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Phytoplankton distribution from Western to Central English Channel, revealed by automated flow cytometry during the summer-fall transition
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Automated pulse shape-recording flow cytometry was applied to address phytoplankton spatial distribution, at high frequency, in stratified and well mixed water masses in the Western and Central English Channel during the summer-fall transition. Cytometric pulse shapes derived from optical features of single cells allowed the characterization of eight phytoplankton groups. Abundance and total red fluorescence (chlorophyll a autofluorescence) per group were used to define six phytoplankton communities. Their distribution revealed high spatial heterogeneity. Abundance presented a longitudinal gradient for six over the eight groups and succession of brutal shifts along the cruise. Maximum values were often located near the Ushant front in the Western English Channel. A latitudinal gradient characterized the Central English Channel waters under the influence of the Seine estuary. Picophytoplankton (Synechococcus-like cells and picoeukaryotes) represented up to 96% of total abundance and half of the total red fluorescence of the communities near the main front and the Bay of Seine, whereas nanoeukaryotes and microphytoplankton, represented only 4% and less than 1% respectively of total abundance. Both nanoeukaryotes and microphytoplankton dominated the total red fluorescence of the communities of the Central English Channel. The study of traits within each group showed a high variability of traits between communities. The comparison between traits showed that they were independent from each other for some groups (size and red fluorescence per cell for PicoHighFLR and Coccolithophore-like cells; orange and red fluorescence for all the groups), whereas they were dependent for other groups (red fluorescence per cell was dependent of size for picophytoplankton, NanoLowFLR, NanoHighFLR, Cryptophyte-like cells and Microphytoplankton). Variance partitioning revealed that the environmental parameters (temperature, salinity and turbidity) accounted less than spatial descriptors (physical and biological processes) in shaping the communities. Hydrological structures (frontal structures, eddies and tidal streams) were responsible for patches of phytoplankton and defined the structure at the sub-mesoscale (1 -10 km) in this area.

Introduction

Carbon uptake and fixation through photosynthesis [START_REF] Falkowski | The role of phytoplankton photosynthesis in global biogeochemical cycles[END_REF][START_REF] Falkowski | Biogeochemical Controls and Feedbacks on Ocean Primary Production[END_REF][START_REF] Gregg | Ocean primary production and climate: Global decadal changes[END_REF] make phytoplankton account for up to 50% of the annual global net primary production, while its biomass only represents 2% of the total global biomass [START_REF] Falkowski | Phytoplankton and Their Role in Primary, New, and Export Production[END_REF][START_REF] Field | Primary production of the biosphere: Integrating terrestrial and oceanic components[END_REF]. Furthermore, phytoplankton are involved in many biogeochemical cycles [START_REF] Falkowski | The role of phytoplankton photosynthesis in global biogeochemical cycles[END_REF][START_REF] Falkowski | Biogeochemical Controls and Feedbacks on Ocean Primary Production[END_REF][START_REF] Gregg | Ocean primary production and climate: Global decadal changes[END_REF] and in most of the marine food webs being a prey for grazers affecting growth, cellular processes and community composition [START_REF] Holligan | The vertical distribution and succession of phytoplankton in the mwestern english channel in 1975 and 1976[END_REF][START_REF] Lampert | Phytoplankton control by grazing zooplankton: A study on the spring clear-water phase[END_REF][START_REF] Rassoulzadegan | Partitioning of the food ration of marine ciliates between pico-and nanoplankton[END_REF]. Given the importance of phytoplankton in marine ecosystems, there is a consequent need to perform accurate estimates of abundance and biomass (which are also defined as biological descriptors in the Marine Strategy Framework Directive (MSFD 2008/56/EC) and Water Framework Directive (2000/60/EC) in order to understand the populations assembly into different communities and how these communities influence/determine biogeochemical cycles as well as higher trophic levels (e.g. [START_REF] Falkowski | Biogeochemical Controls and Feedbacks on Ocean Primary Production[END_REF][START_REF] Litchman | Resource Competition and the Ecological Success of Phytoplankton[END_REF][START_REF] Litchman | The role of functional traits and trade-offs in structuring phytoplankton communities: Scaling from cellular to ecosystem level[END_REF]. The large size-range and diversity of phytoplankton characterise high variations of surface/volume ratios as well as physiological capacities, leading to a different capacity of growth among phytoplankton, sometimes dividing twice a day [START_REF] Alpine | Phytoplankton growth rates in a light-limited environment, San Francisco Bay[END_REF]. In addition, environmental drivers are often episodic, contributing to quick changes of phytoplankton responses over space and time scales. Current monitoring sampling strategies might fail to detect these responses [START_REF] Pearl | Phytoplankton indicators of ecological change in the eutrophying Pamlico sound system, North Carolina[END_REF]. Therefore, a trade-off in phytoplankton sampling strategies is needed in order to understand the determinism of phytoplankton changes and distribution, considering both fine space and time scales and environmental parameters.

Considering the techniques available, the use of microscopy and HPLC pigment analysis provide, respectively, high taxonomical and pigmentary composition. However, they are not suitable for high space and time resolution studies [START_REF] Cullen | Emerging technologies and modeling[END_REF][START_REF] Millie | Detection of harmful algal blooms using photopigments and absorption signatures: A case study of the Florida red tide dinoflagellate, Gymnodinium breve[END_REF][START_REF] Richardson | Monitoring of the toxic dinoflagellate Karenia brevis using gyroxanthin-based detection methods[END_REF]) because of the time-consuming and highly specialised work to be carried out back at the laboratory. On the other hand, despite in vivo fluorometry could reach a reliable space and time coverage [START_REF] Rantajärvi | Effect of sampling frequency on detection of natural variability in phytoplankton: Unattended high-frequency measurements on board ferries in the Baltic Sea[END_REF], it provides only bulk measurements as estimates of total chlorophyll a (as a proxy of phytoplankton biomass). Several innovative techniques (e.g. multispectral fluorometry, automated flow cytometry, remote sensing) have shown to give representative insights into phytoplankton composition (at least at the functional level), abundance and/or chlorophyll a at high resolution [START_REF] Bonato | High spatial variability of phytoplankton assessed by flow cytometry, in a dynamic productive coastal area, in spring: The eastern English Channel[END_REF][START_REF] De Monte | Can we detect oceanic biodiversity hotspots from space?[END_REF][START_REF] Lefebvre | High resolution overview of phytoplankton spectral groups and hydrological conditions in the eastern English Channel using unsupervised clustering[END_REF][START_REF] Marrec | Coupling physics and biogeochemistry thanks to high-resolution observations of the phytoplankton community structure in the northwestern Mediterranean Sea[END_REF][START_REF] Marrec | Spatiotemporal dynamics of biogeochemical processes and air -sea CO 2 fl uxes in the Western English Channel based on two years of FerryBox deployment[END_REF][START_REF] Thyssen | High-resolution analysis of a North Sea phytoplankton community structure based on in situ flow cytometry observations and potential implication for remote sensing[END_REF]. Among these techniques, automated "pulse shaperecording" flow cytometry (PSFCM) addresses almost the whole phytoplankton size-range (c.a. from less than 1µm to 800 µm width) at single-cell or single-colony level and characterizes them based on their combined or integrated optical properties (i.e. light scattering, fluorescence; [START_REF] Dubelaar | High frequency monitoring reveals phytoplankton dynamics[END_REF][START_REF] Dubelaar | Design and first results of CytoBuoy: A wireless flow cytometer for in situ analysis of marine and fresh waters[END_REF]. Indeed, this technique records the entire pulse shape of a single particle [START_REF] Rutten | Phytoplankton monitoring by high performance flow cytometry: A successful approach? Cytom[END_REF]Thyssen et al., 2008bThyssen et al., , 2008a)), from small cells as Prochlorococcus-like [START_REF] Marrec | Coupling physics and biogeochemistry thanks to high-resolution observations of the phytoplankton community structure in the northwestern Mediterranean Sea[END_REF] up to large cells and/or colonies of diatoms or Phaeocystis globosa [START_REF] Bonato | Spatio-temporal patterns in phytoplankton assemblages in inshore-offshore gradients using flow cytometry: A case study in the eastern English Channel[END_REF][START_REF] Bonato | High spatial variability of phytoplankton assessed by flow cytometry, in a dynamic productive coastal area, in spring: The eastern English Channel[END_REF][START_REF] Rutten | Phytoplankton monitoring by high performance flow cytometry: A successful approach? Cytom[END_REF]. Moreover, the cytometric optical properties provide useful proxies of cell length, width, morphology, internal composition and physiology which can be assimilated to functional derived traits. Therefore, the variation of phytoplankton traits at high frequency remain to be investigated across the different spatial scales.

The Western and Central part of the English Channel are well-documented areas which benefit from sustained monitoring (e.g. Astan Buoy, Astan & Estacade SOMLIT stations, L4 and E1 stations; [START_REF] Eloire | Temporal variability and community composition of zooplankton at station L4 in the Western Channel: 20 years of sampling[END_REF][START_REF] Goberville | Climate-driven changes in coastal marine systems of western Europe[END_REF][START_REF] Not | A Single Species, Micromonas pusilla (Prasinophyceae), Dominates the Eukaryotic Picoplankton in the Western English Channel[END_REF][START_REF] Smyth | A broad spatio-temporal view of the Western English Channel observatory[END_REF][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]. This epicontinental sea is strongly impacted by climate variability [START_REF] Goberville | Climate-driven changes in coastal marine systems of western Europe[END_REF] making seasonal and interannual variation in the hydrological and climatic conditions responsible of changes in plankton communities composition [START_REF] Foulon | Ecological niche partitioning in the picoplanktonic green alga Micromonas pusilla: Evidence from environmental surveys using phylogenetic probes[END_REF][START_REF] Marie | Use of flow cytometric sorting to better assess the diversity of small photosynthetic eukaryotes in the English Channel[END_REF][START_REF] Tarran | Nanoplankton and picoplankton in the Western English Channel: Abundance and seasonality from 2007-2013[END_REF][START_REF] Widdicombe | Long-term phytoplankton community dynamics in the Western English Channel[END_REF]. In the Western English Channel (WEC), from May to October, the hydrological conditions go from well-stratified to well-mixed conditions and shape the position of the Ushant tidal front [START_REF] Pingree | Tidal Fronts on the Shelf Seas Around the British Isles Marine Biological Association of the United Kingdom, Plymouth, England[END_REF]. Eddies that bring high nutrient concentrations in addition to the light, make communities accumulating along the front, especially diatoms and dinoflagellates, and contribute to high biomass [START_REF] Landeira | Biophysical interactions control the size and abundance of large phytoplankton chains at the ushant tidal front[END_REF][START_REF] Pingree | Phytoplankton growth and cyclonic eddies[END_REF]Pingree et al., , 1978[START_REF] Pingree | Survival of dinoflagellates blooms in the western English Channel[END_REF]. Moreover, the geostrophic flow, eddies, wind upwelling and tidal streams occur along the front allowing phytoplankton dispersion and crossing the front [START_REF] Pingree | Phytoplankton growth and cyclonic eddies[END_REF]. Therefore, the front extends on scales from meters to kilometres (d'Ovidio et al., 2010;[START_REF] Ribalet | Unveiling a phytoplankton hotspot at a narrow boundary between coastal and offshore waters[END_REF]. In the Central English Channel (CEC), both the English and the French coast are influenced by river run-off. In the French part, the Seine River contributes to form permanent halocline stratification [START_REF] Brylinski | L'interface eaux côtières/eaux du large dans le Pas-de-Calais (côte française) : une zone frontale[END_REF][START_REF] Menesguen | Modelling the biogeochemical cycles of elements limiting primary production in the English Channel. I. Role of thermohaline stratification[END_REF]. During the late summer-fall period, the Bay of Seine is initially characterised by high abundance of diatom [START_REF] Jouenne | Phytoplankton community structure and primary production in small intertidal estuarine-bay ecosystem (eastern English Channel, France)[END_REF]. Then, when the depletion of nutrient occurs in summer, diatom abundance decrease and dinoflagellate abundance increase [START_REF] Thorel | Nutrient ratios influence variability in Pseudo-nitzschia species diversity and particulate domoic acid production in the Bay of Seine (France)[END_REF]. Along the English coast, the Southampton Water estuarine system contributes largely to enhance nutrients along the coast [START_REF] Hydes | SONUS: The southern nutrients study 1995-1997[END_REF]. Nutrients are especially brought by the Test and Itchen rivers, which drain agricultural land as well as sewage discharge effluents [START_REF] Hydes | SONUS: The southern nutrients study 1995-1997[END_REF] resulting in chlorophyll a peaks in spring and summer [START_REF] Iriarte | Factors controlling the timing of major spring bloom events in an UK south coast estuary[END_REF][START_REF] Kifle | The seasonal abundance of the phototrophic ciliate Mesodinium rubrum in Southemptom water, England[END_REF][START_REF] Leakey | Planktonic ciliates in Southampton Water: abundance, biomass, production, and role in pelagic carbon flow[END_REF].

Despite most of phytoplankton studies in the English Channel concerned the coastal areas (e.g. [START_REF] Hydes | SONUS: The southern nutrients study 1995-1997[END_REF][START_REF] Iriarte | Factors controlling the timing of major spring bloom events in an UK south coast estuary[END_REF][START_REF] Jouenne | Phytoplankton community structure and primary production in small intertidal estuarine-bay ecosystem (eastern English Channel, France)[END_REF][START_REF] Marie | Use of flow cytometric sorting to better assess the diversity of small photosynthetic eukaryotes in the English Channel[END_REF][START_REF] Not | A Single Species, Micromonas pusilla (Prasinophyceae), Dominates the Eukaryotic Picoplankton in the Western English Channel[END_REF][START_REF] Pannard | Short-term variability of the phytoplankton community in coastal ecosystem in response to physical and chemical conditions ' changes[END_REF][START_REF] Smyth | A broad spatio-temporal view of the Western English Channel observatory[END_REF][START_REF] Tarran | Nanoplankton and picoplankton in the Western English Channel: Abundance and seasonality from 2007-2013[END_REF][START_REF] Widdicombe | Long-term phytoplankton community dynamics in the Western English Channel[END_REF], some of them concerned coastal-offshore gradients focusing both in the Eastern English Channel (EEC, Bonato et al., 2016[START_REF] Marañón | Cell Size as a Key Determinant of Phytoplankton Metabolism and Community Structure[END_REF][START_REF] Lefebvre | High resolution overview of phytoplankton spectral groups and hydrological conditions in the eastern English Channel using unsupervised clustering[END_REF], Central English Channel (WEC, Napoléon et al., 2014, 2012) and Western English Channel [START_REF] Garcia-Soto | Spring and summer blooms of phytoplankton (SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel[END_REF][START_REF] Marrec | Spatiotemporal dynamics of biogeochemical processes and air -sea CO 2 fl uxes in the Western English Channel based on two years of FerryBox deployment[END_REF][START_REF] Marrec | Seasonal and latitudinal variability of the CO 2 system in the western English Channel based on Voluntary Observing Ship ( VOS ) measurements[END_REF]Napoléon et al., 2013) (Garcia-Soto and[START_REF] Garcia-Soto | Spring and summer blooms of phytoplankton (SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel[END_REF][START_REF] Marrec | Spatiotemporal dynamics of biogeochemical processes and air -sea CO 2 fl uxes in the Western English Channel based on two years of FerryBox deployment[END_REF][START_REF] Marrec | Seasonal and latitudinal variability of the CO 2 system in the western English Channel based on Voluntary Observing Ship ( VOS ) measurements[END_REF][START_REF] Napoléon | Dynamics of phytoplankton diversity structure and primary productivity in the English Channel[END_REF][START_REF] Napoléon | Study of dynamics of phytoplankton and photosynthetic parameters using opportunity ships in the western English Channel[END_REF][START_REF] Napoléon | Spatiotemporal dynamics of physicochemical and photosynthetic parameters in the central English Channel[END_REF]. Some attempts were carried out on transects crossing the English Channel in the WEC and CEC (Garcia-Soto and [START_REF] Garcia-Soto | Spring and summer blooms of phytoplankton (SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel[END_REF][START_REF] Marrec | Spatiotemporal dynamics of biogeochemical processes and air -sea CO 2 fl uxes in the Western English Channel based on two years of FerryBox deployment[END_REF][START_REF] Marrec | Seasonal and latitudinal variability of the CO 2 system in the western English Channel based on Voluntary Observing Ship ( VOS ) measurements[END_REF][START_REF] Napoléon | Study of dynamics of phytoplankton and photosynthetic parameters using opportunity ships in the western English Channel[END_REF].

However, these studies reflected three major drawbacks: first of all, some transects were carried out along a latitude gradient, missing the longitude component in which spatial gradients are particularly known to occur in the English Channel [START_REF] Napoléon | Dynamics of phytoplankton diversity structure and primary productivity in the English Channel[END_REF][START_REF] Napoléon | Study of dynamics of phytoplankton and photosynthetic parameters using opportunity ships in the western English Channel[END_REF][START_REF] Napoléon | Spatiotemporal dynamics of physicochemical and photosynthetic parameters in the central English Channel[END_REF]. Secondly, most of them resulted in a spatial aliasing by missing any fine spatial scale variability. Finally, these spatiotemporal studies mainly sampled the largest organisms (> 20 µm) of the phytoplankton compartment, missing most of the picophytoplankton and the small nanophytoplankton (< 20µm) fraction.

In the present study, we analyse the spatial distribution of some phytoplankton size-and opticallydefined functional groups as well as their assembly in communities, highlighting the relation between environmental and spatial features with phytoplankton communities' variability, addressed at high frequency, on a high spatial sampled gridded area. Phytoplankton single-cells and colonies were characterised by continuous recording of sub-surface pumped seawater, by using an automated "pulse shape-recording" flow cytometer coupled to continuous recording hydrological features. With a high resolution spatial sampling strategy, our aims were: (i) to study the phytoplankton distribution per functional group and the variation of the traits within each group across space with respect to meso-to sub-mesoscale hydrological features as frontal areas (ii) to identify the key environmental and spatial variables that could explain the variability between communities' composition and (iii) to define the scale of variability of phytoplankton communities among sites.

Materials and methods

Cruise outlines

Samples were collected during a multidisciplinary cruise focusing on an ecosystemic end-to-end approach of fisheries in the Western English Channel. The CAMANOC (CAmpagne MANche OCcidentale, Travers-Trolet and Verin, 2014) cruise took place on board the RV Thalassa (Ifremer) from the 16 th of September to the 16 th of October 2014, during the summer-fall transition. The ship crossed the English Channel from West to East (Fig. 1). A Pocket-FerryBox system (PFB, 4H-JENA) was coupled to a pulse shape-recording flow cytometer (PSFCM, CytoSense, Cytobuoy), a thermosalinometer (SeaBird SBE21) and an in vivo fluorometer (Turner Designs 10-AU). In vivo fluorometer required a two steps calibration. The first one used a blank water (de-ionized water) and the second one used a solid standard. The water intake was at the front of the ship's cooling system at a fixed depth (4 m), and in normal ship operation seawater is constantly pumped. The PFB was assembled with sensors for salinity and temperature (Seabird 45 micro TSG), and turbidity (Seapoint).

Seawater was pumped at 4 m depth and was continuously analysed by all the sensors. The acquisition of data was continuously performed, and we obtained an integration of the measurement from 1 minute (PFB) to 10 minutes (PSFCM). Because of a relatively brief transit time of water from the water intake to PFB, the observations are representative of sub-surface conditions. The lower resolution was kept to merge phytoplankton functional features with environmental data. The ship navigated at the speed of 11 knots for 1 month. This led to a resolution of approximately 3.4 km (for automated flow cytometry) with a total of 2910 samples, considering stops for discrete fisheries, benthos, plankton and hydrological sampling. 

Stratification and mixing of water masses

CTD (Seabird SBE 21) casts (78) were performed during the cruise. Temperature (°C), salinity, density (kg.m -3 ) and depth (m) were recorded at a rate of 1 measure per second. We used the density from the CTD casts to calculate the squared of buoyancy frequency, N² (s -2 ; 3), in order to quantify the vertical density gradient throughout the water column which quantifies the stratification:

(3) N² ≡ g/ρ 0 × (δρ(z) / δz) where g (m.s -2 ) is the acceleration due to gravity, ρ 0 (1026 kg.m -3 ) is seawater reference density, δρ (kg.m -3 ) is the density differential along the water column and δz is the depth of the water column, between surface and bottom.

Plankton analysis

Continuous pumped waters as well as discrete samples were analysed by a CytoSense (Cytobuoy b.v., Netherlands), an automated flow cytometer (FCM) with the ability of recording the entire optical pulse shape of each particle ("pulse shape-recording flow cytometer": PSFCM). Five signals compose a particle optical profile. The forward scatter (FWS) is collected via a PIN photodiode whereas the sideward scatter (SWS) and three types of fluorescence: red fluorescence (FLR: 668-734 nm), orange fluorescence (FLO: 604-668 nm) and yellow fluorescence (FLY: 536-601 nm) are collected via a photomultiplier. The instrument uses a solid-state laser (Coherent Inc, 488 nm, 50 mV) to analyse, count and characterise single-cells and colonies [START_REF] Dubelaar | High frequency monitoring reveals phytoplankton dynamics[END_REF]Pomati et al., 2013;[START_REF] Pomati | Assessing triclosan-induced ecological and trans-generational effects in natural phytoplankton communities: A trait-based field method[END_REF]) from 1 µm to 800 µm width and a few mm length [START_REF] Dubelaar | Design and first results of CytoBuoy: A wireless flow cytometer for in situ analysis of marine and fresh waters[END_REF]. Each particle passes through a 5 µm laser beam at a speed of 2 m s -1 . A trigger-level was used on the red fluorescence (FLR) in order to separate phytoplankton and non-fluorescent particles [START_REF] Thyssen | High-resolution analysis of a North Sea phytoplankton community structure based on in situ flow cytometry observations and potential implication for remote sensing[END_REF]. Continuous recording was performed with this configuration and the trigger-level was set at 15 mV during 9 min at a flow rate of 4.5 µL s -1 . The clustering was performed manually with the CytoClus software (Cytobuoy b.v., www.cytobuoy.com). The determination of each group was processed considering the amplitude and the shape of the five signals, referring also to previous work on automated flow cytometry in this area [START_REF] Bonato | Spatio-temporal patterns in phytoplankton assemblages in inshore-offshore gradients using flow cytometry: A case study in the eastern English Channel[END_REF][START_REF] Bonato | High spatial variability of phytoplankton assessed by flow cytometry, in a dynamic productive coastal area, in spring: The eastern English Channel[END_REF][START_REF] Thyssen | High-resolution analysis of a North Sea phytoplankton community structure based on in situ flow cytometry observations and potential implication for remote sensing[END_REF] and according to bead size calibration. In addition, the CytoClus software provides several statistical features on each signal (e.g. Length, Total, Average...) as well as the distribution of the different populations of events. The length of the FWS was used as a proxy for cell size. A standardisation of each particle from each cluster was carried out with calibrated beads of 3µm. Two thresholds were set up: the first around 3µm in order to separate picoeukaryotes from nanoeukaryotes and the second around 20 µm in order to separate nanoeukaryotes from microphytoplankton. A group was named according to its estimated size and to its pigmentary features. Following [START_REF] Bonato | High spatial variability of phytoplankton assessed by flow cytometry, in a dynamic productive coastal area, in spring: The eastern English Channel[END_REF] particle size was corrected with the measured length FWS of the beads (1 & 2). 

Statistical analysis and mapping

We considered the environmental parameters (i.e. temperature, salinity and turbidity) and in vivo total fluorescence obtained either by the thermo-salinometer (temperature and salinity), the PFB (turbidity) and the Turner fluorometer (in vivo total fluorescence) to compute a hierarchical classification analysis based on Euclidean distance. A hierarchical classification was computed also for cytometric groups, separately, to characterize the similarity between the phytoplankton communities among the sites. We used scaled data to detect the similarity among the relative changes in community composition, and we computed the Jaccardized Czekanowski similarity index (also known as quantitative Jaccard). In most recent studies on the spatial distribution of phytoplankton, the common procedure is a computation of Bray-Curtis dissimilarity matrix to define communities [START_REF] Legendre | Numerical ecology. 2nd[END_REF]. However, Bray-Curtis generates a semi-metric matrix which is not as strong as the quantitative Jaccard which generates a metric matrix for cluster analysis. Thus, the Jaccardized Czekanowski index would be more suitable than Bray-Curtis for similarity studies [START_REF] Schubert | A note on the Jaccardized Czekanowski similarity index[END_REF]. This distance was computed per phytoplankton feature (i.e. abundance, red fluorescence) calculated from the cytometric groups such as described in [START_REF] Bonato | High spatial variability of phytoplankton assessed by flow cytometry, in a dynamic productive coastal area, in spring: The eastern English Channel[END_REF] in order to get the similarity between pairs of samples. We processed the computation of an average similarity matrix between a matrix based on abundance and a matrix based on red fluorescence. This method is more reliable than using them separately because abundance and red fluorescence (proxy of chlorophyll content which in turn is used as a proxy of biomass) are considered as the main features to discriminate the communities.

Each function was weighted between 0 and 1. Abundance accounted for 0.5 as well as red fluorescence. We coupled the final similarity matrix with the Ward method [START_REF] Ward | Hierarchical grouping to optimize and objective function[END_REF] which consist in aggregating at each step the two clusters with the minimum within-cluster inertia and detect the homogeneity of the clusters. Then, the optimal classification cut level was obtained by selecting the maximum average silhouette over the Cophenetic distances. These analyses were processed using the packages "vegan", "analogue" and "cluster" on R. The importance of environment and space (defined as the Euclidean distance between a pair of latitude and longitude coordinates) for structuring phytoplankton communities was studied among each community by processing a variation partitioning (Borcard et al. 1992, Peres-Neto et al. 2006). In our model, the total variance is represented by four fractions [a + b + c + d] where [a +b] represents the environmental fraction; [b + c] represents the space fraction; [b] is the interaction between environment and space and [d] the residual variance.

Space was redefined by the calculation of the principal coordinates of neighbour matrices (PCNM, [START_REF] Borcard | All-scale spatial analysis of ecological data by means of principal coordinates of neighbour matrices[END_REF] to define them as spatial descriptors of the relationship among sampling units. We used the pcnm function from the "vegan" package design for R environment. Phytoplankton communities were detrended using the Hellinger transformation which is appropriate for compositional data by reducing the impact of rare events which are more susceptible to sampling error (Legendre and Gallagher, 2001). In addition, transformation of the data will give the same weight to rare or very abundant groups. Partitions were tested by ANOVA over 999 permutations. Finally, we carried out a multivariate Mantel correlogram to investigate the relationship between geographical distance extracted from the latitude-longitude coordinates and phytoplankton communities over the water bodies. This analysis allowed the detection of the minimal distance at which the correlations disappear.

Results

Hydrobiology

Each continuous-recorded physical variable as well as in vivo total fluorescence (µg equivalent of chlorophyll a per L) showed a strong spatial structure. The highest salinity values were recorded in the Western English Channel (35.5; WEC) and decreased moderately towards the East (35). In the Central English Channel (CEC) salinity strongly decreased from 35 in offshore waters to 33 in the inner part of the Bay of seine (BOS; Fig. 3A). Colder waters characterised the entrance of the WEC and were surrounded by warmer waters both in the Celtic Seas as well as in mid WEC waters (Fig. 3B). Sharp transitions were evidenced (of only a few kilometres) both at the West and East of the colder area. ).

The highest turbidity values were recorded in the CEC, both in offshore and coastal waters (Fig. 3C).

A sharp increase in chlorophyll in vivo fluorescence was evidenced from the outer shelf to the WEC (values shifted from around 0.1 µg chl Eq L -1 to 5.7 µg chl Eq L -1 ). Then, fluorescence levels decreased rapidly eastward in WEC (from 5.7 µg chl Eq L -1 to 1-1.5 µg chl Eq L -1 ; Fig. 3D). Spearman ranks correlation were negative and significant with temperature (ρ = -0.45, p<0.001) and turbidity (ρ = -0.29, p<0.001) whereas Spearman rank correlation between fluorescence and salinity was positive and significant (ρ = 0.31, p<0.001).

Applying hierarchical clustering on the similarity matrix revealed 5 water masses (WM) in the English Channel (Fig. 4A). Mapping these water masses revealed that Western and Central English Channel were structured in hydrological blocks. WM1 corresponded to the eastern part of the Western English

Channel and Celtic Seas out of the Channel (Iroise and Irish Seas), whereas WM3 was located in between, in the centre of the WEC. WM2 was located in offshore waters mainly in the CEC. WM4

was under the influence of the Bay of Seine and WM5 was considered as mainly corresponding to the English coastal and offshore waters of the CEC. The lowest temperature was recorded in the WM3 revealing also the strongest gradient (∆T = 4.18°C, Fig. 3B and table 1) whereas this water mass exhibited high stable salinity thus the lowest salinity gradient (∆SAL = 0.37, Fig. 3A and table 1) among the water masses. The opposite pattern was observed in the WM1, WM2, WM4 and WM5, the difference of temperature was comprised between 0.70°C (WM4) and 1.87°C (WM1) with higher values than in WM3 whereas the salinity difference was comprised between 1.22 (WM5) and 1.99 (WM2) with lower values than in the WM3. Turbidity was also lower in WM3 than in any other WM and showed a small difference (∆TURB = 0.8 NTU).

The highest range of turbidity values were found in the WM4 and WM5 (respectively ∆TURB = 8.05

NTU and ∆TURB = 12.39 NTU), both WM under the influence of the Solent (UK) and Seine (France)

estuaries. In WM3, in vivo chlorophyll fluorescence (Chl Fluo) was higher than in any other water mass and showed the highest variability (∆Chl Fluo = 5.22 µg chl Eq L -1 ). On the West of the main frontal structure (WEC, Fig. 4B), corresponding to WM3, N² values were higher and displayed more heterogeneous waters than in the East side (CEC and BOS), where the values of N² were lower and displayed homogeneous waters. In the WEC (WM3), N² values reached up to 10 -3 s -2 whereas in the CEC and the BOS (WM2, WM4 and WM5), the order of magnitude of N² values was between 10 -4 and 10 -5 s -2 (Fig. 4B). In the Celtic seas, the N² was recorded between 3.5 and 4.5 10 -3 s -2 decreasing sharply eastward with the shift of temperature to reach 1.5 10 -3 s -2 in the WEC.

They define the outer thermal front as well as the western limit between WM1 and WM3. Then a second change occurred between the WEC and the CEC. The values of the N² in WM3 of up to 4.0 10 - 3 s -2 shifted to 10 -4 /10 -5 s -2 the CEC (WM2, WM4) and the BOS (WM5) defining the inner thermal front.

Phytoplankton abundance, fluorescence and spatial distribution.

Picoeukaryotes (PicoLowFLR and PicoHighFLR) and Synechococcus-like cells dominated the phytoplankton abundance. They were structured along a decreasing West-East longitudinal gradient but showing an important heterogeneity in spatial distribution (Fig. 5). High abundance was recorded in the Western English Channel (mostly in WM3) whereas low values were recorded in the Central English Channel and, for Picoeukaryotes, at the western entrance of the English Channel (Celtic Seas, Fig. 5 and6). However, the abundance of Synechococcus-like cells was high out of the Channel and in the WEC, and low in the CEC (Fig. 5A). PicoLowFLR abundance exhibited patches reaching more than 1 × 10 4 cell mL -1 in the WEC (5% of the highest abundance were representing 950 km 2 ) and close to the Channel isles (Fig. 5B). PicoHighFLR (Fig. 5C) and Cryptophyte-like cells (Fig. 5D) showed the same patterns: low abundance out of the English Channel, sharp increase and high abundance in the WEC (both coastal and offshore waters, WM3), then a sharp decrease and low abundance in the eastern WEC and CEC. Coccolithophore-like cells (Fig. 5E) exhibited high abundance out of the Channel (western WM1), while the abundance remained low elsewhere. NanoLowFLR (Fig. 5F)

showed several patches of high abundance (5% of the highest abundance represented 1000 km 2 ) between the limits of WM3 (out of the Channel and in the WEC). In the CEC and BOS, the abundance was low. NanoHighFLR high abundance was also detected in WM3, forming a large patch in offshore waters of the WEC (Fig. 5G), decreasing westward and eastward, showing an increase in a restricted area in the Bay of Seine. Microphytoplankton abundance (Fig. 5H) was low out of the English Channel. Then, patches of high abundance were observed in western WM3, in offshore waters of the WEC. In the CEC and BOS, the abundance was low.

The abundance of each group was compared with respect to the distance of the inner WEC thermal tidal front used as an arbitrary geographical reference (Ushant front, Fig. 6). Samples located to the West of the front were represented by a negative distance whereas samples located to the East of the front were represented by a positive distance. A global view revealed that abundance increased as the sample got collected closer to the Ushant frontal area (Fig. 6). This was the case for PicoHighFLR (Fig. 6.C), Cryptophyte-like cells (Fig. 6.E), and NanoLowFLR (Fig. 6.F). On the other hand, NanoHighFLR (Fig. 6.G.) and Microphytoplankton groups (Fig. 6.H.) showed maximum abundance slightly offset (westward) of the front (microphytoplankton also showing high values all along the front). For these groups (PicoHighFLR, Cryptophyte-like cells, NanoLowFLR, NanoHighFLR and Microphytoplankton), the highest levels of abundance were recorded in WM3 which is the most stable water mass observed here. PicoLowFLR (Fig. 6.B), Synechococcus-like cells and Coccolithophorelike cells showed a different pattern. The first two groups exhibited high abundance along and across the front in the Western English Channel and in the Celtic Seas (Fig. 6.A) whereas Coccolithophorelike cells showed highest abundance only in shelf waters at the western entrance of English Channel (Fig. 6.D) where waters remained warm and stable (outer front of the WEC). At the East of the inner front, the abundance decreased slowly to reach low values at 100 km from the main frontal system (Fig. 6). At 200 km from the front, a second increase of abundance was observed (Fig. 6) for some groups. A Synechococcus-like cells (Fig. 6.A.), PicoLowFLR (Fig. 6.B), PicoHighFLR (Fig. 6.C), NanoHighFLR (Fig. 6.G) and, to a lesser extent, Microphytophytoplankton (Fig. 6.H) and Coccolithophore-like cells (Fig. 6.D) showed high values compared to the remaining CEC. However, this second peak was 2 to 3 times lower than the one observed close to the main front and could be related to the Seine river plume. 

Phytoplankton communities structure analysis.

Phytoplankton communities were discriminated after the computation of a hierarchical classification of the quantitative Jaccard index on abundance and red fluorescence (Fig. 7). The Analysis of Similarity (ANOSIM) provided evidence of a spatial clustering of 6 communities (R = 0.50, P = 0.001). However, due to discontinuity between the community C5, we split C5 in C5a and C5b for the investigation of the spatial scale analysis. C1 and C2 were characterised in offshore waters between WEC and CEC (mainly eastern offshore part of WM1 and offshore WM2. C3 was found in the Central English Channel and characterised also the Eastern part of the Bay of Seine (BOS), mainly WM2 and WM5. C4 was located by the inner thermal front (Fig. 4B). C5 community was found in the Western Heterogeneity was supported by the values of the coefficient of variance (CV) calculated for each group, in addition, to minimum, maximum of abundance and total red fluorescence (further details in supplementary table A.1). In terms of abundance (Fig. 8), phytoplankton communities were all dominated by the Synechococcus-like group (47% in C5 to 61% in C6 to the total abundance).

Picoeukaryotes (i.e. PicoLowFLR and PicoHighFLR) groups represented the second most important groups (Fig. 8). However, in C1, C2, C3 and C5, the PicoLowFLR (36% in C3 to 43% in C5) dominated over the PicoHighFLR (1% in C1, C2 and C3 to 3% in C5) whereas in C4 and C6, the PicoHighFLR (24% and 34% respectively in C4 and C6) dominated over the PicoLowFLR (7% and 13% respectively in C6 and C4). On the other hand, the total abundance of nanoeukaryotes was always low (at most they represented 11% of the total abundance for C1). The most abundant nanoeukaryotes group was NanoLowFLR (3% in C3 and C4 to 7% in C1). In C2, the Cryptophyte-like cells total abundance was the double than in any other assemblages. The most important contribution of the Coccolithophore-like cells was found in C1 (1%) whereas in the other communities they accounted for less than 1%. Finally, the total abundance of the microphytoplankton in every community was below 1%.

Although small photoautotrophs significantly dominated abundance (Fig. 8) in both WEC and CEC during the cruise, the contribution of nanoeukaryotes and microphytoplankton to total red fluorescence, which is an estimation of chlorophyll a fluorescence [START_REF] Haraguchi | Monitoring natural phytoplankton communities: A comparison between traditional methods and pulse-shape recording flow cytometry[END_REF], was important (supplementary table A.1, Fig. 8). The relative contribution of the Coccolithophore-like cells to the total red fluorescence was almost seven times higher in C1 than in any other community.

On the other hand, nearly half of the total red fluorescence in C3 and C4 was attributed to Synechococcus-like and picoeukaryotes groups (C3: 49% and C4: 50%). This was higher than in the other communities (range between 25% in C6 to 34% in C1 and C2). In C1, C2, C3 and C5, Cryptophyte-like cells total red fluorescence represented the double (12-13%) of what they represented in C4 and C6 (respectively 5% and 6%). In C3, C4 and C6, NanoLowFLR contribution to the total red fluorescence (respectively C3: 17%; C4: 27% and C6: 32%) was higher than the contribution of the NanoHighFLR (C3: 8%; C4: 13% and C6: 29%). We noticed the opposite pattern in C1, C2 and C5. Despite the low abundance of the microphytoplankton group, the contribution to total red fluorescence of this group was comprised between 4% (C4) and 15% (C1). (Fig. 9A). An increase in the red fluorescence per cell was observed with an increase of the cell size (Fig. 9B). On the contrary, for the PicoHighFLR, high red fluorescence levels were consistent with low abundance (Fig. 9A) and different relation between red fluorescence and cell size were observed (Fig. 9B). Small cell with high red fluorescence levels were found in C4 and C6. Small cell with low red fluorescence were found in C1, C2 and C4 and large cell with some level of red fluorescence were found in C3. Concerning Cryptophyte-like cells and Microphytoplankton groups, the highest red fluorescence values per cell were found in C5 and C6 and were significant (p<0.05). In these communities, the Cryptophyte-like cells exhibited also the highest abundance (Fig. 9A andB) and their cell size was significantly larger in C4, C5 and C6 than in C1, C2 and C3 (p<0.05).

Coccolithophore-like cells showed higher red fluorescence per cell in C2, C4 and C6 than in C1, C3 and C5. Moreover, the highest values of red fluorescence per cell were observed for NanoLowFLR and NanoHighFLR in C4, C5 and C6. Finally, larger cell size was recorded in C4, C5 and C6 than in C1, C2 and C3 for PicoLowFLR, Coccolithophore-like cells, NanoLowFLR and NanoHighFLR, but no pairwise assemblage was significantly different. The log-log relation between red fluorescence and orange fluorescence, per cell, showed an increase in fluorescence emission with the cell size (Fig. 9B).

In addition, there was an increase in the red and orange fluorescence emission as the cell size increases (Fig. 9D) despite the standard deviation showed large variation for the orange fluorescence.

For red fluorescence, three orders of magnitude were recorded from the smallest (Synechococcus-like cells) to microphytoplankton cell size. Synechococcus-like and Cryptophyte-like cells could be characterized by a higher orange over red ratio from the other groups. However, not all groups subscribed to this relation. Indeed, the figure 10B showed that some groups exhibited a change in size but not in red fluorescence per cell (range of the standard deviations). This occur in specific communities or in each community. 

Variance partitioning

Results of the variance partitioning (pure spatial, pure environmental, interaction between environment and space and unexplained variance) of the whole phytoplankton community and of each of the six assemblages were summarized in table 2. Such analysis revealed that spatial (PCNM spatial descriptors) and environmental variables (temperature, salinity and turbidity) accounted for 65% of the total variance on the whole cruise. The 35% of the residual variance (i.e. unexplained variance) were explained by other factors than environmental variables and space (e.g. biological processes such as grazing, infection without interaction with the environmental data; Table 2). The spatial descriptors (based on the spatial coordinates of sampling points) were more important than the environmental variables (<5% for all the groups) in structuring the abundance and total red fluorescence of each group. The spatial descriptors ranged between 24% (Coccolithophore-like cells) and 34%-36% (all the other groups). The results were provided in the supplementary table A.2. Focusing on the communities, the spatial variation of the assemblages was higher than the environmental variation within C1, C2, C3, C5 and C6. In community C4, the environmental variation accounted for 45% and was similar to the spatial variation which accounted for 43%. Then, the spatially structured environment (i.e. interaction) accounted between 13% (C1) and 46% (C6) of the total variation.

Finally, considering the six communities identified (C5a and C5b are merged), both spatial and environmental variables accounted for a significant amount of variation except for the effect of the interaction between environment and space in C1. The sum of pure spatial, pure environmental variables and their interaction explained from 40% (C1) to 74% (C6) of the total variation in the communities. Therefore, the percentage of unexplained variation in the phytoplankton assemblages was comprised between 26% (C6) and 60% (C1). 

Scale of variability of phytoplankton communities

The multivariate Mantel correlogram based on the abundance and the average total red fluorescence per cluster revealed phytoplankton communities' spatial pattern by computing the geographical distance between pairs of sites in each community (Fig. 10). The Mantel correlogram indicated the highest autocorrelation at nearer distances, with a decrease and always reaching negative values at farther distances (but not always at the same distance). Because C5 community was not spatially continuous, C5 community was split into C5a (Eastern Bay of Seine) and C5b (South-Western of the WEC) sub-groups. The highest autocorrelation was found in C4 and C5b (r=0.34 and r=0.40, respectively). Phytoplankton assemblages showed a positive spatial autocorrelation between 20 km (C5a) and 110 km (C6, Fig. 11). This meant that phytoplankton composition became more different when the autocorrelation reached null or negative values. The definition of the spatial scale resulted in the combination of high correlation for the nearer distances and the quick decrease of the correlation when the distance increased. Here, the results suggested a high spatial structure at sub-mesoscale (<10 km) up to 110 km. This analysis confirmed the results of the partitioning variance analysis which mentioned that space had a great influence in structuring the assemblages. 

Discussion

Water masses

Despite the English Channel is a rather well-studied area, only few surveys attempted to characterise the spatiotemporal distribution of physicochemical parameters in the CEC and WEC [START_REF] Bentley | Dissolved nutrient distributions in the Central English Channel[END_REF][START_REF] Charria | Optimizing observational networks combining gliders, moored buoys and FerryBox in the Bay of Biscay and English Channel[END_REF][START_REF] Garcia-Soto | Spring and summer blooms of phytoplankton (SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel[END_REF][START_REF] Napoléon | Dynamics of phytoplankton diversity structure and primary productivity in the English Channel[END_REF][START_REF] Napoléon | Spatiotemporal dynamics of physicochemical and photosynthetic parameters in the central English Channel[END_REF]. Most studies benefited of long-term coastal monitoring or transect of ships-of-opportunity through a year. In the present study, the focus was put in the whole Western and Central English Channel gridded at a specific period of a year. Although the sampling strategies differed, our results showed similar hydrological areas than previous studies. The water circulation from West to East in the English Channel explained the longitudinal gradient observed during our study especially for the slow salinity decrease [START_REF] Salomon | An atlas of long-term currents in the Channel[END_REF]. In addition to this circulation, the vertical stability induced during summer, contributed to the longitudinal gradient of temperature. Along the English coast of the Central English Channel, the high values of turbidity were congruent with continuous run-off from the Solent and were entertained in the gyre of the Southern part of the Isle of Wight [START_REF] Ménesguen | Observation and modelling of natural retention structures in the English Channel[END_REF]. During the CAMANOC cruise, strong horizontal gradients of temperature, salinity and turbidity revealed five distinct water masses. The temperature gradient revealed tidal mixing fronts where a strong stratification occurred [START_REF] Simpson | The tidal intrusion front: An estuarine convergence zone[END_REF]. The stratification of the Ushant frontal area (Garcia-Soto and [START_REF] Garcia-Soto | Spring and summer blooms of phytoplankton (SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel[END_REF][START_REF] Pingree | Physical Oceanography of the Celtic Sea and English Channel[END_REF][START_REF] Pingree | Summer phytoplankton blooms and red tides along tidal fronts in the approaches to the English Channel[END_REF][START_REF] Pingree | Tidal Fronts on the Shelf Seas Around the British Isles Marine Biological Association of the United Kingdom, Plymouth, England[END_REF]) separated 2 water masses (WM). WM3 corresponded to Western English Channel (WEC)

waters displaying mixed water column, lower temperature and higher salinity than the rest of the waters of the outer Channel (shelf front) and the eastern WEC. WM3 was surrounded by stratified waters. The western boundary corresponded to an external front separating warm and stratified waters (Celtic Seas shelf waters) from mixed and cold waters (WM3). At the east, an internal front separated cold and mixed waters (WM3) from warm and well-mixed waters (WM1). The temperature pattern observed in the offshore waters was not consistent with observation in 2011 [START_REF] Marrec | Seasonal and latitudinal variability of the CO 2 system in the western English Channel based on Voluntary Observing Ship ( VOS ) measurements[END_REF][START_REF] Napoléon | Study of dynamics of phytoplankton and photosynthetic parameters using opportunity ships in the western English Channel[END_REF] but was congruent with negative anomaly observed in 2012 in the northern part of the WEC [START_REF] Marrec | Spatiotemporal dynamics of biogeochemical processes and air -sea CO 2 fl uxes in the Western English Channel based on two years of FerryBox deployment[END_REF]. We explained that by a combination of a relatively higher stability of water in WM3 (low tidal stream) than in the CEC (high tidal stream) and the lower temperature which are supported by air-sea heat fluxes shifting from positive to negative balance during the summer-autumn transition. Thus, the upper mixed layer deepens and water cools down [START_REF] Hoch | Phytoplankton dynamics in the english channel: A simplified threedimensional approach[END_REF]. WM1 was characterized by high stable temperature and salinity (Fig. 4B). It might have corresponded to the external front separating the WEC and the Celtic Seas in the Western border and the internal front between the WEC and the CEC in the Eastern border. A latitudinal salinity gradient revealed a salinity front separating WM4 found in the Bay of Seine (BOS) from the CEC waters (WM2). The turbidity gradient separated the offshore waters of the CEC from English coastal waters of Central English Channel (WM5). The low values of N² in WM4 (BOS) resulted from permanently mixed waters even under the influence of the run-off of the Seine River (Bay of Seine;

French coast) whereas WM5 might have been under the remote influence of the Solent (English Coast), leading to a slight dilution of coastal waters (compared to lower salinities recorded in the Bay of Seine). WM2 could result in intermittently stratified waters [START_REF] Van Leeuwen | Stratified and nonstratified areas in the North Sea: Long-term variability and biological an policy implications[END_REF] in the continuity of WEC stratified waters.

Phytoplankton communities

Several studies attempted to numerate phytoplankton assemblages in the whole area of the WEC and CEC but none of them with high spatial (Garcia-Soto and [START_REF] Garcia-Soto | Spring and summer blooms of phytoplankton (SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel[END_REF][START_REF] Napoléon | Dynamics of phytoplankton diversity structure and primary productivity in the English Channel[END_REF][START_REF] Napoléon | Study of dynamics of phytoplankton and photosynthetic parameters using opportunity ships in the western English Channel[END_REF][START_REF] Napoléon | Spatiotemporal dynamics of physicochemical and photosynthetic parameters in the central English Channel[END_REF] expanded gridding of data or on high temporal resolution [START_REF] Edwards | Long-term and regional variability of phytoplankton biomass in the Northeast Atlantic (1960-1995)[END_REF]. Furthermore, in this area, while previous studies focused only on species of the large size fraction of the phytoplankton (i.e. microphytoplankton; [START_REF] Napoléon | Dynamics of phytoplankton diversity structure and primary productivity in the English Channel[END_REF][START_REF] Napoléon | Spatiotemporal dynamics of physicochemical and photosynthetic parameters in the central English Channel[END_REF][START_REF] Smyth | A broad spatio-temporal view of the Western English Channel observatory[END_REF][START_REF] Tarran | Nanoplankton and picoplankton in the Western English Channel: Abundance and seasonality from 2007-2013[END_REF][START_REF] Widdicombe | Long-term phytoplankton community dynamics in the Western English Channel[END_REF], we were able to detect the whole size-range of phytoplankton from picophytoplankton (1 µm) to large microphytoplankton (several millimeters length) in a single analysis. Even though we did not reach a taxonomical resolution, it was possible to address the fine structure of phytoplankton functional groups, as well as some of their traits, during the summerautumn transition.

In this study, we used the CytoSense parameters derived from the optical features and signatures as cytometric-derived traits at the individual and populational level [START_REF] Violle | Let the concept of trait be functional![END_REF] while several studies were applying the same technique and approach in different aquatic ecosystems focusing only one level [START_REF] Fragoso | Trait-based analysis of subpolar North Atlantic phytoplankton and plastidic ciliate communities using automated flow cytometer[END_REF][START_REF] Malkassian | Functional analysis and classification of phytoplankton based on data from an automated flow cytometer[END_REF][START_REF] Pomati | An automated platform for phytoplankton ecology and aquatic ecosystem monitoring[END_REF][START_REF] Pomati | Assessing triclosan-induced ecological and trans-generational effects in natural phytoplankton communities: A trait-based field method[END_REF]. The four selected traits (abundance per group, orange and red fluorescence per cell and cell size) showed a spatial heterogeneity for each group, between the communities [START_REF] Litchman | Linking traits to species diversity and community structure in phytoplankton[END_REF].

The cell size was independent of cell's physiology per group between our communities (larger cells and higher average red fluorescence per cell in the community of the WEC, C4 and C6 than in the communities of CEC and BOS, C1, C2, C3 and C5). This result suggests specific responses of the species and/or groups. Indeed, in order to explain the spatial heterogeneity of the traits, we propose three hypothesis: (i) the selection of the optimal traits under biological pressures such as grazing [START_REF] Litchman | Contrasting size evolution in marine and freshwater diatoms[END_REF]; (ii) the plasticity and genetic adaptation of the traits derived from the gene expression in response to environmental variations [START_REF] Litchman | Linking traits to species diversity and community structure in phytoplankton[END_REF] and; (iii) in the case of the automated "pulse shape" flow cytometry, a group can pool several species with similar optical properties (Thyssen et al., 2008a). Here, as grazers were not recorded continuously, we decided not to discuss about this hypothesis but would rather investigate the two others.

First, we suggest that the main drivers of the spatial variations are the temperature and the vertical stability of water masses. The results showed that PicoLowFLR group, Cryptophyte-like cells, nanoeukaryotes and microphytoplankton of the communities characterizing stratified and warm waters (C4) and mixed and cold waters (C6) exhibited the largest average cells size and the highest red and orange fluorescence per cell. Because the optimum for growth range of both nanoeukaryotes and microphytoplankton is relatively low, the colder temperatures measured in WM3, characterized mainly by C6, might have contributed to enhance their metabolism, hence, their size [START_REF] Marañón | Cell Size as a Key Determinant of Phytoplankton Metabolism and Community Structure[END_REF]. On the contrary, despite small phytoplankton (picophytoplankton) are dominant everywhere at this period, their growth is facilitated in water masses exhibiting high temperature values (C1 to C5, all WM except WM3). Indeed, their temperature optimum for growth range is higher than nanophytoplankton and microphytoplankton optimum growth range and should favor them in those conditions. Thus, in water masses exhibiting cold water, we expect a dominance of larger cell size whereas in warmer waters a dominance of the smaller cell size within a group. Although, nutrient and grazing rate were not available at the same spatiotemporal resolution as the biological data, we are aware that both play a role on cell size as well as their physiology. In the first case, the growth of small cells (i.e.

Synechococcus-like cells and picoeukaryotes) is favored against large cells (i.e. microphytoplankton) under low nutrient condition (usually from the end of the spring bloom to fall). Then, biological interactions (grazing, parasitism) are usually to impact cell size [START_REF] Bergquist | Shifts in phytoplankton size structure and community composition during grazing by contrasting zooplankton assemblages[END_REF][START_REF] Marañón | Cell Size as a Key Determinant of Phytoplankton Metabolism and Community Structure[END_REF] and physiology [START_REF] Litchman | Resource Competition and the Ecological Success of Phytoplankton[END_REF][START_REF] Litchman | Linking traits to species diversity and community structure in phytoplankton[END_REF][START_REF] Litchman | Trait-Based Community Ecology of Phytoplankton[END_REF].

Finally, size overestimation of Synechococcus-like cells and picoeukaryote (Fig. 9) results of technical drawbacks of flow cytometry. It is attributed to the halo effect of the laser which increased as particle were increasingly smaller than the width of the laser beam (i.e. 5µm).

The heterogeneity of environmental conditions within a water mass affect the expression of the traits within each group. For example, the Coccolithophorids are known to prefer warm and stable waters (WM1) for their growth. Here, the PSFCM detected high total abundance of this group in the Celtic Seas shelf, out of the English Channel (WM1, Fig. 5 and6) which are dominated in this range of abundance by Emilinia huxleyi [START_REF] Garcia-Soto | Evolution and structure of a shelf coccolithophore bloom in the western English channel[END_REF]. On the contrary, microphytoplankton (including some diatoms and dinoflagellates) are known to grow and exhibit higher size in cold waters, turbulent system, rich in nutrient. This explanation is also true for the nanoeukaryotes (i.e.

NanoLowFLR and NanoHighFLR). This is congruent with the WM3 and WM4 being influenced by the Seine river (C5) and both by the Atlantic Ocean waters and the Seine River (C3). They both contribute to provide nutrients. In addition, the low vertical water stability observed in the coastal communities (along the French coast of Brittany, Bay of Seine) could increase small-scale turbulence which might be positive for some groups (microphytoplankton, Cryptophytes-like, nanoeukaryotes) by increasing nutrient transport [START_REF] Karp-Boss | Nutrient Fluxes to Planktonic Osmotrophs in the Presence of Fluid Motion[END_REF].

On the other hand, all the groups exhibited different levels of red and orange fluorescence per cell between the communities, except Synechococcus-like cells which showed the same levels across the communities (Fig. 9A, B andD). Finally, the last case concerns the lack of taxonomical resolution of the automated "pulse shaperecording" flow cytometer. Indeed, our number of groups was limited. By sharing similar optical properties, several species are attributed to a same cluster. In WEC waters, flow cytometry surveys showed that picophytoplankton is usually composed of Prasinophyceae and usually dominated by

Ostreococcus sp. at this period of the year (which are considered as red picoeucaryotes by flow cytometry). In addition, among the cryptophytes, few genera exhibiting a wide size range (between 5 and 19µm) are commonly detected [START_REF] Marie | Use of flow cytometric sorting to better assess the diversity of small photosynthetic eukaryotes in the English Channel[END_REF]. Nanoeukaryotes are frequently represented by Haptophytes, Stramenopiles and Chlorophytes. Emiliania huxleyi is always reported as the dominant coccolithophore species and is known to bloom in the outer shelf of the WEC [START_REF] Garcia-Soto | Evolution and structure of a shelf coccolithophore bloom in the western English channel[END_REF]. In addition, a high diversity of diatoms and dinoflagellates is also observed in the WEC (e.g. [START_REF] Widdicombe | Long-term phytoplankton community dynamics in the Western English Channel[END_REF]. Such taxonomical diversity results also in size diversity which is related to physiological traits [START_REF] Litchman | Linking traits to species diversity and community structure in phytoplankton[END_REF]. Consequently, the pigment expression varies. Here, the variations of the trait's expression considering the three hypotheses (the plasticity and genetic adaptation of the traits, the selection of the optimal traits under biological pressures and the lack of taxonomical determination by automated "pulse shape-recording" flow cytometry) lead to changes in related traits such as nutrient uptake, cell carbon and nitrogen content within each groups and between the communities. The fact that traits such as the cell-size, abundance and total or per cell red fluorescence per group differed significantly between communities, suggests optimum growth conditions in the recorded abiotic parameters for their growth combined with trade-off in biological pressure and variations of the taxonomical composition.

Environment vs. spatial variations

We expected a greater influence of environment over space structuring phytoplankton communities in the English Channel. Indeed, abiotic filtering has been shown to play a key-role in shaping phytoplankton assemblages [START_REF] Cornwell | Community Assembly and Shifts in Plant Trait Distributions across an Environmental Gradient in Coastal California Published by : Ecological Society of America Community across an environmental in plant trait distributions assembly and shifts gradient and[END_REF]. However, in the present study, variation partitioning showed that variability in each community depended more on spatial (25 to 70%) than on environmental (15% to 59%) variation within space inducing significantly the environmental variations (16% to 46%; Table 2). Despite heterogeneity is well reported in other areas and seas [START_REF] Bonato | High spatial variability of phytoplankton assessed by flow cytometry, in a dynamic productive coastal area, in spring: The eastern English Channel[END_REF][START_REF] Marrec | Coupling physics and biogeochemistry thanks to high-resolution observations of the phytoplankton community structure in the northwestern Mediterranean Sea[END_REF][START_REF] Thyssen | High-resolution analysis of a North Sea phytoplankton community structure based on in situ flow cytometry observations and potential implication for remote sensing[END_REF], our study allowed quantifying the importance of space and environment on high frequency flow cytometry. Here, the spatiotemporal study of the phytoplankton communities showed an imbalance between groups over one location, this means that high abundance of a group coincided with low abundance of another group and vice-versa.

For example, the highest abundance of Coccolithophore-like cells was observed out of the English Channel, in the Celtic Seas shelf where none of the other groups (except Synechococcus-like cells) exhibited highest abundance (Fig. 5). This was observed also for both picoeukaryote groups, the highest abundance of the PicoLowFLR was found where PiocHighFLR abundance was relatively low and vice-versa. NanoLowFLR and NanoHighFLR showed the same trend. As previously shown with temperature and vertical stability, each group might result of the selection by a combination of the best conditions (environmental, physical and biotic interactions) for their growth, metabolism and access to resources thus defining their ecological niche [START_REF] Margalef | Life-forms of phytoplankton as survival alternative in an unstable environment[END_REF][START_REF] Reynolds | Ecology of Phytoplankton[END_REF][START_REF] Reynolds | The long, the short and the stalled: on the attributes of phytoplankton selected by physical mixing in lakes and rivers[END_REF][START_REF] Reynolds | The ecology of freshwater phytoplankton[END_REF][START_REF] Tilman | Phytoplankton Community Ecology: The Role of Limiting Nutrients[END_REF]. Despite Synechococcus-like cells share the same environmental niche as picoeukaryotes [START_REF] Chen | Comparisons of picophytoplankton abundance, size, and fluorescence between summer and winter in northern South China Sea[END_REF], we could identify some spot of exclusion on both sides near the Ushant front between Synechococcus-like cells and PicoLowFLR and others between Synechococcuslike cells and PicoHighFLR which are consistent either with sharing niche [START_REF] Chen | Comparisons of picophytoplankton abundance, size, and fluorescence between summer and winter in northern South China Sea[END_REF] either with exclusions [START_REF] Winder | Photosynthetic picoplankton dynamics in Lake Tahoe: Temporal and spatial niche partitioning among prokaryotic and eukaryotic cells[END_REF]. However, both studies considered only one picoeukaryotes group and analyzed discrete samples while we could characterize at a high spatial and/or temporal resolution two sub-groups in the picoeukaryotes and Synechococcus-like cells. Consequently, the characterization of sub-groups may increase the ecological understanding of plankton functional groups. As previously discussed, phytoplankton traits are also known to partition ecological niche of species or functional groups [START_REF] Litchman | Linking traits to species diversity and community structure in phytoplankton[END_REF][START_REF] Litchman | Trait-Based Community Ecology of Phytoplankton[END_REF]. Therefore, by extension, cytometry-derived traits [START_REF] Fragoso | Trait-based analysis of subpolar North Atlantic phytoplankton and plastidic ciliate communities using automated flow cytometer[END_REF][START_REF] Malkassian | Functional analysis and classification of phytoplankton based on data from an automated flow cytometer[END_REF][START_REF] Pomati | An automated platform for phytoplankton ecology and aquatic ecosystem monitoring[END_REF][START_REF] Pomati | Assessing triclosan-induced ecological and trans-generational effects in natural phytoplankton communities: A trait-based field method[END_REF]) are important to be taken into account when considering the spatial and/or temporal ecological niche of the functional groups.

Spatial structure analysis

Based on the Mantel correlograms (Fig. 10), phytoplankton communities are autocorrelated from small to large scale (20 km to 110 km), depending on the communities. The highest correlation at nearer distance followed by the decrease in autocorrelation define a stronger structure for closer sampled units. Due to the high spatial resolution between two sampling units (i.e. 3.4 km), we state phytoplankton communities to be structured at the sub-mesoscale (1 -10 km). The local structuration is also supported by the maps of each phytoplankton group (Fig. 5), their distribution with respect to the Ushant front (Fig. 6) and the coefficient of variation (Table 2), which highlighted heterogeneity and sharp shifts of total abundance, confirming a local structuration. This measure on the field was congruent with previous findings using conventional flow cytometry [START_REF] Martin | Extreme spatial variability in marine picoplankton and its consequences for interpreting Eulerian time-series[END_REF], remote sensing (d'Ovidio et al., 2010) and modelling [START_REF] Lévy | Phytoplankton diversity and community structure affected by oceanic dispersal and mesoscale turbulence[END_REF][START_REF] Mahadevan | Eddy-Driven Stratification Initiates North Atlantic Spring Phytoplankton Blooms[END_REF]. The positive autocorrelation found for each community reflects the size of the patches for communities.

Several physical processes are well reported to generate patchiness. Small scale turbulence are wellknown to generate patchiness which can concentrate particles and phytoplankton at very small scales [START_REF] Schmitt | Intermittent turbulence and copepod dynamics: Increase in encounter rates through preferential concentration[END_REF]. Indeed, Pingree [START_REF] Pingree | Physical Oceanography of the Celtic Sea and English Channel[END_REF][START_REF] Pingree | Tidal Fronts on the Shelf Seas Around the British Isles Marine Biological Association of the United Kingdom, Plymouth, England[END_REF] noticed that the English Channel is characterised by small turbulent and persistent eddies. Because phytoplankton moves passively due to the movements of the fluids, eddies can generate patchiness of phytoplankton and spatial heterogeneity. This is commonly observed in the North Atlantic Ocean in the Western English Channel and the Bay of Seine [START_REF] Mahadevan | Eddy-Driven Stratification Initiates North Atlantic Spring Phytoplankton Blooms[END_REF][START_REF] Ménesguen | Observation and modelling of natural retention structures in the English Channel[END_REF]Pingree et al., 1978;[START_REF] Salomon | An atlas of long-term currents in the Channel[END_REF] as in our study, despite we could not observe the eddies. In the meanwhile, eddies contribute locally to water masses motion, changing the abiotic conditions which allow a niche specialization (d'Ovidio et al., 2010). The association of the front in the Western English Channel and the eddies frequently reported in the area are described to generate submesoscale turbulence (i.e. 1 -10 km; [START_REF] Bracco | Mesoscale vortices and the paradox of the plankton[END_REF][START_REF] Perruche | Effects of surface quasi-geostrophic turbulence on phytoplankton competition and coexistence[END_REF]. This latter and the passive transport of phytoplankton cause the important dispersal rates of phytoplankton [START_REF] Lévy | Phytoplankton diversity and community structure affected by oceanic dispersal and mesoscale turbulence[END_REF]. In our study, figure 4D defined the position of the fronts during the cruise and the figure 6 showed the distribution of each cytometric group with respect to the inner front. The dispersal rates reflected here the heterogeneity in abundance around the front. Moreover, the English Channel is highly hydrodynamical, exhibiting a heterogeneity between French and English coasts, Bay of Seine and offshore waters in the strength of the tidal stream. This component also induces the strength of the dispersal rate. Finally, high variability in each group's traits, inside each community, may also result in the spatial variation of the strength of the dispersal, which increased the plasticity [START_REF] Sultan | Metapopulation Structure Favors Plasticity over Local Adaptation[END_REF][START_REF] Via | Genotype-Environment Interaction and the Evolution of Phenotypic Plasticity[END_REF] thus the variability of their traits [START_REF] Litchman | Linking traits to species diversity and community structure in phytoplankton[END_REF].

Conclusion

In the present study, six phytoplankton communities were characterised based on the contribution of each of the eight defined cytometric groups and their optical features and signatures, total abundance and chlorophyll content. These optical features can be, to some extent, associated to life traits, from coastal to offshore waters, where long term regular monitoring does not exist. Phytoplankton and their derived traits were strongly dependent on the hydrology but, most of the times, the communities were even more structured by the spatial descriptors. They include parameters which are not taken into account in the environmental part such as positive and negative biological interactions, other unmeasured environmental parameters, physical processes. Mantel correlogram made possible to identify phytoplankton communities' variations at the sub-mesoscale (1 -10 km) in the English Channel. Physical parameters were proposed to explain these variabilities, by structuring the hydrology (different water masses) as well as phytoplankton communities, which were not always associated to a single water mass. Further work should investigate the traits responses to the environmental conditions by applying high frequency flow cytometry in a regular basis, if possible, connected to automated hydrological and biogeochemical measurements at high frequency, on a seasonal and interannual basis. We could therefore define an extended phytoplankton typology within the English Channel including all size classes and also their corresponding traits. This work requires analysing data from the three tables (species or functional groups, environment and traits) and have already been proposed for automated flow cytometry in previous studies [START_REF] Breton | Functional trait variation and nitrogen use efficiency in temperate coastal phytoplankton[END_REF][START_REF] Fragoso | Trait-based analysis of subpolar North Atlantic phytoplankton and plastidic ciliate communities using automated flow cytometer[END_REF]Pomati et al., 2013) and should be generalized from individuals to the community level.

Figure 1 :

 1 Figure 1: Continuous recording every 10 minutes by a pulse shape-recording flow cytometer (PSFCM) during the CAMANOC cruise from Sept. 16 th (blue dots) to Oct. 16 th (red dots) and 78 discrete (CTD)

( 1 )

 1 Correction factor = real beads size / Measured beads size (2) Estimated particles size (µm) = Measure particles size × Correction factor Based on the common vocabulary for automated FCM (available at https://www.seadatanet.org), we characterised 6 main functional groups by automated flow cytometry: Synechococcus-like cells, picoeukaryotes, nanoeukaryotes, Cryptophyte-like cells, Coccolithophore-like cells and Microphytoplankton. In addition, sub-groups were characterised within the picoeukaryotes and nanoeukaryotes groups, according to their red fluorescence's level. Finally, we defined three picophytoplankton groups (<3µm): Synechococcus-like cells, PicoLowFLR, PicoHighFLR; four nanoeukaryotes groups (3 to 20µm): Cryptophyte-like cells, Coccolithophore-like cells, NanoLowFLR and NanoHighFLR; and one microphytoplankton group (>20µm; Fig. 2).

Figure 2 :

 2 Figure 2: Cytograms allowing the characterisation of different phytoplankton groups. (A) Total

Figure 3 :

 3 Figure 3: Continuous recording of: A. Salinity, B. Temperature (°C) C. Turbidity (NTU) D. Chlorophyll in vivo Fluorescence (µg chl Eq L -1 ).

Figure 4 :

 4 Figure 4: A. Identification of water masses based on results from the Euclidean distance matrix on

Figure 5 :

 5 Figure 5: Spatio-temporal distribution of the abundance of the eight phytoplankton groups characterised by the PSFCM.

Figure 6 :

 6 Figure 6: Distribution of the abundance in relation to the distance to the Ushant front (km) for the eight phytoplankton groups characterised by the CytoSense.

  part of the BOS (WM4; C5a) and also in the French part of the WEC (WM3; C5b). C6 corresponded to most of the WEC offshore waters (WM3) including external Channel stations (western part of WM1).

Figure 7 :

 7 Figure 7: Phytoplankton communities based on the results of the fusion between Jaccard similarity

Figure 8 :

 8 Figure 8: Relative contribution of phytoplankton, A. abundance and B. total red fluorescence, within

  For example, PicoHighFLR exhibited a large range of cell size and red fluorescence in C6 and C1 whereas the size and the red fluorescence were fluctuating irrespective to each other in the rest of the communities. Such patterns were also observed for the Coccolithophore-like cells. This relation would mean that in some case the red fluorescence per cell is independent of the size of the cells. As chlorophyll a fluorescence reflects the endogenous concentration of this pigment, the relation between red fluorescence per cell and cell size may result different intracellular pigment composition(Álvarez et al., 2017). On the other hand, the other groups (i.e. Synechococcus-like cells, PicoLowFLR, nanoeukaryotes, microphytoplankton and Cryptophytelike cells) tended to show a balance between the size and the red fluorescence, the larger a cell was, the more red fluorescence it would emit. Finally, the range of the standard deviation in red and/or orange fluorescence emission showed that the emission of red fluorescence per cell within PicoLowFLR, PicoHighFLR, NanoLowFLR, NanoHighFLR, Cryptophyte-like cells and Coccolithophore-like cells groups were not proportional to the emission of orange fluorescence per cell. On the contrary, the emission of red fluorescence per cell was proportional to the emission of orange fluorescence per cell concerning Synechococcus-like cells and Microphytoplankton (Fig.9D).

Figure 9 :

 9 Figure 9: Patterns in size structure and fluorescence of phytoplankton groups amongst different

Figure 10 :

 10 Figure 10: Mantel Correlogram of pairwise similarity in phytoplankton communities (Jaccardized

  The fluorescence emission given by each group is dependent on the physiological states of the cells. The quantum yield of the chlorophyll a fluorescence (i.e. red fluorescence of the PSFCM) and phycobilin and phycoerythrin (i.e. orange fluorescence of the PSFCM) is also dependent to the life cycle of the cells leading to high fluorescence for young and efficient cells whereas lysis is decreasing the fluorescence emission. Another point was linked to the atmospheric conditions during the cruise. At the beginning of the cruise (corresponding mainly to communities C6, C5 and C4 in WEC waters), the weather was sunny and without wind, some groups (picoeukaryotes, nanoeukaryotes and microphytoplankton) showed high variability in orange fluorescence per cell within a single community. The strong light intensity and the high stability might have resulted in the synthesis of photoprotective pigments. However, the change of weather after half of the cruise (while investigating WM3 and C1) might have enhanced the vertical mixing. Therefore, the position of phytoplankton cells of the groups is permanently engendered by the mixing of the water column which do not the induce production of photoprotective pigments.

Table 1 :

 1 

	Water mass		Temperature (°C)	Salinity	Turbidity (NTU)	Chl Fluo (µg chl Eq L -1 )
	WM1	Min; max [16.97; 18.84]	[34.04; 35.49] [0.01; 3.35]	[0.31; 1.67]
		CV (%)	2.5	0.4	50	25
	WM2	Min; max [17.55; 18.95]	[33.17; 35.16] [2.62; 4.87]	[0.11; 1.47]
		CV (%)	1.5	1.0	15	39
	WM3	Min; max [13.94; 18.12]	[35.16; 35.53] [0.51; 1.31]	[0.49; 5.71]
		CV (%)	5.5	0.2	19	48
	WM4	Min; max [17.61; 18.31]	[33.11; 34.82] [6.23; 14.28]	[0.57; 2.31]
		CV (%)	0.7	1.1	27	33
	WM5	Min; max [16.91; 17.93]	[33.78; 35.00] [6.34; 18.73]	[0.59; 1.16]
		CV (%)	1.2	0.2	4.5	12

Minimum and maximum values of temperature, salinity, turbidity and in vivo chlorophyll fluorescence (Chl Fluo) among the 5 water masses.

Table 2 :

 2 Variation partitioning of phytoplankton community (Environment including temperature, salinity and turbidity; space including abiotic interactions, physical processes and unexplained environment).

		Environment		Space		Interaction		Residual
		R² Adj.	p-value	R² Adj.	p-value	R² Adj.	p-value	
	All	0.26	0.001	0.65	0.001	0.26	0.001	0.35
	C1	0.15	0.001	0.25	0.001	0.13	0.06	0.60
	C2	0.19	0.001	0.51	0.001	0.16	0.001	0.47
	C3	0.59	0.001	0.60	0.001	0.43	0.001	0.34
	C4	0.45	0.001	0.43	0.001	0.36	0.001	0.49
	C5	0.35	0.001	0.44	0.001	0.27	0.001	0.48
	C6	0.50	0.001	0.70	0.001	0.46	0.001	0.26
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