraction 0.2-3 µm collected in 2009-2011 were clearly separated from those of the same size fraction collected in 2012-2016.

-Differences of taxonomic composition (class level) between the two sequencing runs were observed for the small size fraction (0.2-3 µm). The proportions of Cryptophyta and Metazoa are higher in 2012-2016 whereas Bacillariophyta proportions are lower.

-Changes in DNA concentration and purification methods influence the composition of the planktonic community.

Introduction

Increasing anthropogenic disturbances such as pollution, eutrophication and urbanization together with climate change are currently severely impacting biodiversity and consequently, ecosystem stability (Cardinale et al., 2012). Marine coastal habitats are particularly exposed to human activities [START_REF] Vitousek | Human domination of Earth's ecosystems[END_REF][START_REF] Halpern | A global map of human impact on marine ecosystems[END_REF]Siano et al., 2021). There are today clear needs for efficient monitoring of biodiversity changes in these ecosystems upon which our health and marine-related economic and social activities depend. Chronological sampling (time-series) strategies have been established along the coasts of many countries in order to follow changes in the plankton community dynamics and thus in its structural attributes, such as diversity and biomass production [START_REF] Cloern | Human activities and climate variability drive fast-paced change across the world's estuarine-coastal ecosystems[END_REF][START_REF] Zingone | Multiscale variability of twenty-two coastal phytoplankton time series: a global scale comparison[END_REF]. The datasets produced are enabling us to describe and understand community dynamics patterns. These datasets will also be needed to assess changes in biological communities in the next decades, and to protect coastal ecosystems, for example through international directives such as the Marine Strategy Framework Directive (MSFD; Rombouts et al., 2019). But monitoring plankton along time and space is extremely challenging since these communities are dominated by microbial species [START_REF] Bigg | The role of the oceans in climate[END_REF][START_REF] Falkowski | The Microbial Engines That Drive Earth's Biogeochemical Cycles[END_REF], Bar-One et al. 2021), that are notoriously difficult to identify and quantify. The main prerequisite that allow the comparison between samples of different time-series studies is then connected to the robustness of the methods and the reproducibility of such (van der Loos & Nijland, 2021).

The advances of genetic tools, and in particular the replacement of Sanger sequencing by next-generation sequencing technologies (NGS) that allowed the development of high-throughput sequencing (HTS; [START_REF] Glenn | Field guide to next-generation DNA sequencers[END_REF] recently offered high premises to study the biodiversity of such complex communities. Metabarcoding in particular, that consists in the HTS of PCR amplified taxonomic marker genes, i.e. barcodes [START_REF] Hebert | Biological identifications through DNA barcodes[END_REF] obtained from complex multi-species assemblages [START_REF] Taberlet | Towards next-generation biodiversity assessment using DNA metabarcoding[END_REF], revolutionized the study of natural microbial communities (i.e. communities of virus, bacteria, archaea and protists), and helped to better assess the magnitude of their diversity, and to unveil the composition of taxonomic groups or size fractions that were previously largely uncovered [START_REF] Leray | Censusing marine eukaryotic diversity in the twenty-first century[END_REF]. Metabarcoding also gave access to the rare biosphere, in a diverse array of terrestrial and aquatic ecosystems [START_REF] Mitchell | Microbial Diversity in the Deep Sea and the Underexplored "Rare Biosphere[END_REF][START_REF] Logares | Patterns of rare and abundant marine microbial eukaryotes[END_REF]. Practically, these techniques allowed to produce lists of unique sequences (Amplicon Sequence Variants, ASVs) or Operational Taxonomic Units (OTUs) per sample, but also to discover how these communities vary in space and time [START_REF] Martiny | Microbial biogeography: Putting microorganisms on the map[END_REF]Gilbert et al., 2012;[START_REF] Hanson | Beyond biogeographic patterns: Processes shaping the microbial landscape[END_REF][START_REF] Cram | Seasonal and interannual variability of the marine bacterioplankton community throughout the water column over ten years[END_REF]Fuhrman, Cram, & Needham, 2015;Kase et al., 2020).

If metabarcoding has several advantages especially when dealing with microbes, it can give highly biased images of the community composition [START_REF] Quince | Accurate determination of microbial diversity from 454 pyrosequencing data[END_REF]. Biases of different nature can be encountered at every step of the workflow, from the sampling to the DNA extraction steps and from PCR amplification to the treatment of sequences produced using bioinformatics pipelines (van der Loos & Nijland, 2021). But if the aim is to monitor how natural assemblages of species are changing in time and space, being able to compare samples may be more important than getting a non-biased image of the community composition. The main prerequisite that allow the comparison between samples of different time-series studies is then connected to the robustness of the methods and the reproducibility (van der Loos & Nijland, 2021).

Here, we analysed eukaryotic plankton DNA amplicons from the V4 rDNA sequences generated for the size ranges of 0.2 to 3 µm, and > 3 µm at the SOMLIT-Astan time-series station in the Western English Channel (WEC). Our analyses of data collected bi-monthly over a period of 8 years (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) showed that slight changes in the protocols of DNA purification and concentration can compromise time-series analyses.

Materials and methods

Sampling station

The SOMLIT-Astan sampling station is located in the Western English Channel, 3.5 km off Roscoff (Brittany, France) (60 m bottom depth, 48°46'18" N-3°58'6" W). At this station, phytoplankton diversity is measured bi-monthly during high neap tide at surface (1 m depth)

and monitored in the frame of the PHYTOBS national observation service (https://www.phytobs.fr/en/Phytobs).

Protist DNA metabarcodes

From 2009 to 2016, plankton samples were collected bi-monthly for the SOMLIT and PHYTOBS programmes at surface (1 m depth), using a 5L Niskin bottle and they were transported to the laboratory in a 10L Nalgene bottle. Two size fractions (>3 µm, and 0. 

Plankton DNA extraction, PCR amplification, and metabarcodes sequencing

The DNA extraction and generation of metabarcodes were performed using the same procedure for all samples except for the small fraction (0. 

Reads quality filtering and clustering

Generation of 18S V4 rDNA Operational Taxonomic Units (OTUs) from the raw sequencing reads and their assembly into a contingency table was obtained according to the following pipeline (https://nicolashenry50.gitlab.io/swarm-pipeline-astan-18sv4). The paired-end fastq files were demultiplexed and PCR primers were trimmed using Cutadapt v2.8 [START_REF] Marcel | Cutadapt removes adapter sequences from high-throughput sequencing reads[END_REF]. Reads shorter than 100 nucleotides or untrimmed were filtered out.

Trimmed paired-end reads were merged using the fastq merge pairs command from VSEARCH v2.9.1 [START_REF] Rognes | VSEARCH: A versatile open source tool for metagenomics[END_REF] with a minimum overlap of 10 base pairs. Merged reads longer than 200 nucleotides were retained and clustered into OTUs using Swarm v2.2.2 with d = 1 and the fastidious option (Mahé et al., 2014[START_REF] Mahé | Swarm v2: highly-scalable and highresolution amplicon clustering[END_REF]. The most abundant sequence of each OTU is defined as the representative sequence. OTUs with a representative sequence considered to be chimeric by the uchime_denovo command from VSEARCH or with a quality per base below 0.0002 were filtered out. Samples with a low number of reads were re-sequenced, for these cases, only the readset with the highest number of reads was kept. Finally, OTUs which appeared in less than 2 samples or with less than 3 reads were discarded (de [START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF].

Taxonomic assignations

The V4 region was extracted from the 18S rDNA reference sequences from PR2 v4.12 [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF] with Cutadapt, using the same primer pair as for the PCR amplification (maximum error rate of 0.2 and minimum overlap of 2/3 the length of the primer). The representative sequences of each OTU were compared to these V4 reference sequences by pairwise global alignment (usearch_global VSEARCH's command). Each OTU inherits the taxonomy of the best hit or the last common ancestor in case of ties. OTUs with a score below 80% similarity were considered as unassigned [START_REF] Mahé | Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests[END_REF]Stoeck et al., 2010).

The final dataset (filtered OTU table) contained 375 samples with a total of ~ 30 million sequence reads and 21,418 OTUs affiliated to eukaryotic taxa.

Statistical analyses

All statistical analyses were performed using R environment (R version 4.1.0, R Development Core Team, 2011). The R package "vegan" (Oksanen et al., 2013) and "data.table" [START_REF] Dowle | Package 'data. table[END_REF] were used to analyse frequency count data.

In order to detect the typical temporal structure of annual plankton succession, we used non-metric multidimensional scaling (NMDS; [START_REF] Clarke | Non-parametric multivariate analyses of changes in community structure[END_REF], i.e. ordination analyses, based on Bray-Curtis distances. Non-parametric multivariate analyses of variance (PERMANOVA) with 999 permutations were used to test if differences in the processing of samples could influence significantly the output in terms of community composition. The test was computed on the Bray-Curtis dissimilarities with the function "adonis", that allows to describe how variation is attributed to different experimental treatments or uncontrolled covariates, in this case the different concentration and purification procedures and sequencing runs for the small fraction (0.2-3 µm) between the periods 2009-2011 and 2012-2016. The test was performed also for the big fraction in order to estimate how much variance is explained by the sequencing run alone. Differences in DNA composition were investigated at the Class level between the two group of years (2009-2011 and 2012-2016) for which different protocols of DNA purification/concentration were used for the small fraction (Macherey-Nagel for 2009-2011 and Millipore Amicon for 2012-2016) and which were sequenced in three different runs.

Results

Eukaryotic community composition for the two size fractions

The composition of natural plankton communities is expected to differ markedly among size fractions. At the SOMLIT-Astan coastal station, in our NMDS ordination analyses, on the first ordination axis, the cluster of samples of the size fraction 0.2-3 µm collected in the period 2012-2016 was clearly separated from samples of the size fraction > 3 µm collected between 2009 and 2016, implying a markedly distinct community structure for these 2 groups of samples (Fig. 3). For all these samples, the procedures used to produce sequences were strictly identical. But samples from the size fraction 0.2-3 µm collected in 2009-2011, were clearly separated from those of the same size fraction collected in 2012-2016 (Fig. 3).

For the later two 2 pools of samples, that were sequenced in two different runs, different DNA purification and concentration procedures were used (ultrafiltration for samples collected in the period 2009-2011 and chemical precipitation and adsorption on silica membranes for those collected in the period 2012-2016, see material and methods for details, Fig. 1 and Table 1). Note that samples of the size fractions > 3 µm, were also sequenced in different runs (two runs for 2009-2011 and 2012-2016, respectively, and additional runs for the resequencing of few samples, table 1) but samples corresponding to the different runs did not form separate clusters in NMDS biplots (Fig. 3).

PERMANOVA analyses confirmed that differences between the two groups of samples of the size fraction 0.2-3 µm (2009-2011 and 2012-2016) are not random (13 % of variance explained). Similar analyses performed on pools of samples for the size fraction > 3 µm indicated that only 3% of the variance corresponded to groupings by sequencing runs.

NMDS analyses of changes in OTUs read abundances along the 8 years' time series also revealed a remarkably clear 12 months' period cyclic succession pattern for the plankton community corresponding to the > 3 µm size fraction (Fig. S1 A). This annual period cyclic succession pattern was also explicit for the small size fraction (0.2-3 µm) when analyses were conducted separately on the periods 2009-2011 and 2012-2016 (Fig. S1 C-D). 

Figure I. 3: Two-dimensional ordination space derived from a non-metric multidimensional scaling (NMDS) procedure displaying the dissimilarities between plankton communities sampled bimonthly along 8 seasonal cycles (2009-2016) at the SOMLIT-Astan station (Western English Channel). Colours indicate the size fractions and periods

Taxonomic composition of eukaryotic communities in the two size fractions

A super-group level classification of all OTUs from the time series demonstrated the prevalence of protists with respect to that of metazoans, plants and fungi, in the two size fractions for the period studied (Fig. 4). The following protist lineages contributed most to both the >3µm and 0.2-3µm plankton communities: the Bacillariophyta (diatoms), Dinophyceae, Cryptophyta, Chlorophyta, Haptophyta, Cercozoa, Ciliophora, Picozoa, Pseudofungi, Sagenista and Syndiniales (Fig 4). The two size fractions differed when relative abundances were considered. In the period 2012-2016 (period for which protocols used for the 2 size fractions where identical from sampling at sea to the production of sequences and to data treatments) samples corresponding to the large size fraction appeared clearly enriched in sequences of diatoms, Dinophyceae and Metazoa (and also of Choanoflagellida and Telonemia) compared to that of the smallest size fraction. Conversely, the percentage of Chlorophyta reads was higher in samples of the small size fraction (12.3% against 3.9 % in average for the big size fraction). Contribution of the Cryptophyta was also higher in the smallest size fraction.

Community composition of the > 3 µm size fraction was highly similar for all years considered, and no clear differences were observed between samples of the period 2009-2011 and samples of the period 2012-2016 that were sequenced in two different runs. But large differences were observed for the size fraction 0.2-3 µm between these two periods.

Samples of the period 2012-2016 were clearly enriched in Cryptophyta, and Metazoa reads.

Cryptophyta that represented 6.8, 9.5 and 7.9 % of the reads in the first three years contributed to 22 to 30% of the total reads counts for the years 2012-2016. Metazoa also contributed more in samples of the second period and jumped from 7% of reads counts in 2010 to 20% of all reads in 2014. The yearly contribution of Haptophyta increased from about 0.5% of all reads in the first period to about 2.6% in the second one. Bacillariophyta instead seemed to have an opposite trend and decreased from 8.6% in 2009 to around ~2% in the second group of samples. We suspect that these changes are linked to the fact that two different methods of nucleic acids purification and concentration were used for samples of the periods 2009-2011 and 2012-2016 (see material and methods). 

Discussion

The metabarcoding approach used in this study allowed to get insight into the diversity of eukaryotes at the SOMLIT-Astan plankton time-series station. Overall, the datasets obtained for the two size fractions studied were dominated by sequences of Dinophyta (mostly Dinophyceae and Syndiniales), Stramenopiles (mostly Bacillariophyta), Cercozoa, Metazoa and Chlorophyta. These groups are usually also identified as dominating in metabarcoding datasets of other studies [START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF]. Measures of relative abundance within metabarcoding samples need to be carefully considered. Relative sequence abundances in metabarcoding datasets cannot simply be compared to estimates of contributions based on cell counts or to estimates of biomass [START_REF] Carew | Environmental monitoring using next generation sequencing: Rapid identification of macroinvertebrate bioindicator species[END_REF][START_REF] Elbrecht | Can DNA-based ecosystem assessments quantify species abundance? Testing primer bias and biomass-sequence relationships with an innovative metabarcoding protocol[END_REF]Hirai et al., 2015). Nevertheless, in the absence of primer bias, a species characterized by larger biomass should be reflected by a greater proportion of sequence reads. Conversely, if the species is smaller or rarer, then fewer reads are likely to be obtained [START_REF] Creer | The ecologist's field guide to sequence-based identification of biodiversity[END_REF].

The use of mock communities made from various cell concentrations from different taxa can enable these types of comparisons. Among other factors, relative sequence abundances obtained from cells are highly influenced by rRNA gene copy numbers per cell, which is highly variable among taxa and particularly high in dinoflagellates [START_REF] Mäki | Sample Preservation, DNA or RNA extraction and data analysis for high-throughput phytoplankton community sequencing[END_REF]Liu et al., 2020b). But other parameters can influence the proportion of sequences obtained from different groups in the final dataset and biases can be introduced at several steps in the metabarcoding workflow [START_REF] Zhan | Reproducibility of pyrosequencing data for biodiversity assessment in complex communities[END_REF]. Some of the most sensitive steps are DNA extraction and purification which will impact the quality and quantity of DNA used as template for PCR amplification [START_REF] Glenn | Field guide to next-generation DNA sequencers[END_REF][START_REF] Taberlet | Towards next-generation biodiversity assessment using DNA metabarcoding[END_REF]. Primer choice also is important because it allows to target some specific taxonomic groups. In our case, the primer chosen to amplify the V4 region of the rRNA operon does not perfectly match with sequences of Haptophyta (McNichol et al., 2021), and the contribution of this group to the genetic diversity of eukaryotic plankton is thus probably underestimated in our study. Other studies using universal primers targeting SSU rDNA obtained instead high contributions for this group [START_REF] Bittner | Diversity patterns of uncultured Haptophytes unravelled by pyrosequencing in Naples Bay[END_REF]. Finally, there are a lot of challenges related to the PCR that can generate multiple errors as well [START_REF] Kobayashi | PCR error and molecular population genetics[END_REF] and to the bioinformatics tools employed for the analyses, as for example dealing with PCR and sequencing errors and inferring taxonomical data from sequences [START_REF] Coissac | Bioinformatic challenges for DNA metabarcoding of plants and animals[END_REF]. Appropriate programs have been developed in order to remove such errors (i.e. removing chimera sequences) which are compared by [START_REF] Zinger | Two decades of describing the unseen majority of aquatic microbial diversity[END_REF], in the context of microbial biodiversity estimations. Despite the biases connected to DNA metabarcoding, and the difficulties to compare results to those obtained using classical techniques, our study, like many others, suggests that this method can provide a detailed picture of the taxa present in a community as well a reasonable picture of the relative abundance of different eukaryotic microbes [START_REF] Cahill | A comparative analysis of metabarcoding and morphology-based identification of benthic communities across different regional seas[END_REF][START_REF] Serranito | Decadal shifts of coastal microphytoplankton communities in a semi-enclosed bay of NW Mediterranean Sea subjected to multiple stresses[END_REF][START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF] presented in Chapter II of the manuscript).

If obtaining true pictures of complex planktonic communities using metabarcoding appears difficult, reproducibility may be more easily attainable because this method has the advantage of being automatable, from the sampling steps to the production of the final OTUs or ASVs contingency table. Standardized protocols that use referenced chemicals and commercial kits can be used from the DNA extraction to the sequencing steps, to diminish the possibilities to introduce biases, while raw sequences sets can be processed using bioinformatics pipelines that are deposited in repositories [START_REF] Dell'anno | Unveiling the biodiversity of deep-sea nematodes through metabarcoding: Are we ready to bypass the classical taxonomy[END_REF], Rodriguez-Espeleta et al. 2021). The robustness of metabarcoding methods can be tested by including technical replicates in order to study the influence of stochasticity in DNA extraction and PCR steps [START_REF] Rodríguez-Ezpeleta | Biodiversity monitoring using environmental DNA[END_REF].

If we carefully used the exact similar protocols and bioinformatics pipelines for the processing of the large size fraction collected at the SOMLIT-Astan station (even if sequencing was performed in two different runs), we unfortunately did not anticipate replicates in our sampling, sample handling and sequences production strategies. Still, our analyses pointed to the maintenance of remarkably steady community year after year, which suggests that our protocols are sufficiently robust and reproducible, at least to report from beta diversity changes occurring at the annual scale. Similar strategies conducted in other habitats, targeting different microbial compartments leaded to the same conclusions, i.e. strong seasonality of community dynamics and yearly recurrence of similar communities (Widdicombe, Eloire, & Harbour, 2010;[START_REF] Barraquand | Coastal phytoplankton community dynamics and coexistence driven by intragroup density-dependence, light and hydrodynamics[END_REF]Kase et al., 2020). Similar patterns were expected to be recovered from the analysis of the smallest size fraction (0.2-3 µm) that were sequences in two different runs. But our analyses show that slight changes in nucleic acids purification and concentration steps probably introduce biases in metabarcoding results and compromised the comparisons of samples along the whole timeseries. The clear shift in the community composition obtained from the analysis of metabarcodes of the small size fraction between the periods 2009-2011, and 2012-2016 corresponded to a modification of the nucleic acids purification and concentration steps (ultrafiltration and chemical precipitation, respectively). It is very unlikely that the community composition changed between the two periods for the small size fraction only.

The DNA extraction method is known to affect the species composition of the microbial community inside a sample, in terms of quantity and quality of DNA [START_REF] Carrigg | DNA extraction method affects microbial community profiles from soils and sediment[END_REF][START_REF] Jeunen | Environmental DNA (eDNA) metabarcoding reveals strong discrimination among diverse marine habitats connected by water movement[END_REF][START_REF] Van Der Loos | Biases in bulk: DNA metabarcoding of marine communities and the methodology involved[END_REF] but to our knowledge no studies have reported about the importance of the purification and concentration steps. We cannot provide mechanistic explanations that could explain why these purification methods could impact differently the proportions of sequences of the different taxa.

Metabarcoding is increasingly being used for the study of natural complex communities and also implemented in ecosystem assessments. Today, it appears as potentially more cost-effective and less time-consuming than the monitoring based on morphology, especially for communities dominated by small species [START_REF] Aylagas | Adapting metabarcoding-based benthic biomonitoring into routine marine ecological status assessment networks[END_REF].

In any case, when using these high-throughput techniques for the study of patterns of diversity in space and/or time, it appears absolutely crucial that rigorously similar methods are used all along. Also, in order to be able to compare studies conducted by different laboratories, it would be important to develop and agree on harmonized protocols and standardized procedures. Ensuring reproducibility and robustness in the production of molecular data are major challenges in a context of rapid evolution of the technologies associated to (a) nucleic acids extraction and sequencing (including dependence on commercial kits, for which companies may not have a long term strategy that fits with the requirements of time-series); and to (b) treatment of sequence data using bioinformatics tools. To date, strategies that have been conservative in the methods used, from sampling to biodiversity data production have proven the most efficient and reliable (i.e. CPR and morphological time-series).

CHAPTER 2 Seasonal dynamics of marine protist communities in tidal mixed coastal waters

Context of the work

The main goals of this chapter are to describe the temporal patterns of planktonic protist communities in coastal tidally-mixed waters and investigate their main drivers. The work presented here, based on the analysis of both microscopic counts and DNA metabarcoding data, revealed a great diversity of both phototrophic and heterotrophic micro-and nanoeukaryotes. We described the typical annual cycle of protist successions and pointed out the equal importance of the temporal structure of the environmental factors (i.e. light, temperature, salinity, macronutrients), and the self-organization processes of the community (i.e. interactions, reproduction, random events), as drivers of protist seasonal dynamics observed at a decadal scale.

Data

-DNA metabarcoding dataset (18S V4 rDNA) of the bi-monthly sampled time-series of SOMLIT-Astan (2009-2016). Only one size fraction is considered, the >3 µm (n=186) (see chapter 1);

-Microscopy counts (> 20µm) of the bi-monthly sampled time-series of SOMLIT-Astan (2009-2016);

-Hydrological and physico-chemical parameters from SOMLIT-Astan station (i.e. temperature, macronutrients), MeteoFrance (i.e. wind) from Guipavas station and NASA (i.e. PAR) from satellites for the SOMLIT-Astan station.

Numerical analyses

-Calculation of Alpha (Shannon Index) and Beta (Bray-Curtis and Jaccard dissimilarities) diversity analyses;

-Computation of distance based Moran's eigenvector maps (dbMEM) also called dbMEM spatial eigenfunctions (Legendre & Gauthier, 2014) to quantify the temporal structure produced by the species assemblage using a redundancy analyses (RDA). The significance of each axis was tested using an ANOVA-like approach.

Main results obtained

-Seasonal structure of the environment (physico-chemical parameters); -Higher diversity in winter and resilient seasonal succession of the protist community dominated by diatoms, dinoflagellates and cercozoans;

-Temporal organization of the community (i.e. interactions) explained most of the variation when considered together with the environment (i.e. light, temperature, salinity, macronutrients etc.).
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Introduction

Annual successions of species -and associated variations in biomass -are one of the classical hallmarks of plankton ecology in both marine and freshwater systems (Margalef, 1978;Sommer et al., 1986;Sommer et al., 2012). In temperate biomes, annual plankton biomass patterns classically involve some regularity in form of a phytoplankton spring bloom (Sverdrup, 1953;Cushing, 1959;Margalef, 1978) that follows the increase of light availability in relation to a decrease in vertical mixing and nutrient availability, and provides food to grazers. The resulting spring peak of zooplankton leads to the decline of phytoplankton towards a mid-season biomass minimum while subsequent food limitation and fish predation controls zooplankton biomass. The sequence of planktonic taxa emerging along the course of this rhythmic phenomenon depends on regional, ecological and biogeochemical specificities (e.g., coastal versus shelf versus oceanic conditions), but the overall annual reoccurrence of the same dominant species shows striking regularities (i.e.

Gyrodinium sp. and Phaeocystis sp. in the WEC, Widdicombe et al., 2010). Such annual persistent patterns of species successions are well known for phytoplankton and zooplankton (Margalef, 1978;[START_REF] Modigh | Seasonal variations of photosynthetic ciliates at a Mediterranean coastal site[END_REF]Ribera d'Alcalà et al., 2004). In most regions, these seasonal cycles linked to plankton species phenology have probably governed the evolution of life cycles and migratory behaviors of organisms ranging from the smallest fishes to whales and birds (Cushing, 1969;1990;Longhurst, 1998).

Identifying these temporal patterns and determining their principal environmental drivers are essential to reveal the mechanisms driving species succession and that shape community composition, and to predict how climate change is likely to modify these patterns [START_REF] Edwards | Impact of climate change on marine pelagic phenology and[END_REF]Siano et al., 2021). Predicting the consequences of environmental changes on the seasonal successions of plankton species is extremely challenging since not all mechanisms involved in the annual cycle have been elucidated.

Decades of research have emphasized the major role of physical factors (e.g., light, temperature and turbulence) in pacing the annual oscillations of plankton biomass and diversity (Margalef, 1978;Towsend et al., 1992Towsend et al., , 1994;;Sommer et al., 2012;Barton et al., 2014). These factors, contingent to the annual climate cycle and operating across various astronomic and geological time scales, would impose synchrony on the dynamics of phytoplankton biomass [START_REF] Smetacek | Role of sinking in diatom life-history cycles: ecological, evolutionary and geological significance[END_REF]Sommer et al., 1986;[START_REF] Cloern | Phytoplankton bloom dynamics in coastal ecosystems: A review with some general lessons from sustained investigation of San Francisco Bay, California[END_REF] in a similar way to terrestrial plants [START_REF] Richardson | Influence of spring and autumn phenological transitions on forest ecosystem productivity[END_REF][START_REF] Craine | The roles of shifting and filtering in generating community-level flowering phenology[END_REF]. But seasonal successions are also an emergent property of the community dynamics, where the complex network of biotic interactions (e.g., predation, competition, parasitism, mutualism) and the species internal clocks -that are tightly set by the photoperiod -determine the selforganization and resilience of species assemblages for a specific time [START_REF] Drake | The mechanics of community assembly and succession[END_REF]Dakos et al. 2009;[START_REF] Logares | Contrasting prevalence of selection and drift in the community structuring of bacteria and microbial eukaryotes[END_REF]. Self-organization processes selected by environmental filters, could be the major force shaping annual plankton successions. In other words, intrinsic community biological factors, including interactions within and between species and functional groups, could drive the stability and dynamics of marine plankton through time. The idea that biodiversity buffers ecosystem changes against environmental variations (Tilman, 1999;[START_REF] Tilman | Biodiversity and ecosystem stability in a decade-long grassland experiment[END_REF]Loreau & Manzancourt, 2013) matches results obtained from manipulated microbiomes (Fernandez-Gonzalez et al., 2016) and theoretical studies (Dakos et al., 2009). It could explain the strong temporal relationship that links species richness and community-level properties [START_REF] Cottingham | Biodiversity may regulate the temporal variability of ecological systems[END_REF][START_REF] Loreau | Ecology: Biodiversity and ecosystem functioning: Current knowledge and future challenges[END_REF][START_REF] Griffin | Biodiversity and the stability of ecosystem functioning[END_REF].

Characterized by particularly high dispersal, large population sizes, and short generation time [START_REF] Villarino | Large-scale ocean connectivity and planktonic body size[END_REF], marine microorganisms represent about half of the overall carbon biomass and play key roles in global biogeochemical fluxes [START_REF] Falkowski | The Microbial Engines That Drive Earth's Biogeochemical Cycles[END_REF]Bar-On and Milo, 2019). They are responsible for nearly all of the primary production and respiration occurring in the marine realm [START_REF] Moran | The global ocean microbiome[END_REF]. While annual species successions have been hard to demonstrate for microorganisms (i.e., viruses, bacteria, archaea and protists; phototrophic and non-phototrophic microeukaryotes), especially for those with sizes under 10 µm which are difficult to identify under a microscope, the use of High Throughput Sequencing (HTS) and metagenomics approaches has shown that marine microbial communities exhibit clear annual patterns of species or Operational Taxonomic Units (OTU) successions (Fuhrman et al., 2006(Fuhrman et al., , 2015;;Gilbert et al., 2012;Bunse & Pinhassi, 2017;Giner et al., 2018;Käse et al., 2020). Given the extraordinary roles of microscopic plankton in ocean ecology, being able to document their dynamics in space and time is of tremendous importance to predict future changes that will occur in the next decades.

Here, we report 8 years pluri-annual patterns of protists community dynamics, at the Roscoff SOMLIT-Astan station, a coastal long-term time-series sampling site located off the French coast of the Western English Channel (WEC; Tréguer et al., 2014) (Fig. 1). The English Channel (EC) is an epicontinental sea which stands as a biogeographical crossroad between the warm-temperate Atlantic system and the cold-temperate North Sea and Baltic continental system of Northern Europe. Significant biological shifts, including plankton species replacements or major changes in species abundances and distributions, have been documented in the English Channel since over a century in response to climate change and other anthropogenic drivers (Boalch et al., 1987;[START_REF] Southward | Long-term oceanographic and ecological research in the western English Channel[END_REF]Mieszkowska et al., 2014). There are indications that current anthropogenic climate changes have already impacted pelagic and benthic compartments and affected the productivity of this shelf sea (see for example, Beaugrand et al., 2002;Genner et al., 2004;[START_REF] Hiscock | Effects of changing temperature on benthic marine life in Britain and Ireland[END_REF][START_REF] Southward | Long-term oceanographic and ecological research in the western English Channel[END_REF], Widdicombe et al. 2010). Intense tidal mixing (tidal range up to 10 m) and winds prevent summer stratification (Grall 1972, Martin-Jezequel 1983[START_REF] Sournia | A daily study of the diatom spring bloom at Roscoff (France) in 1985. I. The spring bloom within the annual cycle[END_REF]. A seasonal thermocline, occurring from May to October, is only reported in its western entrance, offshore and along the UK coasts [START_REF] Pingree | Currents driven by a steady uniform wind stress on the shelf seas around the British Isles[END_REF]. Significant long-term and short-term changes changes in community composition have already been observed by the Plymouth L4 Western Channel Observatory (Pingree and Griffiths, 1978).

The temporal dynamics of planktonic communities in the permanently well-mixed waters that characterize the French coasts of the WEC have been less intensively studied. In this region, the hydrodynamics is also under limited influence by coastal freshwater inputs as nutrients loading from the adjacent rivers is rapidly diluted by tidal currents (L'Helguen et al. 1996, Wafar et al. 1983, Tréguer et al. 2014), but it is strongly impacted by the weather conditions that can be rough in the area with frequent gusts of wind and storms. These features resulting in different physical and biochemical conditions are at the origin of a mosaic of interconnected benthic and pelagic habitats (Dauvin et al., 2008;Delavenne et al., 2013;Gac et al., 2020).

In this study, we analysed time-series of phytoplankton cell microscopy counts (>10µm) and 18S V4 rDNA sequence abundances (3-10µm) generated from plankton samples collected over a period of 8 years (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016). Our aim was to (i) describe the seasonal dynamics of the protist eukaryotic community in this coastal environment, across multiple years, and (ii) explore how environmental factors (i.e. temperature, light, salinity, pH, and macronutrients) interact with the dominant protist compartment at different time scales. We unveil the protist community dynamics of this region in details, and provide new data on the dynamics of taxa that cannot be studied with classical microscopic techniques.

Material and methods

Sampling location

The SOMLIT-Astan sampling station is located in the western English Channel, 3.5 km off Roscoff (Brittany, France) (60 m depth, 48°46'18" N-3°58'6" W, Fig. 1). Monitoring of the hydrology and phytoplankton at the SOMLIT-Astan station has been implemented in 2000 (Guilloux et al. 2013), and is currently operated in the frame of the SOMLIT (Service [START_REF] Hurrell | Decadal trends in the North Atlantic oscillation: Regional temperatures and precipitation[END_REF][START_REF] Trigo | The North Atlantic Oscillation influence on Europe: Climate impacts and associated physical mechanisms[END_REF] that influences the local meteorological conditions, was obtained from NOAA (https://www.ncdc.noaa.gov/teleconnections/nao/).

Environmental data

Protocols used for the hydrological parameters by the SOMLIT are summarized below (Gac et al., 2020[START_REF] Gac | Decadal Dynamics of the CO2 System and Associated Ocean Acidification in Coastal Ecosystems of the North East Atlantic Ocean[END_REF]. Seawater temperature (T°C) was measured in situ using a Sea-bird SBE19+ CTD profiler with an initial accuracy of +/-0.005°C. Discrete salinity samples were measured on a portasal salinometer with a precision of 0.002. Nutrient concentrations (NO3 - , NO2 -, PO4 3-and SiO4 2-) were determined using an AA3 auto-analyser (Seal Analytical)

following the method of [START_REF] Aminot | Dosage automatique des nutriments dans les eaux marines[END_REF] with an accuracy of 0.02 µmol L -1 , 1 nmol L -1 , 1 nmol L -1 and 0.01 µmol L -1 for NO3 -, NO2 -, PO4 3-and SiO4 -, respectively.

Ammonium (NH4 + ) concentrations were determined using the indophenol blue method of Koroleff (1969). To determine chlorophyll-a concentrations (Chl-a), 0.5 L of seawater were filtered onto glass-fibre filters (Whatman GF/F) and immediately frozen. Samples were extracted in 5 mL of acetone, acidified with HCl and Chl-a concentrations, and were measured using a fluorometer (model 10 analog fluorometer Turner Designs), according to EPA (1997), with an estimated accuracy of 0.05 µg L -1 . Protocols used to measure the biomass of particulate organic carbon (POC), particulate organic nitrate (PON), suspended matter (MES) and the ratio of the two stable isotopes of nitrogen (DeltaN15) are described in the SOMLIT website.

Phytoplankton microscopic counts

Samples (250 mL) of natural seawater for the acquisition of microscopic counts were preserved with acid Lugol's iodine (Sournia, 1978, Guilloux et al. 2013), stored in the dark, and further processed between 15 days and up to 1 year after sampling. Lugol's iodine was added either back in the lab 1.5 to 2h after sampling or onboard immediately after sampling. Cell counts were obtained from sub-samples that were gently poured into 50 mL composite settling chamber (HYDRO-BIOS, Kiel), according to the standard Utermöhl settlement method (Sournia, 1978;Guilloux et al., 2013). For some winter samples characterized by lower cell number, 100 mL settlement chambers were used. Counts and identification of taxa were performed under an inverted light microscope (Leica DMI 300) at 200x and 400x magnification. References used for species identification included Tomas (1997), [START_REF] Throndsen | Phytoplankton of Norwegian coastal waters[END_REF], [START_REF] Hartley | An atlas of british diatoms[END_REF], [START_REF] Kraberg | Coastal phytoplankton: photo guide for Northern European Seas[END_REF], [START_REF] Hoppenrath | Marine phytoplankton: Selected microphytoplankton species from the North Sea around Helgoland and Sylt[END_REF], [START_REF] Horner | Taxonomic guide to some common marine phytoplankton[END_REF] and the Plankton*Net Data Provider (http://www.planktonnet.eu/). 

Protists DNA metabarcodes

For the generation of DNA metabarcoding data, natural seawater from the Niskin bottle was transported to the laboratory in a 10L Nalgene bottle and a volume of 5L was collected onto 3µm polycarbonate membranes (47mm, Whatman; with the exception of May 25 th 2010, when the sample was collected onto a 0.22µm sterivex filter, PVDF, Millipore). Filters were preserved in 1.5mL of lysis buffer (Sucrose 256g/L, Tris 50mM pH8, EDTA 40mM) and stored at -80°C until further processing. A total of 185 samples were collected between 2009 and 2016.

Plankton DNA extraction, PCR amplification, and sequencing

Samples were first incubated 45min at 37°C with 100µL lysozyme (20mg/mL), and 1h at 56°C with 20µL proteinase K (20mg/mL) and 100 µL SDS 20%. Nucleic acids were then extracted using a phenol-chloroform method (Sambrook et al. 1989) 

Reads quality filtering and clustering

Generation of 18S V4 rDNA Operational Taxonomic Units (OTUs) from the raw sequencing reads and their assembly into a contingency table was obtained according to the following pipeline (https://nicolashenry50.gitlab.io/swarm-pipeline-astan-18sv4). The paired-end fastq files were demultiplexed and PCR primers were trimmed using Cutadapt v2.8 [START_REF] Marcel | Cutadapt removes adapter sequences from high-throughput sequencing reads[END_REF]. Reads shorter than 100 nucleotides or untrimmed were filtered out.

Trimmed paired-end reads were merged using the fastq mergepairs command from VSEARCH v2.9.1 [START_REF] Rognes | VSEARCH: A versatile open source tool for metagenomics[END_REF] with a minimum overlap of 10 base pairs. Merged reads longer than 200 nucleotides were retained and clustered into OTUs using Swarm v2.2.2 with d = 1 and the fastidious option (Mahé et al., 2014[START_REF] Mahé | Swarm v2: highly-scalable and highresolution amplicon clustering[END_REF]. The most abundant sequence of each OTU is defined as the representative sequence. OTUs with a representative sequence considered to be chimeric by the uchime_denovo command from VSEARCH or with a quality per base below 0.0002 were filtered out. Samples with a low number of reads were re-sequenced, for these cases, only the readset with the highest number of reads was kept. Finally, OTUs which appeared in less than 2 samples or with less than 3 reads were discarded (de [START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF].

Taxonomic assignations

The V4 region was extracted from the 18S rDNA reference sequences from PR2 v4.12 [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF] with Cutadapt, using the same primer pair as for the PCR amplification (maximum error rate of 0.2 and minimum overlap of 2/3 the length of the primer). The representative sequences of each OTU were compared to these V4 reference sequences by pairwise global alignment (usearch_global VSEARCH's command). Each OTU inherits the taxonomy of the best hit or the last common ancestor in case of ties. OTUs with a score below 80% similarity were considered as unassigned [START_REF] Mahé | Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests[END_REF]Stoeck et al., 2010).

In database (https://www.arb-silva.de/). The origin and assignations of the best blast sequences (most of which were 100% similar to our sequences) and of the corresponding strains or isolates were carefully examined before taking the final taxonomic assignation decision (Table S1).

Statistical analyses

All statistical analyses were performed using the R environment (R version 4.1.0, R Development Core Team, 2011). The R package "vegan" (Oksanen et al., 2013) and "data.table" (Dowle and Srinivasan, 2018) were used to analyse frequency count data, diversity, and to compute variance partitioning. The dbMEM analyses were performed using the packages "ade4" [START_REF] Dray | The ade4 package: Implementing the duality diagram for ecologists[END_REF], "adespatial" [START_REF] Dray | Package "adespatial[END_REF], "ape 5.0" [START_REF] Paradis | Ape 5.0: An environment for modern phylogenetics and evolutionary analyses in R[END_REF] and "spdep" [START_REF] Bivand | Comparing implementations of global and local indicators of spatial association[END_REF]. All figures were made with "ggplot2" (Wickham, 2009) (https://gitlab.com/MariaritaCaracciolo/roscoff-astan-timeseries). The analyses performed on the morphological dataset were similar except that absolute abundance (cell counts) were used for all analyses (no rarefaction step prior to the calculation of species richness, Shannon Diversity Index and Jaccard similarity).

Alpha and Beta diversity

Standard alpha diversity metrics (Shannon Diversity Index and species richness) and beta diversity metrics (Jaccard similarity index and Bray-Curtis similarity index; Krebs, 1999;

Legendre & Legendre, 1998) were calculated for both the morphological and metabarcoding datasets in order to analyse temporal changes in the composition and structure of the protist communities. Random subsampling (rarefaction) was used for the metabarcoding dataset prior to the calculation of alpha diversity metrics and for the calculation of the Jaccard similarity index in order to account for differences in sequencing depth (i.e. total number of reads generated for a sample). Hellinger transformed data [START_REF] Legendre | Ecologically meaningful transformations for ordination of species data[END_REF] were used for the calculation of Bray-Curtis dissimilarities (d = 1 -S, where d is dissimilarity and S is similarity between samples).

Plankton seasonal succession

In order to detect the temporal structure of the communities, we used distancebased Moran's eigenvector maps (dbMEM) (Legendre & Gauthier, 2014). This method has the potential to detect temporal structures produced by the species assemblage itself (through auto-assemblage processes or autogenetic succession that involve species interactions, Connell and Slatyer, 1977;[START_REF] Reynolds | Phytoplankton periodicity: the interactions of form , function and environmental variability[END_REF][START_REF] Mccook | Understanding ecological community succession: Causal models and theories, a review[END_REF] provided that all influential variables have been included in the analysis (Legendre and Gauthier, 2014).

The dbMEM eigenfunctions were computed from a distance matrix of the time separating observations, truncated at a threshold corresponding to the largest time interval (lag= 44 days) (Legendre & Gauthier, 2014). A forward selection procedure implemented in the package adespatial ("forward.sel" function; [START_REF] Dray | Package "adespatial[END_REF] was used to identify significant dbMEM. Only OTUs present in at least 10 out of the 185 total samples were retained and the data were Hellinger-transformed in order to (i) avoid overweighting rare species and (ii) be able to use Euclidean distances that allow to compute RDA [START_REF] Legendre | Ecologically meaningful transformations for ordination of species data[END_REF].

Significant linear trends were then removed by computing the residuals, and Anova-like tests (with 999 permutations; Legendre, Oksanen & Braak, 2013) were implemented on the RDA to assess the significance of each constrained axis (p value < 0.05). To calculate the proportion of the variance explained by the significant axes, the adjusted R 2 of the RDA result was used. Variance partitioning analyses allowed to filter out the variations due to temporal structures, or autocorrelation, which accommodate the use of statistical tests to further assess which environmental variables can influence community dynamics and species composition. All parameters were first tested for collinearity, then successively used in a forward selection to identify those significant to be tested for the study. To interpret temporal variations, we calculated Spearman's rank correlation coefficients between the environmental parameters and the eigenvalues of the first three axes of the RDA.

Results

Seasonal dynamics at the SOMLIT-Astan station

At the SOMLIT-Astan time-series station (Fig. 1), both the hydrological parameters and phytoplankton biomass displayed clear seasonal patterns over the 8-year period (2009-2016, Fig. 2). In this tidally mixed environment, mean monthly temperatures varied from 9.8 (in March) to 15.7°C (in August). Mean monthly salinity ranged between 35.1 and 35.4 (from spring to autumn). Seasonal changes in chlorophyll a (Chl-a) concentration were characterized by summer maxima (from June to August) and large inter-annual variability (Fig. S2); from 2009 to 2016, mean monthly values were recorded between 0.4 and 1.5 µg L - 1 (in December and July, respectively), and seasonal variations were synchronous with PAR (5.3 to 48.1 E m -2 day -1 ). Mean monthly minima in the main macronutrient concentration (PO4 3 , SiO4 2-and NO2 -) that sustain phytoplankton production were recorded in summer, when phytoplankton biomass was high; however, macronutrients were never completely depleted (Fig. 2). Annual oscillations of pH were also recorded with minima in autumn.

Although sampling occurred consistently during high neap tides, a clear biannual rhythm was detected in the mean monthly tidal amplitudes, which varied between 3.1 and 4.2 m with the highest mean values in late spring (May) according to the yearly change in the obliquity of the Earth's Equator. From 2009 to 2016, all parameters exhibited large interannual variations and no significant decadal trend was detected (Fig. S2). is the photosynthetically available radiation calculated as the average light received during the 8 days before sampling. Kd490 is intended as the diffuse attenuation coefficient for downwelling irradiance at 490 nm. Interannual variations of all parameters presented in this figure can be found in figure S2.

The protists community structure also showed clear seasonal patterns according to changes in alpha and beta diversity calculated from our morphological (phytoplankton cells > 10 µm) and metabarcoding (all protist 18S rDNA, OTUs, > 3 µm) datasets (Fig. 3): minimal Shannon diversity was recorded in spring and summer, when Chl-a biomass was the highest, and maximum values in winter (Fig. 3A,B). Seasonal changes of the environment were consistent with the seasonal pattern observed among taxonomic groups (i.e. spring bloom for diatoms and Syndiniales or Cercozoa during winter) and for dominant species; although variations were encountered in the exact timing of the monthly minima of some of the phyla or classes distinguished using metabarcoding (Fig. S3). For groups such as the Cercozoa, an opposite signal was recorded (Fig. S3), with relatively high Shannon's diversity in spring and summer and low values during winter. Taxa such as the MOCH-4 (marine Ochrophytes without cultured representatives), Perkinsea or Raphidophyceae were recorded almost exclusively during winter (Fig. S3). The variations in the Jaccard and Bray-Curtis dissimilarities -calculated based upon the morphological and the metabarcoding datasets along temporal distances between samples -not only confirmed the strong seasonality in the structure of the community, but also suggested gradual replacements of taxa along the year and recurrence in the annual sequence of taxa over 8 years (Fig. 3B,D). The rates of changes in these similarities also showed clear temporal variations for both datasets and appeared to follow a biannual rhythm, with relative minima in February-March and October; and maxima in May-July-December-January (Fig. S4). A higher variability was recorded for the morphological dataset, with a decrease in similarity over time.

Annual successions of protists in coastal mixed environments

Based on morphology (microscopy counts of phytoplankton > 10 µm), diatoms were clearly the dominating group all year round and over the study period (86.5% and 74.4% of all cell counts and taxonomic entities distinguished, respectively Fig. 4A,C). Dinoflagellates covered another 7.1 % of all cells enumerated and accounted for 15.7% of total taxa richness. Ciliates and Haptophytes (more precisely Oligotrichea and Prymnesiophyta) accounted for 2.4 and 2.1 % of all cell counts. The other groups such as Undetermined_sp., Raphidophyceae, Dictyochophyceae, Euglenophyceae, Pyramimonadophyceae, Xanthophyceae, Prasinophyceae, Undetermined_Chlorophyta, accounted each for 1% or less than 1% (Fig. 4A). Each of these groups accounted for < 3% of the total number of species (Fig. 4C). Clear seasonal variations were encountered at phylum or class levels for absolute cell abundances (Fig. S5A). The abundances of diatom cells (>10um) generally peaked in late spring and summer, while dinoflagellates maximal abundances were observed in late summer. Important inter-annual variations were recorded in both the timing and intensity of the annual peaks, however. For the Prymnesiophyceae, the interannual variations were especially high, with exceptional developments of Haptophytes (corresponding to Phaeocystis globosa blooms) in spring 2012.

Figure II. 4: Low-taxonomic resolution contribution of protists at the SOMLIT-Astan time-series station over the period 2009-2016.

Abundance of (A) the 12 main phytoplankton classes for the morphological dataset; and (B) the 52 main phyla -or classes -calculated from the metabarcoding dataset. The tree maps show the overall contributions of the main phyla or classes to the (C) total species or (D) OTU richnesses.

Our metabarcoding approaches uncovered a much wider diversity spectrum.

Seasonal and inter-annual variations were also observed when contributions to total DNA reads abundances were examined with maximal contributions of diatoms and Dinophyceae in spring and summer, respectively, and of Cryptophyta and Chlorophyta in summer and autumn, respectively. The contribution of Cercozoa and Syndiniales (and other primarily heterotrophic, parasitic or saprotrophic groups such as the Ciliophora, Picozoa, Opalozoa and Sagenista) started to increase in early winter and were high during the first months of the year (Fig. S5B). Taxonomic assignation of all OTUs revealed the prevalence of Dinophyceae and diatoms in terms of relative abundance over the whole study period (29.6 and 22.1% of all reads, Fig. 4B,S5). Cryptophyta, Chlorophyta and Haptophyta that are primarily photosynthetic phyla accounted for 11.3%, 4.4% and 1.1% of all reads counts, while the heterotrophic Cercozoa, Syndiniales and Ciliophora, made up 8.1%, 7.5% and 3.5% of all read counts, respectively (Fig. 4B). The contributions of the other eukaryotes, including Picozoa, Sagenista, Pseudofungi, Opalozoa, Choanoflagellida, and Telonemia, were below 2% (Fig. 4B). In terms of OTU richness, the picture was slightly different since Dinophyceae and Cercozoa appeared as the first and second most diverse groups (18.6 and 16.6% of all OTUs, Fig. 4D), followed by diatoms, Syndiniales and Ciliophora (11.4, 10.3 and 5.8% of all OTUs). OTU richness from Sagenista (bicoecea and labyrinthulids), Opalozoa, Haptophyta, Cryptophyta, Chlorophyta, Apicomplexa, Choanoflagellida, Fungi and Telonemia ranged from 3.9% (Sagenista) to 2.1% (Telonemia) of the total number of OTUs. Other less diverse taxa belonging to 53 classes (e.g., Pseudofungi, Chrysophyceae, Picozoa, Dictyochophyceae, Bolidophyceae, Centroheliozoa, Radiolaria; see Fig. 4B for the complete list of the 52 classes) accounted for less than 2% of all OTUs (Fig. 4D).

Mean monthly relative abundances of the dominant taxa resulting list of 32 OTUs, due to the same OTUs being dominant in several months, contributed to 51.5% of all reads over the study period (Fig. 5A), and included diatoms, Dinophyceae, Cryptophyta, Cercozoa, Syndiniales, as well as a Chlorophyta, a Picozoa, a MAST (uncultured marine stramenopiles) and a Fungi. Sequences of both photosynthetic armored (Heterocapsa) and heterotrophic naked (e.g. Warnowia and Gyrodinium) dinoflagellates dominated the sequences pools all year round. The nanoplanktonic Cryptophytes Teleaulax amphioxeia (= Plagioselmis prolonga), T. gracilis and T. acuta (all described as photosynthetic) and the green picoplanktonic algae Ostreococcus lucimarinus also appeared as dominant taxa despite picoplankton was not a target in this work. The sequences of several parasitic taxa such as the cercozoan Cryothecomonas, the dinoflagellates Haplozoon and Syndiniales, and the fungi Parengyodontium also showed high prevalence (Fig. 5A). Diatom OTUs identified as dominating the protist communities were assigned to Minidiscus comicus, Minidiscus The most abundant diatoms accounted for >75% and 70% of all counts/reads in these two datasets (Fig. 5B,C), respectively. In microscopic counts, autumn and winter assemblages were clearly dominated by species or genera with benthic affinities such as Paralia sp. and the morphological pennate corresponding to Fragilaria/Brockmaniella and Cylindrotheca closterium /Nitzschia longissima (Fig. 5B). These taxa were replaced, from mid-winter to early spring, by colonial genera with pelagic affinities and in particular by Thalassiosira spp. (with Thalassiosira levanderi/minima reaching mean abundances of ~534 The analysis of the genetic dataset confirmed the prevalence of the genera Thalassiosira and Guinardia during spring and summer and the relative higher contribution of Navicula species in winter, but gave a different picture of the seasonal succession within the diatoms since the metabarcoding approach allowed deciphering the annual sequence of a pool of persistently dominant nanodiatom taxa, such as the genera Minidiscus, Cyclotella, Arcocellulus/Minutocellus or the species Thalassisira minima (Fig 5C). In winter, Minidiscus comicus appeared as the dominant species while from April, and all along the summer and autumn, the contribution of Thalassiosira spp., Cyclotella and Arcocellulus/Minutocellus increased sequentially. Overall, the dominance of the smallest taxa was detected every year; when individual year of metabarcoding data were considered (Figure S6), the contribution of dominant OTUs, assigned at the species level, showed some interannual variation.

Ecological drivers of the temporal structure in protist communities

The use of a dbMEM analysis to decompose the temporal patterns of the community allowed us to detect and investigate the environmental and biological processes involved in the control of protist assemblages' dynamics at different timescales (Fig. 6). Among the generated positive and negative dbMEM eigenfunctions (n=55 and n=129, respectively), only 52 positive dbMEM were retained by forward selection for the metabarcoding dataset and 47 for the morphological dataset and used as explanatory variables for a redundancy analysis (RDA;Ter Braak, 1994). This analysis consists in a series of regressions performed on community matrices, i.e., OTU read abundance (n=15,271) or species cell counts (n=146) data. The dbMEM eigenfunctions explained 48.9% of the species and 52.2% of the OTUs variability in community composition, respectively. As expected, seasonality -expressed in the first 2 constrained axes of the RDA -explained most of the observed temporal variability (RDA1: 19.8-17.8% and RDA2: 11.5% and 9.3%, for morphological and metabarcoding datasets respectively; Fig. 6B,D). For both datasets, the winter and summer assemblages on the one hand, and the autumn and spring assemblages on the other, were clearly distinguished on axes 1 and 2. Spring assemblages showed more interannual variability, especially when the morphological dataset was considered (Fig. 6A). The annual cycle was better delineated when the metabarcoding dataset was considered (Fig. 6C). For both datasets, the taxa/OTUs with the highest RDA1 and RDA2 scores corresponded to dominating species (section 3.3 and Fig. 5) and displayed clear seasonal variations in terms of cells or reads abundances (See Table 1 and Fig. 7A,B). For the morphological datasets, the pelagic chain forming Guinardia delicatula and Thalassiosira levenderi/minima and the benthic or tychopelagic taxa Fragilaria/Brockmanniella, Paralia sulcata and Psammodictyon pandutiforme had the highest scores for RDA1 and/or RDA1. For the metabarcoding dataset, the OTUs with the highest RDA1 and 2 scores also included G. delicatula, but pointed as well to nanoplanktonic diatoms (such as Minidiscus comicus), and to species belonging to other phyla or classes such as the Dinophyceae and Cercozoa, all displaying strong seasonality (Fig. 7B and Table 1). ;19,[8][9][10][11][12][13][14][15][16][17]8 % and RDA2;11,[5][6][7][8][9]3 %) and biannual broad scale oscillation (RDA3; 4,8-3,9 %). 6). For each RDA axis the (A) 10 species and (B) 10 OTUs with the highest score were selected. The * indicates dominant OTUs (reported in Fig. 5). The axis 3 of the RDA (4.8 and 3.9 % of the variance explained for the morphological and metabarcoding datasets respectively, Fig. 6B,D) expressed broad scale oscillations and a persistent biannual rhythm in the protist community dynamics. In the morphological dataset, Skeletonema sp. contributed most to axis 3 of the RDA. G. delicatula and Chaetoceros wighamii also showed high contribution. In the metabarcoding dataset, the winter diatom M. comicus and the Cercozoan Cryothecomonas, that exhibit a parasitic life styles, had the highest contribution to this axis. Our analyses showed that some of the OTUs were not detectable every year, suggesting an influence different that the one of the environment on the temporal patterns of some protists which are characterized by higher inter-annual variability (Fig. S6).

Figure II. 7: Monthly mean abundance (2009-2016), at the SOMLIT-Astan sampling site, for (A) the morphological species and (B) molecular OTUs as a function of the first three RDA axes (see Figure

Species / Assignation

To investigate the environmental factors that primarily drive seasonal protist assemblages, we calculated Spearman rank correlation coefficients between the potential explanatory variables and the first 3 axes of the RDA (Fig. 8A,B). Here, we considered the environmental variables selected by forward selection respectively, in common for both datasets, namely: temperature, phosphates (PO4 3-), silicates (SiO4 -), ammonia (NH4 + ), Chl-a, salinity, Suspended Matter (MES) and the North Atlantic Oscillation (NAO) Index (Fig. 8A,B).

Oxygen was selected only for microscopy (Fig. 8A); and PAR, nitrate (NO2 -), pH, and Delta N15 only for metabarcoding (Fig. 8B). The analyses suggested that macronutrients (PO4 3-, NH4 + and to a less extent SiO4 -), together with temperature, PAR, and Chlorophyll-a showing the highest correlations with RDA1, as important drivers of plankton seasonal successions.

Temperature, salinity, oxygen, pH and NO2 -showed the highest correlations with RDA2 (Fig. 8A,B). Even though environmental variables alone only accounted for 5% of the variance, a large part of the variations in the community was explained by the temporal structure of the environmental factors (26% and 24% for both datasets, respectively, Fig. 8C,D). The temporal organization of the community explained most of the variations when considered together with the environment (47% and 49%).

Figure II. 8: Spearman correlation calculated between the environmental variables and the RDA axes (A, C), and variance partitioning analyses between environmental drivers and dbMEM (B, D).

Spearman correlations were computed between each axes of the RDA and each environmental parameter selected for (A) morphology and (B) metabarcoding. Variance partitioning between selected environmental variables and dbMEM was also calculated for (C) morphology and (D) metabarcoding data, respectively.

Discussion

Predictable cyclicity of protists successions in coastal pelagic habitats

Using morphological and DNA metabarcoding approaches, we clearly identified annual succession patterns of taxa in the Western English Channel over the period 2009-2016. The cyclic pattern was more distinct using metabarcodes (see Fig. 6A versus 6C), however: by including some of the smallest eukaryotes, a greater diversity was therefore assessed. Compared to microscopic counts (146 morphological taxa of mainly microphytoplankton groups, 3-10µm), genetic sequences data enabled to reach a much finer taxonomic resolution (15,271 OTUs belonging to 53 different phyla and classes, 3-10µm) and gave access to the dynamics of nano-planktonic taxa (including some pico-) that are dominant at the sampling site. For example, the pico-planktonic green algae

Ostreococcus lucimarinus, Bathycoccus prasinos and Micromonas spp. or the nanoplanktonic diatoms Minidiscus variabilis and M. comicus, are known major players of the microbial communities in the Western English Channel (Not et al., 2004;[START_REF] Foulon | Ecological niche partitioning in the picoplanktonic green alga Micromonas pusilla: Evidence from environmental surveys using phylogenetic probes[END_REF]Arsenieff et al., 2020). DNA metabarcoding could also capture the dynamics of naked dinoflagellates taxa (Gyrodinium and Gymnodinium species) and heterotrophic, parasitic or endosymbiotic microeukaryotes such as the MAST who act as bacterivorous protists [START_REF] Massana | Massana et al 2006_Distribution and abundance of uncultured heterotrophic flagellates in the world oceans[END_REF], Cryothecomonas, and Syndiniales species. Taxa such as

Cryothecomonas that infects diatoms and especially the genus Guinardia [START_REF] Drebes | Cryothecomonas aestivalis sp. nov., a colourless nanoflagellate feeding on the marine centric diatom Guinardia delicatula (Cleve) Hasle[END_REF][START_REF] Peacock | Parasitic infection of the diatom Guinardia delicatula, a recurrent and ecologically important phenomenon on the New England Shelf[END_REF], and the Syndiniales that parasite dinoflagellates [START_REF] Chambouvet | Control of toxic marine dinoflagellate blooms by serial parasitic killers[END_REF] are involved in the control of phytoplankton blooms and thus in the overall stability of the system. These taxa, which cannot be easily monitored using microscopy, are prominent all year round in terms of DNA, and contributed significantly to the seasonal temporal variations. Marine benthic protists indeed show high and distinctively different diversity compared to planktonic species [START_REF] Patterson | The ecology of heterotrophic flagellates and ciliates living in marine sediments[END_REF]. Particularly dominant among benthic phyla at SOMLIT-Astan were Cercozoa [START_REF] Forster | Benthic protists: The under-charted majority[END_REF] and diatoms, which are known to harbor a larger diversity of benthic (i.e. Paralia sulcata, Fragilaria/Brockmanniella, Navicula sp.) than planktonic species in shallow coastal waters (Mann and Evans, 2007). Nevertheless, we should take in consideration that the high abundance of some taxa could reflect multiple copies of the rRNA and each sample also can contain genetic signature of dead organisms.

Such regularities and stability in community composition over 8 years in the surface waters of this megatidal region could be related to different factors. By transporting planktonic species from and to adjacent habitats, tidal currents are known to increase plankton dispersal, which is an important process in structuring communities [START_REF] Mark | CONCEPTUAL SYNTHESIS IN[END_REF]. Therefore, tidal amplitude is intensifying the exchanges between communities associated to the diverse habitats of the Morlaix Bay (Cabioch et al., 1968;Dauvin et al., 2008;Gac et al., 2020). In habitats influenced by tidal mixing, high contributions of benthic protists to the water column communities are classically observed (Hernandez-Farinas et al., 2017); this phenomenon is amplified in winter, when pelagic species are less abundant and winds increase vertical mixing [START_REF] Mann | Dynamics of Marine Ecosystems Margalef, R[END_REF]. Nevertheless, the induced high rates of emigration and immigration do not disrupt the seasonal oscillations in diversity that was captured by the first 2 axes of our RDA analyses (Fig. 6). By increasing the overall diversity and by enhancing bentho-pelagic coupling (and potentially the interactions between species), these forces may favor the overall stability of the system (Cardinale et al., 2012).

Our dbMEM analyses allowed us to uncover a clear and persistent biannual rhythm (axis 3 of our RDA) in the protist community dynamics. This biannual pattern was also observed in the monthly turnover rates of species over the 8 years (Fig. S4). However, tidal amplitude was not among the environmental factors selected for correlation analyses (Fig. 8).

We found a strong correlation between the first two axes of the RDA and temperature, macronutrients and light (Fig. 8), suggesting that physical factors related to the annual climate cycle are imposing a rhythm to the seasonal dynamics of protist communities [START_REF] Cloern | Phytoplankton bloom dynamics in coastal ecosystems: A review with some general lessons from sustained investigation of San Francisco Bay, California[END_REF]Sommer et al., 2012), that as we know might have different preferences in term of physico-chemical environment. These results (Fig. 8B andD) suggest that the temporal structures of the environmental factors are important drivers of the annual succession of species, along with intrinsic community effects such as species interactions, reproductive dynamics, and stochastic events not considered here.

The annual sequence of dominant protists in temperate tidally-mixed habitats

In terms of phytoplankton, our study confirmed the importance of diatoms (by far the most numerous taxa >10µm enumerated under microscopy), dinoflagellates and green algae, but also highlighted the importance of Cryptophyta. The DNA metabarcoding analysis provided new data about the seasonal sequence of important heterotrophic dinoflagellates (i.e., Dinophyceae and Syndiniales) harboring diverse trophic modes, and that of parasitic Cercozoa. Along the years 2009-2016, the prominence of the chain-forming species Guinardia delicatula during spring and summer was confirmed by both the morphological and metabarcoding datasets. This species is emblematic of the spring and summer diatoms bloom in the Roscoff area (Grall, 1972;Martin-Jezequel, 1992;[START_REF] Sournia | La serie oceanographique cotiere de Roscoff (Manche occidentale) de 1985 a 1992[END_REF]Guilloux et al., 2013;Arsenieff et al., 2019). It is one of the most recognized species of planktonic communities in the English Channel and North Sea (Widdicombe et al. 2010;[START_REF] Caracciolo | Seasonal temporal dynamics of marine protists communities in tidally mixed coastal waters[END_REF] and appear to be particularly successful in temperate tidally-mixed habitats (Gomez and Souissi, 2007;[START_REF] Wiltshire | Resilience of North Sea phytoplankton spring bloom dynamics: An analysis of long-term data at Helgoland Roads[END_REF]Peacock et al., 2012;[START_REF] Schlüter | Maize source leaf adaptation to nitrogen deficiency affects not only nitrogen and carbon metabolism but also control of phosphate homeostasis[END_REF]Hernandez-Farinas et al., 2014). Our analyses also tracked the classical annually repeated sequence of diatoms that involves the development of microplanktonic pelagic chainforming species in spring (typically Thalassiosira spp., G. delicatula, Chaetoceros spp.), as well as benthic and tychopelagic species in winter (e.g. Paralia sp. and Navicula spp.

). An annual sequence of nanodiatoms (involving species of the genera Minidiscus, Thalassiosira

and Arcocellulus / Minutocellus) was specifically revealed by the metabarcoding approach.

The prevalence of nanodiatoms, and especially of Minidiscus spp. at the SOMLIT-Astan station has actually been confirmed by cultured approaches from the SOMLIT-Astan station (Arsenieff et al., 2020). Nanodiatoms are have been identified as prominent members of diatoms assemblages in other marine systems when adequate detection techniques (cultured approaches, electron microscopy or HTS) were implemented (Leblanc et al. 2018;Ribera l'Alcalà et al. 2004;Percopo et al. 2011).

Despite microphytoplanktonic dinoflagellates being usually present at relatively low abundances in species microscopic counts in tidally-mixed waters off Roscoff [START_REF] Sournia | A daily study of the diatom spring bloom at Roscoff (France) in 1985. I. The spring bloom within the annual cycle[END_REF]Guilloux et al., 2013), the contribution of dinoflagellates reads in the molecular dataset was high all year round according to this study. Sequences corresponding to the dominant reads were mostly assigned to nanoplanktonic species or naked species. Two

OTUs assigned to the genus Heterocapsa including the thecate species H. rotundata dominated read counts for the whole period. This ubiquitous mixotrophic dinoflagellate, that has the potential to switch from phototrophy to partial heterotrophy [START_REF] Millette | Mixotrophy in Heterocapsa rotundata: A mechanism for dominating the winter phytoplankton[END_REF], may be favored at our tidally-mixed coastal site, especially in August when light starts decreasing. Interestingly, H. rotundata was also identified as a dominant taxon in the adjacent Penzé estuary [START_REF] Chambouvet | Control of toxic marine dinoflagellate blooms by serial parasitic killers[END_REF], and as most abundant in recent microscopic counts obtained from our time-series station where nanoplanktonic dinoflagellates were targeted (data not shown). Some other dominant dinoflagellate OTUs detected in our metabarcoding dataset are either heterotrophic or potentially mixotrophic (Gyrodinium, Gymnodinium, Azadinium, Warnovia etc.), and some of them are purely parasitic (Syndiniales). The naked dinoflagellates Gyrodinium and Gymnodinium spp. were also identified as prominent members of the phytoplankton community in the stratified waters of the WEC, off Plymouth (Widdicombe et al., 2010) and showed an increasing trend in abundance after 2001 [START_REF] Hernández-Fariñas | Temporal changes in the phytoplankton community along the French coast of the eastern English Channel and the southern Bight of the North Sea[END_REF]. These dinoflagellates, that seem to thrive all year round, may be key predators for diatoms. The increasing trend in average abundance of some dinoflagellates and the decrease in diatoms has been recently documented in the Central North Atlantic Ocean and in the North Sea (Leterme et el., 2005;[START_REF] Zhai | The response of phytoplankton to climate variability associated with the North Atlantic Oscillation[END_REF], as well as in the English Channel (Widdicombe et al., 2010).

Cryptophyta are important members of protists communities in coastal waters. Their prominence in different regions of the ocean has been revealed using microscopy (Jochem, 1990), but also via flow cytometry, since the phototrophic members of this group can be distinguished based on its phycoerythrin fluorescence (Dickie, 2001). Recent DNA metabarcoding analyses have also revealed their prominence in coastal waters at Helgoland Roads, North Sea (Käse et al., 2020). At the SOMLIT-Astan station, sequences identical to different species of the genus Teleaulax were abundant in read counts. The highest proportion of Cryptophyta reads were assigned to Plagioselmis prolonga (=Teleaulax amphioxeia), a phototrophic species with a bentho-pelagic life-cycle [START_REF] Altenburger | Dimorphism in cryptophytes-The case of Teleaulax amphioxeia/Plagioselmis prolonga and its ecological implications[END_REF] involved in complex symbioses with the ciliate Mesodinium rubrum [START_REF] Qiu | Cryptophyte farming by symbiotic ciliate host detected in situ[END_REF].

Besides, the later species has an interesting behavior consisting of periodic dispersion away from the strong superficial tidal currents, thus minimizing flushing losses (Crawford and Purdie, 1992).

We are aware that the description of the typical seasonal sequence of protists species provided herein is still incomplete. Both microscopy and metabarcoding can provide biased data, since the former does not consider the smallest taxa while the later can overestimate or underestimate the proportions of taxa for which DNA is more easily extracted and amplified [START_REF] Santi | A comparison of DNA metabarcoding and microscopy methodologies for the study of aquatic microbial eukaryotes[END_REF]. For example, the contribution of dinoflagellate to sequences reads obtained from natural samples is a commonly reported bias due to the very high number of 18S rRNA gene copies in dinoflagellates [START_REF] Gong | Estimation of 18S gene copy number in marine eukaryotic plankton using a next-generation sequencing approach[END_REF]. In our study, the contribution of Haptophyta to the metabarcoding dataset was probably underestimated since most species in this group are nano-or picoplanktonic and the small fraction was not reported in this study. Moreover, the primers used do not perfectly match with sequences of this group [START_REF] Mcnichol | Evaluating and Improving Small Subunit rRNA PCR Primer Coverage for Bacteria, Archaea, and Eukaryotes Using Metagenomes from Global Ocean Surveys[END_REF]. However, the two datasets we used are complementary and allowed us to add important information about the dynamics of dominant protists thriving in permanently mixed waters of the Western English Channel. A deeper analysis of species dynamics in the different phyla for the metabarcoding dataset will certainly provide more information in the future, especially since reference sequences databases and taxonomic frameworks (required for accurate assignations to genus or species levels) are constantly being updated and curated [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF]Berney et al., 2017;[START_REF] Glöckner | 25 years of serving the community with ribosomal RNA gene reference databases and tools[END_REF]del Campo et al., 2018).

Environmental versus community intrinsic drivers of protistan plankton seasonal dynamics

According to our analyses, the resilient seasonal pattern in community dynamics is tightly linked to the temporal structure of Photosinthetically Active Radiation, temperature, salinity and macronutrients (PO4 3 , SiO4 2-, NH4 + , Fig. 8A, and in a less extent NO2 -, Fig. 8B).

Those factors connected to Earth's rotation rhythms, and associated annual cycles of light intensity, temperature, solar radiation, atmospheric heat input and photoperiod (Sverdrup, 1953;Cushing, 1959, Winder & Cloern, 2010) are more important with respect to local hydrodynamic conditions in determining the observed plankton dynamics, nevertheless, local factors such as salinity and pH showed high correlation with the second axes (Fig. 8B),

suggesting that phytoplankton variability also depends on additional factors in nearshore waters, such as tides and river runoff [START_REF] Cloern | Phytoplankton bloom dynamics in coastal ecosystems: A review with some general lessons from sustained investigation of San Francisco Bay, California[END_REF]Tréguer et al., 2014). The presence of Delta N15 (that measure the ratio of the two stable isotopes of nitrogen), in the selected environmental variables (Fig. 8B), suggests that agriculture, intensively practiced in our region of interest, could also influence the community structure that we observe at different times of the year.

Recently, in the WEC at L4 station marine plankton communities were investigated, the study is supporting our hypothesis that beyond extrinsic forcing by the environment, predator-prey interactions play a role in influencing temporal changes in plankton populations (Barton et al., 2020). Bi-annual variations in the protist community dynamics were also identified from analyses of both dataset (Fig. S4 and Fig. 6). In some ecosystems, rhythmic depletions of resources appear to be at the origin of bimodality (and multimodality) in phytoplankton dynamics (Mellard et al., 2019), however, in our tidallymixed coastal station, nutrients are never completely depleted (Fig. 2). The number of benthic species detected as prominent in surface waters (in particular among diatoms, Fig.

5) suggests a tight coupling between benthic and pelagic compartments in the English

Channel, which is strengthened in winter, when tidal mixing or winds provoke the resuspension of sediments in the water column. However, in our dbMEM analysis, neither tidal amplitude nor wind appear as a major influential parameter. This yearly bimodality could then be caused by intrinsic plankton biological factors such as reproduction events or interactions between species; in other words, self-organization properties of the whole biological community ;[START_REF] Odum | Self-Organization[END_REF]Picoche and Barraquand, 2019). To better decipher how intrinsic biotic interactions could drive the dynamics of these communities, modelling approaches that take into account biotic interactions (e.g., Picoche and Barraquand, 2019) should be explored, integrating the whole taxonomic and functional spectrum that coexist in space and time, including viruses, prokaryotes, and metazoans.

Conclusions and perspectives

Our results suggest that the temporal structure of environmental factors (i.e., PAR, temperature, nutrients, salinity) has an important influence on the seasonal dynamics of the community that exhibited recurrent successions. Self-organization processes, communitydynamics related (i.e. species interactions, reproductive dynamics, random events) selected by environmental filters are suspected to be a major force shaping annual plankton successions. In environments such as the coastal waters of the EC that support one of the busiest shipping lanes in the world, important fishing ports, and an increasing demographic pressure, these seasonal cycles may actually be particularly vulnerable to the combined effects of natural climate variability and local anthropogenic forcing (Dauvin et al. 2008, Tréguer et al. 2014, Gac et al. 2019, Siano 2021). In this context, monitoring activities involving both classical microscopy and metagenomics approaches, such as those conducted along the EC coasts (Breton et al., 2000;Widdicombe et al. 2010;Hernandez-Farinas et al., 2017;[START_REF] Kenitz | Seasonal succession in zooplankton feeding traits reveals trophic trait coupling[END_REF]Käse et al., 2020) should be maintained and developed on the long term. These longitudinal surveys are critical to track and predict future changes that may disrupt the overall resilience of the system, in order to ultimately identify and deploy protective measures to guarantee all the services that these systems provide to the society (Cardinale et al., 2012). corresponding sequences to references using BLAST (ref). The SILVA assignations of these sequences was also checked for some dinoflagellate sequences. The origin of the best blast sequences listed (most of which had 100% similarity with our query sequence) and of the corresponding strains or isolates were carefully examined before taking the final taxonomic assignation decision. Cultured strains that were isolated from the SOMLIT-Astan Station are highlighted in bold. For some of the reference sequences, taxonomic assignation was not considered valid (assignation written in gray). Microalgae Culture Collection 1. Trefault et al., (2020), 2. Nanjappa,D. et al. (2013), 3. Laza-Martinez etal. (2012).

The figure is part of the second paper in preparation for the submission. The winter network 2013-2014 represented here, and the global network added (small top left ).

CHAPTER 3 Context of the work

The main goal of this chapter is to compare patterns of richness of plankton groups defined depending on their regularity of occurrence over the years. To do that, we partitioned the planktonic taxa into two groups (core and transient) using a new metric estimating the temporal regularity of occurrence of organisms over the years (perplexity index), and we explored how these two groups interact with each other and with the environment. Core taxa are persistent in time and are very abundant whereas transient taxa occur intermittently and sometimes form big blooms. While core species display a particular seasonal structure and are involved in a strong network of associations with other cores, transient species instead are mainly driven by stochastic events (i.e. extreme winds).

Data

-DNA metabarcoding dataset (18S V4 rDNA) of the bi-monthly sampled time-series of SOMLIT-Astan (2009-2016). Only one size fraction is considered, the >3 µm (n=186) (see chapter 1);

-Hydrological and physico-chemical parameters from SOMLIT-Astan station (i.e. temperature, macronutrients), MeteoFrance (i.e. wind) from Guipavas station and NASA (i.e. PAR) from satellites for the SOMLIT-Astan station.

Numerical analyses

-Subdivision of the community into 8 categories based on the calculation of the Perplexity Index (from 1 to 8) and calculation of relative abundance, alpha diversity (richness and Shannon Index) and beta diversity (turnover component of the Jaccard dissimilarity) for every PI category;

-Co-occurrence networks inferred with FlashWeave. Extraction of the sub-network of the ASVs detected during the 2013-2014 winter;

-Calculation of Spearman correlations between environmental parameters and ASVs richness for each category of PI;

-Calculation of environmental parameter optima assortativity for each node (ASV) of the network.

Main results obtained

-Core higher diversity and interannual resilience which may be due to the higher correlation with the environment and to the strong network of interaction they own;

-Higher richness of transients in winter 2013-2014 which may be explained by extreme winds and other stochastic events;

-Transient arrival in the community doesn't affect the core stability which maintains their resilience at a decadal scale.

Introduction

One of the key features of the biosphere is the regular seasonal pattern of changing biomass and strong recurrence in the annual vegetation cycles [START_REF] Cloern | Complex seasonal patterns of primary producers at the land-sea interface[END_REF]Mellard, Audoye & Loreau, 2019). In annual plant communities for example, annual recolonization events occur and the timing of germination from a seed bank determines the 'arrival' of individuals in the community. In the oceans, the dynamics of plankton is also characterised by annually recurring sequences of species. This feature of community dynamics also holds for microbial species (see for example, Fuhrman, Cram, & Needham, 2015;[START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF] which contribute half of the biomass in the pelagic realm (Bar-On & Milo, 2019).

Microbial species though, are characterized by growth rates that are comparatively higher than that of macroorganisms, so that they are potentially able to produce exceptional blooms, provided that their requirements in nutrients are fulfilled and that their growth is not balanced by senescence, consumption or lysis by predators or parasites [START_REF] David | News and views[END_REF]. They are also characterised by large population sizes and high dispersal capabilities, features that probably favor their abilities to colonize new habitats, especially in systems that are subject to strong currents (Vellend, 2010). In coastal environments, where the nutrient constraint can be relaxed because of inputs from the land, and where species are potentially transported between the mosaics of adjacent pelagic and benthic habitats, pelagic assemblages are thus potentially continuously enriched with "occasional" species [START_REF] Ulrich | Frequent and occasional species and the shape of relative-abundance distributions[END_REF][START_REF] Dolan | Dynamics of core and occasional species in the marine plankton: Tintinnid ciliates in the north-west Mediterranean Sea[END_REF]. These species co-occur intermittently with the more regular and predictable members of the local assemblage that form the yearly recurring species and which respond to local drivers. Thus, when analysing the dynamics of the species assemblage as a whole in such systems, describing the patterns of diversity and understanding the rules and processes that shape these patterns along the spatio-temporal gradient are extremely challenging.

One solution to deal with this problem is to partition species into pools of core and transients based on their temporal occupancy at a given site [START_REF] Grinnell | The Role of the " Accidental ." In 10 cases the presence of the species has been ascertained twice , of the American Ornithologists ' Union ' s ' Checkdist of North Ameri[END_REF]MacArthur, 1960;[START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Dolan | Dynamics of core and occasional species in the marine plankton: Tintinnid ciliates in the north-west Mediterranean Sea[END_REF][START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF].

Core species are defined as those which persist at a site through time. In temperate regions, they belong to a pool of species that form the regular seasonal sequence. Conversely, transient species are those that occur intermittently as a result of dispersal from surrounding regions or habitats. Whereas core species are often taxa with adaptation to living in the habitat, transients may be at the edge of their range or more suited to other environmental conditions [START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF]. Different temporal occupancy thresholds have been used to distinguish cores from transients. For example, core species are those present in more than 30% of the samples in [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Dolan | Dynamics of core and occasional species in the marine plankton: Tintinnid ciliates in the north-west Mediterranean Sea[END_REF][START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF] In seasonally structured environments, the yearly occurrence may better classify species along the core-transient gradient while thresholds may be chosen and tested based on analyses of species abundance distribution [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF].

The SOMLIT-Astan station is a coastal long-term time series site located off the French coast of the Western English Channel (WEC). At this station, the pelagic assemblages are composed of a diverse set of species characterised by a seasonal structure supported by a set of dominant species [START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF]. This assemblage is composed of truly pelagic species but also includes species with benthic and bentho-pelagic lifestyles. The transport of these organisms from the adjacent benthic habitats is probably favored by the strong tidal currents that characterise these coastal habitats (Dauvin, 2008;Hernández Fariñas et al., 2017;[START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF]. These tidal currents and strong winds (predominantly from the South-West) also increase the connectivity with the Atlantic and North Sea. In addition, exceptional weather conditions (floods, storms) or any other natural or anthropic perturbation may modulate the 'transient species' arrival from the mosaic of adjacent habitats or from the land. Lately, it has been proved that systems open to colonization by new species, that can replace missing species and tolerate changed conditions, are better equipped to withstand natural or human induced perturbations [START_REF] Brown | Microbial community structure and biomass in surface waters during a Polar Front summer bloom along 170°W[END_REF][START_REF] Cardinale | Biodiversity improves water quality through niche partitioning[END_REF]. But transient species might also compete with the dominant taxa resulting in rapid and frequent reassembly of the taxonomic composition of the microbial community [START_REF] Caron | Hypotheses on the role of the protistan rare biosphere in a changing world[END_REF]. At the SOMLIT Astan coastal site, the assemblages of dominant "core" species that form the annually recurring species sequences are probably key players in ensuring overall stability of the system [START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF].

But what is the proportion of transient species in the water columns? Can they occasionally outnumber core species, or at least contribute significantly to the assemblage of species?

Do their arrival impact the dynamics of core species?

In order to study the dynamics of core and transient pelagic organisms, at the SOMLIT-Astan station, we used a genetic dataset that consists of eukaryotic metabarcoding sequences (V4 18S rDNA). This dataset included sequences of protists, metazoans and macroalgae of all taxonomic groups and size classes. We first proposed a new index of occurrence, the perplexity index, that appeared more suited for HTP genetic data to separate core and transient species. We then compared the patterns of biological diversity and explored the drivers of temporal diversity for species pools along the core -transient gradient. We also reconstructed the interaction network of the whole pelagic community at our study site, and analysed the position of cores and transient species in this network. Our results show that transient species can occasionally develop or immigrate and contribute significantly to the species pools or sequence numbers when favored by exceptional events.

However, they do not seem to destabilize core species which rapidly recover to normal sequences of abundance and always maintain their high diversity.

Material and method

Sampling site and acquisition of sequence data

The SOMLIT-Astan station is located in the Western English Channel (WEC, Brittany, France, 48°46'18'' N -3°58'6'' W) one of the largest temperate margins in the world. It is characterized by intense tidal mixing and rough weather conditions with frequent winds that prevent summer stratification and delay the spring bloom (Grall, 1972;Martin-Jezequel, 1983b;[START_REF] Sournia | A daily study of the diatom spring bloom at Roscoff (France) in 1985. I. The spring bloom within the annual cycle[END_REF]. High salinity waters from the North Atlantic Drift flow eastward to the WEC entrance [START_REF] Salomon | An atlas of long-term currents in the Channel[END_REF]. Monitoring of the hydrology and phytoplankton at the SOMLIT-Astan station has been implemented in 2000 (Guilloux, Rigaut-Jalabert, et al., 2013), and is currently operated in the frame of the SOMLIT (Service d'Observation en Milieu LITtoral, since 2000, https://www.somlit.fr/en/) and PHYTOBS (PHYtoplankton OBServatory, since 2018) national monitoring programs. In this system, the impact of the riverine input on the hydrology is low because of a rapid dilution of freshwater inputs by tidal currents [START_REF] Gac | Decadal Dynamics of the CO2 System and Associated Ocean Acidification in Coastal Ecosystems of the North East Atlantic Ocean[END_REF]L'Helguen, Madec, & Corre, 1996;P. Tréguer et al., 2014;Wafar et al., 1983). The data used in this study were obtained from plankton samples collected bi-monthly during high neap tide at surface (1 m depth) using a 5L Niskin bottle.

For the generation of DNA metabarcoding data, natural seawater from the Niskin bottle was transported to the laboratory in a 10L Nalgene bottle and a volume of 5L was collected onto 3μm polycarbonate membranes. Filters were preserved in 1.5mL of lysis buffer (Sucrose 256g/L, Tris 50mM pH8, EDTA 40mM) and stored at -80°C until further processing. At this point, the total 185 samples collected between 2009 and 2016 were prepared for sequencing.

Nucleic acids were then extracted using a phenol-chloroform method (Sambrook et al., 1989), and purified using silica membranes from the NucleoSpin® PlantII kit (Macherey-Nagel, Hoerdt, France). Total DNA extracts were then used as templates for PCR amplification of the V4 region of the 18S rDNA (∼380 bp) using the primers 

Data processing: reads filtering, denoising and taxonomic assignment

The paired-end fastq files were demultiplexed and primers were trimmed using Cutadapt v2.8 (Martin Marcel, 2011), untrimmed reads were filtered out. For runs with mixorientated reads (i.e., forward and reverse reads were found in both paired-end files R1 and R2), forward and reverse reads detected in R1 and R2 files respectively were kept apart from forward and reverse reads detected in R2 and R1 files respectively. These two groups of paired-end reads (Cut1 and Cut2) were considered as two different runs for dada2 analysis.

Forward and reverse reads were truncated after 210 and 225 bases respectively and truncated reads with Ns or with expected errors (maxEE) superior to 2 were filtered out (function filterAndTrim from the R package dada2). Reads were de-replicated (derepFastq function) and then denoised using the dada function with the option pool=TRUE and error rates defined by the function learnErrors before being merged. Chimera were removed using the function removeBimeraDenovo. Reads from Cut1 and Cut2 are summed together and the read set with the highest number of reads is retained in case a sample has been sequenced several times. Finally, ASVs which appeared in less than 2 samples or with less than 3 reads were discarded.

The V4 region was extracted from the 18S rDNA reference sequences from PR2 v4.12 (Guillou et al., 2013b) with Cutadapt, using the same primer pair as for the PCR amplification (maximum error rate of 0.2 and minimum overlap of 2/3 the length of the primer). The ASVs were compared to these V4 reference sequences by pairwise global alignment (usearch_global VSEARCH's command). Each ASV inherits the taxonomy of the best hit or the last common ancestor in case of ties. ASVs with a score below 80% similarity were considered as unassigned [START_REF] Mahé | Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests[END_REF]Stoeck et al., 2010).

The detailed pipeline and the corresponding scripts can be found here:

https://gitlab.com/nicolashenry50/metab-pipeline

The ASV table was rarefied in order to accurately compare sample richness. For each sample, 10,000 reads were randomly sampled without replacement 10 times using the R function rtk (rtk library). The rounded mean of the 10 values was reported as the number of reads in the rarefied ASV table. Two samples had less than 10,000 reads before rarefaction, so they were discarded. We also removed ASVs with reads randomly distributed over the samples. To do so, for each ASV we randomly distributed each of its reads over the 184 samples and measured the entropy of this distribution 10,000 times. If the observed entropy of the ASV is superior to the 50th lowest simulated value (0.5%) and inferior to the 50th highest simulated value (99.5%), the ASV is then considered as having a random distribution and removed from the analysis. The final table had a total of 4,820 ASVs. [START_REF] Hurrell | Decadal trends in the North Atlantic oscillation: Regional temperatures and precipitation[END_REF][START_REF] Trigo | The North Atlantic Oscillation influence on Europe: Climate impacts and associated physical mechanisms[END_REF] that influences the local meteorological conditions, was obtained from NOAA (https://www.ncdc.noaa.gov/teleconnections/nao/). Protocols used for the hydrological parameters by the SOMLIT are summarized below (Gac et al., 2020[START_REF] Gac | Decadal Dynamics of the CO2 System and Associated Ocean Acidification in Coastal Ecosystems of the North East Atlantic Ocean[END_REF]. Seawater temperature (T°C) was measured in situ using a Sea-bird SBE19+ CTD profiler with an initial accuracy of +/-0.005°C. Discrete salinity samples were measured on a portasal salinometer with a precision of 0.002. Nutrient concentrations (NO3 -, NO2 -, PO4 3-and SiO4 2-) were determined using an AA3 auto-analyser (Seal Analytical) following the method of Aminot and Kérouel ( 2007) with an accuracy of 0.02 µmol L -1 , 1 nmol L -1 , 1 nmol L -1 and 0.01 µmol L -1 for NO3 -, NO2 -, PO4 3-and SiO4 -, respectively. Ammonium (NH4 + ) concentrations were determined using the indophenol blue method of Koroleff (1969). To determine chlorophylla concentrations (Chl-a), 0.5 L of seawater were filtered onto glass-fibre filters (Whatman GF/F) and immediately frozen. Samples were extracted in 5 mL of acetone, acidified with HCl and Chl-a concentrations, and were measured using a fluorometer (model 10 analog fluorometer Turner Designs), according to EPA (1997), with an estimated accuracy of 0.05 µg L -1 . Protocols used to measure the biomass of particulate organic carbon (POC), particulate organic nitrate (PON) and suspended matter (MES) are described in the SOMLIT website.

Environmental parameters

Statistical analyses

Quantification of ASV recurrence

In order to estimate the temporal regularity of occurrence of ASVs over the years, we measured the perplexity of the proportions of samples an ASV is detected in each year.

We call it the Perplexity Index (PI). This index is computed as followed:

where xi is the proportion of samples of the ith year in which the ASV is detected. n is the total number of years, in our case n=8. This index carries two components, the number of years the ASVs are detected and the regularity of occurrence. In case an ASV appears each year in the same proportion of samples, the PI will be equal to the yearly occurrence. The more heterogeneous the proportions of samples over the years are, the more the PI diverges from the yearly occurrence (Fig. 1). ASVs with a high PI (i.e. appearing every year in the same proportion of samples) are considered core in opposition to the ASVs with a low PI (i.e. appearing some years and/or erratically) which are considered transient. 

Characterization of plankton diversity

Different measures including alpha and beta diversity metrics were used to analyse temporal changes in the composition and structure of the core and transient protist communities. First, the ASVs richness was calculated as the number of ASVs for each sample. In some cases (i.e. for the monthly distribution of richness) the relative ASVs richness was used (ASVs divided by the total number of ASVs in the corresponding sample).

For some analysis, the richness was centered (subtracting the mean richness) and then scaled (dividing by the standard deviation) for each perplexity category and used to highlight the variation in richness of each category. To measure the changing rate of the community at a specific date, we computed the turnover component of the Jaccard dissimilarity using the R function beta.pair (library betapart) between the sample corresponding to this date and the sample preceding it. All statistical analyses were performed using the R environment (R version 4.1.0, R Development Core Team, 2011). The R package "vegan" (Oksanen et al., 2013) and "data.table" [START_REF] Dowle | Package 'data. table[END_REF] were used to analyse frequency count data, and to compute diversity measures. All figures were made with "ggplot2" (Wickham, 2016).

Co-occurrence network analysis

The rarefied tables were used as inputs for network inference with a total of 4820 ASVs selected. No further filtration of abundance or occurrence was performed. The cooccurrence network was built under FlashWeave [START_REF] Tackmann | Rapid Inference of Direct Interactions in Large-Scale Ecological Networks from Heterogeneous Microbial Sequencing Data[END_REF] with the following parameters :

-mode homogeneous (as we have only one marker, V4)

-mode sensitive -max_k = 3 (value by default) (to remove indirect associations from the graph)

-integrated normalization of FlashWeave : automatically choose and perform data normalization (based on sensitive and homogeneous modes)

The final global network contains 4820 nodes and 15109 edges, among which 5056 associations are negative weights. A subnetwork, containing only ASVs detected between the 2013-12-23 and the 2014-03-25 (1326 nodes and 2546 edges), was extracted from the total network to investigate associations for the winter 2013-2014. Finally, we apply the assortativity measure [START_REF] Newman | Mixing patterns in networks[END_REF], to quantify the tendency of nodes to be connected to similar nodes, in terms of environmental preferences, in the global network.

Results

Perplexity index (PI) reveals the presence of core and transient communities

To The PI index, which appeared more stringent in separating core ASVs was used for subsequent analyses for which ASVs were classified into 8 categories according to their perplexity index. ASVs with PI > 7 were subsequently designated as core.

Figure III. 2: Patterns of persistence in the eukaryotic plankton communities over the period 2009-2016 at the SOMLIT-Astan coastal station as evaluated using the Perplexity Index (PI, upper graphs, (A), (B) and (C) and yearly occurrence (lower graphs, (D), (E) and (F). (A, B) ASVs frequency distribution (C, D) mean relative contribution of ASVs to total number of reads and (E, F) sample occurrence of ASVs for ASV pools selected according to their persistence.

Temporal patterns of diversity in core and transient communities

In ecosystems, core and transient species are expected to exhibit different dynamics and respond to different drivers. We thus studied the temporal patterns of eukaryotic plankton diversity for ASV pools grouped according to their status along the core-transient gradient and explored how the partition of species into cores and transients varied with time (Fig. 3, 4 and Fig. S1). First of all, richness and diversity (Shannon index) were higher in autumn and lower in summer for all species pools, whether core or transient (Fig. 3 and Fig. S1). Core ASVs (PI > 7) were predominant in samples all year round, both in terms of richness and read abundance (~60% of the ASVs and 82% of the reads in average, Fig. 3 and Fig. S1). The turnover (TO) rates of this core assemblage were relatively low all over the year (TO around ~0.5) compared to that of more transient ASVs pools (the TO rate generally increased when PI decreased). The highest values of cores TO were recorded in summer and the lowest in autumn and early spring.

The contribution of transient ASVs to total richness tended to increase with total richness, especially during autumn and winter (this trend was clearer for ASVs with PI between 3 and 6, Fig. 4). Occasionally, the contribution of transient ASVs to total reads counts could also reach higher values. These peaks were sporadic and did not seem to be restricted to a specific period of the year (Fig S1 ).

Figure III. 3 Relative abundances, richness, diversity and ASVs turnover of microeukaryotic plankton in SOMLIT-Astan (2009-2016). ASVs were pooled in 8 categories based on their core/transient status. The box plots display (A) the relative abundance, (B) the richness (number of ASVs) (C)

Shannon Index, and (D) turnover of the eukaryotic plankton community for all pools of ASVs.

Figure III. 4: Variations in the contribution of core and transient ASVs pools to total richness of eukaryotic plankton over 8 years in SOMLIT-Astan. Results are presented for each month and pools of ASVs with increasing PI (from lowest PI on the top, in purple, to highest PI at the bottom, in yellow). For each plot, each point corresponds to a sample.

In order to better understand the dynamics of transients and to analyse how their presence could impact core pools of species, we examined in detail a period when their contribution increased, either in terms of reads numbers or in terms of richness. We first 

Taxonomic composition of the planktonic core and transient communities

We next analysed the taxonomic composition of ASVs assemblages along the core-transient gradient. Overall, representatives of all phylums were detected in all PI categories, but some phyla were mostly represented by persistent ASVs while others included mostly transients (Fig 6A ). For example, the fungi groups Chytridiomycota and Ascomycota, the mostly parasitic protist phyla Oomycota, Labyrithulomucetes or Syndiniales, and most Metazoan groups detected were mostly represented by transient ASVs in the water column.

Conversely, for some phyla, a majority of the ASVs were persistent. This was the case for the MAST-1 lineage, the Cryptophyceae, Dictyochophyceae, Picozoa or Choanoflagellate. For Dinophyceae and Bacillariophyceae, ASVs were distributed relatively evenly among the PI categories (Fig. 6A).

The composition of the persistent and transient assemblages differed markedly (Fig 6B). The proportion of ASVs assigned to Bacillariophyta, Cryptophyceae, Mamiellophyceae and Dictyocophyta (phototrophs) and of those assigned to Choanoflagellida, Picozoa, Spirotrichea and MAST-1 (i.e. heterotrophic protists identified as important grazers) tended to increase along the transient-core gradient (Fig. 6B). On the other hand, the proportion of ASVs assigned to Metazoa, Cercozoa, Syndiniales and Chytridiomycota (Fungi) showed the opposite trend with highest contributions to richness towards the most transient assemblages (Fig. 6B). The contribution of ASVs assigned to the Dinophyceae to total richness did not vary much along the core to transient gradient but more ASVs were retrieved with high PI (Fig. 6A). and Thalassiosira was high in ASVs pools with PI between 2 and 8, while the genera Navicula, Psammodictyon (both majoriarily known as primarily benthic) and Pseudo-Nitzschia (a pelagic genus) were predominant among raphid pennates in the same ASVs pools (Fig. 6E). This result points to the fact that core communities in the water columns also included taxa with benthic affinities.

For what concerns Cercozoa (and Endomyxa) (Fig. 6D), communities were dominated by Thecofilosea and Imbricatea (groups that contain amoeboid cells with thread-like pseudopodia for locomotion and prey entrapment) all along the core-transient gradient. The Endomyxa, especially the Vampirellida (a group of predators of fungi algae and other protists; [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF] and Granofilosea, contributed more to richness in the transient categories, while conversely, the Chlorarachniophyta contribution to richness was highest in the core communities. At finer taxonomic level, transient assemblages also differed from those that form the core assemblages in the water column (Fig. 6 E,F). For example, while the contribution of ASVs belonging to the Marimonadida (a group of naked heterotrophic flagellates including parasites of diatoms) and Ventricleftida (biciliate, rigid bodied forms) to richness was higher in transient than in core communities, contribution of the Cercozoa Novel-clade-2 (a sister clade to the Marimonadida), and of the Cryothecomonas lineage (a goup of parasitoid species) seemed to increase in core communities. 

Table III. 1: Extreme abundances of observed ASVs at Somlit-Astan station during 2009-2016

The 20 most abundant ASVs detected during the period 2009-2016 and ranked by relative abundances. ASVs were assigned at the species level when possible and the first reference is reported in the table + others when there are more. The PI category of each ASVs which is characterized by these extreme blooms is indicated together with the sample in which the high abundance is registered. Among all, 3 of the ASVs selected have PI < 3 while the rest are mostly core ASVs (PI >7).

Quantification of core and transient connections in co-occurrence networks

To study the potential interactions occurring within and between the core and transient species pools we constructed networks based upon co-occurrence patterns. Since core species are defined as more persistent and resilient in terms of their yearly contribution to communities, we expected them to be more prone to stable interactions with each other than the transient ones. Also, we expected that the arrival of transient species could destabilize these networks.

Figure III. 7: Mean edges number holded by pools of ASVs along the perplexity gradient (from the most transient species with PI (0-1] to core ASVs with PI (7-8]). For each ASV pool, the number of edges shared with other ASVs of each PI category is shown. Edges numbers were calculated for a global interaction network obtained using FlashWeave.

The predicted ecological interaction network obtained from our 8 years time-series dataset counted a total of 4820 nodes corresponding to ASVs and 15109 edges corresponding to potential biotic interactions. Among these 4.123 associations involved core species. The number of edges that the core ASVs and the most transient ASV pools had were higher (> 4000 edges) than that of the pools of ASVs with intermediate PI (2 to 7). As expected, core ASVs shared more edges with other cores than with transients suggesting that cores constitute a community of interacting species. Conversely, transients shared more associations with other transients than with cores. However, cores still shared 17.5%

of their edges with transients (if we consider as transients the PI < 3).

To explore how transients were related to other transients or cores, we examined the position of ASVs that occured in the winter 2013-2014, the period for which richness in transient ASVs was the highest over the period studied. Our analysis showed that the phylogenetic groups with the highest diversity that had relatively low mean median PI (the Cercozoa, Syndiniales and Spirotrchea) were associated with each other but also with groups with high median PI such as the Bacillariophyta, Mamiellophyceae and Bolidophyceae. 

Environmental influence on core and transient communities

In order to understand in more details if the dynamics of core and transient species were differentially influenced by the local environmental factors (their absolute values but also their temporal structures), we then calculated spearman rank correlation coefficients between the potential explanatory variables (environment) and the composition of ASV pools with different PI (core and transient ASVs richness; Fig. 9A). Most of the environmental parameters investigated showed an increasing correlation when PI increased the highest correlations registered were with core ASVs in particular for Salinity, Oxygen, NH4, PO4, Chla, PH, Global radiation and FCO2. For PAR and FCO2 (i.e. CO2 fluxes exchanged between water and atmosphere) correlations did not vary much along the PI gradient, even if a slightly stronger correlation was found for the core community (PI>7).

Overall, the composition of the core community seemed to be better correlated to the variations of the local environment than transient ASVs compared to the most transient ASVs.

But assortativity was highest for transients, whatever the environmental parameter considered (Figure 9B). In other words, transient ASVs, as grouped based upon their potential abiotic niche, were more connected to each other in the network. The fact that assortativity of cores was lower in these analyses suggests that connections between core ASVs are comparatively less influenced by the environmental factors considered, and thus by similarities in their abiotic niche. We suspect that core ASVs are involved in more stable biotic interactions than transient ASVs and that these interactions constitute a cohesive force that maintains them together along time.

Figure III. 9: Environmental drivers of richness and ecological niche influence on the plankton community. (A) Spearman rank correlation coefficients between the ASVs richness for each PI category and environmental parameters involved in plankton seasonality at Somlit-Astan station (2009-2016). (B) Assortativities (tendencies of nodes to be connected to other nodes) values obtained for pools of ASVs with increasing PI (yearly regularity of occurrence over the time-series) when considering different hydrological parameters.

Discussion

In this study, we tested a new index to rank species according to their persistence in time.

Being able to separate species pools according to their persistence is important, especially when studying pelagic communities in coastal environments using high throughput genetic approaches. The index proposed, like the more simple yearly occurrence, takes into account the fact that seasonality is a major mode of variability of plankton diversity [START_REF] Caracciolo | Seasonal temporal dynamics of marine protists communities in tidally mixed coastal waters[END_REF][START_REF] Cloern | Patterns and scales of phytoplankton variability in estuarine-coastal ecosystems[END_REF]. But in addition, our index takes into account the yearly regularity of occurrence. A pool of ASVs (with PI >7), that we identified as core, had distinctive features compared to other pools of ASVs along the PI gradient. This pool of core ASVs had comparatively low TO rates along the time series, exhibited relatively high numbers of edges in interaction networks (especially with other core ASVs), and had lower assortativity values when considering the abiotic factors. These peculiarities suggest that with the PI, we were able to distinguish a set of more resident biological entities with similar ecological properties. We believe that this index, which is more stringent than the simpler yearly occurrence, is more suited when using metabarcoding datasets obtained using HTS.

With these methods, which are more adapted than more classical methods (such as microscopy for example) for biodiversity studies of highly diverse assemblages dominated by microbial forms, it is possible to reach the rare microorganisms in each sample [START_REF] Lynch | Ecology and exploration of the rare biosphere[END_REF][START_REF] Mitchell | Microbial Diversity in the Deep Sea and the Underexplored "Rare Biosphere[END_REF]. Rare microbial taxa are recognised to play a key role in the ocean and some of them may sustain seasonal patterns in marine ecosystems [START_REF] Alonso-Sáez | The hidden seasonality of the rare biosphere in coastal marine bacterioplankton[END_REF]. But the counter parts of this higher sensitivity are the risks to detect sequences that originate from dead cells, or from free DNA [START_REF] Taberlet | Environmental DNA: For biodiversity research and monitoring[END_REF] and thus to provide a distorted image of seasonal occurrences of species. Also, for species that are occurring with low abundances, the absence of an ASV in a sample could be due to insufficient sequencing depth or sampling volume. Our index, which takes into account the regularity of occurrence within a year is thus more stringent, since it limits the risk to identify as core an ASV which occurrence is related to stochastic parameters. [START_REF] Krabberød | Long-term patterns of an interconnected core marine microbiota[END_REF] have proposed another stringent strategy to identify core species in microbial assemblages using genetic data obtained over time-series. For these authors, core OTUs are resident OTUs (defined as those present in at least 30% of the time point) that are involved in strong and significant associations with other OTUs. In this method, selection of core species does not explicitly take into account the seasonality of the system. It would be interesting to compare our strategy with that of [START_REF] Krabberød | Long-term patterns of an interconnected core marine microbiota[END_REF]. This could be done through comparative analyses of the number of biological entities selected, and through careful examination of their taxonomic position, as well as of their predicted associations in interaction networks. It would be interesting also to examine in more details the distinctive properties of the core and transient assemblages of our time-series station [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Shmida | Biological Determinants of Species Diversity[END_REF].

In the surface waters of our coastal time-series station, the total number of transient ASVs detected along the 8 years of study was higher than the total number of cores but the core assemblages were more diverse (per sample), and their composition differed from that of transient assemblages, at least at fine taxonomic rank. Also, some of the lineages detected in the water column, such as the cryptophytes, dictyochophytes that are predominantly photosynthetic groups, had more representatives in core communities. The MAST-1 and choanoflagellates were also more represented in core than in transient communities. Both the MAST-1 and Choanoflagellate groups are globally distributed and have been identified as abundant bacterial grazers in the plankton (MAST-1) (Cleven & Weisse, 2001;[START_REF] Massana | Massana et al 2006_Distribution and abundance of uncultured heterotrophic flagellates in the world oceans[END_REF]2014). Comparatively, the Metazoan and Fungi groups had more representatives in transient assemblages. This is probably due to the proximity of benthic habitats in the vicinity of our sampling station (Dauvin, 2008). These habitats are potential sources of immigrant species, while the large tidal amplitude and high frequency of storms are probably favouring their transport in the water column. These new species arriving may act as a disturbance on the community already installed in an ecosystem [START_REF] Znachor | The effect of extreme rainfall on summer succession and vertical distribution of phytoplankton in a lacustrine part of a eutrophic reservoir[END_REF][START_REF] David | Ecological succession and resilience of plankton recovering from an acute disturbance in freshwater marshes[END_REF]. The same mechanism is probably involved in the transport of other benthic taxa. Diatoms detected in core and transient communities both included taxa with benthic and pelagic affinities. But again, analyses at finer taxonomic levels would be needed in particular to determine the dynamics of the pools of ASVs that are primarily benthic or have a bentho-pelagic life cycle. Some pelagic protists have benthic life stages in the form of dormant stages and that colonize the plankton seasonally. It can also be the case for Metazoan, which larvae, or reproductive cells, are produced seasonally.

The highly transient presence of invertebrate sequences in our dataset, with high contribution to sequence reads counts may correspond to such an event. Another feature of the transient pool of ASVs detected over the whole study period is its high richness. It would be interesting to compare the diversity of the transient assemblages at our station to other similar assemblages in other habitats along the Western English Channel and North Sea. In fact, Brittany is situated at the crossroad between 2 biogeographic regions and constitutes a hotspot of biodiversity [START_REF] Gallon | Regional and latitudinal patterns of soft-bottom macrobenthic invertebrates along French coasts: Results from the RESOMAR database[END_REF]. Comparing the pools of transients along a geographical gradient, characterised with contrasting levels of habitat diversity, would be interesting in order to identify how regional diversity influences local pools of transient species.

Another question related to the distinction of transients and cores when studying the temporal dynamics of communities at a given place concerns their respective roles in the systems. In particular, distinguishing transient and core species is key to understanding how biodiversity relates to major ecosystem properties such as resilience. In fact, as shown for the SOMLIT-Astan time-series station, plankton in the ocean seem to exhibit some constancy in space and time despite high variability and dynamics [START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF].

The resilience observed for such microbial communities, which are characterized by high growth and mortality rates, is astonishing (Jed A Fuhrman et al., 2015). Part of the explanation concerning this resilience is probably to be found into the assembly and interaction network of diverse and heterogeneous sets of species or populations, which, despite being constantly challenged by fluctuating environmental conditions and by the arrival of new species, maintain a certain regularity in their structural organization [START_REF] Stenuit | Deciphering microbial community robustness through synthetic ecology and molecular systems synecology[END_REF]. By seeking the best way to select the core species which display resilience through time [START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF] it is this set of species that we aimed at selecting.

Interestingly, the set of core species that we retrieved appeared to show low and stable species turnover rates. Also, these species had more connections with other cores at least according to our network analyses, and seemed to show lower assortativity than transients when taking into account the abiotic niches. This result suggests that the dynamics of core species (those that form the seasonal community) may be less linked to the variations of environmental parameters, and thus potentially more influenced by biotic interactions. As hypothesized in [START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF] self-organization properties of the core community [START_REF] Odum | Self-Organization[END_REF]Picoche & Barraquand, 2019) could contribute to pacing the plankton community and ensure resilience in spite of the numerous disturbances. Microscopic organisms are indeed known to be involved in complex and dynamical networks of interactions (i.e., grazing, parasitism, mutualism, quorum sensing, etc.; Kivi et al., 1993;Platt et al., 2009;Dakos et al., 2009;Bjorbaekmo, et al., 2020) that are tightly regulating the dynamics of individual species within the whole community structure. Likewise, if storms and extreme weather conditions can impact the seasonal succession of phytoplankton [START_REF] Painter | Seasonality, phytoplankton succession and the biogeochemical impacts of an autumn storm in the northeast Atlantic Ocean[END_REF][START_REF] Znachor | The effect of extreme rainfall on summer succession and vertical distribution of phytoplankton in a lacustrine part of a eutrophic reservoir[END_REF], our analysis of the exceptionally warm and rainy winter 2013 and 2014 (the warmest and stormiest since 1950) shows that the core community can rapidly get back to the "normal" sequence. As proposed by [START_REF] Henderson | Direct evidence that density-dependent regulation underpins the temporal stability of abundant species in a diverse animal community[END_REF] and [START_REF] Barraquand | Coastal phytoplankton community dynamics and coexistence driven by intragroup density-dependence, light and hydrodynamics[END_REF], the most abundant and persistent core-species may be controlled by density-dependent processes (in addition to be influenced by environmental factors), while entraining the other connected core species and ensure stability. Some species within the pools of transients may support more long-term stability, replacing cores when environmental conditions change.

Conclusions and perspectives

We propose a conceptual framework to describe the micro eukaryotic plankton community temporal structure of a coastal environment in relation to their responses in terms of abundance and diversity. To sum up, according to analyses performed on our eukaryotic genetic dataset an assemblage of core species characterised by rather low and steady rates of species replacement clearly dominates the community all year round. The contribution of transient pools of species (that are characterised by more rapid changes) to the pelagic community, increases in autumn and winter, during specific extreme weather periods when total richness is also higher. The Perplexity Index method of defining coreness and transientness allows a better repartition and avoids misplacement of species due to their variability in sample occurrence. Studies of species richness need to include differences between core and transient species to avoid inaccurate conclusions. 

Context of the work

In this chapter we give insight into diatoms, comparing their temporal patterns between two monitoring stations: SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples). We use the temperature measured at both sites to calculate the optimal range and tolerance range of the thermal niche for the most abundant diatoms found in common.

Data

-DNA metabarcoding dataset (18S V4 rDNA) of the bi-monthly sampled time-series of SOMLIT-Astan (2011-2013). Only one size fraction is considered, the >3 µm (n=69) (see chapter 1);

-DNA metabarcoding dataset (18S V4 rDNA) of the monthly sampled time-series of LTER-Marechiara (2011-2013). Only one size fraction is considered, the >3 µm (n=39);

-Monthly temperature values from SOMLIT-Astan and LTER-Marechiara stations.

Numerical analyses

-Construction of an in-house 18S V4 reference database for diatoms used for the taxonomic assignment of the ASVs of the study;

-Illustration of this reference database using a phylogenetic tree generated with RAxML;

-Summary of the temporal dynamics of the 6 most abundant ASVs in both station and of the thermal niche with robust optima method.

Main results obtained

-Diatoms display specific seasonal patterns at both stations;

-Some diatom ASVs are found in both stations with similar dynamics despite the temperature difference between the Western English Channel and the Gulf of Naples.

Insight into diatom diversity of two Introduction

One of the most diverse and ecologically relevant groups of plankton is constituted by Bacillariophyta, better known as diatoms [START_REF] Kooistra | The Phylogeny of the Diatoms[END_REF][START_REF] Kooistra | The Origin and Evolution of the Diatoms. Their Adaptation to a Planktonic Existence[END_REF][START_REF] Malviya | Insights into global diatom distribution and diversity in the world ' s ocean[END_REF][START_REF] Behrenfeld | Thoughts on the evolution and ecological niche of diatoms[END_REF]. Their relevance is due to their high presence in terms of biomass in every region of the ocean, from the tropics to the polar regions, and most importantly in nutrient-rich coastal waters [START_REF] Piredda | Diatom diversity through HTS-metabarcoding in coastal European seas[END_REF]. Their sheer abundance and diversity, and their phototrophic characteristics make diatoms an important primary producer in the global oceans, providing 20% of the global primary productivity on Earth [START_REF] Nelson | Production and dissolution of biogenic silica in the ocean: Revised global estimates, comparison with regional data and relationship to biogenic sedimentation[END_REF][START_REF] Falkowski | The Microbial Engines That Drive Earth's Biogeochemical Cycles[END_REF]. Such that they participate in carbon and silica fixation allowing the provision of ecosystem services that contribute to the local economy [START_REF] Costanza | The value of the world's ecosystem services and natural capital[END_REF].

The fact that they are so abundant and easy to cultivate makes them one of the most well studied groups of plankton. Many experiments revealed that they can also live in endosymbiosis with dinoflagellates [START_REF] Chesnick | Ribosomal RNA analysis indicates a benthic pennate diatom ancestry for the endosymbionts of the dinoflagellates Peridinium foliaceum and Peridinium balticum (Pyrrhophyta)[END_REF] and foraminifera [START_REF] Lee | Endosymbiotic diatoms from previously unsampled habitats[END_REF] and that some are infected by viruses (Arsenieff et al., 2019). Diatoms possess a silica cell wall, called the frustule, and often long silicified projections. Thus, they are known for the elevated rate of silicate uptake especially in coastal waters [START_REF] Lewin | The dissolution of silica from diatom walls[END_REF][START_REF] Tréguer | The world ocean silica cycle[END_REF] In coastal ecosystems, diatoms produce recurrent seasonal successions of species whose blooms have been extensively studied [START_REF] Margalef | Primary partitioning and storage of photosynthate in sucrose and starch in leaves of C4 plants[END_REF]. These successions and associated variations in biomass can strongly impact the whole ecosystem (Leblanc et al., 2018) and the processes involved in the control of species successions have been investigated for a long time. Thus far, studies of diatoms dynamics have mainly focused on large species, easily identified via microscopy. Recent research, however, has highlighted the widespread existence of cryptic species, which are indistinguishable based on morphological features (e.g. [START_REF] Sarno | Diversity in the genus Skeletonema (bacillariophyceae): III. Phylogenetic position and morphological variability of Skeletonema costatum and Skeletonema grevillei, with the description of Skeletonema ardens sp[END_REF][START_REF] Nanjappa | Assessment of Species Diversity and Distribution of an Ancient Diatom Lineage Using a DNA Metabarcoding Approach[END_REF]. In addition, small (nano-) diatoms (2-10µm) are overlooked using traditional techniques. These diatoms can contribute significantly to spring blooms and in terms of carbon export (Leblanc et al. 2018).

HTS allows extensive ecological studies through spatial gradients across the global ocean (i.e. [START_REF] Malviya | Insights into global diatom distribution and diversity in the world ' s ocean[END_REF]Pirredda et al. 2018) and offer new, high-resolution data that allow re-examination of temporal patterns of diversity, and the species succession processes; but these data are not always 100% reliable. Given the small size of such diatoms, an additional limitation, related to the biases of metabarcoding data, is the taxonomic assignment (van der Loos & Nijland, 2021). One of the most commonly used databases is the NCBI GenBank [START_REF] Benson | GenBank[END_REF] which currently contains > 216 million sequences. Due to incomplete reference databases, or as a result of erroneous sequences and annotations, it is often complicated to assign ASVs to the right reference sequence, particularly at the genus or species level.

The curation of reference databases is an ongoing task, and their availability is crucial to overcome this limitation and to increase the number of species that can be detected by metabarcoding. Moreover, combining different reference databases when assigning taxonomic identification to raw sequences [START_REF] Macher | Environmental DNA metabarcoding of rivers: Not all eDNA is everywhere, and not all the time[END_REF] can be a better solution to reach higher resolution in the assignment. For this reason, we extracted all the diatom sequences from PR2 [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF], the most curated reference database for protists, and built a reference tree that can be used for diatom sequence assignment. Furthermore, insight into evolutionary history provides information on how diatoms invaded all environments and adapted to heterogeneous conditions. Here, we investigate whether diatoms from different communities, but with similar DNA sequences, are structured by similar processes. In particular, we explore if similar sequences present at different sites follow the same seasonal cycle and if so, what is the thermal range and optimum of their niche. To analyse the community structure of planktonic diatoms at Somlit Astan and Mare Chiara stations, in Roscoff (France) and Naples (Italy), respectively, we used metabarcoding on the V4 region of the 18S rRNA gene. Phylogeny can improve understanding of how diatoms evolved and provide information about their traits, which improves the knowledge related to their life cycle and habitat adaptation. All of this information is needed to construct models that can predict nutrient cycling, changes in temperature and the effects of human pressures [START_REF] Brott | Ultrafast holographic nanopatterning of biocatalytically formed silica[END_REF][START_REF] Kröger | Species-specific polyamines from diatoms control silica morphology[END_REF][START_REF] Vrieling | Salinity-dependent diatom biosilicification implies an important role of external ionic strength[END_REF].

Material and methods

Sampling site and strategy

The two sampling sites are characterized by very different physico-chemical environment and hydrology. The SOMLIT-Astan station located in the English Channel, on the Western entrance (Fig. 1), is characterized by permanently mixed waters due to the intense tidal streams (Pingree and Griffiths, 1978). The heavy precipitation regime registered in winter (Tréguer et al., 2014) enhances river influx that consequently imports freshwater along with nutrient stocks into the marine environment [START_REF] Dürr | Global spatial distribution of natural riverine silica inputs to the coastal zone[END_REF][START_REF] Tréguer | The world ocean silica cycle[END_REF]. In contrast, LTER-Marechiara station in the Gulf of Naples is located 2 nautical miles offshore, in the Mediterranean Sea (Fig. 1), at the transition between coastal mesotrophic water and oligotrophic blue water [START_REF] Piredda | Diversity and temporal patterns of planktonic protist assemblages at a Mediterranean Long Term Ecological Research site[END_REF] with stratification occurring from April to December (Ribera d'Alcalà et al., 2004). The absence of wind allows the establishment of a thermocline that causes a sink of nutrients throughout summer. In addition, an incidental influx of nutrients is present at this site via municipal runoff (Ribera d'Alcalà et al., 2004). Currents are very weak, particularly during stratification. Convection areas, eddies and gyres, however, can mix the water masses inducing particular patterns (Uttieri et al., 2011, Lermano et al., 2012) that can increase the primary production and plankton biomass (Siokou-Frangou et al. 2010).

Plankton samples were collected bi-monthly during high neap tides, at the surface (1 m depth), using a 5 L Niskin bottle, at the long-term monitoring SOMLIT-Astan station in Roscoff, Western English Channel (48°46'18'' N -3°58'6'' W). Samples were acquired at more variable time-intervals (0 to 4 times a month depending on the period) at LTER-Marechiara station in the Gulf of Naples (LTER-MC, 40°49'N, 14°15'E), with a total of 69 samples collected from Roscoff and 39 from Naples. Nevertheless, sampling effort was sufficient to recover 3 seasonal cycles (January 2011-December 2013). For the generation of DNA metabarcoding data at SOMLIT-Astan, natural seawater from the Niskin bottle was transported to the laboratory in a 10L Nalgene bottle and a volume of 5L was collected onto 3μm polycarbonate membranes. At LTER-Marechiara station, 20L were prefiltered through a metallic sieve of 20 µm and then sequentially filtered with a peristaltic pump through 3 µm polycarbonate membranes (142 mm diameter). Filters were preserved in 1.5mL of lysis buffer (Sucrose 256g/L, Tris 50mM pH8, EDTA 40mM) and stored at -80°C until further processing. 

Cell isolation, growth conditions and fixation of diatom cultures

Some of the marine diatom cells were isolated using a dilution method, into K+Si medium in multiwell plates in order to obtain a final concentration of 5 and 10 cells per well. After two weeks of incubation, algal growth was monitored using an inverted microscope (Olympus lX71, Olympus Corporation, Tokyo, Japan). Cultures that appeared monospecific were TAReukREV3 (5'-ACTTTCGTTCTTGATYRA-3', S. cerevisiae position 964-981) (Stoeck et al., 2010) that target most eukaryotic groups. Each DNA sample was amplified in triplicates through PCR reactions. About 1 μg of pooled amplicons were sent to Fasteris (www.fasteris.com, Plan-les-Ouates, Switzerland) or to Genotoul (https://www.genotoul.fr, Toulouse, France) for high throughput sequencing on a 2x250bp MiSeq Illumina. Overall, 1,047,686 diatom reads were obtained for Roscoff Astan (69 samples) and 1,466,693 for Mare-Chiara (39 samples) for the period 2011-2013.

The paired-end fastq files were demultiplexed and primers were trimmed using Cutadapt v2.8 (Martin, 2011), untrimmed reads were filtered out. For runs with mix-orientated reads (i.e., forward and reverse reads were found in both paired-end files R1 and R2), forward and reverse reads detected in R1 and R2 files, respectively, were kept apart from forward and reverse reads detected in R2 and R1 files, respectively. These two groups of paired-end reads (Cut1 and Cut2) were considered as two different runs for dada2 analysis.

Forward and reverse reads were truncated after 210 and 225 bases respectively and truncated reads with Ns or with expected errors (maxEE) superior to 2 were filtered out (function filterAndTrim from the R package dada2). Reads were de-replicated (derepFastq function) and then denoised using the dada function with the option pool=TRUE and error rates defined by the function learnErrors before being merged. Chimera were removed using the function removeBimeraDenovo. Reads from Cut1 and Cut2 are summed together and the read set with the highest number of reads is retained in case a sample has been sequenced several times. Finally, ASVs which appeared in less than 2 samples or with less than 3 reads were discarded.

The V4 region was extracted from the 18S rDNA reference sequences from PR2 v4.12 [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF] with Cutadapt, using the same primer pair as for the PCR amplification (maximum error rate of 0.2 and minimum overlap of 2/3 the length of the primer). The ASVs were compared to these V4 reference sequences by pairwise global alignment (usearch_global VSEARCH's command). Each ASV inherits the taxonomy of the best hit or the last common ancestor in case of ties. ASVs with a score below 80% similarity were considered as unassigned [START_REF] Mahé | Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests[END_REF]Stoeck et al., 2010).

unambiguous identification of most diatoms already known. The resulting taxonomically checked database contained 2,164 unique sequences belonging to 86 genera and 670 species. There are 431 sequences not assigned at the species level. Among the 7 diatom subdomains present in the reference tree (Table 1), the Bacillariophytina is by far the most diversified, and therefore the most represented with 1,982 reference sequences (91,3%).

There were 5 diatom sequences (identified to the species level) that are not currently included in any recognised class and form separate small lineages assigned only to the family level (i.e. Striatellaceae; Table 1). At the subclass level, Bacillariophycidae (raphid pennate diatoms) is the most represented (847 sequences). All the other subdivisions such as Melosirophytina, Rhizosoleniophytina and Coscinodiscophytina correspond to groups that are not as diversified and have less than 70 reference sequences each. (Fig. 2 and Table 1). The most representative species is Skeletonema marinoi with 65 sequences in total (3% of the reference tree). Average sequence length was around 1651 bp. The best tree built with the 2,164 unique sequences was relabelled, reflecting the current taxonomic organization based on previously published phylogenies. 

Table IV. 1: Taxonomic composition of the PR2 reference database at the family, class, subclass and subdomain level.

In this table we reported the number of diatom 18S rDNA sequences taxonomically described for each subclass (or subdomain when the subclass was not detected). We also report the information related to which classes are present in each subdomain and which subclasses are present in a given class. We next investigated diatom diversity at a higher resolution, i.e. we compared the occurrence of ASVs between sites. For this, we selected the 64 diatom ASVs that had a maximum relative abundance superior to 1%. Among those, 13 sequences were only detected in Roscoff, while 21 were only detected in Naples. In total, 30 of those diatom ASVs were detected in the two stations. Some of the most abundant diatoms at the Somlit-Astan coastal station are usually represented inside the group of Polar-centric Mediophyceae. The heat-map represents the mean monthly relative abundance divided by the maximum at each site. The labels include the percentage of identity with the reference sequence, the first reference of the reference sequence (+others if there is more than one reference). Labels were colored in red for Naples sequences, in blue for Roscoff sequences and in black if the sequences were found to be in common between the two datasets.

Subdomain

The diatom's seasonal cycle and the relation with temperature

At both time-series stations SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples, Fig. 1), the temperature displayed clear seasonal patterns over the 8-year period (2009-2016, Fig. 5A). In Roscoff, a tidally mixed environment in the Western English Channel, mean monthly temperatures varied from 9.8 °C (in March) to 15.7°C (in August). In the gulf of Naples, a stratified environment in the Mediterranean Sea, temperature values were higher throughout the entire year, and varied from 13.9 °C (in February) to 26.6 °C (in August).

The diatom community structure also showed clear seasonal patterns and clear yearly variations of relative abundance were detected for the dominant diatoms ASVs in both sites (Fig. 5B). Seasonal patterns observed for a given common ASV generally differed between the two sites. For the dominant ASVs that were common to both stations, Different thermal niche profiles were observed (Fig. 5C). Such diatoms showed different estimates of water temperature ecological optima, optimum ranges and tolerance ranges. The results could suggest that such patterns may be driven by environmental parameters other than temperature.

Figure IV. 5: Seasonal cycle of the 6 most abundant diatoms, assigned at the species level, sampled at SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples) stations during 3 years (2011-2013). (A)

The monthly mean temperature profile from 2011 to 2013 of the two sites (Naples in red and Roscoff in blue, respectively) (B) The monthly relative abundance of the most abundant diatoms (representing more than 10% of the reads at both stations) in common between SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples) and assigned at species level. (C) Box-plots represent the estimates of optimum and tolerance ranges, for water temperature, of the 6 most abundant ASVs in common between SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples).

Discussion

Diatoms are by far of the most cosmopolitan and diversified protist groups; and are particularly prominent in coastal waters [START_REF] Piredda | Diatom diversity through HTS-metabarcoding in coastal European seas[END_REF], as confirmed by both Roscoff and Naples metabarcoding datasets. The results reported here, allowed us to capture the diatom sequences in common between the two sites and to observe recurrent seasonal successions along the three years. For all the 30 diatoms retrieved in common, it was possible to observe a well-defined seasonality (Fig. 4). Despite the big difference in optimal and tolerance ranges some diatoms were observed at both stations (Fig. 5). The typical spring blooms were dominated by Guinardia at SOMLIT-Astan and Ceratulina at LTER-Marechiara. Thalassiosira and Minidiscus were present all year round in Roscoff (Fig. 5C).

Other studies have already used the concept of ecological optimum, optimum range and tolerance range to describe how environmental variables influence the abundance and the geographical distribution of taxa (Brodersen and Andersen, 2002;Sterken et al. 2008). The environmental preferences, described as optimum and tolerance ranges, are related to the Hutchinsonian definition of the ecological niche [START_REF] Hutchinson | Concluding remarks[END_REF]. Such concepts are the basis of climatic models whose application is used to study and predict the potential impacts of projected climate change on biological taxa [START_REF] Heikkinen | Methods and uncertainties in bioclimatic envelope modelling under climate change[END_REF].

The fact that some diatoms are found in common between the two sampling stations but with very different thermal niches could be an indication that temperature is not the main environmental factor involved in the seasonal patterns of diatoms. The two sites are characterized by a very different environment. While the SOMLIT-Astan site at the entrance of the Western English Channel (WEC) is distinguished by permanently mixed waters all year, the Gulf of Naples undergoes stratification most of the year. Despite the different configurations in terms of hydrology, both stations are influenced by an abundant discharge of nutrients during the spring-summer period. In the WEC nutrient input is caused by freshwater run-off (Dürr et al., 2011, Tréguer and[START_REF] Tréguer | The world ocean silica cycle[END_REF] which are fueling plankton blooms in the area [START_REF] Beucher | Production and dissolution of biosilica, and changing microphytoplankton dominance in the Bay of Brest (France)[END_REF] but they are simultaneously diluted by tidal currents (Tréguer et al., 2014). Meanwhile, the Gulf of Naples in the Mediterranean sea is denoted by the onset of a seasonal thermocline (April to December) and by higher temperatures. The LTER-Marechiara is characterized by lateral advection, which can boost nutrients from terrestrial sources in the photic layer, and it is thought to be responsible for the regularities in the winter and autumn blooms (Ribera d'Alcalà et al., 2004). The high availability of nutrients at both stations could be one of the reasons for diatom's success in the two coastal sites. Another explanation for their success could be determined by light availability. Both sites at temperate latitudes, with almost identical day length, which could trigger the diatom's blooms. In any case, we cannot forget the limitations of metabarcoding data and the markers used to amplify the sequences, it's possible that some (or all) diatoms found in common could also simply be different species.

Some of the most abundant diatoms at SOMLIT-Astan are Minidiscus comicus and Cyclotella choctawhatcheeana which are also retrieved in LTER-Marechiara (Fig. 5B). In fact,

Minidiscus comicus, one of the smallest marine diatoms species, is widespread along the French Atlantic coast [START_REF] Chrétiennot-Dinet | Etude de diatomées d'écosystemes marins côtiers. Observations nouvelles en microscopie électronique[END_REF], in the English Channel [START_REF] Caracciolo | Seasonal temporal dynamics of marine protists communities in tidally mixed coastal waters[END_REF], as well as in the Mediterranean Sea (Percopo et al., 2011). The coherent phenology observed for those diatoms at both stations is supported by different theories.

The synchronization in the organization of their life cycle (i.e. growth, reproduction and senescence) is normally explained by external factors that would induce these periodicities like the turbulent mixing [START_REF] Taylor | Shutdown of turbulent convection as a new criterion for the onset of spring phytoplankton blooms[END_REF]. In the study area, spring-early summer is a favorable period for a large part of the phytoplankton community in terms of light, nutrients and thermal stability (Ribera d'Alcalà et al., 2004). Nevertheless, the trigger of blooms and the regulation of the life cycle could be connected to endogenous control, thus produced inside the community, rather than environment related. As observed in flowering bamboo [START_REF] Janzen | Why Bamboos Wait So Long to Flower[END_REF], some diatom species may bloom at the same time all over the world [START_REF] D'alelio | The time for sex: A biennial life cycle in a marine planktonic diatom[END_REF]. This last hypothesis is strictly connected to the timing of the internal clock and to the adaptation mechanisms that each species can develop. For example, Minidiscus comicus can use its size as an advantage, performing a diameter decline as a clocking mechanism [START_REF] Jewson | Morphological adaptations to small size in the marine diatom <em>Minidiscus comicus<[END_REF].

Finally, in order to validate our hypotheses concerning the similarities in phenologies or niche width for a given species, it will be important to isolate the dominant diatoms in both sites. Isolates may be analysed in detail and comparisons of their morphologies, genetics, and physiology may then be conducted. Such strategies are already used in both laboratories, but not on species that thrive in both sites. In Roscoff, several strains belonging As we have seen, even with just the V4 region of the 18S rRNA gene there is enough phylogenetic signal to reconstruct a reference phylogenetic tree where the known subdomains, classes and subclasses are correctly recovered. This allows successful annotation of metabarcoding datasets at these higher taxonomic levels. The phylogenetic signal becomes weaker, however, at lower taxonomic levels, and we observed in many cases that different populations of the same species or different closely related species have identical V4 18S sequences. This has implications for the interpretation of our comparison of the diatom communities observed in different stations. When the same V4 18S sequence was found at SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples), we cannot know if they are truly the same species. It is possible that another, faster-evolving genetic marker would reveal that there are significant genetic differences between these geographically separate populations.

Source: iStock

CONCLUSION AND PERSPECTIVES Conclusion and perspectives

Oceans are commonly referred to as "the real lungs of the planet" because they draw carbon dioxide and breathe out oxygen. They also play an essential role in regulating the climate of our planet [START_REF] Bigg | The role of the oceans in climate[END_REF]. The oceans provide shelter to ~ 16.5 million eukaryotic species, among which almost half are microorganisms (Bar-On & Milo, 2019).

These microorganisms form highly diverse and structured communities, that are key players in the regulation of global element cycles owing to their ability to photosynthesize, transfer elements to other biological compartments, decompose and remineralize organic matter. It has been demonstrated that one of the most prevalent temporal patterns of these communities in surface waters of the ocean was the seasonal variations in their species composition. However, it is still unclear wether these patterns prevail in all marine domains, and in particular within coastal waters where connections to land and proximity to human activities could potentially bring disturbances. Also, when clear seasonal patterns are observed, it remains to be seen which drivers determine this regularity and resilience, which appears puzzling given the diversity of coocurring minute species that are capable of rapid growth and prone to high mortality rates (due, for example, to grazing or viral lysis). In this thesis, we used both "classical" datasets, derived from direct observation of cells, and datasets derived from metabarcoding to explore these questions. One of our main findings was that, in coastal waters with intense tidal forcing and frequent exceptional meteorological disturbances, the seasonal sequences of protist species remain rather stable, at least over 8 years. This rather stable pattern was observed even if transient species are permanently introduced in the system (Chapters 2 and 3). Our results also suggest that both environmental forcing and processes internal to the biological assemblage (involving a set of core species that maintain strong interactions) are at the origin of this seasonal pattern (Chapters 2, 3 and 4). Finally, our work points to potential challenges when using -omics data for time-series: we believe that most important is the extreme care that must be taken in the whole process, from sampling to data production, in order to ensure that protocols are unchanged along the time-series (Chapter 1). These findings are discussed below in a more general context.

Are the yearly seasonal successions of microbial species a prevailing pattern in all marine pelagic habitats?

First of all, we must admit that if we expected a seasonally structured plankton community at our sampling site (like it has been shown previously by [START_REF] Sournia | A daily study of the diatom spring bloom at Roscoff (France) in 1985. I. The spring bloom within the annual cycle[END_REF][START_REF] Sournia | La serie oceanographique cotiere de Roscoff (Manche occidentale) de 1985 a 1992[END_REF]Not et al., 2004;Arsenieff et al., 2019Arsenieff et al., , 2020)), we did not expect to find such a clear seasonal signal and such relative stability over the whole study period. Yet, seasonal patterns of planktonic protists, in particular phytoplankton, have been observed by early planktonologists (for diatoms and dinoflagellates, see for example [START_REF]Occurrence of Marine Plankton Diatoms in a Ten-Year Series of Daily Catches in Southern California Author ( s ): Winfred Emory Allen Source[END_REF][START_REF] Gran | A quantitative study of the phytoplankton in the Bay of Fundy and the Gulf of Maine (including observations on hydrography, chemistry and turbidity)[END_REF] and they have inspired the founding theories of ecological successions (Margalef, 1958[START_REF] Margalef | On Certain Unifying Principles in Ecology[END_REF](Margalef, , 1978)). In the past several decades of research, genetic approaches, and in particular metabarcoding, have helped dissolve the veils behind microbial community dynamics [START_REF] Bálint | Millions of reads, thousands of taxa: Microbial community structure and associations analyzed via marker genesa[END_REF]Egge et al., 2015;Ibarbalz et al., 2019;Käse et al., 2020;[START_REF] Logares | Patterns of rare and abundant marine microbial eukaryotes[END_REF][START_REF] Malviya | Insights into global diatom distribution and diversity in the world ' s ocean[END_REF]Marquardt et al., 2016). These studies have also revealed the prevalence of seasonal patterns of diversity and seasonal successions of microbial communities in general, in coastal as well as in open ocean habitats (see for example Gilbert et al., 2012;Egge et al., 2015;[START_REF] Malviya | Insights into global diatom distribution and diversity in the world ' s ocean[END_REF]Marquardt et al., 2016;Piredda et al., 2017;Giner et al., 2019;Käse et al., 2020). Some studies also noted the overall stability of the yearly reoccurring sequences of taxa at the decade scale (see Fuhrman, Cram, & Needham, 2015for bacteria and Lambert et al., 2019or Giner et al., 2019 for protists).

Global analyses of seasonal cycles among ecosystems highlights the diversity and variability of patterns, as well as differences in interannual resilience (Cloern & Jassby, 2010b;[START_REF] Zingone | Multiscale variability of twenty-two coastal phytoplankton time series: a global scale comparison[END_REF], leaving open the question of generalisation of this pattern in the surface waters of the ocean open. At the SOMLIT-Astan station, the water column is not only permamently mixed by tidal currents but also shaped by strong winds and storms [START_REF] Pingree | Physical Oceanography of the Celtic Sea and English Channel[END_REF][START_REF] Gac | Decadal Dynamics of the CO2 System and Associated Ocean Acidification in Coastal Ecosystems of the North East Atlantic Ocean[END_REF]. Furthermore, likely as a result of the high turbulence, macronutrients are never exhausted and light is instead identified as the main limiting factor and thus triggers the bloom [START_REF] Pingree | Physical Oceanography of the Celtic Sea and English Channel[END_REF][START_REF] Maguer | Seasonal patterns of ammonium regeneration from size-fractionated microheterotrophs[END_REF].

Additionally, within our system, the movements of the water masses favor the import of particulate matter and organisms from adjacent habitats.

By revealing how the seasonal pattern of protist diversity changes at the SOMLIT-Astan station, we show that even in these so-called "permanently mixed" marine pelagic habitats, extremely clear yearly succession of microbial species occurs and that the communities are characterised by a relative interannual stability over 8 years. This was shown for protists in the chapter 2 of this thesis [START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF], and was also retrieved most recently using the same methods for the bacterial community at our sampling station (Alric et al. in prep). To our knowledge, such clear seasonal patterns and such relative resilience over almost a decade has not yet been shown in habitats subject to strong tidal forcing. Analyses comparing in depth temporal dynamics of microbial communities over spatial gradients and over gradients of different disturbances would be needed in order to determine the conditions when such patterns occur and those that condition other types of variability. Such studies would also, of course, increase understanding of the processes behind those patterns.

What factors and processes control the seasonal dynamics of marine microbes?

To explore more deeply the questions concerning drivers and processes behind seasonal patterns of diversity in eukaryotic protists, we used redundancy analyses (RDA)

with time as an explanatory variable (distance-based Moran's eigenvector map; Chapter 2, Caracciolo et al. 2021). We also studied the distinctive behavior of the core (i.e. regularly occuring) and transient biological entities (Chapter 3). We show that at our study site, seasonal dynamics are probably driven by very diverse assemblages of core biological entities (that persist and show regular yearly occurence) most of which are dominating the communities (Chapter 3). It appears that seasonal successions of protists are primarily paced by astronomical rhythms and may be directly influenced by the resulting temporal variations of the physical and biogeochemical parameters (i.e., PAR, temperature, nutrients, salinity). In other studies, seasonal species successions have also been explained as periodic processes tightly phased to light intensity and associated annual cycles of temperature, solar radiation, atmospheric heat input, photoperiod and nutrients [START_REF] Gilbert | The seasonal structure of microbial communities in the Western English Channel[END_REF]Giner et al., 2019;[START_REF] Logares | Disentangling the mechanisms shaping the surface ocean microbiota[END_REF][START_REF] Margalef | On Certain Unifying Principles in Ecology[END_REF]. Such factors were also indicated as among those responsible for driving seasonality of plankton biomass and also species successions by Sommer et al., (2012);Tréguer et al., (2014); [START_REF] Barraquand | Coastal phytoplankton community dynamics and coexistence driven by intragroup density-dependence, light and hydrodynamics[END_REF] and Winder & Cloern, (2010).

At our sampling station, a bi-annual rhythm was also observed. This specific rythm could be triggered by the yearly variations of the tidal cycles, which probably contribute to the regular input of benthic organisms and is responsible for rather strong bentho-pelagic coupling. In fact, our results suggest that benthic species appear as core entities at our sampling station (and interact with pelagic species). It would be interesting to explore further the influence of this bentho-pelagic coupling on the trophic network at our study site (Kopp et al., 2015).

Given the large contribution of autocorrelation to the variance of community composition that was observed (see Chapter 2, Fig. 8), we also suspect that intrinsic biological factors (i.e., species interactions, reproductive dynamics, and/or self-regulation of the whole biological community, [START_REF] Odum | Self-Organization[END_REF]Picoche and Barraquand, 2019) are also critical, and significantly contribute to pacing the plankton communities. Biotic factors, such as species interactions, could also partly explain the striking resilience in species turnover also observed for bacterioplankton along a decade (Fuhrman et al., 2015). Microscopic organisms are indeed known to be involved in complex and dynamical networks of interactions (i.e., grazing, parasitism, mutualism, quorum sensing, etc; Kivi et al., 1993;Dakos et al., 2009;Platt et al., 2010;Bjorbaekmo et al., 2020) that may constrain the dynamics of individual species within the whole community. Some species have also been suspected to regulate their dynamics through self-regulation processes. Such processes may involve, for example, regulation of abundances through intra-specific competition (Picoche and Barraquand, 2019). Additionally, seasonal rythms may be pace by internal clocks, as has been proposed for the diatoms genera Pseudo-Nitzschia and Minidiscus by D' Alelio et al., (2010). Our results, comparing the dynamics of ASVs assigned to Minidiscus comicus between Naples and Roscoff, support such hypotheses. As observed in flowering bamboo [START_REF] Janzen | Why Bamboos Wait So Long to Flower[END_REF], some diatom species may bloom at the same time all over the world.

Further, to better understand and determine the processes behind seasonal succession, it would be important to link the study of spatial and temporal variation across relevant scales, as proposed by (Bunse & Pinhassi, 2017).

What do we learn from the distinction of core and transient species concening the dynamics of the protist community?

At any given spatial scale, one can distinguish permanently installed species from the ones that are just passing through. In biological communities, permanently installed species have normally evolved adaptations or at least have somehow acclimated to the local environment. Thus, resident (or core) and more transient species generally show different patterns of abundance and diversity [START_REF] Logares | Patterns of rare and abundant marine microbial eukaryotes[END_REF][START_REF] Dolan | Dynamics of core and occasional species in the marine plankton: Tintinnid ciliates in the north-west Mediterranean Sea[END_REF]. Their dynamics are different and are driven by different environmental factors [START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Coyle | Opposing mechanisms drive richness patterns of core and transient bird species[END_REF]. In this study, we developed a new index to distinguish cores from transients from metabarcoding datasets. Metabarcoding allows deeper exploration of the rare biosphere in a given sample than traditional microscopy-based techniques would allow.

In fact, microbial communities typically contain many rare taxa that make up the majority of the observed membership. Furthermore, being able to detect them is important since some of them may provide important functions that are disproportionate to their abundance [START_REF] Shade | Temporal patterns of rarity provide a more complete view of microbial diversity[END_REF][START_REF] Snell Taylor | The prevalence and impact of transient species in ecological communities[END_REF]. Among these rare taxa, some are likely just passing through whilst others, may be "conditionnaly rare", representing dormant stages awaiting the arrival of suitable conditions [START_REF] Mcquoid | Diatom resting stages[END_REF][START_REF] Radzikowski | Resistance of dormant stages of planktonic invertebrates to adverse environmental conditions[END_REF][START_REF] Belmonte | Cysts and Resting Eggs from Marine Zooplankton: Dimension of the Phenomenon[END_REF].

In this thesis, we investigated the distinctive features of core and transient species at our study site to better understand the drivers of their dynamics. To do so, we proposed a new index, the PI index, that takes into account not only yearly reccurrence but also the regularity of occurrence within a year. The resulting subcommunity of core ASVs, that can be assimilated to an assemblage of resident biological entities, had high richness per sample, compared to the transient subcommunity. The resulting set of core entities had comparatively lower turnover over time and occurred within higher numbers of edges in cooccurrence networks, especially with other core ASVs. Richness of these core ASVs (most of which dominate the sequences reads in samples) generally had strong correlations with environmental factors, but lower assortativity than transients when considering environmental factors. All these distinctive features support the hypothesis that this set of biological ASVs (that include both benthic and pelagic taxa) form a persistent community, whose dynamics are controlled by both intrisic processes and extrinsic factors. Rather similar conclusions were obtained by [START_REF] Krabberød | Long-term patterns of an interconnected core marine microbiota[END_REF] who extracted core OTUs using both thresholds of occurence in datasets and number of connections in reconstructed interaction networks.

It would be interesting to examine in more details (1) the distinctive properties of the core and transient assemblages of our time-series station [START_REF] Shmida | Biological Determinants of Species Diversity[END_REF][START_REF] Magurran | Explaining the excess of rare species in natural species abundance distributions[END_REF][START_REF] Dolan | Dynamics of core and occasional species in the marine plankton: Tintinnid ciliates in the north-west Mediterranean Sea[END_REF], ( 2) the specific features of the rare biological entities in the core and transient pools, and, similarly, the specific features of transients species that are permanently rare compared to those that are conditionally rare. Our study suggests that benthic and pelagic taxa are involved in the same core community, we would like to investigate further the role of benthic organisms in this core community. [START_REF] Shade | Temporal patterns of rarity provide a more complete view of microbial diversity[END_REF] Seeing that the identification of such rare taxa can exclusively rely on taxonomically informative DNA sequences, it is at present still unclear what percentage of these sequences can be attributed to dead cells or free DNA [START_REF] Taberlet | Environmental DNA: For biodiversity research and monitoring[END_REF]. Further methods need to be developed in order toto quantify such estimations and havgivee a more precise community description.

Relevance of installing -omic monitoring at timeseries stations for the conservation of marine biodiversity

Considering the increasing impact that humanity is having on coastal ecosystems and given the key role of microbes within these systems [START_REF] Halpern | A global map of human impact on marine ecosystems[END_REF], observation implementing metabarcoding is an essential tool to describe and understand the response of marine ecosystems to environmental variability at different scales. Furthermore, it is important in order to evaluate the effect of the multiple perturbations on microbial dynamics and to distinguish local from regional perturbations. Marine observation also has a crucial role in evaluating the good environmental status of marine ecosystems and the coastal zone, in line with EU policy.

Under the MSFD, monitoring of microbial compartments is currently limited and only very partially supported. For example, with regard to the composition of communities, only indicators based on microphytoplankton counts have been proposed (Rombouts, Simon, Aubert, Cariou, Feunteun, Guérin, Hoebeke, Mcquatters-gollop, et al., 2019). Therefore, developing future monitoring tools for these marine organisms, that are major components of pelagic ecosystems (for which there is a "significant insufficiency" of "visual determination methods") (French Office for Biodiversity report, version 3, 2019), it appears a requirement. New high-throughput sequencing technologies and metabarcoding are currently the most efficient tools for assessing, with great precision, the diversity of microbial planktonic assemblages (De Vargas et al., 2015a;Stoeck et al., 2010). Indeed, these technologies which use universal genetic markers (for example genes encoding for rRNA) make it possible (i) to target all size classes and all functional groups and (ii) to distinguish thousands of operational taxonomic units (OTUs) or amplicon sequence variants (ASVs) instead of morphological species. The analysis of the data tables resulting from these technologies (abundances of sequences by operational taxonomic unit and by site or date) made it possible to highlight macro-ecological patterns, for example, latitudinal gradients of diversity and seasonal successions [START_REF] Piredda | Diatom diversity through HTS-metabarcoding in coastal European seas[END_REF]Ibarbalz et al., 2019). These results demonstrate that the protocols and bioinformatic pipelines developed thus far are robust.

These approaches have therefore become the strategy of choice for studying patterns of pelagic microbial diversity and the processes driving these patterns, such that several laboratories and monitoring networks have started to implement genomic observatories on their long-term monitoring stations (see for example the ROME network of Ifremer in France, https://wwz.ifremer.fr/rome/C-est-quoi-ROME/Gouvernance). Larger networking projects for these innovative observatories are also underway and have already been discussed (RESOMAR workshop, Wimereux, November 4-6, 2019). Its apparent that the data obtained by these approaches could be used to calculate, adapt and / or develop compositional indicators for the microbial compenents of pelagic habitats, necessary for understanding long-term changes and thus contributing to the evolution of pelagic habitats in coastal, estuarine (WFD) and marine (MSFD) monitoring programs. The use of this type of data has already been proposed within the WFD for monitoring the biodiversity of microorganisms in watercourses [START_REF] Vasselon | Assessing ecological status with diatoms DNA metabarcoding: Scaling-up on a WFD monitoring network (Mayotte island, France)[END_REF]. Our results, and the results obtained at other time-series station suggest that metabarcoding data could be used to calculate indicators such as those proposed by [START_REF] Tett | Framework for understanding marine ecosystem health[END_REF]; [START_REF] Facca | Description of a Multimetric Phytoplankton Index (MPI) for the assessment of transitional waters[END_REF] and Rombouts et al., (2019) in order (1) to highlight the envelope of natural variability in the composition of microbial communities from time series data and (2) to detect changes in communities associated with the pressures of environmental factors of natural origin (exceptional climatic events) or anthropogenic (eutrophication, pollution). To achieve this, protocols must remain unchanged and monitoring must also be carried out using classical methods (as these are the only observations for which we have historical records, which are precious if one wants to validate new approaches). organismal size fractions from picoplankton to megaplankton, that is, across more than seven orders of magnitude in size, corresponding to the range from the size of a bee to ten times the height of Mount Everest.
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CONCLUSIONS AND PERSPECTIVES

Glossary & abbreviations

18S rRNA gene: gene encoding the RNA of the small subunit of the eukaryotic ribosome; a key gene for investigating phylogenetic diversity and taxonomy of microorganisms.

Advection:

The horizontal movement of water, or a property of water through such movement (e.g., temperature change through the movement of water).

Alpha-Diversity:

The diversity in sites or habitats at local scale.

Anthropogenic perturbations: Environmental changes due to human influences, such as ocean warming and acidification as a result of fossil fuel combustion.

Benthic: Associated with the seafloor.

Beta-Diversity:

The turnover of species composition between samples in a geographic area.

Biodiversity:

The Convention of Biological Diversity definition encompasses the variation within species (genetic, phenotypic), between species, and of ecosystems (habitats, productivity, processes). Most commonly used to describe variation between species.

Bioinformatics: Applying computational approaches for processing complex biological data.

Bioinformatics pipeline: Set of data-processing elements connected in series, where the output of one element is the input for the next.

Biomass:

The mass of organisms in a sample measured as weight.

Bulk sample DNA:

The DNA mixture extracted from multiple specimens simultaneously.

Community: A group of species that are assumed to be interdependent (though this is often not demonstrated). The term can be used in a variety of hierarchies. Communities at larger scales can be progressively subdivided, such as spatially, taxonomically and trophically, to finer scales.

Community assembly: the combination of stochastic and deterministic processes that together shape the taxonomic composition of biological communities.

Convection:

The vertical movement of water as part of its stirring caused by differences in density.

Culture-based methods: approaches based on isolating microorganisms or viruses from their original environment and cultivating them in the laboratory, usually in axenic cultures. If properly executed, allows the separation of a single population from the community.

Dissolved organic matter (DOM): is often characterized as labile, semilabile, or recalcitrant with respect to how the carbon constituent is available for consumption by heterotrophic microorganisms.

Diversity: Biological or ecological diversity is most commonly measured as the number of species, also called species richness. Many other indices of diversity include the relative abundance of species as well as species richness in their calculation. These indices may emphasise the dominance or evenness of the abundance of species in a sample. See alpha, beta, gamma diversity, and biodiversity.

DNA barcode: A DNA marker routinely used for identifying species -e.g. the mitochondrial cytochrome c oxidase I (COI) gene is the standard DNA barcode for identifying animal species.

DNA marker: Any gene or DNA fragment that is used to identify a species, individual or genotype.

DNA metabarcoding: Methods that identify species from bulk sample DNA or environmental DNA via high-throughput sequencing of a DNA marker.

Dominant Species:

A species that dominates a sample or area by virtue of its abundance, biomass, size, or conspicuousness.

Downwelling:

The process by which surface waters sink to greater depths in the ocean.

Important mechanisms are cooling of surface waters and/or addition of salt through the production of sea ice in polar seas.

Ecological niche: the multidimensional space volume of abiotic (environmental parameters) and biotic (other organisms and viruses) conditions in which an organism can survive, grow, and reproduce.

Estuary:

The seaward portion of a drowned valley system which receives sediment and water from both fluvial and marine sources giving rise to a unique sedimentary regime and areas of variable salinity.

Euphotic Zone: The upper part of the water column that receives sufficient light to allow plant growth.

Eutrophication: Over-enrichment of water with nutrients, for instance through fertilizer or sewage runoff into coastal seawater.

Genomic taxonomy: classification of novel organisms or identification of known taxa (e.g., genera, species, or strains) through comparative analysis of their genomic content.

Habitat:

The environment where an individual, species or group of species live that can be repeatedly found in nature.

Heterotroph: organism that relies on organic carbon for obtaining both energy and cellular building blocks.

High-throughput sequencing (HTS):

The simultaneous sequencing of millions of DNA fragments.

Immigration:

The arrival of organisms to a place, which may result in their establishment (colonization).

Inshore: Generally within 5 km of the coastline and < 50 m depth. Same as coastal seas. In the UK, the term 'Inshore' applies specifically to the area within 6 nm of the coast where marine activities are managed at a local or regional scale.

Littoral: Between upper and lower tidemarks, exposed to air at the lowest tides. In marine ecology is equivalent to intertidal and seashore. In wider literature may refer to coastal land and subtidal areas down to 200m.

Mesopelagic:

Referring to the poorly lit open water habitat below the epipelagic (euphotic) and above the bathypelagic. Also called the twilight zone.

Microbial community: an assemblage of potentially interacting microorganisms within defined spatial and temporal limits.

Microeukaryotes: single-celled, microscopic eukaryotic microbes, that is, the protists.

MSFD: Marine Strategy Framework Directive

Nekton: An aquatic organism, such as whales, turtles, fish, squid, and krill (euphausiids) that can swim powerfully enough to move against currents.

Niche: The range of environmental conditions (such as temperature, salinity, nutrients) within which a species can exist and reproduce. Sometimes defined as everything a species is or does. The preferred (or fundamental) niche is the one in which the species performs best in the absence of competition or interference from extraneous factors.

Occurrence: the presence of a taxon (based on presence/absence information) over a series of community observations. Includes a continuum (from high to low occurrence) of persistent to transient taxa.

Oligotroph: An organism that is specialized for living in nutrient-poor environments.

Operational taxonomic unit (OTU): OTUs are often used as a proxy for taxonomic species in DNA metabarcoding studies when it is not possible to accurately determine species boundaries; they are typically constructed on the basis of DNA sequence similarity.

PCR amplification: This is the use of PCR to create many copies of a target DNA fragment. The fragment is targeted using a pair of primers (forward and reverse) that bind to the DNA flanking fragment of interest.

Persistent: a taxon that is observed frequently over a time series of community observations. Prevalent: a taxon that has high abundance in a single community observation.

Photoautotroph: An organism that uses solar energy to reduce carbon dioxide to organic carbon as a sole carbon source.

Phototrophic: Organisms (chemoautotrophs) that generate energy using sunlight. See chemoautotroph.

Photoheterotroph: organism that relies on organic carbon for obtaining cellular building blocks (does not fix carbon dioxide) and reducing power but that can use sunlight for energy.

Phytoplankton: Microscopic free-floating plants that drift in sunlit surface waters.

Plankton:

The collection of organisms, often microscopic, that are suspended freely in the water column.

Plateau: Flat or nearly flat area of considerable extent, dropping off abruptly on one or more sides.

Offshore: Open ocean distant from land, typically with stable water column characteristics (stenothermal, stenohaline), permanently stratified, beyond freshwater influence, without benthic algae. Generally > 5 km from the coastline.

Parasitic: Organisms that feed on a host but do not normally lead to its death.

Primary production: conducted by photosynthetic organisms.

Protistan mixotrophy: An ecologically important process whereby many marine planktonic protists or algae can use organic carbon obtained through phagotrophy or osmotrophy, and also carry out oxygenic photosynthesis using chlorophyll.

Rare: a taxon that has low abundance in a single community observation. Spatial dimensions of rarity examine the biogeographical distributions of rare taxa and include local population size, habitat specificity, and geographical distribution.

Recruitment:

The influx of new members into a population by either reproduction or immigration.

Sequencing depth:

The number of DNA sequences recovered (typically per sample) during highthroughput sequencing.

Stratification: Density-driven structuring of a water column in which lighter, warmer and/or less saline water overlies denser, colder and/or more saline water, thereby forming a physical barrier to mixing of the two water masses.

Substrate:

A substance used as a food source by organisms or enzymes. This usage has been extended to any surface a plant or animal lives upon, whether biotic or abiotic materials. Ecological use favours use of substratum (singular) and substrata (plural) where the surface is for attachment rather than a food source.

Succession: the ecological process of sequential replacement of organisms over time (organism taxa levels could be e.g., species, genera, or families). In the first days we used a different DNA fixation technique supervised by people of the SZN that handle it well, to bring this new technique at the SBR. Then we did some scanning electron microscopy and observe some of the smallest and yet most abundant species of our time-series that we were able to identify thanks to metabarcoding sequences (i.e. Minidiscus comicus, Thalassiosira spp.). Then I studied the diversity and the temporal dynamics of diatom OTUs and detected common dominant OTUs in the two time-series.

Because of the different assignation technique used this part will have to be done again with OTU table generated from the same exact bioinformatic pipeline. In any case because of the difference in assignation only two diatoms were found in common: Thalassiosira oceanica and Thalassiosira concaviuscula that is also one of the main OTUs driving the succession in both sites (Roscoff-Astan, Naples-Mare Chiara). Not surprising if considering the different environments involved in the comparison, on one side a permanently mixed environment (Atlantic coast) and on the other side a seasonal thermocline involving stratification of the water (Mediterranean coast).

The first part of this ASSEMBLE+ project included in particular a collaboration with Cedric Berney (SBR) that helped and teach me the pipeline of costruction of a phylogenetic tree. And with Wiebe Kooistra (SZN) that teach me the main techniques to clean the tree and do correct assignation based on literature searching.

In particular we builded the tree of diatoms with the desire of make order among some important abundant Classes placing the sequences in the correct position of the tree to assign them correctly and also contacting people in genebank that wrongly assigned them to other Classes. The idea at the base was to build a framework in which is possible to show seasonality directly on the phylogenetic tree. So the next step should be to place our sequence and the sequence of Naples in the tree, underline them in different colors and show which different lineage of diatoms succeed in a typical annual cycle.

Ecological indicators

Nature is deteriorating at a disturbing speed, if we want to maintain the same quality of life is important to monitor our ecosystems in order to quantify the rate of change caused by natural or anthropic reasons (IPBES Global Assessment on Biodiversity and Ecosystem Services., 2019; Cardinale et al., 2019). There is the necessity to define (i) goals that are quantifiable, precise and traceable, and (ii) time horizons for the goals. The expectations require a set of robust indicators and target reference levels to be able to interlink different facets of biodiversity and multiple ecosystem services, and track progress efficiently at different time scales, within a decade and over several decades (Abad et al., 2016;Rivera et al., 2017).

The objective of the INDIGENE project is to test the reliability of metabarcoding data in assessing the composition of the marine pelagic microbes, in environments affected by anthropogenic changes. Developing new biological indicators is necessary in order to evaluate the ecological status of an ecosystem. The results obtained are required in the context of different European directive like the Marine Strategy Framework Directive (MSFD). The project will be based on the analyses of 3 different time-series and I will help with the development of indictors that regard the SOMLIT-Astan time-series which I studied for the past 2 years. For this reason, I will be involved in the design of the study and some analyses.

 Projet OFB (Office Français pour la Biodiversité) « INDIGENE » (décembre 2020novembre 2022, Pis : Nathalie Simon et Christian Jeanthon): This project allow a collaboration with a post-doc student in charge of studying the pertinence of metabarcoding data in evidencing marine plankton community variability as starting point to create ecological indicators that will describe the change in composition of those pelagic communities (that can be used in the frame of the Marine Strategy Framework Directive).

Annexes II Mission doctorale: Mediation Scientific Atelier Plancton et Métabarcoding (in collaboration with Maud Milliet)

The main purpose of the atelier is to show to the public (schools/conferences) the different steps related to a study of plankton ecology, starting from the sampling and arriving to the identification of taxonomic groups from DNA sequences. The atelier allows to compare traditional methods (microscopy) and genetic methods (metabarcoding). This atelier also allows to show how many different jobs there are in research and how important is for researchers to work in a scientific team.

Every step of the workshop is organized with an animation and all animation are independent one another (see pictures of the animations in the Annex II).

The step of the Atelier organized in the frame of the MISSION DOCTORAL OF SCIENTIFIC MEDIATION are the following:

Sampling

The students will simulate a plankton sampling with the plankton net. Pearls will serve as phytoplankton and little "semule" will be the water that can filtrate across the net while plankton is captured. The simulation is complemented by a video of a true sampling on Neomysis (boat of the SBR).

Plancton en pâte polymère (5 à 20 mm environ selon specimen) en cours de réalisaton pour version du jeu 2020 de prélèvement de plankton

Microscopy

The students will have to sort the taxa in a petri dish and they will have to count the different species. A little game to teach about the calculation of the abundance and the diversity.

For the identification we need for details in order to explain also some typical morphological traits necessary to recognize at least the main big groups. For this reason we used the 3D printer to create some little tiny 3D plankton (2-3cm) that can be used for teaching the main plankton groups.

Genomic techniques DNA extraction: The same 3D plankton will be used to hide inside papers with DNA sequences that will be "extracted" by the students. We will complement the procedure showing true extraction in videos and bringing true DNA Eppendorf to show.

DNA sequencing: A filter with a specific color will be used to make appear the DNA sequence hidden between the other colors. Slowly the sequence of nucleotides will be red.

The markers of DNA: two plan are currently being considered.

The first is realized with Lego. Sequences of DNA will be represented in relief while a short sequence of nucleotides representing the genetic marker will be used to slide on top of the sequence in relief. When the marker will fine the correct nucleotide in the sequence it will attach to it.

The second will involve some UV light

Comparison of results: possibility to use a tablet where organizing the results and compare them to show how the methods complement each other.

Annexes III

Co-occurrence networks analysis of marine microbial communities help disclose interactions of the main keystone species

In ecology, species presence-absence information is often used to predict interactions under the premise that strongly non-random distribution patterns are mostly due to ecological reasons. The prediction of association networks from presence-absence or abundance data is known as network inference in computer science. Thanks to co-occurrence networks (Liu et al., 2020) we can try to predict possible interaction by validating the association found with existing databases (i.e. PIDA and GLOBI). A discussed argument in this framework has been the role of cryptic species, as apparently it would be deleterious for the ecosystem to lose such keystone species because of the repercussion on the other trophic levels of the interaction network. We can predict the keystone species supposed to be the species that interact the most and consequently their removal is causing an unpredictable series of events that will change the network structure meaning a possible repercussion in the biodiversity organization (Smayda, 2011;Berry & Widder, 2014).

Preliminary analyses were performed in a frame of a Master 2 thesis (Marinna Gaudin, see below the COLLABORATION part).

Within the framework of her internship, three main ecological questions have been raised: 1. Can we identify and describe seasonality in the plankton co-occurrence network? 2. What are the central (keystone) species in the network and what is their potential ecological role within the community? 3. What is the contribution of both abiotic and biotic parameters in shaping plankton community structure?

To address these questions, we designed a computational framework to in silico build co-occurrence networks that depict predicted ecological interactions in the waters of the Western English Channel (SOMLIT-Astan, Roscoff) between prokaryotes and eukaryotic microbes. In addition, we developed and implemented user-friendly network analytical tools allowing the visualization of abundance profiles, seasonal species niches and lineages association heatmaps, all available on a GitLab (private, as data have not been published yet).

During the last year of my PhD, I will use the methods tested by Marinna to infer cooccurrence networks and (1) test the hypothesis that interactions among protists are seasonal but resilient over several years, (2) determine the position of benthic protists in the networks and (3) investigate in more details the networks involving keystone species (whether these species are dominant or not).

Main results obtained by Marinna Gaudin:

In her analyses, M. Gaudin used a dataset obtained using 69 samples (years 2009-2011) for which 4 different markers that targeted prokaryotes (V4-V5 16S rRNA) and eukaryotes (V4 and V1-V2 18S and COI). The results she obtained are:

 Comparison of global co-occurrence networks constructed using different methods:

The ecological optimum of a given environmental parameter is the point in which the species can thrive best (i.e. growth and reproduction). Two species living in a similar ecological optimum niche are expected to interact more likely. We observed a gradient of colors across the network given by the thermal niche that confirms our expectations: species interacting with each other tend to share an overlapping temperature niche (Figure 4).

The method Flashweave was slightly more efficient that the method Fast LSA at detecting known interactions and lead to fewer false positives (Figure 4).

 Seasonal (FlashWave; calendar season and clustered season obtained from abundance):

As shown on the Venn diagram (Figure 9), the analysis revealed that no interaction is common to all seasons. Most of the inferred associations were specific to a season and a few were common to 2 or 3 seasons, resulting in a low number of common edges between seasons. This result suggests that the dynamics of the interactions of the marine plankton community at the SOMLIT-Astan station evolves over seasons. Together with the PCA results, this may indicate the presence of annually recurring plankton communities and interactions from year to year.

 Sliding windows (FlashWave):

By cutting a temporal window for a given period within this time-series and applying FlashWeave, we tested the possibility to capture correlations more sensitively in a shorter period or at local scale. Using this approach, we obtained 50 sub-networks for the 3-year period studied. In the networkx package, the function compose enables two networks to join together. We used it to merge the sub-networks into a single global network, bringing together all the networks derived from sliding windows. This resulted in a denser network than the one conventionally generated with the global approach, which acts as a thin scanner for this period, with a connectivity of 7.93 for 2297 nodes and 18218 edges. 45% edges out of the 4062 from the global networks are common between the two approaches.

INTRODUCTION

Annual Phytoplankton Succession (APS) is defined as the recurrent pattern of species abundance, observed during the annual cycle (Cushing, 1959;Winder and Cloern, 2010;Sommer et al., 2012;Romagnan et al., 2015). In temperate and polar biomes, phytoplankton abundance varies from periods of proliferation in spring and autumn to periods of decline in summer and winter. In subtropical and tropical waters where seasonal changes in solar radiation and temperature are less prominent, plankton abundance is more stable at an annual scale (Dakos et al., 2009). APS has been widely described in marine ecosystems, leading to a variety of potential explanations often based on mechanisms such as bottom-up (i.e. nutrients availability; [START_REF] Metaxas | Top-down and bottom-up regulation of phytoplankton assemblages in tidepools[END_REF] to top-down control (i.e. grazing by organisms such as zooplankton and fish; Sverdrup, 1953;Margalef, 1978;Sommer et al., 1986Sommer et al., , 2012;;[START_REF] Huisman | Critical depth and critical turbulence: two different mechanisms for the development of phytoplankton blooms[END_REF][START_REF] Behrenfeld | Abandoning Sverdrup's critical depth hypothesis on phytoplankton blooms[END_REF][START_REF] Chiswell | Annual cycles and spring blooms in phytoplankton: don't abandon Sverdrup completely[END_REF][START_REF] Smyth | Ocean net heat flux influences seasonal to interannual patterns of plankton abundance[END_REF][START_REF] Chiswell | Spring blooms and annual cycles of phytoplankton: a unified perspective[END_REF]Romagnan et al., 2015;[START_REF] Atkinson | What drives plankton seasonality in a stratifying shelf sea? Some competing and complementary theories[END_REF]. Gilbert et al. (2012), Barton et al. (2014) and Romagnan et al. (2015) have provided evidence for a strong influence of the physical environment on phytoplankton dynamics, suggesting a bottom-up control of annual succession. A substantial impact of species interaction, such as grazing that imposes a top-down control (e.g. mesozooplankton species on protists), has also been suggested in the western part of the English Channel [START_REF] Fileman | Grazing by the copepods Calanus helgolandicus and Acartia clausi on the protozooplankton community at station L4 in the western English Channel[END_REF][START_REF] Kenitz | Seasonal succession in zooplankton feeding traits reveals trophic trait coupling[END_REF].

The seasonal cycles of irradiance, temperature and stratification-and associated changes in the pycnocline, thermocline and halocline-are known to be closely related to the onset of phytoplankton growth (Longhurst, 1998), with nutrients influencing the phytoplankton bloom extent (Sommer et al., 2012). Although APS starts typically by the onset of the spring bloom in most extra-tropical regions, winter is a key period during which the ingredients needed to trigger the start of phytoplankton proliferation are prepared (Sommer et al., 2012). During winter, wind intensifies the mixing of the upper layers and an increase in convection leads to a deep mixing leading to an increase in the concentration of nitrate, phosphate and silicate in the surface layers [START_REF] Falkowski | Mix and match: how climate selects phytoplankton[END_REF][START_REF] Mann | Dynamics of Marine Ecosystems: Biological-Physical Interactions in the Oceans[END_REF] while diluting phytoplankton in the water column [START_REF] Behrenfeld | Abandoning Sverdrup's critical depth hypothesis on phytoplankton blooms[END_REF].

The main objective of this study is to reconstruct APS using models of increasing complexity-generated from the MacroEcological Theory on the Arrangement of Life (METAL; Beaugrand, 2015a)-that considers a set of environmental parameters known to influence marine phytoplankton dynamics such as temperature, photosynthetically active radiation (PAR) and macro-nutrients. The METAL framework unifies behavioural, physiological, phenological biogeographic and long-term community shifts and consequently allows one to model how communities form and how they are altered by environmental fluctuations, including climatic variability and global climate change [START_REF] Beaugrand | Marine biodiversity, ecosystem functioning and the carbon cycles[END_REF][START_REF] Beaugrand | Marine biological shifts and climate[END_REF](Beaugrand et al., , 2018;;[START_REF] Beaugrand | Applying the concept of the ecological niche and a macroecological approach to understand how climate influences zooplankton: advantages, assumptions, limitations and requirements[END_REF]. The strength of this approach is to consider that basic organization and sensitivity of communities can be predicted from simple founding principles. Even though ecosystems are complex adaptive systems [START_REF] Levin | Resilience, robustness, and marine ecosystem-based management[END_REF], a significant proportion of the spatial and temporal adjustments of marine communities are deterministic, which opens the way to testable predictions. In this study, our objectives are to test whether APS is related to the interaction between the ecological niche (sensu [START_REF] Hutchinson | Concluding remarks[END_REF] of species and seasonal environmental fluctuations, and to identify the key ecological variables of the niche that control annual phytoplankton dynamics.

Using data from the Continuous Plankton Recorder (CPR) survey [START_REF] Reid | The continuous plankton recorder: concepts and history, from plankton indicator to undulating recorders[END_REF], we characterize APS in an area of the North Sea ranging from 1 • E to 4 • E and from 54 • N to 56 • N (Fig. S1). The area of consideration is close to the Flamborough Frontal structure, which separates seasonally thermally stratified water to the north and tidally mixed water to the south [START_REF] Huthnance | Physical oceanography of the North Sea[END_REF]Pingree et al., 1978). We model APS using METAL, comparing observed and predicted patterns, and we investigate how natural environmental fluctuations drive phytoplankton seasonality from initiation to termination. Finally, we discuss our results in the context of APS, including the spring bloom (Widdicombe et al., 2010;Sommer et al., 2012;Romagnan et al., 2015).

METHOD Biological data

Biological data are originated from the CPR (www.cprsu rvey.org/data/our-data/) survey, a marine monitoring programme currently operated by the Marine Biological Association (MBA) that has sampled the North Atlantic Ocean and its adjacent seas since 1946 on a routine monthly basis and at ∼7-10 m depth [START_REF] Reid | The continuous plankton recorder: concepts and history, from plankton indicator to undulating recorders[END_REF]. Extensively used in the literature, this dataset has allowed researchers to (i) investigate APS (e.g. [START_REF] Colebrook | Continuous plankton records: seasonal cycles of phytoplankton and copepods in the North Atlantic Ocean and the North Sea[END_REF][START_REF] Colebrook | Continuous plankton records: seasonal variations in the distribution and abundance of plankton in the North Atlantic Ocean and the North Sea[END_REF][START_REF] Zhai | The response of phytoplankton to climate variability associated with the North Atlantic Oscillation[END_REF]Barton et al., 2014); (ii) characterize pelagic biodiversity (e.g. [START_REF] Barnard | Continuous plankton records: plankton atlas of the North Atlantic Ocean (1958-1999). II. Biogeographical charts[END_REF]Beaugrand et al., 2002); (iii) document distributional, phenological and physiological responses of marine species to climate change (e.g. [START_REF] Beaugrand | Rapid biogeographical plankton shifts in the North Atlantic Ocean[END_REF][START_REF] Helaouët | Physiology, ecological niches and species distribution[END_REF][START_REF] Thackeray | Phenological sensitivity to climate across taxa and trophic levels[END_REF]Beaugrand and Kirby, 2018) and (iv) anticipate the consequences of global warming in the pelagic realm (e.g. [START_REF] Reid | Phytoplankton change in the North Atlantic[END_REF][START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF].

Here, we focused our analyses on the phytoplankton community of the North Sea (1-4 • E and 54-56 • N; Fig. S1) and considered 90 species/taxa commonly monitored by the CPR survey over the period 1958-2016 (Table 1). The area was selected for both a regular sampling effort over the study period and its geographical location far from the coast. For each species/taxa, we calculated a daily climatology of species abundances, based on 60 years of sampling.

Environmental data

Nutrient data originated from the World Ocean Atlas 2013 V2 provided by the NOAA National Centers for Environmental Information, Silver Spring, MD, USA (www.nodc.noaa.gov/OC5/woa13/woa13data.html; [START_REF] Garcia | World Ocean Atlas 2013: volume 4: dissolved inorganic nutrients (phosphate, nitrate, silicate)[END_REF]. It is a scientifically quality-controlled database of historical in situ surface and subsurface phosphate (μmol. L -1 ), silicate (μmol. L -1 ) and nitrate (μmol. L -1 ) measures. Monthly means are provided on a 3D grid of 1 • latitude by 1 • longitude, by 37 depth levels. We calculated the average nutrient concentrations in the area over the first 20-m water depth. From nitrate and phosphate concentration, we calculated the N/P ratio [START_REF] Redfield | The biological control of chemical factors in the environment[END_REF] known to influence the APS [START_REF] Falkowski | The global carbon cycle: a test of our knowledge of earth as a system[END_REF].

We used PAR (Einstein.m -2 .day -1 ), solar radiation spectrum in the wavelength range of 400-700 nm as a proxy of the level of energy that can be assimilated by photosynthetic organisms [START_REF] Asrar | Measuring and modeling spectral characteristics of a tallgrass prairie[END_REF]. Data were provided by the Giovanni online data system, developed and maintained by the NASA GES DISC (gdata1.sci. gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=ocea n_month). A monthly climatology of PAR, at a spatial resolution of 9 km, was calculated by compiling Seaviewing Wide Field-of-View Sensor (SeaWiFS) data from 2009 to 2012.

We also examined annual changes in the Mixed Layer Depth (MLD in meters; Fig. S2), using data from the Global Ocean Physical Reanalysis product (GLOBAL_REANALYSIS_ PHY_001_030) provided by the Copernicus Marine Environment Monitoring service (https://marine.copernicus.eu/).

We assessed the thermal environment of the 90 phytoplankton species over our region of interest using Sea Surface Temperature (SST) from the Optimum Interpolation (OI), which is based on both in situ and satellite observations (see [START_REF] Reynolds | An improved in situ and satellite SST analysis for climate[END_REF] for a full description of the OI analysis). While nutrients and PAR were only available at a monthly scale, daily SST allowed us to calculate daily species thermal preferendum: we first calculated daily SSTs on a 1 • by 1 • grid from January 1982 to December 2017, and then averaged data for the region ranging from 1 • E to 4 • E and from 54 • N to 56 • N (Fig. S1). Annual environmental changes are shown in Fig. 2.

The macroecological theory on the arrangement of life

The METAL is a theory that explains how life is arranged and how changing environmental conditions alter biological arrangements in space and time at different ecological levels (e.g. species, community and ecosystem), allowing predictions to be tested (Beaugrand, 2015a). METAL posits that many ecological (e.g. phenology), biogeographic (e.g. LBGs) and climate-change biology patterns (e.g. phenological and biogeographical shifts) originate from the fundamental niche-environment interaction and unifies a large number of patterns observed in biogeography and ecology at different organizational levels (e.g. spatial range, Rapoport's rule, phenology, latitudinal biodiversity gradients, and formation and alteration of species assemblages) and in climate change biology (e.g. phenological shifts, year-to-year to decadal changes in species abundance, range shift, biodiversity shifts, community alteration and abrupt community shifts; Beaugrand, [START_REF] Beaugrand | Towards an understanding of the pattern of biodiversity in the oceans[END_REF][START_REF] Beaugrand | Marine biological shifts and climate[END_REF]Beaugrand et al., , 2018[START_REF] Beaugrand | Prediction of unprecedented biological shifts in the global ocean[END_REF][START_REF] Beaugrand | The mathematical influence on global patterns of biodiversity[END_REF]Beaugrand, 2015aBeaugrand, , 2015b;;Beaugrand and Kirby, 2018).

The theory uses the concept of the ecological niche sensu [START_REF] Hutchinson | Concluding remarks[END_REF] as a macroscopic elementary brick to understand how species fluctuate in time and space and how communities form and are altered by environmental fluctuations, including climate change (Fig. 1). All species have an ecological niche, which means that they operate within a range of ecological conditions that are suitable for growth and reproduction. The environment acts by selecting species that have the most suitable niche. It follows that this mechanism determines the place where a species lives (i.e. spatial distribution), time when it is active (i.e. phenology) and how individual density fluctuates from short-to long-time scales. Locally however, the absence of a species may be explained by species interaction and random processes, such as those discussed in the Unified Neutral Theory of Biodiversity and Biogeography [START_REF] Hubbell | The Unified Neutral Theory of Biodiversity and Biogeography[END_REF]. The ecological niche, measured by the abundance plotted as a function of some key ecological factors throughout the spatial range of a species, integrates all genetic variations that affect biological traits and physiological processes. More information Here, the niche is based on a bi-normal distribution with a correlation coefficient fixed to 0.6 between the two environmental factors. At the optimal part of the niche, all biological processes are operational. When ecological conditions become less favorable, this successively impairs reproduction, growth, feeding and survival. Ecological dimensions (i.e. the number of ecological variables) varied between 2 and 5 in this study.

x opt and t (parameters of Equations 1 and 2) are indicated on the figure .   environmental parameters, Fig. S2). Six environmental parameters were used (e.g. SST, PAR, nitrate, silicate, phosphate and nitrate/phosphate ratio). Thirdly (Step 3), we made 84 simulations building for each a large number of hypothetical ecological niches based on 1-5D niches. All possible niches were therefore built. The maximum abundance of each niche was fixed to 1 and decreasing abundance around the optimum was a function of the environmental amplitude. Estimations of seasonal changes in pseudo-species abundance were calculated at a daily scale by performing a cubic interpolation of the 1-5D niches with the corresponding environmental variables. This calculation step is fully described in Beaugrand and Kirby (2018) (their Fig. 4). We detailed this stage of the procedure in Figs 3 and4 using simple examples. Fourthly (Step 4), we compared modelled and observed annual patterns in phytoplankton abundance at the species level by means of correlation analyses and the computation of Minimum Assessment Errors (MAEs). To consider a possible bias induced by temporal autocorrelation, we tested both correlations and MAEs with null models.

Step 1: Examination of APS from the CPR survey

We first removed species with average annual abundances <0.5 in the study area, leading to the selection of 81 phytoplankton species (Table 1) for which we estimated average daily abundances for the period 1946-2015. To minimize short-term fluctuations and to reduce the noise inherent to these data, we applied twice a sixth-order symmetrical moving average on each daily time series (Legendre and Legendre, 1998).

A standardized PCA [START_REF] Jolliffe | Principal Component Analysis[END_REF] was applied on the correlation matrix [81 phytoplankton species x 365 days] and the significant principal components (PCs) were examined to identify changes in annual plankton succession. Species were then sorted according to their phenology by using normalized eigenvectors, i.e. linear correlation values with the corresponding PCs higher than |0.5| (Table 1). Only significant axes (PCs) that best explained APS were considered (Fig. 3). We tested the significance of the first three axes by using a brokenstick distribution based on 100 000 simulations [START_REF] Frontier | Etude de la décroissance des valeurs propres dans Une analyse en composantes principales: comparaison avec le modèle du bâton brisé[END_REF][START_REF] Beaugrand | Prediction of unprecedented biological shifts in the global ocean[END_REF]. Phytoplankton species were then clustered into five groups: Bacillariophyceae, Dinophyceae, Primnesiophyceae, Dictyochophyceae and Cyanophyceae. We reported here the three PCs for which we found correlations between dominant phytoplankton species and PCs (Table 1).

Step 2: Generation of pseudo-species using models from the METAL theory

We modelled the patterns of APS using METAL. First, and using each environmental parameter (i.e. nutrients, PAR and SST), we generated a pool of 1D niches (i.e. niches with only one ecological dimension) based on a Gaussian model [START_REF] Gauch | Ordination of vegetation samples by Gaussian species distributions[END_REF][START_REF] Ter Braak | Unimodal models to relate species to environment[END_REF] to calculate species abundance, (Fig. S2)

A = c e - (x-x opt ) 2 2t 2 (1)
where A is the abundance of a species as a function of the value of a given environmental parameter x; c the maximum abundance of a pseudo-species with c being fixed to 1 (Beaugrand, 2015b); x opt the environmental optimum (e.g. the condition for which a given species reaches the highest level of abundance; Fig. S2) and t the ecological amplitude (i.e. the environmental range where a species can occur; Fig. S2) of a pseudo-species (Table S2). One dimension of the niche (or one ecological dimension; Fig. S2) is represented by the whole range of values of an ecological variable.

Multi-dimensional niches (i.e. niches with more than one ecological dimension) were modelled as follows:

A = ce -1 2 x 1 -x opt1 t 1 2 + ... + xn-x optn tn 2 , (2) 
with 2≤n≤5 ecological dimensions, x 1 to x n , the values of the environmental parameters, x opt1 to x optn , the optimum values of x 1 to x n and t 1 to t n , the ecological amplitudes of x 1 to x n . c is the maximum abundance of a pseudo-species with c being fixed to 1 (Beaugrand, 2015b). We chose a multiplicative model to ensure that one dimension can exclusively control the abundance of a pseudo-species. For example, if the interaction between the silicate niche and the environment leads to a nil or (low) abundance, the abundance will remain nil (or low) whatever the values of the other ecological dimensions. Simulated ecological niches had five ecological dimensions at maximum. We used six ecological variables to build the different niches: (i) SST, (ii) PAR, (iii) nitrate, (iv) phosphate, (v) silicate and (vi) the N/P ratio. When the N/P ratio was considered, neither nitrate nor phosphate concentrations were included in the niches to avoid possible bias related to multi-collinearity. To examine the sensitivity of our analyses to low PAR conditions, three minimum values were considered (Table S2): 1 (termed 'PARa'), 10 ('PARb') and 20 ('PARc') E.m -2 .day -1 .

Step 3: Model simulations

We then performed simulations using all possible environmental combinations, from one to five ecological dimensions, leading to a total of 84 runs: 16 simulations based on 1D niches, 23 simulations based on 2D niches, 29 simulations based on 3D niches, 13 simulations based on 4D niches and 3 simulations based on 5D niches (Table S1). The characteristics (optimum and ecological amplitude) of all niches are presented in Table S2. For example, we defined 7 optimum values for temperature (i.e. values corresponding to the highest abundance for a given pseudo-species) from 0 to 36 • C-by increment of 6 • C-and 4 ecological amplitudes from 1 to 10 • C-by increment of 3 • C-leading to the creation of 28 (7 × 4) virtual (or pseudo-) niches.

The core principle of METAL is to generate a large number of pseudo-niches (i.e. simulated niches, we say niche hereafter) and pseudo-species (i.e. virtual species; [START_REF] Beaugrand | The mathematical influence on global patterns of biodiversity[END_REF] to examine whether the nicheenvironment interaction (here the APS) is responsible for the generation of spatio-temporal patterns in APS. For each simulation, a large number of niches (from 21 to 15 431 472) were created (Table S2). To determine the total number of niches per simulation, we multiplied the number of niches generated for a given dimension by the number generated for all other ecological dimensions. For example, for a run based on temperature, PAR and nitrate (i.e. a 3D run), the total number of niches was 28 × 21 × 27 = 15 876 ecological niches (with 28 niches for SST, 21 for PARc and 27 for nitrate; Table S2). When all ecological dimensions were considered (a 5D simulation), the total number of niches was 28 (SST) × 27 (PARa) × 27 (nitrate) × 28 (silicate) × 27 (phosphate) = 15 431 472 ecological niches (Table S2). Optimum and ecological amplitude of all niches are presented in Table S1.

To test whether niche resolution-function of the increments (Table S2)-affected our analyses, we compared two extreme cases of 1D models (i.e. we named them low and high resolutions hereafter) using each ecological variable. The term "bis" was added to identify high-resolution niches (Tables S2 andS3). Because of the high number of categories generated in the highresolution case (e.g. 144 648 000 categories for simulations based on temperature, PARa and phosphate) and the resulting high computation time, we only performed high-resolution analyses for 1D models.

Finally, annual estimations of pseudo-species abundances were assessed by performing a cubic interpolation of the 1-5D niches with the corresponding environmental variables. Four runs on APS are closely examined as examples: three 1D runs based on either (i) SST, (ii) PAR or (iii) nitrate (Fig. 4) and (iv) one 3D run based on SST, PAR and nitrate (Fig. 5). To reveal the simulated patterns in APS, we also applied a standardized PCA and used the PCs to sort the different pseudo-species in the same way as we did for observed APSs (Step 1). We did one PCA per simulation. In the case of these examples, we therefore performed four PCAs: one for the simulation based exclusively on thermal niches (Fig. 4a-c), one for the simulation based exclusively on PAR niches (Fig. 4d-f ), one for the simulation based exclusively on nitrate niches (Fig. 4g-i) and a last one for the simulation based on the 3D (SST, PAR and nitrate) niches (Fig. 5). We only examined significant PCs for which we found correlations >|0.5| between pseudo-species and PCs.

Step 4: Comparisons of modelled and observed seasonal patterns Comparisons between modelled and observed annual patterns in phytoplankton abundance were not based upon regression analyses but assessed by the Pearson's correlation coefficients (Fig. 6 and Fig. 7) and the Mean Absolute Error (MAE; Fig. 7) that measures the average magnitude of the errors in a set of predictions without considering their direction. Equation (3) represents the absolute differences between predictions and observations, divided by the number of differences to be tested (with all individual differences having equal weight)

MAE = n i=1 | Xi -Yi | n , (3) 
with n the number of differences to be tested, X i is prediction i and Y i is observation i. The MAE is a negatively oriented score; the lower values being related to the strongest correlations. Pearson's correlation coefficients and MAEs were calculated for each run between all observed and modelled daily patterns in (pseudo-) species abundance, leading to a correlation or MAE matrix [species × pseudo-species]. We then identified the highest positive correlations and the lowest MAE values. For each run and species, and using the average correlation and MAE values, we therefore obtained two vectors (Fig. S4). To graphically depict the relationships, the daily normalized (between 0 and 1) pseudo-species abundances-that showed the highest correlation with observed species-were plotted against daily observed species abundances (Fig. 6).

To consider a possible bias induced by temporal autocorrelation, we tested both correlations and MAEs with null models. First, we randomly generated a number of daily time series corresponding to the total number of pseudo-species generated for each run. The number of time series was small for 1D simulations but became important for an increasing number of dimensions. The procedure was repeated 1000 times and the average Pearson correlation and MAE values were calculated for each simulation. To consider temporal autocorrelation, we generated two million of time series and kept the first 1000 with a 30-order (i.e. 30 days/∼1-month autocorrelation for daily time series) autocorrelation higher than average 30-order autocorrelation found in observed daily time series. We represented the results in a diagram that exhibited the observed average correlation for each run and the 1000 correlations found using the null model with (red) and without (blue) autocorrelation (Fig. 7). For each combination of environmental variables (i.e. 84 runs), we calculated the probability of significance of each correlation (Table S3) and used contour diagrams to identify (i) the most important environmental parameters and (ii) the number of dimensions to accurately reconstruct APS. This allowed us to highlight the number of species that exhibits the highest correlations in each run (Fig. 8).

RESULTS

Seasonal changes in environmental parameters in the North Sea

Temperature exhibited a minimum at the beginning of March and a maximum at the end of July-August (Fig. 2). PAR showed minimum and maximum values in December-January and June, respectively. The highest concentrations in nitrate, phosphate and silicate were 

Observed APS

We examined APS based on CPR plankton data by means of a standardized PCA (Fig. 3). The first three PCs were used because they were significant using a broken-stick 1 for information on species and their relations to the PCs. Tot. Sp. Richness: total species richness. model with 100 000 simulations (PC1: 26.86%, PC2: 18.06%, PC3: 12.22%; PCs were above the threshold percentage of 6.14, 4.91 and 4.29%, respectively). The PCs allowed us to differentiate five periods, each being characterized by a species assemblage: (i) an early-spring stage (8 species negatively correlated to PC1; left part of Fig. 3b), (ii) a spring stage (22 species positively correlated to PC2; Fig. 3c), (iii) a widespread summer stage (28 species positively related to PC1; Fig. 3a), (iv) a late summer/beginning of autumn stage (13 species negatively correlated to PC3; Fig. 3d) and (v) an autumn stage (8 species negatively correlated to PC1; right part of Fig. 3b). The summer stage (Fig. 3a) was characterized by the highest species richness but showed a low proportion of diatoms in comparison to both spring and autumn stages. Silicoflagellates were also present (Table 1).

Modelled APS

We reconstructed APS by using models of growing complexity (i.e. by considering a growing number of niche dimensions) including all combinations of SST, PAR, nitrate, phosphate, silicate and N/P ratio (a total of 84 simulations). Here, we focused on four examples of modelled APS (Fig. 4 and Fig. 5). We used the same procedure (standardized PCA) to sort pseudo-species phenology and characterize annual succession. We retained the first two PCs for simulations based exclusively on thermal niches (81.05 and 15.10% of the explained variance; Fig. 4a-c), for simulations based exclusively on PAR niches (42.98 and 27.66%; Fig. 4d-f ) and for simulations based exclusively on nitrate niches (91.84 and 5.10%; Fig. 4g-i). The first four PCs (32.30,20.90,14.82 and 11.05%) were kept for simulations based on SST, PAR and nitrate (Fig. 5), all PCs being significant using the broken-stick distribution based on 100 000 simulations (thresholds of significance were of 6.14, 4.91, 4.29 and 3.88% for PC1-PC4).

The first simulations, based on thermal niches only, showed two main phases of high phytoplankton abundance (also representative of a high species richness) in summer (Fig. 4a) and winter (Fig. 4b) and two minor phases in spring and autumn (Fig. 4c). The winter phase of high abundance did not correspond to any observed patterns (Figs 3 versus 4). The second simulations, based on PAR only, showed several peaks of high phytoplankton abundance in spring, summer and autumn (Fig. 4d-f ). These patterns were close to the observed patterns of annual succession (Fig. 3), suggesting an important role of PAR in the modulation of APS. The third simulationsbased on nitrate only (Fig. 4g-i)-showed an important winter peak in phytoplankton abundance not detected in the observations (Figs 3 versus 4). Considering nitrate only was, therefore, not sufficient to reconstruct APS. The fourth simulations that combined SST, PAR and nitrate (Fig. 5a-e) were more efficient to reproduce the APS observed in the CPR data, especially during the late-summer phase (Figs 5 versus 3). The relationships between modelled and observed APS are thoroughly examined below.

Reconstruction of species seasonal patterns

We calculated the Pearson's correlation coefficients between observed and modelled phytoplankton abundances for the 84 simulations we performed; note that our simulations were characterized by a growing number of ecological dimensions-ranging from one to five-and that all combinations of environmental parameters were tested. We selected the best correlations and examined graphically the relationships (Fig. 6): for most of phytoplankton species or taxa (e.g. Skeletonema costatum and Thalassiosira spp.), pseudo-species reproduced observed seasonal patterns well, while marginal discrepancies were sometimes observed for some species (e.g. Paralia sulcata and Dactyliosolen antarcticus; Fig. 6). All phytoplankton groups were well modelled (see the colour curves in Fig. 6).

Identification of the number of ecological dimensions to reconstruct APS

To identify the number of ecological dimensions to use for reconstructing APS well, we calculated-considering all our simulations-the average of the best correlations and MAEs between observed and modelled phytoplankton abundances (Table S3, Fig. 7). We tested the robustness of correlations and MAEs (e.g. possible bias related to temporal autocorrelation) using null models. While MAE values were sometimes significant for 1D simulations (Fig. 7), APS was better reproduced when at least three dimensions were considered (Fig. 7). Not all correlations were significant for models based on three or more ecological dimensions; considering five dimensions did not improve the percentage of explained variance (i.e. model quality). This result emphasizes that using Fig. 6. Seasonal patterns in standardised observed and simulated phytoplankton species abundances. Relative abundances of species sampled by the CPR survey (each taxonomic class being identified by a specific colour, see legend) plotted together with relative abundances of pseudospecies reconstructed using METAL (orange). See Table 1 for species names and taxonomic class. relevant environmental variables is more important than increasing model complexity.

Identification of key environmental variables to reconstruct APS

We then identified the most relevant environmental variables that best reproduce APS and the seasonal patterns that result of species phenology (Fig. 8). Uni-dimensional models (1D, Runs 1-16) explained poorly observed seasonal changes in species abundance, with the exception of Run 2 that was exclusively based on SST (Fig. 8a). For Run 2, eight species showed their highest correlations between observed and modelled seasonal patterns (Fig. 8a). Two-dimensional models (Runs 17-39) also explained poorly species seasonal patterns and only three species exhibited their highest correlations when simulations were based on both temperature and PAR (Fig. 8a, Table S1). Better results were achieved when models were based on three or more ecological dimensions: 3-5D models showed 29 (Runs 40-68), 25 (Runs 69-81) and 14 (Runs 82-84) highest correlations between observed and modelled seasonal patterns, respectively (Fig. 8a). Note that Run 51, based on SST, N/P and PARc (i.e. a minimum value of PAR = 20 E.m -2 .day -1 ), exhibited 10 highest correlations.

We also examined the correlations between each simulated and observed seasonal patterns for all species and runs (Fig. 8b). Even if the best results were achieved for models based on SST only (Run 2), results were similar when three or more dimensions were included (Fig. 8b). Low correlations generally appeared when the triplet SST/PAR/macro-nutrient was not used (Fig. 8b and Table S1, e.g. Runs 53-56), revealing that this combination was important to model species seasonal patterns. 

DISCUSSION

Annual phytoplankton succession

The application of the plankton ecology group (PEG) model in lakes and subsequently in the marine realm (Sommer et al., 1986(Sommer et al., , 2012) ) has suggested that (i) physics (light and stratification) controls the start and the end of the phytoplankton growth season, (ii) grazing by metazoan plankton results in a clear water phase, (iii) nutrients define the carrying capacity of phytoplankton, (iv) food limitation determines zooplankton abundance and (v) fish predation determines zooplankton size structure.

While grazing may have a substantial influence on phytoplankton (Kivi et al., 1993;[START_REF] Fileman | Grazing by the copepods Calanus helgolandicus and Acartia clausi on the protozooplankton community at station L4 in the western English Channel[END_REF][START_REF] Kenitz | Seasonal succession in zooplankton feeding traits reveals trophic trait coupling[END_REF], its non-consideration in our analyses did not prevent us from accurately reconstructing species phenology. Here, we show that annual plankton succession in the North Sea-including the spring bloom-may originate from the niche-environment interaction with a key role of bottom-up processes in shaping APS, as observed by Romagnan et al. (2015) for the Mediterranean Sea. Our results suggest that PARs, and to a lesser extent SST, are important for the initiation of the spring bloom, macro-nutrients for the end of the spring bloom and both SST and macro-nutrients for the development of APS. All these parameters (i.e. light, nutrients and temperature) are seen as master parameters controlling photosynthesis in physiological studies [START_REF] Geider | A dynamic model of phytoplankton growth and acclimation: responses of the balanced growth rate and chlorophyll a: carbon ratio to light, nutrient-limitation and temperature[END_REF]Longhurst, 1998;[START_REF] Mcminn | Dark survival in a warming world[END_REF][START_REF] Ras | Temperature effect on microalgae: a crucial factor for outdoor production[END_REF].

In previous works, we suggested that large-scale patterns in biodiversity emerged from the niche-environment interactions that propagate from the species to the community level [START_REF] Beaugrand | Towards an understanding of the pattern of biodiversity in the oceans[END_REF][START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF]Beaugrand et al., , 2018[START_REF] Beaugrand | The mathematical influence on global patterns of biodiversity[END_REF]. While APS has been frequently investigated at the group level (e.g. plankton functional type, PEGs or categories), we show thateven within a given ecological or taxonomic groupspecies reacts to environmental fluctuations individually through the niche-environment interaction, conforming themselves to the principle of species individuality [START_REF] Whittaker | Communities and Ecosystems[END_REF].

By investigating APS at a species scale, we detected four main microphytoplanktonic successions in the North Sea (see Table 1 for the species list). The first assemblage is composed of species that exhibited their highest abundance at the beginning of spring and a second less important peak in autumn (PC1 in Figs 3b and6). This microphytoplanktonic assemblage, generally composed of large diatoms such as Thalassionema nitzschioides and Ditylum brightwellii (Table 1 and Fig. 6), was primarily controlled by PAR and nutrients availability. PAR is an essential parameter limiting photosynthesis with a well-known influence on species growth rate [START_REF] Eppley | Growth rates of marine phytoplankton: correlation with light absorption by cell chlorophyll A[END_REF] that mainly acts in polar regions [START_REF] Mcminn | Dark survival in a warming world[END_REF], but also in lower latitude areas such as the North Sea [START_REF] Peeters | Nutrients and light as factors controlling phytoplankton biomass on the Dutch continental shelf (North Sea)[END_REF]. The first assemblage is also psychrophilic, reaching its highest (lowest) abundance when temperature is lowest (highest) (Fig. 2). When PAR is highest and when PAR or nutrients concentration is lowest (Fig. 2), the assemblage is not detected, which is consistent with a positive influence of nutrients on both growth rate and primary production [START_REF] Goldman | Physiological processes, nutrient availability, and the concept of relative growth rate in marine phytoplankton ecology[END_REF]Longhurst, 1998). Although not considered in our simulations (because of data availability), turbulence, mixing and high SST variability, environmental conditions that characterize early spring and autumn may also influence positively the first assemblage which is more adapted to this environment than dinoflagellates (Margalef, 1978;[START_REF] Holligan | The distribution of dinoflagellates around the British Isles in July 1977: a multivariate analysis[END_REF][START_REF] Beaugrand | Marine biodiversity, ecosystem functioning and the carbon cycles[END_REF]. In winter, PAR (or the number of daily light hours) and temperature, to a lesser extent, limit diatom growth; deep-water column mixing combined to an absence of biological production enables nutrients to increase at the surface.

The second assemblage, less psychrophile than the first one and which encompasses species such as Chaetoceros spp. or Coscinodiscus concinnus, occurs generally between April and June at a time when temperature and PAR increase, and silicate-and nitrate and phosphate, but to a lesser extent-concentrations diminish (Figs 2, Fig. 3c and Fig. 6).

The third assemblage, mainly composed of dinoflagellates (e.g. Ceratium fusus and Ceratium furca) and of some small diatoms (e.g. Guinardia striata and Guinardia flaccida), is observed in oligotrophic conditions and when temperature and PAR are high (Figs 2, Fig. 3a and Fig. 6). Silicate depletion played an important role in the change in dominance observed between the second and third assemblage. In a mesocosm experiment, silicate deficiency was assumed to be the cause of the strong reduction in large spring bloom diatoms and the replacement by flagellates [START_REF] Jacobsen | Effects of increased concentration of nitrate and phosphate during a spring bloom experiment in microcosm[END_REF]. Small diatoms need less silicic acid for their skeleton and have a higher surface to volume ratio which increases nutrient absorption [START_REF] Miller | Communication and coordination[END_REF]. Dinoflagellates occur in areas when temperatures are warm, SST variability is low and the water column is well stabilized (Margalef, 1978;[START_REF] Beaugrand | Marine biodiversity, ecosystem functioning and the carbon cycles[END_REF].

The fourth assemblage is composed of late-summer/ autumn warm-temperate species (e.g. the diatoms Bellerochea malleus and Biddulphia alternans; Figs 3d and 6) with a northern distributional limit in the North Sea (e.g. B. malleus) [START_REF] Barnard | Continuous plankton records: plankton atlas of the North Atlantic Ocean (1958-1999). II. Biogeographical charts[END_REF]. This assemblage occurs when temperature is high and when nutrients concentration tends to increase.

The spring bloom

Our study also provides evidence for a strong environmental control of the initiation, development and termination phases of the spring bloom. The integration of PAR, and to a lesser extent SST, in the simulations can simply explain the initiation of the spring bloom in the North Sea. Average light intensity in the mixed layer is known to govern the timing of the spring bloom [START_REF] Riley | The plankton of estuaries[END_REF][START_REF] Legendre | The significance of microalgal blooms for fisheries and for the export of particulate organic carbon in oceans[END_REF]. This is especially the case in the shallow regions of high latitudes [START_REF] Reid | Phytoplankton of the North Sea and its dynamics: a review[END_REF][START_REF] Eilertsen | Spring blooms and stratification[END_REF][START_REF] Shaw | Phytoplankton photosynthesisirradiance parameters in the near-shore UK coastal waters of the North Sea: temporal variation and environmental control[END_REF]. [START_REF] Smyth | Ocean net heat flux influences seasonal to interannual patterns of plankton abundance[END_REF] have provided evidence that oceanic net heat flux strongly affects ecosystem dynamics and have also conveyed that the spring bloom started in the western part of the English Channel (Station L4, Plymouth) when net heat flux becomes positive [START_REF] Smyth | Ocean net heat flux influences seasonal to interannual patterns of plankton abundance[END_REF]. Because net heat flux is highly positively correlated with irradiance and PAR (Beaugrand, 2015a), a strong control of PAR on the initiation of the spring bloom may be expected.

The physical structure of the sea water strongly changes at the time of spring bloom initiation, and many studies have suggested that it exerts a strong control, although the debate remains active on the exact types of physical processes that may play a critical role [START_REF] Atkinson | What drives plankton seasonality in a stratifying shelf sea? Some competing and complementary theories[END_REF]. Our biological model, however, suggests that APS results from the interaction between niche of species and annual environmental fluctuations. Parameters such as those related to vertical mixing would only affect the abundance by influencing sinking rate and vertical distribution, r = μ-l with r the net specific biomass accumulation rate, μ the phytoplankton growth rate and l a loss term influenced by sinking and vertical mixing (and other processes such as grazing, respiration and parasitism; [START_REF] Behrenfeld | Abandoning Sverdrup's critical depth hypothesis on phytoplankton blooms[END_REF][START_REF] Chiswell | Spring blooms and annual cycles of phytoplankton: a unified perspective[END_REF]. In this study, we concentrate on μ at the species level and have not implemented any loss rate in our models. We think that this lack of complexity in this shallow region cannot affect our conclusions on the primary control of APS.

Our models suggest that the limitation in macronutrients is a key factor for bloom termination. To model the end of the spring bloom, we did not have to consider the influence of grazing in regulating phytoplankton communities and the exhaustion of surface macronutrients could explain alone bloom termination [START_REF] Fischer | Sixty years of Sverdrup: a retrospective of progress in the study of phytoplankton blooms[END_REF]. Large seasonal changes in atmospheric forcing and ocean surface conditions shape, to a large degree, the seasonal cycles of phytoplankton biomass but also the relative abundance of phytoplankton species (Barton et al., 2014). Investigating the oceanic region of the North Atlantic, [START_REF] Beaugrand | Future vulnerability of marine biodiversity compared with contemporary and past changes[END_REF] showed that phytoplankton and zooplankton seasonal fluctuations were closely related (his figure 5.28), suggesting a bottomup control. More recently, by focusing on a region with approximately the same bathymetry than ours, [START_REF] Atkinson | What drives plankton seasonality in a stratifying shelf sea? Some competing and complementary theories[END_REF] demonstrated that both the increase and termination of the spring bloom were encapsulated by zooplankton, providing strong evidence against a top-down control.

In the pelagic ecosystem of the North Atlantic, diatom blooms end with the depletion of silicate and are progressively replaced by slower growing dinoflagellates (Taylor et al., 1993). Although the succession between diatoms and dinoflagellates is well explained by macro-nutrients and temperature in our simulations, it is also knownsince [START_REF] Margalef | Functional morphology of organisms involved in red tides, as adapted to decaying turbulence[END_REF]-that water column stability is a key factor to explain the succession between these two functional groups. Dinoflagellates are more sensitive than diatoms to turbulence [START_REF] Karp-Boss | Motion of dinoflagellates in simple shear flow[END_REF]. They can undergo significant vertical migrations to nutrient-rich areas but cannot reproduce when turbulence is too high [START_REF] Estrada | Phytoplankton in a turbulent world[END_REF]. In contrast, diatoms can continue cell division and the photosynthetic energy products are used to synthesize fatty acid that are converted to energy when cells are exported below the euphotic zone; fatty acid can be considered as a buoyancy regulator [START_REF] R E F E R E N C E S Amato | Marine diatoms change their gene expression profile when exposed to microscale turbulence under nutrient replete conditions[END_REF]. It is possible that mixing and turbulence are not required in our models because temperature is a proxy of mixing and turbulence conditions in the North Sea (e.g. [START_REF] Sharples | Inter-annual variability in the timing of stratification and the spring bloom in the northwestern North Sea[END_REF]. Confirmation of our results should be searched in regions that experience different sequences of environmental conditions.

Uncertainties and potential caveats related to our approach

As with all studies based on modelling and data analysis, it is sometimes difficult to identify primary factors and putative mechanisms at work. In this paper, we have primarily focused on the physical parameters of high biological relevance (temperature, PAR and nutrients; [START_REF] Peeters | Nutrients and light as factors controlling phytoplankton biomass on the Dutch continental shelf (North Sea)[END_REF][START_REF] Brown | Toward a metabolic theory of ecology[END_REF][START_REF] Eilertsen | Phytoplankton and light during the northern high-latitude winter[END_REF][START_REF] Mcminn | Dark survival in a warming world[END_REF][START_REF] Behrenfeld | Resurrecting the ecological underpinnings of ocean plankton blooms[END_REF]. We know that these parameters have a key biological role. However, temperature could also be a correlate for another physical parameter of primary importance such as MLD and depth of the euphotic zone (Beaugrand, 2015a). The role of vertical mixing is primarily to increase nutrient concentrations in surface and to influence phytoplankton sinking rate and vertical distribution [START_REF] Chiswell | Comment on "annual cycles of ecological disturbance and recovery underlying the subarctic Atlantic spring plankton bloom[END_REF][START_REF] Behrenfeld | Resurrecting the ecological underpinnings of ocean plankton blooms[END_REF]. In the field, natural systems are more complex than models and all parameters act in synergy.

The niche-environment interaction is certainly more unpredictable in the field than in our modelling approach for two main reasons. First, while the fundamental niche (sensu Hutchinson) was estimated here, the environmentthrough random meteorological conditions-may influence the realized niche of microalgae species. Second, phytoplankton community before and/or during the growth of a given species may alter species realized niche by competition for resources that lead to competitive exclusion (Barton et al., 2014). For example, the trait-based approach of [START_REF] Breton | Functional trait variation and nitrogen use efficiency in temperate coastal phytoplankton[END_REF] suggests that competitive exclusion prevails during Phaeocystis spp. blooms in the eastern English Channel.

It is well-known that the underwater light available for photosynthesis (PAR) is a key environmental variable for primary production [START_REF] Cole | An empirical model for estimating phytoplankton productivity in estuaries[END_REF][START_REF] Macintyre | The effect of water motion on short-term rates of photosynthesis by marine phytoplankton[END_REF][START_REF] Foden | Searching for undesirable disturbance: an application of the OSPAR eutrophication assessment method to marine waters of England and Wales[END_REF][START_REF] Capuzzo | Variability in the sub-surface light climate at ecohydrodynamically distinct sites in the North Sea[END_REF][START_REF] Capuzzo | Decrease in water clarity of the southern and central North Sea during the 20 th century[END_REF][START_REF] Capuzzo | A decline in primary production in the North Sea over 25 years, associated with reductions in zooplankton abundance and fish stock recruitment[END_REF]. Light field in the water column depends in turn on phytoplankton biomass (self-shading), inorganic suspended particulate materials, colored dissolved organic materials and water itself [START_REF] Ioccg | Remote sensing of ocean colour in coastal, and optically-complex, waters[END_REF]. Recent works on light quality have also revealed the important role of spectral irradiance on phytoplankton succession [START_REF] Lawrenz | Differential effects of changes in spectral irradiance on photoacclimation, primary productivity and growth in Rhodomonas salina (cryptophyceae) and Skeletonema costatum (bacillariophyceae) in simulated black water environment[END_REF]. In this study, we used surface PAR data that originated from a climatology. All phytoplankton species can perform photoregulation or photo-acclimation (i.e. the first occurs at time scales of minutes and the second takes place in a few hours or a day) to limit photo-inhibition in high light surface waters or optimize both light harvesting and Calvin cycle activity in the water column [START_REF] Macintyre | The effect of water motion on short-term rates of photosynthesis by marine phytoplankton[END_REF][START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: mechanisms, evolution and ecophysiology[END_REF][START_REF] Dubinsky | Photoacclimation processes in phytoplankton: mechanisms, consequences, and applications[END_REF]. In addition, photo-acclimation processes can be conducted on different kinetic models and time scales [START_REF] Cullen | The kinetics of algal photoadaptation in the context of vertical mixing[END_REF], according to environmental conditions and functional phytoplankton groups [START_REF] Macintyre | The effect of water motion on short-term rates of photosynthesis by marine phytoplankton[END_REF]. Even if photosynthesis performances between different species remain poorly documented [START_REF] Goss | Biodiversity of NPQ[END_REF][START_REF] Suggett | Functional diversity of photobiological traits within the genus Symbiodinium appears to be governed by the interaction of cell size with cladal designation[END_REF], they can induce a competitive effect between species at a given time.

CONCLUSION

Our study suggests that APS may result from the niche-environment interaction and that APS must be investigated at the species level to accurately explore and understand ecological patterns and processes. Our models provide evidence that sharp temporal environmental gradients may be responsible for the strong annual shifts in microphytoplanktonic composition in the North Sea; this occurs when an environmental factor becomes rapidly favourable (e.g. increasing PAR at the end of winter) or limiting (e.g. diminution of macro-nutrients at the end of spring). We identify the three key parameters that are the best predictors of the succession: (i) temperature, (ii) PAR and (iii) macro-nutrients. There is a clear effect of temperature on APS with a cline from coldwater species in early spring to warm-water species in late summer. By enabling the initiation of the spring bloom and ending the second bloom in autumn, PAR exerts a pivotal role. Macro-nutrients are critical at the end of the spring bloom and their increases in autumn trigger a secondary bloom which then becomes rapidly limited by conditions in PAR and temperature. Mixing is an important process by which macro-nutrients increase in the euphotic zone.
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 2 Figure 2: Plankton size fractions from Tara Oceans expeditions.The sampling protocol targeted in total 12 organismal size fractions from picoplankton to megaplankton, that is, across more than seven orders of magnitude in size, corresponding to the range from the size of a bee to ten times the height of Mount Everest. From[START_REF] Sunagawa | Tara Oceans: towards global ocean ecosystems biology[END_REF].
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 4 Figure 4: Microbes interact to structure ocean ecosystems and the carbon cycle. Microbial loop representation, from[START_REF] Worden | Rethinking the marine carbon cycle: Factoring in the multifarious lifestyles of microbes[END_REF].

Figure 5 :

 5 Figure 5: Seasonal succession of protists. Schematic representation of the annual cycle by different peaks of abundance of different protists that bloom at different time of the year.

Figure 7 :

 7 Figure 7: The temporal abundance profiles for rare-biosphere microorganisms. The schematic shows hypothetical temporal abundance profiles for various different members of the rare biosphere.The r-selected microorganisms that are periodically recruited from the rare biosphere (blue line) can switch between abundant and rare, depending on periodic environmental conditions such as temperature and seasonality. The r-selected microorganisms that are occasionally recruited from the rare biosphere (red line) persist with relatively rare abundances, responding to occasional episodic or stochastic cues such as precipitation and stress. Microbial taxa that show periodic increases in abundance but are permanently rare (green line) are adapted to exist at low relative abundance and respond with K-selected shifts in abundance, persistently avoiding predation and occupying a narrow niche. Permanently rare taxa (yellow line), which include possible keystone species, show persistent low-abundance distributions, occupying a narrow niche, and can escape from predation, although

  , and is currently operated in the frame of the SOMLIT (Service d'Observation en Milieu LITtoral, since 2000, http://somlit.epoc.u-bordeaux1.fr/) and PHYTOBS (PHYtoplankton OBServatory, since 2018) national monitoring programs. The overall goals of these monitoring networks are to assess long-term changes in coastal ecosystems and to discriminate climatic forcing from local anthropogenic ones. The SOMLIT coastal monitoring network was created in 1996 and is supported by the CNRS-INSU Institute. It involves ten marine stations and laboratories along the French coastline from Wimereux (English Channel) to Marseille (Mediterranean Sea) (Figure 8).
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  Figure 8: SOMLIT marine stations distributed along the French coast.
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 10 Figure 10: Considerations and techniques for each of the key steps in DNA metabarcoding. From Liu et al., (2020a).

  Figure I. 3: Two-dimensional ordination space derived from a non-metric multidimensional scaling (NMDS) procedure displaying the dissimilarities between plankton communities sampled bimonthly along 8 seasonal cycles (2009-2016) at the SOMLIT-Astan station (Western English Channel).Colours indicate the size fractions and periods/sequencing runs considered. Both small and big fractions collected in 2009-2011 were obtained through a first sequencing run (RUN1). Sequences of the small fraction (0.2-3 µm) collected in 2012-2016 were obtained from a second run (RUN2) and those of the big fraction (> 3 µm) collected in 2012-2016 were obtained from a third run (RUN3). Few samples from RUN3 with low number of reads were re-sequenced later in 2 additional runs(RUN 4 and 5). Those samples with low number of reads were removed. Nucleic acids of the smallest size fraction (0.2-3 µm) of the period 2009-2011 (small blue dots) were purified and concentrated using a different procedure. Fourth and fifth run indicates the few samples with low number of reads that

Figure

  Figure I. 4: Yearly relative contribution of most abundant groups to total reads counts in metabarcoding datasets (V4 rDNA amplicon sequences) at the Somlit-Astan coastal station for 2 size classes. (A): size fraction 0.2-3 µm, for which the nucleic acids purification and concentration step differed between the years 2009-2011 and the years 2012-2016. (B)size fraction >3µm for which DNA purification was the same. The list of taxa resulted from the selection of the 10 taxa with the highest contributions to total reads counts for each date.

  d'Observation en Milieu LITtoral, since 2000, http://somlit.epoc.u-bordeaux1.fr/) and PHYTOBS (PHYtoplankton OBServatory, since 2018) national monitoring programs. Plankton samples are collected bi-monthly at the SOMLIT-Astan station, with the vessel Néomysis, during high neap tide at surface (1 m depth) using a 5L Niskin bottle, as well as hydrological parameters measured during the same dates. For this study, the data corresponding to the period 2009 to 2016, within the fraction 3-10µm for the metabarcoding and >10µm for the morphology, were analysed.

Figure II. 1 :

 1 Figure II. 1: Location of the study area. The SOMLIT-Astan sampling station (48:46'49'' N; 3:58'14'' W) is located in the Western English Channel, 3.5 km from the coast. The water column at this site is 60 m deep and is never stratified due to intense tidal mixing. The site is strongly impacted by storms in Winter.

Figure II. 2 :

 2 Figure II. 2: Monthly variations of the hydrological and meteorological parameters at the SOMLIT-Astan time-series station in the period 2009-2016. Sampling was carried out at high neap tides. PAR

Figure II. 3 :

 3 Figure II. 3: Changes in alpha and beta diversity calculated for the protist assemblages over the period 2009-2016 at the SOMLIT-Astan sampling station. (A, B): Seasonal variations in the Shannon Indexes calculated for the period 2009-2016. (C, D): Interannual recurrence of protist communities shown by the variations in the Bray-Curtis dissimilarity index between samples collected along the 2009-2016 period, as a function of increasing lag between sampling dates. The lag values between samples, for each box plot correspond to a number of years (facet labels, from 0 to 7) plus a number of months (x axis of each facet, expressed as ranges). For example, the lag between samples considered for the first box plot is 0 years and 0 to 1 months and the lag between samples considered for the last box-plot in 7 years and 11 to 12 months. Panels (A) and (C) are based on the morphological dataset (cell counts) while graphs (B) and (D) are based on the metabarcoding dataset.

  variabilis and Guinardia delicatula, and to the genera Thalassiosira and Arcocellulus or Minutocellus. Although rather consistent over the 8 years, the temporal sequence showed important inter-annual variations (Fig.S6): for example, the relative contribution of reads assigned to the parasitic Cryothecomonas sp. and C. linearis were particularly prominent during the winters 2012 and 2013, and in July 2013 and 2015, respectively (Fig.S6A). Reads assigned to Picozoa judraskeda appeared only in 2016.
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  Figure II. 5: Typical seasonal variations of the dominant OTUs and overall contribution of the major diatoms species to the protist assemblage at the SOMLIT-Astan sampling station over the period 2009-2016. The histograms show the contributions (A) to total DNA reads abundance of the 32 dominatingOTUs (accounting for 51.5% of all reads), (B) of the main diatoms to total diatoms abundances (microscopy count of plankton >10um) and (C) of the main diatoms to total diatom reads abundances. All microscopy counts and OTUs were assigned at the highest taxonomic level. Species selected were the 10 most abundant (5 for diatoms) for at least one month, taking into account mean monthly abundances.
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  Figure II. 6: Similarity of protist communities (RDA analysis) in monthly samples over the period 2009-2016 at SOMLIT-Astan sampling station for morphological microscopy (A, B), and DNA
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  Figure II. S2: Mean yearly variations recorded for the hydrological and meteorological parameters at the SOMLIT-Astan time-series station in the period 2009-2016.All measurements were obtained for high neap tides periods. PAR8day is the photosynthetically available radiation calculated as the average light received during the 8 days that preceded each sampling dates. Kd490 is intended as the diffuse attenuation coefficient for downwelling irradiance at 490 nm (for more details about each parameter see Material & Methods section).
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  Figure II. S3: Monthly variations of the Shannon Index.For metabarcoding, alpha diversity was calculated at the class level or phylum level. The absence of data during some months for certain classes is linked to the absence of that OTUs during those months.
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  Figure II. S4: Monthly variations in the ecosystem turn-over at the SOMLIT-Astan station for the period 2009-2016 as estimated from the protist community: (A) Bray-Curtis dissimilarities, (B) Jaccard distances as calculated from metabarcoding data and (C) monthly means euclidian distances as calculated from environmental data.
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  Figure II. S5: (A) Monthly variations in the cell abundance and (B) contribution to reads abundances (B) of dominating high-rank taxonomic groups at the SOMLIT-Astan timeseries station over the period 2009-2016.
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 5 '-CCAGCASCYGCGGTAATTCC-3', S. cerevisiae position 565-584) and TAReukREV3 (5'-ACTTTCGTTCTTGATYRA-3', S. cerevisiae position 964-981)(Stoeck et al., 2010) that target most eukaryotic groups. Each DNA sample was amplified in triplicates through PCR reactions. About 1 μg of pooled amplicons were sent to Fasteris (www.fasteris.com, Plan-les-Ouates, Switzerland) for high throughput sequencing on a 2x250bp MiSeq Illumina. Overall, ~ 7million unique sequences were obtained for a total of 185 samples collected over the 8 years (> 3μm). The total 185 samples collected between 2009 and 2016 were then analysed for this study. For more details, relative to the material and methods, see[START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF] 

Figure III. 1 :

 1 Figure III. 1: Examples illustrating the difference between yearly occurrence and perplexity index as a metric to rank ASVs in core/transient categories. Sample occurence recorded for 20 randomly selected ASVs among those occurring each year during the period 2009-2016 (samples were collected bi-monthly). ASVs are ordered according to their PI. Values indicate how many samples the ASV is detected in and the colour gradient refers to the corresponding proportion of samples. The points indicate the perplexity index of the corresponding ASVs.

  divide ASVs present in the surface waters of the SOMLIT-Astan coastal station into groups according to their persistence in time, their yearly occurrence (number of years for which the ASVs has been recorded) and PI (temporal regularity of occurrence) were analysed (Fig 2). Plots showing ASVs richness as a function of both metrics suggested that 2 pools of ASVs can be distinguished: one with high persistence (yearly occurrence = 8, or PI between 7 and 8) identified below as core ASVs, and one with lower persistence (yearly occurrence < 4-5, PI < 4) that were more transient. In both cases, the pools of ASVs with intermediate persistence (yearly occurrence, or PI between 4 and 7) reached lower total richness. Around 16% of the ASVs (777 out of 4,820) were detected every year while almost half of them (2549) were detected during less than 4 years. Annually recurring ASVs clearly showed a higher contribution to total abundance in comparison to the more transient ones. Still, some of the ASVs detected annually had a low contribution to total reads abundances over the period studied; more than half of them (n= 3,299) have less than 50 reads. Conversely, some ASVs identified as transient occasionally reached high relative abundances.With the PI only 577 ASVs reached a PI > 7, i.e. were persistent and regularly occurring over the 8 years studied. Also within this pool of ASVs, some ASVs had low contribution to total read abundances. Again, a minority of transient ASVs (with low PI) exhibited a rather high contribution to total abundances.

  studied a period when the number of ASVs with PI < 3 (i.e. the most transients) reached the highest values i.e. the winter 2013-2014 (a period characterized by extreme wind events represented by vertical lines in Fig. S1 and Fig. 5). Between October 2013 and March 2014, the richness in transient ASVs with PI of 1 increased from 66 (14th October 2013) to 46 (14th March 2014), the maximum observed for the 8 years studied. During this winter, the turnover rates of all transient ASV pools dropped (in December 2013 and from January to April 2014), an indication that the same transient ASVs remained in the water column for more than 2 weeks. Following that period, in spring 2014, the TO rates of both transients and cores increased. Besides, the TO rate of cores reached the highest values recorded over the 8 years during the early summer of 2014.

Fig. III. 5

 5 Fig. III. 5 Temporal patterns of abundance, ASVs richness and turnover of eukaryotic plankton community during the 2013-2014 period in SOMLIT-Astan. ASVs were grouped according to their Perplexity Index. Vertical lines indicate extreme wind events. Days with a wind speed measurement superior to the 99th percentile were considered as stormy days. (A) Relative read abundance, (B) richness (represented here with the number of scaled ASVs per sample), (C) Plankton turnover rate.

Figure III. 6 :

 6 Figure III. 6: Taxonomic composition of core and transient ASVs assemblages at SOMLIT-Astan station (2009-2016) in terms of richness: (A) Distribution of ASVs along the core -transient gradient for phyla and classes with more than 20 ASVs. The taxa are ordered according to their median perplexity. The taxonomic groups selected are presented at the Phylum level and for the most abundant groups a deeper selection was included at the Order or Class level. (B) Contribution of the richest (> 50 ASVs) taxonomic groups, at the Phylum level. (C, D) Richness of each PI category for two

Figure III. 8 :

 8 Figure III. 8: Co-occurrence network for the winter period 2013-2014 inferred with 18S V4 protist sequences under FlashWeave. The network shows the ASVs which are co-occurring in the winter period 2013-2014. Nodes are represented by a circle whose size corresponds to the ASV number. Colors correspond to PI categories (purple for transient and yellow for cores, respectively). Each edge is represented by a grey line whose thickness indicates the number of associations between nodes. Only positive associations are shown.
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  Figure III. S2: Global co-occurrence network of 18S V4 rDNA sequences including protists and metazoa, calculated with FlashWeave. The total number of nodes is n= 4820 and the edges are n= 15109.

  . Diatoms have been classified into three main Classes: Coscinodiscophyceae, Mediophyceae and Bacillariophyceae. The first two correspond to the centric diatoms; they are characterized by radial symmetry which is modified by the peripheric valves in the Mediophyceae. The Bacillariophyceae, or pennate diatoms, possess cell walls with ornamentations presenting a bilateral symmetry. Molecular phylogenies have demonstrated that Coscinodiscophyceae are actually a paraphyletic assemblage of many independent, deep lineages of diatoms, now classified into seven subdivisions (Arachnoidiscophytina, Coscinodiscophytina, Ellerbeckiophytina, Leptocylindrophytina, Melosirophytina, Probosciophytina, and Rhizosoleniophytina). By contrast, the Mediophyceae (including important groups like the Chaetocerotophycidae and the Thalassiosirophycidae) are likely monophyletic and closely related to the Bacillariophyceae; together with Biddulphiophyceae they are classified into the subdivision Bacillariophytina, which contains the vast majority of the extant diversity of diatoms. The Bacillariophyceae include the monophyletic raphid pennates (Bacillariophycidae), most of them recognised as benthic, and the basal, paraphyletic araphid pennates (Urneidophycidae, Fragilariophycidae, Striatellaceae). These groups include species adapted to living alone or in colonies. Diatoms exist in many different sizes and their exploration has reached unprecedented detailed community characterization, especially in the last decade with high throughput sequencing (HTS).

Figure IV. 1 .

 1 Figure IV. 1. Sampling locations. The SOMLIT-Astan station in Roscoff, Western English Channel ( 48°46'18'' N -3°58'6'' W) and the LTER-Marechiara station in the Gulf of Naples (LTER-MC, 40°49'N, 14°15'E).

  selected and maintained in sterile condition in K+Si medium (25) at 18°C, under a 12:12h light: dark cycle of 100 µmol photons.m-2. s-1 provided by a white fluorescent light (Philips Master TL_D 18W/865). Diatom cultures were deposited in the Roscoff Culture Collection (RCC, http://roscoff-culture-collection.org/). The following strains: (A) RCC4657-Minidiscus variabilis, (B) RCC4660-Minidiscus comicus, (C) RCC4664-Thalassiosira, (D) RCC5894-Cymatosirales, have been used in this study for the characterization of their structures. The strains were then transported to Naples where fixation and observation was performed using transmission electron microscopy (TEM).

Figure IV. 2 .

 2 Figure IV. 2. Reference tree of diatoms built from the V4 region of 2,164 reference 18S rRNA genesequences extracted from the PR2 database (v 4.12.0). This maximum likelihood tree was built with the RAxML program under the GTR + CAT model using 100 independent searches from different starting trees and a fast bootstrap analysis. It is colored by subclasses, or by subdomains when their diversity is low and there is no further division into multiple class.

Figure

  Figure IV. 3: Typical seasonal variations of the dominant diatom ASVs and overall contribution of the major genera to the diatom assemblage at SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples) stations over 3 years (2011-2013). The bars show the mean monthly contribution of the main diatoms to total diatom read abundances for (A) Somlit-Astan (Roscoff) and (B) Mare-Chiara (Naples) stations. The 20 most abundant genera observed at each site were selected (25 in total).

Figure IV. 4 :

 4 Figure IV. 4: Phylogenetic tree based on 18S rRNA sequences of diatoms collected over 3 years (2011-2013) from Somlit-Astan (Roscoff) and Mare-Chiara (Naples) stations. The length of the branches represents the phylogenetic distance from the last common ancestor. The red (Naples) and blue (Roscoff) lines indicate the maximum relative abundance for each diatom sequence.Only the most abundant diatoms were represented (maximum relative abundance >1%,). The heat-map represents the mean monthly relative abundance divided by the maximum at each site. The labels include the percentage of identity with the reference sequence, the first reference of the reference sequence (+others if there is more than one reference). Labels were colored in red for Naples sequences, in blue for Roscoff sequences and in black if the sequences were found to be in common between the two datasets.

  For the ASV assigned to Minidiscus comicus, very similar patterns were observed in Naples and Roscoff, although the main peaks occurred slightly earlier at SOMLIT-Astan. The maximum contribution of this ASV was registered in December 2012 in Roscoff and January 2012 in Naples. For the ASV assigned to Cyclotella choctawhatcheeatana, the seasonal peaks also developed at the same time in both stations in 2012 and 2013. The dynamics of the other dominating ASVs that occured in Naples and Roscoff (respectively assigned to Chaetoceros sp., Chaetoceros setoense, and Bacteriosira sp. and Thalassiosira-anguste lineata), the phenologies differed between the 2 sites.

  to the genus Minidiscus or to the order Cymatosirales (belonging to the genera Arcocellulus or Minutocellus) have been obtained in culture (Fig 6). Their characterisation is ongoing using both electron microscopy and genetic analyses (see Arsenieff et al. 2020 for Minidiscus species).

Figure IV. 6 .

 6 Figure IV. 6. Characterization at the TEM of the sections of some of the most abundant diatom strains sampled at Somlit-Astan station and curated in the Roscoff Culture Collection (RCC). (A) RCC4657-Minidiscus variabilis; (B) RCC4660-Minidiscus comicus; (C) RCC4664-Thalassiosira; (D) RCC5894-Cymatosirales. The pictures shown have been obtained in collaboration with Diana Sarno, Isabella Percopo, Adriana Zingone and the electron microscopy facility of the Stazione Zoologica di Napoli.

Figure 11 :

 11 Figure 11: The dynamics of both species abundance and occurrence provide insight into microbial community structure. (A) Hypothetical species abundance distribution for a microbial community where most of the membership comprises rare taxa. (B) Hypothetical species occurrence distribution for a microbial community where most occurrences are transient taxa. (C) An overlay of species abundance and species occurrence for microbial communities. Persistent but rare taxa are shaded green and transient and rare taxa are shaded orange. Blue arrows are important taxa transitions that contribute to conditionally rare patterns: (i) the transition of transient rare taxa to persistent; (ii) the transition of persistent rare taxa to prevalent and back again. From[START_REF] Shade | Temporal patterns of rarity provide a more complete view of microbial diversity[END_REF] 

Figure 1 :Figure 2 :

 12 Figure 1: The composition of marine biomass. (A) The absolute biomasses of different taxa represented using a Voronoi treemap. (B) Dissection of the global marine biomass by trophic mode and taxonomy. (C) Uncertainties of values shown in (A) depicted as a color gradient around each estimate. The strength of the gradient at each point represents the probability that the total biomass of a specific kingdom has the specific value. From Bar-On & Milo, (2019)…………………………………………………………………………………………………………………………………………….18

Figure 4 :Figure 5 :Figure 6 :

 456 Figure 4: Microbes interact to structure ocean ecosystems and the carbon cycle. Microbial loop representation, from Worden et al. (2015)…………………………………………………………………………………….………………..24

Figure I. 3 :

 3 Figure I. 3: Two-dimensional ordination space derived from a non-metric multidimensional scaling (NMDS) procedure displaying the dissimilarities between plankton communities sampled bi-monthly along 8 seasonal cycles (2009-2016) at the SOMLIT-Astan station (Western English Channel).Colours indicate the size fractions and periods/sequencing runs considered. Both small and big fractions collected in 2009-2011 were obtained through a first sequencing run (RUN1). Sequences of the small fraction (0.2-3 µm) collected in 2012-2016 were obtained from a second run (RUN2) and those of the big fraction (> 3 µm) collected in 2012-2016 were obtained from a third run (RUN3). Few samples for which with low numbers of reads had been obtained from RUN3 were re-sequenced later in 2 additional runs(RUN 4 and 5). Those samples with low number of reads were removed. Nucleic acids of the smallest size fraction (0.2-3 µm) of the period 2009-2011 (small blue dots) were purified and concentrated using a different procedure. Fourth and fifth run indicates the few samples with low number of reads that have been resequenced later (duplicated samples were removed and the one with higher number of reads kept). …………………………………………………………………………………………………..67Figure I. 4: Yearly relative contribution of most abundant groups to total reads counts in metabarcoding datasets (V4 rDNA amplicon sequences) at the Somlit Astan coastal station for 2 size classes. (A): size fraction 0.2-3, for which the nucleic acids purification and concentration step differed between the years 2009-2011 and the years2012-2016. (B) size fraction >3µm for which DNA purification was the same. The list of taxa resulted from the selection of the 10 taxa with the highest contributions to total reads counts for each date. ……………69Figure I. S1: Two-dimensional ordination space derived from a non-metric multidimensional scaling (NMDS) procedure displaying the dissimilarities between metabarcoding datasets (V4 rDNA amplicon sequences) of plankton communities sampled bi-monthly along at the SOMLIT-Astan time-series station for two size fractions: > 3 µm (A) and 02-3µm (B, C, D)The periods2009-2011 and 2012-2016 were sequenced separately in different runs. Nucleic acids of the smallest size fraction (0.2-3 µm) of the period 2009-2011 were purified and concentrated using a different procedure.………………………………………………………………………………………….....73 

Figure II. 3 :

 3 Figure II. 3: Changes in alpha and beta diversity calculated for the protist assemblages over the period 2009-2016 at the SOMLIT-Astan sampling station. (A, B):Seasonal variations in the Shannon Indexes calculated for the period2009-2016. (C, D): Interannual recurrence of protist communities shown by the variations in the Bray-Curtis dissimilarity index between samples collected along the 2009-2016 period, as a function of increasing lag between sampling dates. The lag values between samples, for each box plot correspond to a number of years (facet labels, from 0 to 7) plus a number of months (x axis of each facet, expressed as ranges). For example, the lag between samples considered for the first box plot is 0 years and 0 to 1 months and the lag between samples considered for the last box-plot in 7 years and 11 to 12 months. Panels (A) and (C) are based on the morphological dataset (cell counts) while graphs (B) and (D) are based on the metabarcoding dataset. …………………………………………………………………………………………………………………………………………………………………….…93Figure II. 4: Low-taxonomic resolution contribution of protists at the SOMLIT-Astan time-series station over the period 2009-2016. Abundance of (A) the 12 main phytoplankton classes for the morphological dataset; and(B) the 52 main phyla -or classes -calculated from the metabarcoding dataset. The tree maps show the overall contributions of the main phyla or classes to the (C) total species or (D) OTU richnesses. ………………………………………………………………………………………………………………………………………………………………………..94Figure II. 5: Typical seasonal variations of the dominant OTUs and overall contribution of the major diatoms species to the protist assemblage at the SOMLIT-Astan sampling station over the period 2009-2016. The histograms show the contributions (A) to total DNA reads abundance of the 32 dominating OTUs (accounting for 51.5% of all reads), (B) of the main diatoms to total diatoms abundances (microscopy count of plankton >10um) and (C) of the main diatoms to total diatom reads abundances. All microscopy counts and OTUs were assigned at the highest taxonomic level. Species selected were the 10 most abundant (5 for diatoms) for at least one month, taking into account mean monthly abundances. ………………………………………………………………….97Figure II. 6: Similarity of protist communities (RDA analysis) in monthly samples over the period 2009-2016 at SOMLIT-Astan sampling station for morphological microscopy (A, B), and DNA metabarcoding (C, D) datasets. (A, C):Annual cycle of protist communities obtained by ordination of the monthly samples through a redundancy analysis (RDA) explaining (A) 48,9 % and (B) 52,2 % of the total variance of the community, respectively. (B, D): Decomposition of RDA axes that reveals seasonal pattern(RDA1; 19,(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)8 % and RDA2; 11,(5)(6)(7)(8)(9)3 %) and biannual broad scale oscillation (RDA3; 4,9 %). ………………………………………………………………99

Figure II. 7 :Figure III. 2 :

 72 Figure II. 7: Monthly mean abundance (2009-2016), at the SOMLIT-Astan sampling site, for (A) the morphological species and (B) molecular OTUs as a function of the first three RDA axes (see Figure6). For each RDA axis the (A) 10 species and (B) 10 OTUs with the highest score were selected. The * indicates dominant OTUs (reported in Fig.5). …………………………………………………………………………………………………………..…..100Figure II. 8: Spearman correlation calculated between the environmental variables and the RDA axes (A, C), and variance partitioning analyses between environmental drivers and dbMEM (B, D). Spearman correlations were computed between each axes of the RDA and each environmental parameter selected for (A) morphology

Figure IV. 3 :

 3 Figure IV. 3: Typical seasonal variations of the dominant diatom ASVs and overall contribution of the major genera to the diatom assemblage at SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples) stations during 3 years (2011-2013). The bars show the mean monthly contribution of the main diatoms to total diatom read abundances for (A) Somlit-Astan (Roscoff) and (B)Mare-Chiara (Naples) stations. The 20 most abundant genera observed at each site were selected (25 in total). …………………………………………………………………………..…181

Fig.

  Fig. Minidiscus Comicus and Thalassiosira spp. from scanning electron microscopy.

Fig. 1 .

 1 Fig.1. Representation of a hypothetical 2D ecological niche of a species. The ecological amplitude is an estimation of the breadth of the species' niche and the ecological optimum is the combination of the environmental factors that are optimal for growth and reproduction.Here, the niche is based on a bi-normal distribution with a correlation coefficient fixed to 0.6 between the two environmental factors. At the optimal part of the niche, all biological processes are operational. When ecological conditions become less favorable, this successively impairs reproduction, growth, feeding and survival. Ecological dimensions (i.e. the number of ecological variables) varied between 2 and 5 in this study.x opt and t (parameters of Equations 1 and 2) are indicated on the figure.

Fig. 2 .

 2 Fig. 2. Annual changes in the environmental parameters considered in this study. (a) SST, (b) PAR, (c) nitrate, (d) silicate, and (e) phosphate concentrations, and (f) nitrate/phosphate (N/P) ratio. Note that SST is at a daily resolution, whereas other parameters are at a monthly one (see Materials and Methods).

  observed in winter and reached their lowest concentrations from the end of spring to the end of summer. The MLD reaches the sea floor of the studied area every winter (Fig.S2), shoals in March to reach the shallowest values (i.e. close to 12 m) between April and September.

Fig. 3 .

 3 Fig. 3. Annual succession of phytoplankton sorted by PCA. (a) Species positively and (b) negatively correlated with the first principal component (PC1). (c) Species positively correlated with PC2. (d) Species negatively correlated with PC3. Only annual changes in phytoplankton species with normalized eigenvectors negatively (<-0.5) or positively (>0.5) correlated to a corresponding principal component were represented. See Table1for information on species and their relations to the PCs. Tot. Sp. Richness: total species richness.

Fig. 4 .

 4 Fig. 4. Reconstructed annual plankton succession from a 1D model based on SST (left panels), PAR (middle panels) and Nitrate (right panels). A PCA was performed on the relative pseudo-species abundances to identify the most important seasonal phytoplankton abundance patterns. Only modelled plankton seasonal changes, related substantially negatively or positively (i.e. normalized eigenvectors >|0.5|) to the PCs, are shown. SST (a-c): species (a) positively and (b) negatively correlated to PC1, and (c) species negatively correlated to PC2. SST: individual pseudo-species abundance is on the left vertical axis. PAR (d-f): species (d) positively and (e) negatively correlated to PC1, and (f) species negatively correlated to PC2. Nitrate (g-i): species (g) positively and (h) negatively correlated to PC1, and (i) species negatively correlated to PC2. Relative individual pseudo-species abundances generated from METAL are on the left vertical axis.

94Fig. 5 .

 5 Fig. 5. Reconstructed annual plankton succession from a 3D run based on SST, PAR and Nitrate. A PCA was performed on relative individual pseudo-species abundances to identify the most important seasonal patterns in phytoplankton abundance. Only predicted plankton seasonal changes related substantially negatively or positively (i.e. normalized eigenvectors >|0.5|) to the PCs are shown. Species (a) positively and (b) negatively correlated to PC1. (c) Species negatively correlated to PC2. (d) Species negatively correlated to PC3. (e) Species positively correlated to PC4. Individual pseudo-species abundance is on the left vertical axis.

Fig. 7 .

 7 Fig. 7. Average correlation (a) and MAE (b) for each run used to reconstruct APS from 1D to 5D models. The average value (blue circle) was based on the best correlations (a) or MAEs (b) assessed between observed species and (simulated) pseudo-species. Black and red points show the results of the same calculations based on a null model with (red) and without (black) consideration of temporal autocorrelation.

Fig. 8 .

 8 Fig. 8. Identification of the key environmental parameters for reconstructing APS. (a) Number of phytoplankton species exhibiting their highest correlation for each model (run). See Table S1 for the correspondence between run numbers and environmental combinations of variables. (b) Highest correlation for a given phytoplankton species and run. The colorbar shows the linear correlation value.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

. 1: Different steps of a metabarcoding pipeline from the sampling to the statistical analyses. From

  

	(7) Bioinformatic pipeline (i.e. primer removal, demultiplexing, filtration, OTUs clustering, cleaning
	and OTUs table construction), (8) Ecological analyses (i.e. NMDS). The figure was inspired by the
	work done on DNA extraction and purification of Sarah Romac and the planktonic organisms
	illustrations were created by Noan Le Bescot.
	2 to
	3 µm) were collected by filtering a volume of 5L onto a 3µm polycarbonate membrane (47
	mm Whatman membrane) and, successively, onto a 0.2 µm sterivex unit (Millipore, sterivex,
	Polyvinylidene Fluoride, PVDF (except for May 25 th 2010, when the sample was collected
	onto a sterivex filter without filtration onto the 3 µm membrane). Filters were preserved in
	1.5mL of lysis buffer (Sucrose 256g/L, Tris 50mM pH8, EDTA 40mM) and stored at -80°C until
	further processing. A total of 375 samples were collected between 2009 and 2016 for both
	fractions (187 samples for the size fraction > 3µm and 188 samples for the size fraction 0.2-3
	µm).

Figure Ithe beginning we have (1) Sampling, (2) filtration, (3) DNA extraction, (4) DNA purification and concentration (classical method used for small fraction 2009-2011 vs. method used at Astan on the rest of the samples 2012-2016), (5) PCR amplification, (6) Sequencing (rDNA 18S V4),

Figure I. 2: Sequencing depth per sample corresponding to the (A) small size (0.2-3µm) and (B) big size (>3µm) fractions, from 2009 to 2016. The

  

	quantified with the Quant-It PicoGreen double stranded DNA Assay kit (ThermoFisher).
	data included all five sequencing run together. The About 1 μg of pooled amplicons were sent to Fasteris (www.fasteris.com, Plan-les-Ouates, first run (small fraction in blu, big fraction in green), the second run (small fraction in light blue), the
	third run (big fraction in orange). The fourth run in pink and fifth in yellow which were mostly Switzerland) for high throughput sequencing on a 2x250 bp MiSeq Illumina. Sequences were samples from the big size fraction.
	obtained in five separate runs (Table 1). Overall, ~ 30 million unique sequences were
	obtained for a total of 375 samples collected over the 8 years (15.263.444 total reads for the
	2 to 3µm) collected from DNA purification / Average # small fraction 0.2-3µm and 14.782.221 total reads for the big fraction 3-20 µm). Sequencing Sequencing Samples run concentration reads / 2009 to 2011 for which the DNA concentration/purification steps differed. All samples, depth differed between the sequencing runs. The first run included both size fractions from method used sample
	either collected on membranes (fraction >3 µm) or sterivex filters (fraction 0.2-3 µm) were small (0.2-3µm) and the big (>3µm) fractions. The second and third runs were for 2012-RUN 1 2009-2011 4 columns first incubated 45 mins at 37°C with 100µL lysozyme (20mg/mL), and 1h at 56°C with 20µL 2009 to 2011 and had in average 32.449 and 38.452 reads per sample, corresponding to the Small fraction (0.2-3 µm) Millipore Amicon Ultra 32.449
	proteinase K (20mg/mL) and 100 µL SDS 20%. Nucleic acids were then extracted using a 2016, with a much higher number of reads in average 109.026 and 103.759 per sample, for Big fraction (> 3µm) NucleoSpin PlantII kit 38.452
	phenol-chloroform method (Sambrook et al. 1989). Nucleic acids of all samples from the 200.000 reads per sample. Few samples didn't reach enough number of reads to be 2012-2016 (Macherey-Nagel) size fractions > 3 µm were purified and concentrated using the NucleoSpin® PlantII kit 2009-2011 (Macherey-Nagel) the small (0.2-3µm) and the big (>3µm) fractions, respectively. Some samples reached the RUN 2 Small fraction (0.2-3 µm) NucleoSpin PlantII kit 109.026
	(Macherey-Nagel, Hoerdt, France). With this kit, nucleic acids are precipitated and adsorbed RUN 3 Big fraction (> 3µm) 103.759
	on silica membranes, then washed and eluted. For the size fraction 0.2-3 µm, samples from 2012-2016
	the years 2012-2016 were also purified and concentrated using the Macherey Nagel kit but Small fraction (0.2-3 µm) NucleoSpin PlantII kit
	RUN 4 samples collected in the period 2009-2011 were concentrated by ultrafiltration on Millipore *RA090701, *RA091012, *RA090205, *RA090518, (Macherey-Nagel)
	Amicon Ultra 4 columns. For all samples, nucleic acids were eluted with 100µL Tris-EDTA 1x pH 8 buffer and quantified using a Nanodrop ND-1000 spectrophotometer and a Qubit 2.0 (Resequencing samples with low reads) *RA100720, *RA101015. NucleoSpin PlantII kit Big fraction (> 3µm) RA140605, RA150227. (Macherey-Nagel)
	Fluorometer instrument with dsDNA HS (High Sensitivity) assay (ThermoFisher Scientific, RUN 5 Big fraction (> 3µm) NucleoSpin PlantII kit
	samples Waltham, MA). Total DNA extracts were then used as templates for PCR amplification of the RA140721, RA140819, RA140904, (Resequencing RA140423, RA140522, RA140620, (Macherey-Nagel)
	V4 region of the 18S rDNA (∼380 bp) using the primers TAReuk454FWD1 (5'-with low reads) RA141002, RA141016, RA141031,
	RA141114, RA141201, RA150114, CCAGCASCYGCGGTAATTCC-3', S. cerevisiae position 565-584) and TAReukREV3 (5'-RA150128, RA150212, RA150313,
	RA150413, RA160104, RA160118, ACTTTCGTTCTTGATYRA-3', S. cerevisiae position 964-981) (Stoeck et al. 2010) that target RA160202.
	most eukaryotic groups. The forward primer was linked to a tag, and both primers were *Not used cause duplicated just as a test.
	adapted for Illumina sequencing. PCR reactions (25 μl) contained 1x Master Mix Phusion
	High-Fidelity DNAPolymerase (Finnzymes), 0.35 μM of each primer, 3% dimethylsulphoxide
	and 5 ng of DNA. Each DNA sample was amplified in triplicates. The PCR program had an
	initial denaturation step at 98°C during 30 s, 10 cycles of denaturation at 98°C, annealing at
	53°C for 30 s and elongation at 72°C for 30 s, then 15 similar cycles but with 48°C annealing
	temperature, and a final step at 72°C for 10 mins. Polymerase chain reaction triplicates were
	pooled, and purified and eluted (30 μl) with NucleoSpin Gel and PCR Clean-Up kit
	(Macherey-Nagel, ref: 740770.50 and 740770.250 and Millipore Amicon Ultra 4), and

considered, seen the important number of them and to avoid the increase of irregularities in the time series, we resequenced some of them in the fourth and fifth run (see Table

1

for more details). A representation of the sequencing depth (average reads per sample) for each size fraction is given in Figure

2

.

Table I . 1: Sequencing runs and purification / concentration methods used to obtain the 2009-2016 eukaryotic dataset of the SOMLIT-Astan time-series station. For

 I 

	each pool of samples, the average
	number of reads per sample is indicated.

  1,5 , Nathalie Simon 1 . Sorbonne Université, CNRS, Station Biologique de Roscoff, AD2M, UMR7144, Place Georges Tessier, 29680 Roscoff, France.

1 2 Sorbonne Université, CNRS, Station Biologique de Roscoff, FR2424, 29680 Roscoff, France. 3 Cirad, UMR BGPI, F-34398, Montpellier, France. 4 Faculty of Biology, Technion -Israel Institute of Technology, Haifa 3200003, Israel 5 Research Federation for the study of Global Ocean Systems Ecology and Evolution, FR2022/Tara Oceans GOSEE, 3 rue Michel-Ange, 75016 Paris, France. 6 Laboratoire des Sciences du Numérique de Nantes (LS2N), CNRS, UMR6004, Université de Nantes, Ecole Centrale de Nantes, 44322 Nantes, France. 7 CNRS, Sorbonne Université, FR 2424, ABiMS Platform, Station Biologique de Roscoff, 29680 Roscoff, France 8 Unité biologie des organismes et écosystèmes aquatiques (BOREA), Muséum National D'Histoire Naturelle, Sorbonne Université, Université de Caen Normandie, Université des Antilles, CNRS, IRD, CP53, 61 rue Buffon 75005 Paris, France. 9 Mediterranean Institute of Oceanography (MIO), Campus de Luminy case 901, 163 Av. de Luminy, 13288 Marseille cedex 9, France 10 Sorbonne Université, CNRS, OSU STAMAR, UMS2017, 4 Place Jussieu, 75252 Paris cedex 05, France.

  Taxonomy was assigned at lowest possible rank (e.g., species). Raw microscopic counts were regularly stored in a local MS-Access database and uploaded in the RESOMAR PELAGOS (http://abims.sb-roscoff.fr/pelagos/) national database. The morphological taxa contingency table was carefully examined to detect inconsistencies (e.g., abrupt changes in cell counts over the time series), and taxa for which identification was uncertain were grouped into broader taxonomic categories. For example, Fragilaria/Brockmaniella or Cylindrotheca closterium/Nitzschia longissima which are difficult to distinguish, were considered in association. The final morphological dataset (DOI: 10.5281/zenodo.5033180) consisted of counts of 146 taxonomical entities (taxa larger than 10µm in size) across 185 dates from 2009 to 2016.

  this study, focusing on the ecology of protists, only OTUs assigned to protist lineages (eukaryotes which are not Metazoa, Rhodophyta, Phaeophyceae, Ulvophyceae or

Streptophyta) were considered. The final dataset (filtered OTU table, available at DOI:10.5281/zenodo.5032451) contained 185 samples with a total of ~12.7 million sequence reads and 15,271 OTUs affiliated to protist taxa. Assignation of the dominant OTUs (e.g., based on abundance and occurrence) was checked and refined manually by BLASTing them (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the SILVA reference

II. 5: Typical seasonal variations of the dominant OTUs and overall contribution of the major diatoms species to the protist assemblage at the SOMLIT-Astan sampling station over the period

  

	2009-2016. The histograms show the
	contributions (A) to total DNA reads
	abundance of the 32 dominating
	OTUs (accounting for 51.5% of all
	reads), (B) of the main diatoms to
	total diatoms abundances
	(microscopy count of plankton
	>10um) and (C) of the main diatoms
	to total diatom reads abundances. All
	microscopy counts and OTUs were
	assigned at the highest taxonomic
	level. Species selected were the 10
	most abundant (5 for diatoms) for at
	least one month, taking into account
	mean monthly abundances.

  July and in winter, respectively). This picture of the mean yearly sequence of diatoms appeared rather resilient over the period 2009-2016, but inter-annual variations were apparent, with exceptional blooms of Skeletonema in early spring in 2011, 2013 and 2014, and Chaetoceros socialis in July 2014. The contribution of the benthic diatoms associated to the genera Entomoneis/Amphiprora/Amphora was exceptionally high in 2011.

	cells.L -1 [35.83% of counts] in April) and Skeletonema spp. followed by Dactyliosolen
	fragilissimus all along spring. The dominant species in late spring and summer was Guinardia
	delicatula with the highest mean monthly abundances recorded in May and July (with ~530
	cells.L -1 for both months, 43% and 26.16% of diatoms counts, respectively). The contribution

of the genus Chaetoceros was significant from spring until early winter (with C. curvisetus/debilis/pseudocurvisetus and C. wighamii showing relative high contributions in

Table II .1: Species and OTUs driving the seasonal oscillation showed in the RDA axes 1 and 2 and the biannual broad scale oscillations observed in axes 3.

 II The 10 species/OTUs with the highest scores in each relative axes of the RDA were selected. The scores and the relative contributions to total abundance of the resulting list of species/OTUs are shown. For metabarcoding data, see Material and methods section and table S1 for assignations details.

	MAST-1A Micromonas commoda	Contribution to variation --	Contribution to variation 2.3 -	Contribution to variation -1.9	0.5 Contribution to total 0.8
	Picomonas judraskeda	axis 1 (%) 1.5	axis 2 (%) -	axis 3 (%) -	abundance 0.7
	Minidiscus comicus	10.0	-	6.1	(%) 2.7
	Morphological dataset Minutocellus/Arcocellulus	-	2.2	-	1.0
	Chaetoceros curvisetus/ Thalassisira minima	2.4 -	-2.0	--	1.3 1.2
	debilis/pseudocurvisetus Thalassisira curviseriata	-	3.0	2.7	0.7
	Chaetoceros sp.	3.0	-	-	2.7
	Chaetoceros wighamii		3.7	18.3	3.0
	Cylindrotheca closterium /	3.9	2.0	2.0	5.9
	Nitzschia longissima				
	Delphineis surirella	-	-	0.8	1.6
	Ditylum brightwellii	-	1.6	-	0.5
	Fragilaria/Brockmanniella	20.2	8.5	10.5	5.7
	Guinardia delicatula	28.2	-	8.48	8.7
	Navicula / Lyrella / Pinnularia	2.5	1.33	-	2.7
	Navicula transitans	2.4	3.0	-	2.7
	Paralia sulcata	12.5	15.7	-	10.6
	Plagiogrammopsis vanheurckii -	-	0.97	0.4
	Psammodictyon panduriforme 1.9	4.69	-	1.8
	Skeletonema sp.	-	-	43.2	4.0
	Thalassiosira	-	45.7	5.0	6.6
	levanderi/minima				
	Thalassionema nitzschioides	-	-	0.91	0.7
	Undetermined Centric	-	2.5	1.2	1.9
	Undetermined Dinoflagellata	2.9	-	-	6.2
	(thecate)				
	Metabarcoding dataset				
	Bacterosira sp.	-	1.9	-	0.3
	Bathycoccus prosinos	1.5	-	1.86	0.9
	Unknown CCW10 lineage	-	-	2.3	0.3
	Cryothecomons sp.	3.2	-	6.4	1.4
	Teleaulax acuta	2.4	-	2.2	2.2
	Heterocapsa rotundata	2.1	-	-	2.4
	Gyrodinium sp.	-	5.7	2.9	2.2
	Azadinium sp.	2.2	-	-	1.1
	Gyrodinium sp.	-	7.1	2.5	1.7
	Ptychodiscus/Karenia/brachyd	1.4	-	-	0.5
	inium/takayama clade				
	Warnovia sp.	-	2.2	7.6	3.2
	Ditylum brightwellii	-	2.2	-	0.4
	Guinardia delicatula	4.1	-	-	1.5
	Gyrodinium cf fusiforme	1.8	2.2	-	2.1

Table II . S1: Taxonomic assignation of the 32 dominant OTUs (shaded rows) and considering only diatoms (see text for the method used) at the
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							Gymnodinium	
	Dinophyceae	Dinophyceae_09a4	KY980035.1	NY13S	100	Warnowia sp.	clade,	Gymnodinium clade
							Gyrodiniellum	
	Dinophyceae	Dinophyceae_XXX_sp. _af41	KP790170.1; FJ947040	5 AR-2015; BSL-2009a	99.21	Warnowia sp.	Warnovia sp.	Warnovia sp.
	Dinophyceae	Dinophyceae_XXX_sp. _24ad	FJ024299.1	Clone LM83	99.74	Gyrodinium helveticum	Gyrodinium sp.	Gyrodinium sp.
	Dinophyceae	Dinophyceae_XXX_sp. _034f	KY980399.1	BH65_136	100	Pentapharsodinium sp.	Azadinium sp.	Azadinium sp.
			KU640194,1;	unnamed;		Ptychodiscus noctiluca;		
	Dinophyceae	Dinophyceae_XXX_sp. _3d28	KU314867.1; EF492506.1;	unnamed; NEPCC734;	98.43	Karlodinium veneficum; Karlodinium micrum;	Gymnodiniphy-cidae	Ptychodiscus/Karenia/Bra-chidinium/Takayama clade
			HM067010.1	MC728-D5		Takayama acrotrocha		
	Dinophyceae	Gyrodinium_75e1	KY980394.1; KY980272.1; KY980220.1; AB120002.1	BH46_129; BH46_109; cell BH46_107; single	100	Heterocapsa rotundata (3 fusiforme sequences); Gyrodinium	Gyrodinium sp.	Gyrodinium cf fusiforme
	Eukaryota	Eukaryota_b342	KU747081.1; KT582539.1; KM096193.1	SZ1; NIOLM_56; LF562	100	Parengyodontium album; Halophytophtora vesicula; Engyodontium sp.	Parengyodon-tium	Parengyodontium
	Picozoa	Picozoa_XXX_18f8	JX988758.1	Unnamed culture 100	Picomonas judraskeda		Picomonas judraskeda
	Pseudofungi	MAST-1A_XX_sp._0c52						MAST-1A
	Syndiniales	Dino-Group-I-Clade-1_X_sp._5e71						Syndiniales GroupI Clade1
	Syndiniales	Dino-Group-I-Clade-1_X_sp._ac94						Syndiniales GroupI Clade1
	Syndiniales	Dino-Group-II-Clade-7_X_sp._86d3						Syndiniales GroupII Clade7

SOMLIT-Astan time-series station. The automatic assignation using the PR2 database was checked and refined by comparing the

  Mean daily tidal amplitude values were calculated from the water hourly heights available from the Service Hydrographique et Océanographique de la Marine (SHOM, https://data.shom.fr/), and used as a proxy of tidal mixing. Parameters related to

	light were obtained from the National Aeronautic and Space Administration (NASA,
	https://modis.gsfc.nasa.gov/data/dataprod/) and the National Oceanic and Atmospheric
	Administration (NOAA, https://coastwatch.pfeg.noaa.gov/). The average light received
	during the 8 days that preceded each sampling dates was calculated from PAR
	(photosynthetically available radiation, PAR8days, extracted from
	https://modis.gsfc.nasa.gov/data/dataprod/par.php). The diffuse attenuation coefficient for
	downwelling irradiance at 490 nm (Kd490), dependent on the availability of ratios of remote
	sensing reflectance (Rrs) in the blue-green spectral region (e.g., 490 -565 nm) was also
	extracted (from https://modis.gsfc.nasa.gov/data/dataprod/kd_490.php). The North
	Atlantic Oscillation index (NAO,
	Meteorological data (rainfall height, wind speed and direction, global radiation) and
	hydrological data (temperature, nutrient concentrations, chlorophyll-a biomass, particulate
	organic carbon and nitrogen, and suspended matter) for the period 2009 to 2016 were
	obtained from MétéoFrance (https://meteofrance.com/) and the SOMLIT program
	(https://www.somlit.fr/parametres-et-protocoles/), respectively. Daily wind speed

measurements at Guipavais station from 1998 to 2019 were used to define storm events.

Days with a wind speed measurement superior to the 99th percentile were considered as stormy days.

  In winter 2013-2014, when transients contributed most to richness, the pool of transient ASVs with PI < 3 (n=330) was dominated by Cercozoans and Syndiniales, the latter most known for their parasitic lifestyle. Within the most transient were also Spirotrichea (a ASVs that contributed most to these peaks belonged to the Metazoa. In February 2012, ASVs assigned to the crab Carcinus maenas and to another crustacea from the Maxillopoda group (which includes barnacles and copepods) covered respectively 30 and 19% of all reads counts. In October 2014, 32% of the reads count were assigned to the cnidarian species Ectopleura dumortierii, while in September 2016, 53% of the reads counts of one sample were assigned to Coryne eximia another Cnidaria classified within the most transients at our time series station.

			Perplexity		Relative
	group of ciliates), Dinophyceae, Metazoa, Choanoflagellates, Centroheliozoa, Labyrintulomycetes, Chytridiomicota and Crysophyceae. Reads abundances of these transients during that period were low. The highest contributions of transients to total reads counts were observed in February 2012, October 2014 and September 2016 (Table 1, Fig. Identity References Metazoa|Cnidaria|Cnidaria_X|Hydrozoa|Coryne|Coryne_eximia 100 Metazoa|Porifera|Porifera_X|Demospongiae|Unassigned Demospongiae 100 AY737635.1.1802 + others GQ424325.1.1662 category (1,2] (7,8] 11/26/2013 Sample abundance 9/9/2016 53.40% 44.10% Bacillariophyta|Bacillariophyta_X|Polar-centric-Mediophyceae|Thalassiosira| Thalassiosira sp. 100 AJ810859.1.1809+ others (7,8] 4/13/2015 36.50% Dinoflagellata|Dinophyceae|Unassigned Dinophyceae 100 EF526741.1.1555+ others (7,8] 4/27/2015 34.90% Metazoa|Echinodermata|Echinodermata_X|Echinodermata_XX|Ophiothrix|Ophiothrix_oerstedii 100 DQ060808.1.1738 (6,7] 8/19/2010 33.20% Bacillariophyta|Bacillariophyta_X|Polar-centric-Mediophyceae|Thalassiosira|Thalassiosira_concaviuscula 100 AJ810857.1.1807 (6,7] 4/2/2012 32.50% Unassigned Eukaryota 100 AB109761.1.1742 + others (3,4] 12/7/2016 32.30% Metazoa|Cnidaria|Cnidaria_X|Hydrozoa|Ectopleura|Ectopleura_dumortierii 100 EU876561.1.1767 (0,1] 10/16/2014 31.80% Metazoa|Cnidaria|Cnidaria_X|Anthozoa|Corynactis| Corynactis sp. 100 AF052895.1.1799 + others (7,8] 1/24/2014 30.80% S1). Taxonomy Metazoa|Arthropoda|Crustacea|Malacostraca|Carcinus|Carcinus_maenas 100 DQ079744.1.1757+ others (2,3] 2/16/2012 29.90%
	Bacillariophyta|Bacillariophyta_X|Radial-centric-basal-					
	Coscinodiscophyceae|Guinardia|Guinardia_delicatula	100	AY485487.1.1708+ others	(7,8]	5/4/2009	28.30%
	Bacillariophyta|Bacillariophyta_X|Radial-centric-basal-					
	Coscinodiscophyceae|Guinardia|Guinardia_delicatula	100	AY485487.1.1708+ others	(7,8]	7/25/2011	28.10%
	Dinoflagellata|Dinophyceae| Unassigned Dinophyceae	100	EF526741.1.1555+ others	(7,8]	5/18/2009	27.10%
	Metazoa|Annelida|Unassigned Anellida	100	AY340442.1.993+ others	(4,5]	1/4/2016	27.10%
	Bacillariophyta|Bacillariophyta_X|Polar-centric-Mediophyceae|Thalassiosira|Thalassiosira_concaviuscula	100	AJ810857.1.1807	(6,7]	5/26/2015	26.40%
	Metazoa|Craniata|Unassigned Craniata	100	FR874430.1.1838	(5,6]	4/15/2016	26.00%
	Bacillariophyta|Bacillariophyta_X|Polar-centric-Mediophyceae| Unassigned Polar-centric-Mediophyceae	96.2	JF791108.1.1777	(7,8]	12/1/2014	23.70%
	Dinoflagellata|Syndiniales|Dino-Group-I|Dino-Group-I-Clade-1|Unassigned Dino-Group-I-Clade-1	100	AB252762.1.1701+ others	(7,8]	5/3/2013	22.70%
	Metazoa|Arthropoda|Crustacea|Maxillopoda|Unassigned Maxillopoda	100	GU594644.1.1701+ others	(7,8]	8/29/2013	22.10%
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  The main collaboration was realized within the European projet EC2CO -CYCLOBS: Successions saisonnières cycliques du plancton en Manche Occidentale, interactions biotiques et resilience (SOMLIT-Astan). It was realized with the LS2N in Nantes (Samuel Chaffron, Damien Eveillard) to work on the second objective of my PhD. Marinna Gaudin, did her master internship with Samuel Chaffron as supervisor in Nantes and Christian Jeanthon and Thierry Comtet as co-supervisors in Roscoff.  Another collaboration in the framework of ASSEMBLE + project has been established with Stazione Zoologica Anthon Dorne (SZN, Naples): Adriana Zingone, Diana Sarno, Roberta Piredda and Wiebe H.C.F. Kooistra. During the months of December, I have been at SZN with Nathalie Simon.

	Time-series: In mathematics, a time series is a
	series of data points indexed (or listed or graphed)
	in time order. Most commonly, a time series is
	a sequence taken at successive equally spaced
	points in time.
	Transient: a taxon that is observed infrequently
	over a time series of community observations.
	TO: turnover
	WEC: Western English Channel.
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Supplementary material

Figure I. S1: Two-dimensional ordination space derived from a non-metric multidimensional scaling (NMDS) procedure displaying the dissimilarities between metabarcoding datasets (V4 rDNA amplicon sequences) of plankton communities sampled bi-monthly along at the SOMLIT-Astan time-series station for two size fractions: > 3 µm (A) and 02-3µm (B, C, D)

The periods 2009-2011 and 2012-2016 were sequenced separately in different runs. Nucleic acids of the smallest size fraction (0.2-3 µm) of the period 2009-2011 were purified and concentrated using a different procedure.

Abstract

Major seasonal community reorganizations and associated biomass variations are landmarks of plankton ecology. However, the processes determining marine species and community turnover rates have not been fully elucidated so far. Here, we analyse patterns of planktonic protist community succession in temperate latitudes, based on quantitative taxonomic data from both microscopy counts and ribosomal DNA metabarcoding (18S rRNA gene) from plankton samples collected biweekly over 8 years (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) at the SOMLIT-Astan station (Roscoff, Western English Channel). The use of morphological and molecular analyses in combination allowed improving the taxonomic resolution, and revealed a greater diversity. The temporal structure of the community elucidated the recurrent seasonal pattern of the dominant species and OTUs (18S V4 rDNA-derived taxa) that drive annual plankton successions. Overall, our results underpinned a spring-autumn community, dominated by myxotrophic dinoflagellates, some phototrophs among which nano-diatoms, Cryptophyta and Chlorophyta; and a winter community, characterised by small protists, parasitic lineages like Cercozoa and Syndiniales (and other primarily heterotrophic, parasitic or saprotrophic groups such as the Ciliophora, Picozoa, Opalozoa and Sagenista) which support different preferences in temperature, light and macronutrients. We detected that some OTUs were partly benthic as a result of the intense tidal mixing typical of the French coasts in the English Channel. While the occurrence of these microorganisms is driven by the physical and biogeochemical conditions of the environment, internal community processes, also play a key role in shaping protist communities. 
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Diatom reference tree

Diatom reference sequences from PR2 version 4.12.0 [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): A catalog of unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy[END_REF] were extracted.

Sequences with insufficient taxonomic information (no genus or species information) were discarded and the taxonomy was translated to EukMap 1.0.0 taxonomy (https://eukmap.unieuk.org/). 18S sequences (MN528601-MN528659) from cells isolated at Roscoff Astan by Arsenieff et al., (2020) were also added to our in-house reference database. The reference sequences were aligned using MAFFT version 7.450 with the method FFT-NS-1 [START_REF] Katoh | MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier transform[END_REF], and poorly aligned regions were removed using Trimal version 1.4.Trimal program was used for the selection of conserved blocks to be used in phylogenetic analyses. At this point the aligned and trimmed sequences were used to build a reference maximum likelihood phylogenetic tree using the program RaxML (Stamatakis et al., 2015) using the RaxMLHPC_PTHREADS-SSE3 version which splits the calculations among multiple MPI processes. A rapid bootstrap analysis was performed at the same time as the optimal tree topology search (-f a option) with 100 independent searches from different starting trees and using the GTR+CAT model of sequence evolution. A few very long branches (incorrectly aligned sequences that contain introns or other artefacts) were discarded. We then modified the tree in R after extracting the V4 region using the sequences of the primers, and kept all the unique reference sequences. The tree was rerooted using ITOL [START_REF] Letunic | Interactive tree of life (iTOL) v5: An online tool for phylogenetic tree display and annotation[END_REF] for better visualization, tip labels were colored by family and the legend was modified using Inkscape.

18S rRNA gene sequencing and bioinformatic analysis

We explore the diatom community composition of both coastal sites by sequencing the V4 region of the 18S rRNA gene using a metabarcoding approach. The data obtained from plankton samples collected at both stations, 69 samples in total for SOMLIT-Astan (Roscoff) and 39 for LTER-Marechiara (Naples), collected between 2011 and 2013 were prepared for sequencing. Nucleic acids were then extracted using a phenol-chloroform method (Sambrook et al., 1989), and purified using silica membranes from the NucleoSpin® PlantII kit (Macherey-Nagel, Hoerdt, France). Total DNA extracts were then used as templates for PCR amplification of the V4 region of the 18S rDNA (∼380 bp) using the primers TAReuk454FWD1 (5'-CCAGCASCYGCGGTAATTCC-3', S. cerevisiae position 565-584) and ASVs assigned with more than 90% of similarity to a diatom reference sequence from PR2 were selected and reassigned using the same approach with our in-house diatom reference database.

For more details relative to the bioinformatic pipeline used to generate the ASV tables, see [START_REF] Caracciolo | Annual phytoplankton succession results from niche-environment interaction[END_REF] and https://gitlab.com/nicolashenry50/metab-pipeline.

Ecological analyses

Ecological analyses were performed using R (R version 4.1.0, R Development Core Team, 2011) using the package Vegan (Oksanen et al., 2008), data table (Dowle and Srinivasan, 2018), and seqinr [START_REF] Charif | SeqinR 1.0-2: A Contributed Package to the R Project for Statistical Computing Devoted to Biological Sequences Retrieval and Analysis[END_REF]. The evolutionary relationships between ASVs from SOMLIT-Astan and LTER-Marechiara were assessed using a phylogenetic tree built using the same approach as the one used for the reference tree. The relative abundance was compared (calculated as the reads number in every sample divided by the total number of reads) and profiles of abundance were built for the two stations. The seasonality of the most abundant diatoms during three seasonal cycles (2011-2013) was observed through the mean monthly relative abundance values. The optimum temperature and range of tolerance were computed using the robust optimum method [START_REF] Cristóbal | Robust optima and tolerance ranges of biological indicators: A new method to identify sentinels of global warming[END_REF].

Results

The diatoms reference database

The reference database PR2 4.12 contains 4,760 18S sequences of diatoms with sufficient taxonomic information (down to genus or species level) of which 2,160 contains the V4 region. Following the addition of 9 sequences that were characterized by Arsenieff et al, (2020) and including the 16 sequences used as a base for the alignment, 2,185 total sequences were retained. The quality-check process and cleaning resulted in a database of 2,164 aligned, trimmed and good-quality sequences used to build the tree (Fig. 2).

The reference tree, built from the full 18S sequences and annotated at higher taxonomic levels with the curated taxonomy from the UniEuk project (from Cedric Berney), allows the

The diatoms at SOMLIT-Astan (Roscoff) and LTER-Marechiara (Naples) longterm monitoring stations

We focused on the most abundant diatoms observed at the two sampling sites in order to compare their seasonality After rarefaction, a total of 4,438 and 6,303 eukaryotic ASVs were retrieved for Naples and Roscoff 18S V4 sequence datasets, respectively. Among these, 203 ASVs representing 46,195 reads were assigned to diatoms from LTER-Marechiara station (Naples) and 379 ASVs representing 140,238 reads were assigned to diatoms from SOMLIT-Astan station (Roscoff). The mean monthly relative abundance of the genera showed different abundance dynamics between the two sites (Fig. 3). We found typical genera better adapted to one of the two sites, and thus found in high abundance, whilst being present at the other site at lower abundances. This is the case for Chaetoceros that showed high contributions in the Mediterranean waters and Minidiscus, observed all year around at Roscoff coastal station. Both genera are also observed also in the other respective station but in much lower relative abundance and more sporadically during just a few months (i.e. Summer-autumn for Chaetoceros in Roscoff and winter-spring for Minidiscus in Naples). The same happens with Cerataulina, more common in Naples with a big bloom in July every year, while only peaking during spring 2011 and 2012 Roscoff; and with Rhizosolenia which is mostly present in Roscoff during spring-summer but also blooms in January 2011 in the Mediterranean. Guinardia, dominant during summer in Roscoff, is only found with few reads in Naples during July 2011. In addition, we observed some genera specific to a single site. For example, Leptocylindrus and Thalassiothrix are only retrieved in Naples, while Navicula, Odontella and Pleurosigma, almost exclusively in Roscoff. But few sequences of those are retrieved in the other respective station inside the "others" category.

Thalassiosira's biggest peak was observed in April at both sites, but while this genus can be found all year round at Roscoff, in Naples it tends to decrease until disappearing in summer. 
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 The investigation of keystone species:

One of the purpose of co-occurrence networks in the frame of this project is to identify keystone species, i.e. species that could have a key role in the resilience of the ecosystem.

During the Master 2 internship of Marina, a method was proposed to identify those organisms, taking into account different metrics (see Estrada, 2007).

Further analyses to be realized: Seasonality of interactions for keystone protists of the SOMLIT-Astan time series.

Future perspective of this project is to build (from the work of Marina Gaudin) a flashweave co-occurrence network using primarily the 8 years protists genetic dataset 18SV4 (fraction > 3 µm) to test the following hypotheses and answer the following questions:

-Are interaction co-occurrence networks resilient over the 8 years for protists? -What is the position of the benthic taxa in the co-occurrence network? Do they form independent modules? -Can we detect keystone protists taxa? Do these keystones correspond to dominant taxa, to photosynthetic taxa? Are there some species with benthic affinities that appear as keystones in the co-occurrence network? -What is the position of these protists keystone taxa in co-occurrence networks built using both prokaryotic and eukaryotic markers (2009-2011 datasets)? Is their keystone status confirmed? -Is the removal of a keystone disrupting the equilibrium (structure) of the network? -What is the ecological niche of the keystone species? What is the size of those niches?

SUMMARY (ENG)

Marine plankton, which incorporates all organisms that drift with currents, is responsible for about half of global primary production, plays a major role in global biogeochemical cycles and facilitates climate regulation. Understanding the dynamics of marine plankton is thus crucial in improving our capacity to accurately predict the environmental consequences of global changes. Time-series are witnesses of long-term ecological change and also provide a great opportunity to understand how the environment shapes planktonic communities to be able to predict their composition in the future.

The main goals of this thesis are to describe the temporal patterns of planktonic protist communities in coastal tidally-mixed waters and unveil their main drivers. The work presented in this manuscript is based on the analysis of microscopy counts and DNA metabarcoding (rDNA 18S V4) data from plankton samples collected biweekly over 8 years (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) at the Somlit-Astan station (Roscoff, Western English Channel). Morphological data allowed us to assess absolute abundance of eukaryotic phytoplankton and metabarcoding data revealed a great diversity of both phototrophic and heterotrophic microeukaryotes.

First we elucidated the recurrent seasonal pattern of the dominant species and OTUs (rDNA-derived taxa) that drive annual plankton successions at the Somlit-Astan station and identified diatoms as the dominant group of phytoplankton. Then, we partitioned the planktonic taxa into two groups (core and transient) using a new metric estimating the temporal regularity of occurrence of organisms over the years (perplexity index), and we explored how these two groups interact with each other and with the environment. Core taxa persist through time and are very abundant whereas transient taxa occur intermittently. Finally, we compared the Somlit-Astan time-series with another one in the Gulf of Naples (Lter-Marechiara) focusing on diatoms. We highlighted six unique sequences abundant at both sites (maximum abundance > 10%) despite the difference of temperature.

This thesis supports evidence that microbial planktonic communities are shaped by time, and more specifically they are responding to the temporal structure of the environmental factors on one hand, and the self-organization processes of the community assembly (i.e. interactions), on the other hand. Those are major forces shaping annual plankton successions and the notable resilience of core species. Transient species instead are mainly driven by stochastic events.

Table 1: List of phytoplankton species and their correlation with the first three PCs. List of phytoplankton species considered in our study area (see Fig. S1). The 81 species were grouped in the following classes: 1: Bacillariophyceae, 2: Dinophyceae, 3: Primnesiophyceae, 4: Dictyochophyceae and 5: Cyanophyceae. The first three PCs considered in Fig. 3 and their eigenvalues are reported here. A cross indicates a significant correlation (>|0.5|) between a species and a PC. Some species were not correlated. The percentage of explained variance per PC is indicated into brackets. The seasonal cycles of each phytoplankton species are represented on Fig. 6 (see species numbers, first column of this table, for correspondence).

on METAL can be found in Beaugrand (Beaugrand, 2015a;[START_REF] Beaugrand | The mathematical influence on global patterns of biodiversity[END_REF]).

Summary of the numerical procedures

In this paper, we specifically test whether APS originates from the interaction between the ecological niche of a species and environmental fluctuations. First (Step 1 hereafter), we examined APS in the North Sea by means of a Principal Component Analysis (PCA) using data from the CPR survey. APS has been regularly investigated by applying this multivariate technique [START_REF] Colebrook | Continuous plankton records: seasonal cycles of phytoplankton and copepods in the North Atlantic Ocean and the North Sea[END_REF][START_REF] Colebrook | Continuous plankton records: relationships between species of phytoplankton and zooplankton in the seasonal cycle[END_REF][START_REF] Beaugrand | Long-term and seasonal fluctuations of plankton in relation to hydroclimatic features in the English Channel, Celtic Sea and Bay of Biscay[END_REF]. A total of 81 species belonging to different taxonomic groups (e.g. diatoms, dinoflagellates) were considered in this analysis. Secondly (Step 2), we created a large pool of (Gaussian) ecological niches using a model from the METAL theory and a growing number of ecological dimensions up to five (i.e.