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Abstract :

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.
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Highlights

» Automated flow cytometry addresses phytoplankton community changes at high frequency. » Eight
cytometric groups are characterized from pico-to microphytoplankton size range. » Variation in
cytometry-derived traits can be characterized between communities. » Frontal structures drive
phytoplantkon spatial distribution at sub-mesoscale.

Keywords : English Channel, phytoplankton distribution, high resolution, automated flow cytometry,
fronts, mesoscale structure
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1. Introduction

Carbon uptake and fixation through photosynthdsadkowski, 1994; Falkowski et al., 1998; Gregg et
al., 2003) make phytoplankton account for up to 58fthe annual global net primary production,
while its biomass only represents 2% of the tolabagl biomass (Falkowski et al., 2003; Field et al.
1998). Furthermore, phytoplankton are involved iangn biogeochemical cycles (Falkowski, 1994;
Falkowski et al., 1998; Gregg et al., 2003) andniost of the marine food webs being a prey for
grazers affecting growth, cellular processes amaneonity composition (Holligan and Harbour, 1977;
Lampert et al., 1986; Rassoulzadegan et al., 1988gn the importance of phytoplankton in marine
ecosystems, there is a consequent need to perfocorade estimates of abundance and biomass
(which are also defined as biological descriptarthe Marine Strategy Framework Directive (MSFD
2008/56/EC) and Water Framework Directive (200@€I)/ in order to understand the populations
assembly into different communities and how thesaraunities influence/determine biogeochemical
cycles as well as higher trophic levetsg. Falkowski et al., 1998; Litchman, 2007; Litchmanag,
2007). The large size-range and diversity of phigiokton characterise high variations of
surface/volume ratios as well as physiological céjes, leading to a different capacity of growth
among phytoplankton, sometimes dividing twice a dajpine and Cloern, 1988). In addition,
environmental drivers are often episodic, contiilquto quick changes of phytoplankton responses
over space and time scales. Current monitoring Bagngtrategies might fail to detect these respsnse
(Pearl et al., 2007). Therefore, a trade-off intpplankton sampling strategies is needed in oradler t
understand the determinism of phytoplankton charages distribution, considering both fine space

and time scales and environmental parameters.

Considering the techniques available, the use efascopy and HPLC pigment analysis provide,
respectively, high taxonomical and pigmentary cositam. However, they are not suitable for high
space and time resolution studies (Cullen et 8971 Millie et al., 1997; Richardson and Pinckney,
2004) because of the time-consuming and highly iafieed work to be carried out back at the
laboratory. On the other hand, despitevivo fluorometry could reach a reliable space and time

coverage (Rantajarvi et al., 1998), it provideg/dnllk measurements as estimates of total chlodbphy
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a (as a proxy of phytoplankton biomass). Several vatige techniques e(g. multispectral
fluorometry, automated flow cytometry, remote segsihave shown to give representative insights
into phytoplankton composition (at least at thectional level), abundance and/or chloropleylat
high resolution (Bonato et al., 2015; De Monte let 2013; Lefebvre and Poisson-Caillault, 2019;
Marrec et al., 2018, 2014; Thyssen et al., 2015)0Ag these techniques, automated “pulse shape-
recording” flow cytometry (PSFCM) addresses alnmbstwhole phytoplankton size-range (c.a. from
less than 1um to 800 um width) at single-cell agk-colony level and characterizes them based on
their combined or integrated optical propertiés. (ight scattering, fluorescence; Dubelaar et al.,
2004, 1999). Indeed, this technique records theeeptilse shape of a single particle (Rutten et al.
2005; Thyssen et al., 2008b, 2008a), from smals @dProchlorococcudike (Marrec et al., 2018) up

to large cells and/or colonies of diatomsPhraeocystis globos@onato et al., 2016, 2015; Rutten et
al., 2005). Moreover, the cytometric optical prajs provide useful proxies of cell length, width,
morphology, internal composition and physiology efhican be assimilated to functional derived
traits. Therefore, the variation of phytoplanktaaits at high frequency remain to be investigated

across the different spatial scales.

The Western and Central part of the English Chaarelwell-documented areas which benefit from
sustained monitoringe(g. Astan Buoy, Astan & Estacade SOMLIT stations, lnt &1 stations;
Eloire et al., 2010; Goberville et al., 2010; Notag, 2004; Smyth et al., 2010; Sournia et al87)9
This epicontinental sea is strongly impacted bynate variability (Goberville et al., 2010) making
seasonal and interannual variation in the hydrekdgand climatic conditions responsible of changes
in plankton communities composition (Foulon et aD08; Marie et al., 2010; Tarran and Bruun,
2015; Widdicombe et al., 2010). In the Western EBhgChannel (WEC), from May to October, the
hydrological conditions go from well-stratified ¥eell-mixed conditions and shape the position of the
Ushant tidal front (Pingree and Griffiths, 1978Ydies that bring high nutrient concentrations in
addition to the light, make communities accumutatimlong the front, especially diatoms and
dinoflagellates, and contribute to high biomassnfleira et al., 2014; Pingree et al., 1979, 1978,

1977). Moreover, the geostrophic flow, eddies, wapsvelling and tidal streams occur along the front
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allowing phytoplankton dispersion and crossing filoat (Pingree et al., 1979). Therefore, the front
extends on scales from meters to kilometres (d’Owd al., 2010; Ribalet et al., 2010). In the Caint
English Channel (CEC), both the English and then€lrecoast are influenced by river run-off. In the
French part, the Seine River contributes to formmament halocline stratification (Brylinski and
Lagadeuc, 1990; Menesguen and Hoch, 1997). Duniedate summer-fall period, the Bay of Seine is
initially characterised by high abundance of dia{dauenne et al., 2007). Then, when the deplefion o
nutrient occurs in summer, diatom abundance deeraag dinoflagellate abundance increase (Thorel
et al., 2017). Along the English coast, the Southtam Water estuarine system contributes largely to
enhance nutrients along the coast (Hydes and Wrigl®9). Nutrients are especially brought by the
Test and Itchen rivers, which drain agriculturaldaas well as sewage discharge effluents (Hydes and
Wright, 1999) resulting in chlorophyd peaks in spring and summer (Iriarte and Purdie428fle

and Purdie, 1993; Leakey et al., 1992).

Despite most of phytoplankton studies in the Emlg@annel concerned the coastal areas Hydes
and Wright, 1999; Iriarte and Purdie, 2004; Jouesinal., 2007; Marie et al., 2010; Not et al., 2004
Pannard et al., 2008; Smyth et al., 2010; TarrahBmun, 2015; Widdicombe et al., 2010), some of
them concerned coastal-offshore gradients focusitly in the Eastern English Channel (EEC, Bonato
et al., 2016, 2015; Lefebvre and Poisson-Caillé@019), Central English Channel (WEC, Napoléon
et al., 2014, 2012) and Western English Channeld&&oto and Pingree, 2009; Marrec et al., 2014,
2013; Napoléon et al., 2013) (Garcia-Soto and RegP009; Marrec et al., 2014, 2013; Napoléon et
al., 2014, 2013, 2012). Some attempts were caaigcn transects crossing the English Channel in
the WEC and CEC (Garcia-Soto and Pingree, 2009reédaat al., 2014, 2013; Napoléon et al., 2013).
However, these studies reflected three major drakebdirst of all, some transects were carried out
along a latitude gradient, missing the longitudenpgonent in which spatial gradients are particularly
known to occur in the English Channel (Napoléoalgt2014, 2013, 2012). Secondly, most of them
resulted in a spatial aliasing by missing any 8patial scale variability. Finally, these spatiopemal
studies mainly sampled the largest organisms (@) of the phytoplankton compartment, missing

most of the picophytoplankton and the small nantmtignkton (< 20um) fraction.
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In the present study, we analyse the spatial bigtdn of some phytoplankton size- and optically-
defined functional groups as well as their assermblyommunities, highlighting the relation between
environmental and spatial features with phytoplanktommunities’ variability, addressed at high
frequency, on a high spatial sampled gridded aPdgtoplankton single-cells and colonies were
characterised by continuous recording of sub-sarfaomped seawater, by using an automated “pulse
shape-recording” flow cytometer coupled to contimsioecording hydrological features. With a high
resolution spatial sampling strategy, our aims wéjeto study the phytoplankton distribution per
functional group and the variation of the traitshivi each group across space with respect to nbeso-
sub-mesoscale hydrological features as frontalsafi§ato identify the key environmental and sphatia
variables that could explain the variability betwemmmunities’ composition and (iii) to define the

scale of variability of phytoplankton communities@ng sites.
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2. Materialsand methods

2.1 Cruiseoutlines

Samples were collected during a multidisciplinarvige focusing on an ecosystemic end-to-end
approach of fisheries in the Western English Chanibe CAMANOC (CAmpagne MANche
OCcidentale, Travers-Trolet and Verin, 2014) cru@ek place on board the RVhalassa(lfremer)
from the 168' of September to the T6of October 2014, during the summer-fall transitidhe ship
crossed the English Channel from West to East (BigA Pocket-FerryBox system (PFB, 4H-JENA)
was coupled to a pulse shape-recording flow cytemdPSFCM, CytoSense, Cytobuoy), a
thermosalinometer (SeaBird SBE21) andimrvivo fluorometer (Turner Designs 10-AUk vivo
fluorometer required a two steps calibration. Tingt bne used a blank water (de-ionized water) and
the second one used a solid standard. The waskeintas at the front of the ship’s cooling systém a
a fixed depth (4 m), and in normal ship operatieaveater is constantly pumped. The PFB was
assembled with sensors for salinity and temperd&eabird 45 micro TSG), and turbidity (Seapoint).
Seawater was pumped at 4 m depth and was contiyuanalysed by all the sensors. The acquisition
of data was continuously performed, and we obtaiaedntegration of the measurement from 1
minute (PFB) to 10 minutes (PSFCM). Because oflaively brief transit time of water from the
water intake to PFB, the observations are reprateat of sub-surface conditions. The lower
resolution was kept to merge phytoplankton funatioieatures with environmental data. The ship
navigated at the speed of 11 knots for 1 months Téd to a resolution of approximately 3.4 km (for
automated flow cytometry) with a total of 2910 s#sp considering stops for discrete fisheries,

benthos, plankton and hydrological sampling.
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Figure 1: Continuous recording every 10 minutes ipyilse shape-recording flow cytometer (PSFCM)
during the CAMANOC cruise from Sept. @blue dots) to Oct. IB(red dots) and 78 discrete (CTD)
stations (brown dots). Dashed lines corresponcetmi@phical separation of the main regions: Celtic

Seas (including Irish and Iroise Sea), WesterniBh@hannel and Central English Channel.

2.2 Stratification and mixing of water masses

CTD (Seabird SBE 21) casts (78) were performednduthe cruise. Temperature (°C), salinity,
density (kg.ri?) and depth (m) were recorded at a rate of 1 megserr second. We used the density
from the CTD casts to calculate the squared of Anoy frequencylN? (s 3), in order to quantify the

vertical density gradient throughout the water ooluvhich quantifies the stratification:
(3) N>=d/po x (6p(z) / 62)

whereg (m.s? is the acceleration due to gravity, (1026 kg.nT) is seawater reference density,
5p (kg.m°) is the density differential along the water coluemddz is the depth of the water column,

between surface and bottom.
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2.3 Plankton analysis

Continuous pumped waters as well as discrete sany@es analysed by a CytoSense (Cytobuoy b.v.,
Netherlands), an automated flow cytometer (FCMhlie ability of recording the entire optical pulse
shape of each particle (“pulse shape-recording figtometer”: PSFCM). Five signals compose a
particle optical profile. The forward scatter (FWiS)collected via a PIN photodiode whereas the
sideward scatter (SWS) and three types of fluorescered fluorescence (FLR: 668-734 nm), orange
fluorescence (FLO: 604-668 nm) and yellow fluoresmee (FLY: 536-601 nm) are collected via a
photomultiplier. The instrument uses a solid-stater (Coherent Inc, 488 nm, 50 mV) to analyse,
count and characterise single-cells and coloniebé@ar et al., 2004; Pomati et al., 2013; Ponrati a
Nizzetto, 2013) from 1 um to 800 pm width and a feam length (Dubelaar et al., 1999). Each
particle passes through a 5 um laser beam at @ sffem &. A trigger-level was used on the red
fluorescence (FLR) in order to separate phytoplamlgnd non-fluorescent particles (Thyssen et al.,
2015). Continuous recording was performed with doisfiguration and the trigger-level was set at 15
mV during 9 min at a flow rate of 4.5 pl*.sThe clustering was performed manually with the
CytoClus software (Cytobuoy b.v., www.cytobuoy.conihe determination of each group was
processed considering the amplitude and the shaghe dive signals, referring also to previous work
on automated flow cytometry in this area (Bonatoakt 2016, 2015; Thyssen et al., 2015) and
according to bead size calibration. In additiore BytoClus software provides several statistical
features on each signat.¢. Length, Total, Average...) as well as the distiilou of the different
populations of events. The length of the FWS waslws a proxy for cell size. A standardisation of
each particle from each cluster was carried out wéllibrated beads of 3um. Two thresholds were set
up: the first around 3um in order to separate pikas/otes from nanoeukaryotes and the second
around 20 um in order to separate nanoeukaryotes ficrophytoplankton. A group was named
according to its estimated size and to its pignrgri@atures. Following Bonato et al. (2015) paeticl

size was corrected with the measured length FWiBeolbeads (1 & 2).

(1) Correction factor = real beads size / Measured Heae

(2) Estimated particles size (um) = Measure partidles s Correction factor
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Based on the common vocabulary for automated FGMilGble at https://www.seadatanet.org), we
characterised 6 main functional groups by automdked cytometry: Synechococcugke cells,
picoeukaryotes, nanoeukaryotes, Cryptophyte-likells,ce Coccolithophore-like cells and
Microphytoplankton. In addition, sub-groups wereamtterised within the picoeukaryotes and
nanoeukaryotes groups, according to their red dlsmence’'s level. Finally, we defined three
picophytoplankton groups (<3umpynechococcdike cells, PicoLowFLR, PicoHighFLR; four
nanoeukaryotes groups (3 to 20um): Cryptophytediés, Coccolithophore-like cells, NanoLowFLR

and NanoHighFLR; and one microphytoplankton groeg@0um; Fig. 2).
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Figure 2: Cytograms allowing the characterisatidnddferent phytoplankton groups. (A) Total
Orange Fluorescence (TFLO) vs. Total Sideward 8cdftotal SWS). (B) Total Red Fluorescence

(TFLR) vs. Total Forward Scatter (Total FWS). (Gitie of Total Yellow Fluorescence over Total
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Red Fluorescence and Total Orange Fluorescence oVetal Red Fluorescence
(TFLY/TFLR)/(TFLO/TFLR). (D) Total Orange Fluoresoee (TFLO) vs. Total Yellow Fluorescence

(TFLY). Clusters of single, doubles and tripledefds of 3 um are merged here.

24 Statistical analysisand mapping

We considered the environmental parametieestémperature, salinity and turbidity) aimdvivo total
fluorescence obtained either by the thermo-salitemgemperature and salinity), the PFB (turbidity)
and the Turner fluorometein(vivo total fluorescence) to compute a hierarchicalsifesition analysis
based on Euclidean distance. A hierarchical cliassibn was computed also for cytometric groups,
separately, to characterize the similarity betwienphytoplankton communities among the sites. We
used scaled data to detect the similarity amongdlaive changes in community composition, and
we computed the Jaccardized Czekanowski similamifgx (also known as quantitative Jaccard). In
most recent studies on the spatial distribution pbf/toplankton, the common procedure is a
computation of Bray-Curtis dissimilarity matrix tefine communities (Legendre and Legendre,
1998). However, Bray-Curtis generates a semi-matatrix which is not as strong as the quantitative
Jaccard which generates a metric matrix for clumtatysis. Thus, the Jaccardized Czekanowski index
would be more suitable than Bray-Curtis for siniijarstudies (Schubert and Telcs, 2014). This
distance was computed per phytoplankton featueegbundance, red fluorescence) calculated from
the cytometric groups such as described in Bonaab.,g(2015) in order to get the similarity betwee
pairs of samples. We processed the computatiom cdvarage similarity matrix between a matrix
based on abundance and a matrix based on reddt@ee. This method is more reliable than using
them separately because abundance and red flunoces(eroxy of chlorophyll content which in turn
is used as a proxy of biomass) are consideredeam#in features to discriminate the communities.
Each function was weighted between 0 and 1. Aburemlamccounted for 0.5 as well as red
fluorescence. We coupled the final similarity matwith the Ward method (Ward, 1963) which
consist in aggregating at each step the two clistih the minimum within-cluster inertia and ddtec
the homogeneity of the clusters. Then, the optiohadsification cut level was obtained by selecting

the maximum average silhouette over the Copheditiances. These analyses were processed using
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the packages “vegan”, “analogue” and “cluster” onTRe importance of environment and space
(defined as the Euclidean distance between a ptatitude and longitude coordinates) for struatgri
phytoplankton communities was studied among eanimunity by processing a variation partitioning
(Borcard et al. 1992, Peres-Neto et al. 2006)ounmodel, the total variance is represented by fou
fractions [a + b + ¢ + d] where [a +b] represetis €énvironmental fraction; [b + c] represents the
space fraction; [b] is the interaction between minent and space and [d] the residual variance.
Space was redefined by the calculation of the gralccoordinates of neighbour matrices (PCNM,
Borcard and Legendre, 2002) to define them asapidicriptors of the relationship among sampling
units. We used thpcnmfunction from the “vegan” package design for Rismmvment. Phytoplankton
communities were detrended using the Hellinger sfiamation which is appropriate for
compositional data by reducing the impact of rasenés which are more susceptible to sampling error
(Legendre and Gallagher, 2001). In addition, tramshtion of the data will give the same weight to
rare or very abundant groups. Partitions were delsfeANOVA over 999 permutations. Finally, we
carried out a multivariate Mantel correlogram tedstigate the relationship between geographical
distance extracted from the latitude-longitude dowmtes and phytoplankton communities over the

water bodies. This analysis allowed the detectibthe minimal distance at which the correlations

disappear.

3. Results

3.1 Hydrobiology

Each continuous-recorded physical variable as a&lh vivo total fluorescence (ug equivalent of
chlorophylla per L) showed a strong spatial structure. The Higbalinity values were recorded in the
Western English Channel (35.5; WEC) and decreasmetbrately towards the East (35). In the Central
English Channel (CEC) salinity strongly decreasetf35 in offshore waters to 33 in the inner part
of the Bay of seine (BOS; Fig. 3A). Colder watehamacterised the entrance of the WEC and were
surrounded by warmer waters both in the Celtic Ssasell as in mid WEC waters (Fig. 3B). Sharp

transitions were evidenced (of only a few kiloms}rieoth at the West and East of the colder area.
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274  Figure 3: Continuous recording ofA. Salinity, B. Temperature (°C)C. Turbidity (NTU) D.

275  Chlorophyll in vivo Fluorescence (ug chl Eq .
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The highest turbidity values were recorded in tlsCCboth in offshore and coastal waters (Fig. 3C).
A sharp increase in chlorophyfi vivo fluorescence was evidenced from the outer sheli¢d/VEC
(values shifted from around 0.1 pg chl E¢ to 5.7 pg chl Eq t). Then, fluorescence levels
decreased rapidly eastward in WEC (from 5.7 pdgeehL™ to 1-1.5 pg chl EqE; Fig. 3D). Spearman
ranks correlation were negative and significanhwémperaturep(= -0.45, p<0.001) and turbidity
(p = -0.29, p<0.001) whereas Spearman rank correldbietween fluorescence and salinity was

positive and significantp(= 0.31, p<0.001).

Applying hierarchical clustering on the similarityatrix revealed 5 water masses (WM) in the English
Channel (Fig. 4A). Mapping these water masses legdghat Western and Central English Channel
were structured in hydrological blocks. WM1 cormasged to the eastern part of the Western English
Channel and Celtic Seas out of the Channel (Irais# Irish Seas), whereas WM3 was located in
between, in the centre of the WEC. WM2 was locatedffshore waters mainly in the CEC. WM4

was under the influence of the Bay of Seine and VW45 considered as mainly corresponding to the

English coastal and offshore waters of the CEC.

Table 1: Minimum and maximum values of temperatsadinity, turbidity andn vivo chlorophyll

fluorescence (Chl Fluo) among the 5 water masses.

Water mass Temperature (°C)  Salinity Turbidity (YT Chl Fluo (ug chl Eq )

wM1 Min; max [16.97; 18.84] [34.04; 35.49] [0.0133] [0.31; 1.67]
CV (%) 2.5 0.4 50 25

WM2 Min; max [17.55; 18.95] [33.17; 35.16] [2.628%] [0.11; 1.47]
CV (%) 15 1.0 15 39

WM3 Min; max [13.94; 18.12] [35.16; 35.53] [0.5131] [0.49; 5.71]
CV (%) 5.5 0.2 19 48

wWM4 Min; max [17.61; 18.31] [33.11; 34.82] [6.234.28] [0.57; 2.31]
CV (%) 0.7 1.1 27 33

WM5 Min; max [16.91; 17.93] [33.78; 35.00] [6.34.13] [0.59; 1.16]
CV (%) 1.2 0.2 4.5 12

The lowest temperature was recorded in the WM3alawg also the strongest gradienfl(= 4.18°C,
Fig.3B and table 1) whereas this water mass exilitigh stable salinity thus the lowest salinity
gradient ASAL = 0.37, Fig.3A and table 1) among the water saas The opposite pattern was

observed in the WM1, WM2, WM4 and WM5, the diffecerof temperature was comprised between



297  0.70°C (WM4) and 1.87°C (WM1) with higher valuesthin WM3 whereas the salinity difference
298  was comprised between 1.22 (WM5) and 1.99 (WM2hJatver values than in the WM3. Turbidity
299  was also lower in WM3 than in any other WM and sbdva small differenceATURB = 0.8 NTU).
300 The highest range of turbidity values were founthien WM4 and WM5 (respective A TURB = 8.05
301 NTU andATURB =12.39 NTU), both WM under the influence bétSolent (UK) and Seine (France)
302  estuaries. In WM3in vivo chlorophyll fluorescence (Chl Fluo) was higherrttia any other water

303 mass and showed the highest variabiltghl Fluo = 5.22 pg chl Eq1).

51

Latitude
50

49

51

Latitude
50

49

48

Longitude

304

305 Figure 4:A. Identification of water masses based on resuits fthe Euclidean distance matrix on

306 temperature, salinity, turbidity and vivo chlorophyll fluorescenceB. Stratification, value oN? as
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derived from CTD casts.The dashed line distinguishes homogeneous watersemagrom

heterogeneous water masses and marks the front.

On the West of the main frontal structure (WEC,. HiB), corresponding to WM3\2 values were
higher and displayed more heterogeneous watersith#ime East side (CEC and BOS), where the
values ofN2 were lower and displayed homogeneous watershdWMEC (WM3),N2 values reached
up to 10°s? whereas in the CEC and the BOS (WM2, WM4 and WNH®,order of magnitude o2
values was between t@nd 10°s? (Fig. 4B). In the Celtic seas, th was recorded between 3.5 and
4.5 10°s? decreasing sharply eastward with the shift of ®mjure to reach 1.5 82 in the WEC.
They define the outer thermal front as well as whesstern limit between WM1 and WMS3. Then a
second change occurred between the WEC and the Tt€Gralues of th&l2in WM3 of up to 4.0 10

% 52 shifted to 10 /10° s? the CEC (WM2, WM4) and the BOS (WM5) defining timmer thermal

front.

3.2 Phytoplankton abundance, fluor escence and spatial distribution.

Picoeukaryotes (PicoLowFLR and PicoHighFLR) aBgnechococcdike cells dominated the
phytoplankton abundance. They were structured adugcreasing West-East longitudinal gradient
but showing an important heterogeneity in spatistridbution (Fig. 5). High abundance was recorded
in the Western English Channel (mostly in WM3) véee low values were recorded in the Central
English Channel and, for Picoeukaryotes, at thaeme®ntrance of the English Channel (Celtic Seas,
Fig. 5 and 6). However, the abundanc&wphechococcdske cells was high out of the Channel and in
the WEC, and low in the CEC (Fig. 5A). PicoLowFLBuadance exhibited patches reaching more
than 1 x 16cell mL* in the WEC (5% of the highest abundance were sepiting 950 ki) and close

to the Channel isles (Fig. 5B). PicoHighFLR (Fig)5and Cryptophyte-like cells (Fig. 5D) showed
the same patterns: low abundance out of the En@lisdmnel, sharp increase and high abundance in
the WEC (both coastal and offshore waters, WM3nth sharp decrease and low abundance in the

eastern WEC and CEC. Coccolithophore-like cellg.(BE) exhibited high abundance out of the
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Channel (western WML1), while the abundance remaioed elsewhere. NanoLowFLR (Fig. 5F)
showed several patches of high abundance (5% ohitijieest abundance represented 1006) km
between the limits of WM3 (out of the Channel amdhe WEC). In the CEC and BOS, the abundance
was low. NanoHighFLR high abundance was also dedeict WM3, forming a large patch in offshore
waters of the WEC (Fig. 5G), decreasing westwaitl eastward, showing an increase in a restricted
area in the Bay of Seine. Microphytoplankton abuméa(Fig. 5H) was low out of the English
Channel. Then, patches of high abundance were@aban western WMS3, in offshore waters of the

WEC. In the CEC and BOS, the abundance was low.

The abundance of each group was compared with acespéehe distance of the inner WEC thermal
tidal front used as an arbitrary geographical exfee (Ushant front, Fig. 6). Samples located to the
West of the front were represented by a negatistante whereas samples located to the East of the
front were represented by a positive distance.ddall view revealed that abundance increased as the
sample got collected closer to the Ushant frontah gFig. 6). This was the case for PicoHighFLR
(Fig. 6.C), Cryptophyte-like cells (Fig. 6.E), ambnoLowFLR (Fig. 6.F). On the other hand,
NanoHighFLR (Fig. 6.G.) and Microphytoplankton gosuFig. 6.H.) showed maximum abundance
slightly offset (westward) of the front (microphplankton also showing high values all along the
front). For these groups (PicoHighFLR, Cryptophijke- cells, NanoLowFLR, NanoHighFLR and
Microphytoplankton), the highest levels of abundanere recorded in WM3 which is the most stable
water mass observed here. PicoLowFLR (Fig. 68hnechococcdike cells and Coccolithophore-
like cells showed a different pattern. The firsbtgroups exhibited high abundance along and across
the front in the Western English Channel and in@ledtic Seas (Fig. 6.A) whereas Coccolithophore-
like cells showed highest abundance only in sheltevs at the western entrance of English Channel
(Fig. 6.D) where waters remained warm and stahige(dront of the WEC). At the East of the inner
front, the abundance decreased slowly to reachvilwes at 100 km from the main frontal system
(Fig. 6). At 200 km from the front, a second ingeaf abundance was observed (Fig. 6) for some
groups. ASynechococcike cells (Fig. 6.A.), PicoLowFLR (Fig. 6.B), RitlighFLR (Fig. 6.C),

NanoHighFLR (Fig. 6.G) and, to a lesser extent, rbpbytophytoplankton (Fig. 6.H) and



360 Coccolithophore-like cells (Fig. 6.D) showed highdues compared to the remaining CEC. However,
361 this second peak was 2 to 3 times lower than tleeatrserved close to the main front and could be

362 related to the Seine river plume.
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368  Figure 6: Distribution of the abundance in relatiorthe distance to the Ushant front (km) for thighephytoplankton groups characterised by the Sgtse.
369  The dashed line represents the position of ther itheemal front. Negative distance represents sesmgl the West of the front. Positive distanceasgmts

370 samples at the East of the front.
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3.3  Phytoplankton communities structure analysis.

Phytoplankton communities were discriminated affter computation of a hierarchical classification
of the quantitative Jaccard index on abundance raddfluorescence (Fig. 7). The Analysis of
Similarity (ANOSIM) provided evidence of a spatieustering of 6 communities (R = 0.5B, =
0.001). However, due to discontinuity between timmunity C5, we split C5 in C5a and C5b for the
investigation of the spatial scale analysis. C1 @R2dwere characterised in offshore waters between
WEC and CEC (mainly eastern offshore part of WMd afishore WM2. C3 was found in the Central
English Channel and characterised also the Eagtatrof the Bay of Seine (BOS), mainly WM2 and
WMS5. C4 was located by the inner thermal front (HB). C5 community was found in the Western
part of the BOS (WM4; C5a) and also in the Frenatt pf the WEC (WM3; C5b). C6 corresponded
to most of the WEC offshore waters (WM3) includiegternal Channel stations (western part of

WM1).
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Figure 7: Phytoplankton communities based on thelt® of the fusion between Jaccard similarity

matrice on the abundance and red fluorescence.

Heterogeneity was supported by the values of thedficeent of variance (CV) calculated for each

group, in addition, to minimum, maximum of abundamnd total red fluorescence (further details in
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supplementary table A.1l). In terms of abundance.(B), phytoplankton communities were all
dominated by theSynechococcugke group (47% in C5 to 61% in C6 to the totaluadance).
Picoeukaryotesi.e. PicoLowFLR and PicoHighFLR) groups representedsiseond most important
groups (Fig. 8). However, in C1, C2, C3 and C5, FheoLowFLR (36% in C3 to 43% in C5)
dominated over the PicoHighFLR (1% in C1, C2 andt€3% in C5) whereas in C4 and C6, the
PicoHighFLR (24% and 34% respectively in C4 and @&ninated over the PicoLowFLR (7% and
13% respectively in C6 and C4). On the other htmelfotal abundance of nanoeukaryotes was always
low (at most they represented 11% of the total daope for C1). The most abundant nanoeukaryotes
group was NanoLowFLR (3% in C3 and C4 to 7% in Gia)C2, the Cryptophyte-like cells total
abundance was the double than in any other assgeshldhe most important contribution of the
Coccolithophore-like cells was found in C1 (1%) wéees in the other communities they accounted for
less than 1%. Finally, the total abundance of ti@ophytoplankton in every community was below

1%.

Although small photoautotrophs significantly domith abundance (Fig. 8) in both WEC and CEC
during the cruise, the contribution of nanoeukagotand microphytoplankton to total red
fluorescence, which is an estimation of chloroplyifluorescence (Haraguchi et al., 2017), was
important (supplementary table A.1, Fig. 8). Thiatree contribution of the Coccolithophore-like
cells to the total red fluorescence was almostrséimees higher in C1 than in any other community.
On the other hand, nearly half of the total redofiscence in C3 and C4 was attributed to
Synechococcdge and picoeukaryotes groups (C3: 49% and C4&6)50 his was higher than in the
other communities (range between 25% in C6 to 3A%1 and C2). In C1, C2, C3 and C5,
Cryptophyte-like cells total red fluorescence reprged the double (12-13%) of what they
represented in C4 and C6 (respectively 5% and 6%4}3, C4 and C6, NanoLowFLR contribution to
the total red fluorescence (respectively C3: 17%; €7% and C6: 32%) was higher than the
contribution of the NanoHighFLR (C3: 8%; C4: 13%daD6: 29%). We noticed the opposite pattern
in C1, C2 and C5. Despite the low abundance ofntfeeophytoplankton group, the contribution to

total red fluorescence of this group was comprizettveen 4% (C4) and 15% (C1).
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Figure 8: Relative contribution of phytoplankton, #&undance and B. total red fluorescence, within

each community. Only the percentage above 1% apayed.

Although we observed an heterogeneity in totalfheorescence per cluster, the CytoSense provided
us with information on single-cell level featur&sg. 9). Therefore, working at the individual leved

us to study the population variability considerangytometric-derived trait. Here, we first focused
the red fluorescence per cell and then on thestadl- Different spatial patterns of red fluoreseeper
cell and cell size were observed, per group, amtireg communities.Synechococcdske red
fluorescence per cell remained unchanged in allctramunities despite changes in cell size and
abundance (Fig. 9 A and B). Cell size was signifilya different between all the communities
identified (p<0.01). Both picoeukaryote groupe.(PicoLowFLR and PicoHighFLR) exhibited the
most important red fluorescence per cell in C4 @adhan in the other communities (p<0.05). For the
PicoLowFLR, the community comparison showed a laiggge of abundance within an order of
magnitude of 1®cell mL* whereas red fluorescence level remained betwe@rmrad 400 a.u. céll

(Fig. 9A). An increase in the red fluorescence gl was observed with an increase of the cell size
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(Fig. 9B). On the contrary, for the PicoHighFLRglhired fluorescence levels were consistent with
low abundance (Fig. 9A) and different relation begw red fluorescence and cell size were observed
(Fig. 9B). Small cell with high red fluorescencedes were found in C4 and C6. Small cell with low
red fluorescence were found in C1, C2 and C4 amy leell with some level of red fluorescence were
found in C3. Concerning Cryptophyte-like cells akiicrophytoplankton groups, the highest red
fluorescence values per cell were found in C5 amida@d were significant (p<0.05). In these
communities, the Cryptophyte-like cells exhibitddoathe highest abundance (Fig. 9A and B) and
their cell size was significantly larger in C4, Gikhd C6 than in Cl1, C2 and C3 (p<0.05).
Coccolithophore-like cells showed higher red flsmence per cell in C2, C4 and C6 than in C1, C3
and C5. Moreover, the highest values of red flumense per cell were observed for NanoLowFLR
and NanoHighFLR in C4, C5 and C6. Finally, largell size was recorded in C4, C5 and C6 than in
C1, C2 and C3 foPicoLowFLR, Coccolithophore-like cells, NanoLowFldRd NanoHighFLR, but
no pairwise assemblage was significantly differd@tie log-log relation between red fluorescence and
orange fluorescence, per cell, showed an increeffearescence emission with the cell size (Fig).9B
In addition, there was an increase in the red aadge fluorescence emission as the cell size inesea

(Fig. 9D) despite the standard deviation showegklaariation for the orange fluorescence.

For red fluorescence, three orders of magnitude wacorded from the smalleSynechococcugke
cells) to microphytoplankton cell size&synechococcdgke and Cryptophyte-like cells could be
characterized by a higher orange over red rationftbe other groups. However, not all groups
subscribed to this relation. Indeed, the figure 30Bwed that some groups exhibited a change in size
but not in red fluorescence per cell (range of #it@ndard deviations). This occur in specific
communities or in each community. For example, RighFLR exhibited a large range of cell size
and red fluorescence in C6 and C1 whereas the asidethe red fluorescence were fluctuating
irrespective to each other in the rest of the comti@s. Such patterns were also observed for the
Coccolithophore-like cells. This relation would mehat in some case the red fluorescence perscell i
independent of the size of the cells. As chloroplgl fluorescence reflects the endogenous

concentration of this pigment, the relation betwesth fluorescence per cell and cell size may result
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different intracellular pigment composition (Alvaret al., 2017). On the other hand, the other ggoup
(i.e. Synechococcdike cells, PicoLowFLR, nanoeukaryotes, microplpfémkton and Cryptophyte-
like cells) tended to show a balance between the @nd the red fluorescence, the larger a cell was,
the more red fluorescence it would emit. Finallye range of the standard deviation in red and/or
orange fluorescence emission showed that the amissef red fluorescence per cell within
PicoLowFLR, PicoHighFLR, NanoLowFLR, NanoHighFLR, ryptophyte-like cells and
Coccolithophore-like cells groups were not promorél to the emission of orange fluorescence per
cell. On the contrary, the emission of red fluoezse per cell was proportional to the emission of

orange fluorescence per cell concerrfBygnechococcdgke cells and Microphytoplankton (Fig. 9D).
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Figure 9: Patterns in size structure and fluoreseeof phytoplankton groups amongst different

communities defined in the English Channel. A. llog- relationship between phytoplankton
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abundance and the red fluorescence per cell, pepgand per community, B. Log-log relationship of
the red fluorescence per cell (FLR) against thetggignkton size scaling per group and per
community, C. Log-log relationship between phytojtan cell size and abundance per group and per
community, D. Log-log relationship of the orangeicilescence per cell (FLO) against the red

fluorescence per cell (FLR) per phytoplankton grand per community.

3.4 Variancepartitioning

Results of the variance partitioning (pure spapale environmental, interaction between envirortmen
and space and unexplained variance) of the wholoplankton community and of each of the six
assemblages were summarized in table 2. Such @halggealed that spatial (PCNM spatial
descriptors) and environmental variables (tempegagalinity and turbidity) accounted for 65% oé th
total variance on the whole cruise. The 35% ofrdwdual variancei.€. unexplained variance) were
explained by other factors than environmental s and spaces (. biological processes such as
grazing, infection without interaction with the émnmental data; Table 2). The spatial descriptors
(based on the spatial coordinates of sampling gpmére more important than the environmental
variables (<5% for all the groups) in structurifg tabundance and total red fluorescence of each
group. The spatial descriptors ranged between Z286dolithophore-like cells) and 34%-36% (all the
other groups). The results were provided in thepkmpentary table A.2. Focusing on the
communities, the spatial variation of the assemddagas higher than the environmental variation
within C1, C2, C3, C5 and C6. In community C4, émironmental variation accounted for 45% and
was similar to the spatial variation which accodnt®r 43%. Then, the spatially structured
environment i(e. interaction) accounted between 13% (C1) and 46%) @ the total variation.
Finally, considering the six communities identifi@5a and C5b are merged), both spatial and
environmental variables accounted for a significamiount of variation except for the effect of the
interaction between environment and space in Ck 3itm of pure spatial, pure environmental
variables and their interaction explained from 408%d) to 74% (C6) of the total variation in the
communities. Therefore, the percentage of unexgthwariation in the phytoplankton assemblages

was comprised between 26% (C6) and 60% (C1).
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Table 2: Variation partitioning of phytoplanktonmemunity (Environment including temperature,
salinity and turbidity; space including abioticeractions, 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
Cc2 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

3.5 Scaleof variability of phytoplankton communities

The multivariate Mantel correlogram based on thendance and the average total red fluorescence
per cluster revealed phytoplankton communities'tiabgattern by computing the geographical
distance between pairs of sites in each commufity. (10). The Mantel correlogram indicated the
highest autocorrelation at nearer distances, witte@ease and always reaching negative values at
farther distances (but not always at the same rdisja Because C5 community was not spatially
continuous, C5 community was split into C5a (Eastay of Seine) and C5b (South-Western of the
WEC) sub-groups. The highest autocorrelation wamdoin C4 and C5b (r=0.34 and r=0.40,
respectively). Phytoplankton assemblages showedsdiye spatial autocorrelation between 20 km
(C5a) and 110 km (C6, Fig. 11). This meant thattgignkton composition became more different
when the autocorrelation reached null or negatalaaes. The definition of the spatial scale resuiited
the combination of high correlation for the neatistances and the quick decrease of the correlation
when the distance increased. Here, the resultestegya high spatial structure at sub-mesoscale (<1
km) up to 110 km. This analysis confirmed the Iltssaf the partitioning variance analysis which

mentioned that space had a great influence intsing the assemblages.
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518  Figure 10: Mantel Correlogram of pairwise similgin phytoplankton communities (Jaccardized
519  Czekanowski similarity based on the abundance gedhge total red fluorescence per cluster) against

520 geographical distance (Euclidean distance).

521

522 4. Discussion

523 4.1 Water masses
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Despite the English Channel is a rather well-stidieea, only few surveys attempted to characterise
the spatiotemporal distribution of physicochemigatameters in the CEC and WEC (Bentley et al.,
1999; Charria et al., 2016; Garcia-Soto and Ping2669; Napoléon et al., 2014, 2012). Most studies
benefited of long-term coastal monitoring or trantsef ships-of-opportunity through a year. In the
present study, the focus was put in the whole Wieséed Central English Channel gridded at a
specific period of a year. Although the samplingatgtgies differed, our results showed similar
hydrological areas than previous studies. The weaiteulation from West to East in the English
Channel explained the longitudinal gradient obsgidhering our study especially for the slow salinity
decrease (Salomon and Breton, 1993). In additiothi® circulation, the vertical stability induced
during summer, contributed to the longitudinal geatiof temperature. Along the English coast of the
Central English Channel, the high values of tutigidiere congruent with continuous run-off from the
Solent and were entertained in the gyre of the [®wotpart of the Isle of Wight (Ménesguen and
Gohin, 2006). During the CAMANOC cruise, strongikontal gradients of temperature, salinity and
turbidity revealed five distinct water masses. Témperature gradient revealed tidal mixing fronts
where a strong stratification occurred (Simpson Boees, 1981). The stratification of the Ushant
frontal area (Garcia-Soto and Pingree, 2009; P&)dr880; Pingree et al., 1975; Pingree and Grifith
1978) separated 2 water masses (WM). WM3 corregabiid Western English Channel (WEC)
waters displaying mixed water column, lower temp#e and higher salinity than the rest of the
waters of the outer Channel (shelf front) and thsteen WEC. WM3 was surrounded by stratified
waters. The western boundary corresponded to amnatfront separating warm and stratified waters
(Celtic Seas shelf waters) from mixed and cold vgaf&/M3). At the east, an internal front separated
cold and mixed waters (WM3) from warm and well-nixeaters (WM1). The temperature pattern
observed in the offshore waters was not consistgtht observation in 2011 (Marrec et al., 2013;
Napoléon et al., 2013) but was congruent with negatnomaly observed in 2012 in the northern part
of the WEC (Marrec et al., 2014). We explained thyat combination of a relatively higher stability
of water in WM3 (low tidal stream) than in the CEligh tidal stream) and the lower temperature
which are supported by air-sea heat fluxes shiffimgn positive to negative balance during the

summer-autumn transition. Thus, the upper mixeeérlaeepens and water cools down (Hoch and
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Garreau, 1998). WM1 was characterized by high stédperature and salinity (Fig. 4B). It might
have corresponded to the external front separét@yVEC and the Celtic Seas in the Western border
and the internal front between the WEC and the @iE¢he Eastern border. A latitudinal salinity
gradient revealed a salinity front separating Whdmd in the Bay of Seine (BOS) from the CEC
waters (WM2). The turbidity gradient separated dffeshore waters of the CEC from English coastal
waters of Central English Channel (WM5). The lowues of N2 in WM4 (BOS) resulted from
permanently mixed waters even under the influeridde run-off of the Seine River (Bay of Seine;
French coast) whereas WM5 might have been underdimote influence of the Solent (English
Coast), leading to a slight dilution of coastal evat(compared to lower salinities recorded in thg B

of Seine). WM2 could result in intermittently sifietd waters (Van Leeuwen et al., 2015) in the

continuity of WEC stratified waters.

4.2  Phytoplankton communities

Several studies attempted to numerate phytoplardéseemblages in the whole area of the WEC and
CEC but none of them with high spatial (Garcia-Samd Pingree, 2009; Napoléon et al., 2014, 2013,
2012) expanded gridding of data or on high temprsblution (Edwards et al., 2001). Furthermore,
in this area, while previous studies focused onty species of the large size fraction of the
phytoplankton i(e. microphytoplankton; Napoléon et al., 2014, 2012 y®net al., 2010; Tarran and
Bruun, 2015; Widdicombe et al., 2010), we were abldetect the whole size-range of phytoplankton
from picophytoplankton (1 pm) to large microphytaptton (several millimeters length) in a single
analysis. Even though we did not reach a taxondmésalution, it was possible to address the fine
structure of phytoplankton functional groups, adlvas some of their traits, during the summer-
autumn transition.

In this study, we used the CytoSense parametengedeirom the optical features and signatures as
cytometric-derived traits at the individual and plagpional level (Violle et al., 2007) while several
studies were applying the same technique and a@pioadifferent aquatic ecosystems focusing only
one level (Fragoso et al., 2019; Malkassian et28111; Pomati et al., 2011; Pomati and Nizzetto,

2013). The four selected traits (abundance perpgrotange and red fluorescence per cell and cell
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size) showed a spatial heterogeneity for each groetween the communities (Litchman et al., 2010).
The cell size was independent of cell’'s physiolpgy group between our communities (larger cells
and higher average red fluorescence per cell irctimemunity of the WEC, C4 and C6 than in the
communities of CEC and BOS, C1, C2, C3 and C5)s Tesult suggests specific responses of the
species and/or groups. Indeed, in order to explanspatial heterogeneity of the traits, we propose
three hypothesis: (i) the selection of the optirtralts under biological pressures such as grazing
(Litchman et al., 2009); (ii) the plasticity andnggic adaptation of the traits derived from theegen
expression in response to environmental variat{bitshman et al., 2010) and; (iii) in the case loé t
automated “pulse shape” flow cytometry, a group paol several species with similar optical
properties (Thyssen et al., 2008a). Here, as ggazere not recorded continuously, we decided not to
discuss about this hypothesis but would ratherstigate the two others.

First, we suggest that the main drivers of theiap&ariations are the temperature and the vertical
stability of water masses. The results showed fiabLowFLR group, Cryptophyte-like cells,
nanoeukaryotes and microphytoplankton of the conitiesrcharacterizing stratified and warm waters
(C4) and mixed and cold waters (C6) exhibited Hrgdst average cells size and the highest red and
orange fluorescence per cell. Because the optimamygrfowth range of both nanoeukaryotes and
microphytoplankton is relatively low, the coldentgeratures measured in WM3, characterized mainly
by C6, might have contributed to enhance their bwism, hence, their size (Marafién, 2015). On the
contrary, despite small phytoplankton (picophytogtan) are dominant everywhere at this period,
their growth is facilitated in water masses exlnigithigh temperature values (C1 to C5, all WM
except WM3). Indeed, their temperature optimumgi@wth range is higher than nanophytoplankton
and microphytoplankton optimum growth range andukhéavor them in those conditions. Thus, in
water masses exhibiting cold water, we expect aimtomee of larger cell size whereas in warmer
waters a dominance of the smaller cell size withigroup. Although, nutrient and grazing rate were
not available at the same spatiotemporal resol@®the biological data, we are aware that both pla
a role on cell size as well as their physiology.the first case, the growth of small celise(
Synechococcdike cells and picoeukaryotes) is favored agaiasie cells i(e. microphytoplankton)

under low nutrient condition (usually from the eofithe spring bloom to fall). Then, biological
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interactions (grazing, parasitism) are usually mpact cell size (Bergquist et al., 1985; Marafion,
2015) and physiology (Litchman, 2007; Litchman &t 2010; Litchman and Klausmeier, 2008).
Finally, size overestimation &ynechococctiike cells and picoeukaryote (Fig. 9) resultseaxttnical
drawbacks of flow cytometry. It is attributed teethalo effect of the laser which increased as qarti
were increasingly smaller than the width of thetdseami(e. 5um).

The heterogeneity of environmental conditions withiwater mass affect the expression of the traits
within each group. For example, the Coccolithopdem@re known to prefer warm and stable waters
(WM1) for their growth. Here, the PSFCM detecteghhiotal abundance of this group in the Celtic
Seas shelf, out of the English Channel (WM1, Figansl 6) which are dominated in this range of
abundance byEmilinia huxleyi (Garcia-soto et al., 1995). On the contrary, npbsgoplankton
(including some diatoms and dinoflagellates) arevikm to grow and exhibit higher size in cold
waters, turbulent system, rich in nutrient. Thigplexation is also true for the nanoeukaryoies. (
NanoLowFLR and NanoHighFLR). This is congruent wite WM3 and WM4 being influenced by
the Seine river (C5) and both by the Atlantic Oceaters and the Seine River (C3). They both
contribute to provide nutrients. In addition, tloavl vertical water stability observed in the coastal
communities (along the French coast of Brittanyy B&Seine) could increase small-scale turbulence
which might be positive for some groups (micropmamkton, Cryptophytes-like, nanoeukaryotes) by
increasing nutrient transport (Karp-Boss et al96)9

On the other hand, all the groups exhibited difiedevels of red and orange fluorescence per cell
between the communities, exceptnechococctike cells which showed the same levels across the
communities (Fig. 9A, B and D). The fluorescencassmn given by each group is dependent on the
physiological states of the cells. The quantumdyief the chlorophylla fluorescenceif. red
fluorescence of the PSFCM) and phycobilin and pbyahirin (.e. orange fluorescence of the
PSFCM) is also dependent to the life cycle of teksdeading to high fluorescence for young and
efficient cells whereas lysis is decreasing therthigscence emission. Another point was linked to the
atmospheric conditions during the cruise. At thgiln@ing of the cruise (corresponding mainly to
communities C6, C5 and C4 in WEC waters), the warattas sunny and without wind, some groups

(picoeukaryotes, nanoeukaryotes and microphytopdek showed high variability in orange
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fluorescence per cell within a single communitye®trong light intensity and the high stability inig
have resulted in the synthesis of photoprotectigenpnts. However, the change of weather after half
of the cruise (while investigating WM3 and C1) ntifave enhanced the vertical mixing. Therefore,
the position of phytoplankton cells of the groupspermanently engendered by the mixing of the
water column which do not the induce productioplubtoprotective pigments.

Finally, the last case concerns the lack of taxdnahresolution of the automated “pulse shape-
recording” flow cytometer. Indeed, our number obgrs was limited. By sharing similar optical
properties, several species are attributed to & sduster. In WEC waters, flow cytometry surveys
showed that picophytoplankton is usually composkdPrasinophyceae and usually dominated by
Ostreococcussp. at this period of the year (which are consideredred picoeucaryotes by flow
cytometry) In addition, among the cryptophytes, few genefa@leting a wide size range (between 5
and 19um) are commonly detected (Marie et al., PG48noeukaryotes are frequently represented by
Haptophytes, Stramenopiles and Chlorophyiasiliania huxleyiis always reported as the dominant
coccolithophore species and is known to bloom m dlater shelf of the WEC (Garcia-soto et al.,
1995). In addition, a high diversity of diatoms atidoflagellates is also observed in the WEQ)(
Widdicombe et al., 2010). Such taxonomical divgregsults also in size diversity which is related t
physiological traits (Litchman et al., 2010). Comsently, the pigment expression varies. Here, the
variations of the trait's expression considering tthree hypotheses (the plasticity and genetic
adaptation of the traits, the selection of themptitraits under biological pressures and the laick
taxonomical determination by automated “pulse shraperding” flow cytometry) lead to changes in
related traits such as nutrient uptake, cell cadmmhnitrogen content within each groups and betwee
the communities. The fact that traits such as tbkésize, abundance and total or per cell red
fluorescence per group differed significantly bedwecommunities, suggests optimum growth
conditions in the recorded abiotic parameters i@irtgrowth combined with trade-off in biological

pressure and variations of the taxonomical comjposit

4.3 Environment vs. spatial variations
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We expected a greater influence of environment space structuring phytoplankton communities in
the English Channel. Indeed, abiotic filtering hasen shown to play a key-role in shaping
phytoplankton assemblages (Cornwell and Ackeriy,520However, in the present study, variation
partitioning showed that variability in each comntyrmepended more on spatial (25 to 70%) than on
environmental (15% to 59%) variation within spagw®lucing significantly the environmental
variations (16% to 46%; Table 2). Despite hetereggnis well reported in other areas and seas
(Bonato et al., 2015; Marrec et al., 2018; Thysseil., 2015), our study allowed quantifying the
importance of space and environment on high freqpdlow cytometry. Here, the spatiotemporal
study of the phytoplankton communities showed apaileince between groups over one location, this
means that high abundance of a group coincidedlaittabundance of another group and vice-versa.
For example, the highest abundance of Coccolithaplike cells was observed out of the English
Channel, in the Celtic Seas shelf where none ofother groups (exce@ynechococcdike cells)
exhibited highest abundance (Fig. 5). This was mesealso for both picoeukaryote groups, the
highest abundance of the PicoLowFLR was found wkéneHighFLR abundance was relatively low
and vice-versa. NanoLowFLR and NanoHighFLR shoviedsiame trend. As previously shown with
temperature and vertical stability, each grouphiigsult of the selection by a combination of the
best conditions (environmental, physical and biatieractions) for their growth, metabolism and
access to resources thus defining their ecologichle (Margalef, 1978; Reynolds, 2006, 1994, 1984;
Tilman et al.,, 1982). Despit&ynechococcdske cells share the same environmental niche as
picoeukaryotes (Chen et al., 2011), we could idestbme spot of exclusion on both sides near the
Ushant front betweeSynechococcdgke cells and PicoLowFLR and others betwé&ymechococcus
like cells and PicoHighFLR which are consistenh@itwith sharing niche (Chen et al., 2011) either
with exclusions (Winder, 2009). However, both stsdtonsidered only one picoeukaryotes group and
analyzed discrete samples while we could charaetert a high spatial and/or temporal resolution two
sub-groups in the picoeukaryotes é@yhechococcdke cells. Consequently, the characterization of
sub-groups may increase the ecological understgrafirplankton functional groups. As previously
discussed, phytoplankton traits are also knownauitipn ecological niche of species or functional

groups (Litchman et al., 2010; Litchman and Klauieme2008). Therefore, by extension, cytometry-



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

derived traits (Fragoso et al., 2019; Malkassiaal.e2011; Pomati et al., 2011; Pomati and Nizzett
2013) are important to be taken into account wimrsidering the spatial and/or temporal ecological

niche of the functional groups.

4.4  Spatial structureanalysis

Based on the Mantel correlograms (Fig. 10), phytiokion communities are autocorrelated from
small to large scale (20 km to 110 km), dependingl® communities. The highest correlation at
nearer distance followed by the decrease in auteledion define a stronger structure for closer
sampled units. Due to the high spatial resolutietwben two sampling units.€. 3.4 km), we state
phytoplankton communities to be structured at thtermesoscale (1 — 10 km). The local structuration
is also supported by the maps of each phytoplangtonp (Fig. 5), their distribution with respect to
the Ushant front (Fig. 6) and the coefficient ofiadon (Table 2), which highlighted heterogeneity
and sharp shifts of total abundance, confirmingaall structuration. This measure on the field was
congruent with previous findings using conventiofialv cytometry (Martin et al., 2005), remote
sensing (d’Ovidio et al., 2010) and modelling (Léet al., 2014; Mahadevan et al., 2012). The
positive autocorrelation found for each communéflects the size of the patches for communities.
Several physical processes are well reported tergés patchiness. Small scale turbulence are well-
known to generate patchiness which can concentieatecles and phytoplankton at very small scales
(Schmitt and Seuront, 2008). Indeed, Pingree (Badgt980; Pingree and Griffiths, 1978) noticed that
the English Channel is characterised by small feriitand persistent eddies. Because phytoplankton
moves passively due to the movements of the fldddjes can generate patchiness of phytoplankton
and spatial heterogeneity. This is commonly obgsklimethe North Atlantic Ocean in the Western
English Channel and the Bay of Seine (Mahadevah €2012; Ménesguen and Gohin, 2006; Pingree
et al., 1978; Salomon and Breton, 1993) as in tudys despite we could not observe the eddies. In
the meanwhile, eddies contribute locally to watersses motion, changing the abiotic conditions
which allow a niche specialization (d’Ovidio et,&010). The association of the front in the Weaster
English Channel and the eddies frequently repontedhe area are described to generate sub-

mesoscale turbulencédg, 1 — 10 km; Bracco et al., 2000; Perruche et &112 This latter and the
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passive transport of phytoplankton cause the inapbrdispersal rates of phytoplankton (Lévy et al.,
2014). In our study, figure 4D defined the positminthe fronts during the cruise and the figure 6
showed the distribution of each cytometric groughwespect to the inner front. The dispersal rates
reflected here the heterogeneity in abundance drdli@ front. Moreover, the English Channel is
highly hydrodynamical, exhibiting a heterogeneigteen French and English coasts, Bay of Seine
and offshore waters in the strength of the tidaast. This component also induces the strengtheof t
dispersal rate. Finally, high variability in eagfoup’s traits, inside each community, may alsaltes

in the spatial variation of the strength of thepdisal, which increased the plasticity (Sultan and

Spencer, 2002; Via and Lande, 1985) thus the \ilitjabf their traits (Litchman et al., 2010).

5. Conclusion

In the present study, six phytoplankton communitiese characterised based on the contribution of
each of the eight defined cytometric groups and thgtical features and signatures, total abundance
and chlorophyll content. These optical features lmanto some extent, associated to life traitanfro
coastal to offshore waters, where long term regulanitoring does not exist. Phytoplankton and their
derived traits were strongly dependent on the Hpdgobut, most of the times, the communities were
even more structured by the spatial descriptorgyTihcludeparameters which are not taken into
account in the environmental part such as positime negative biological interactions, other
unmeasured environmental parameters, physical ggese Mantel correlogram made possible to
identify phytoplankton communities’ variations &etsub-mesoscale (1 — 10 km) in the English
Channel. Physical parameters were proposed to iexplese variabilities, by structuring the
hydrology (different water masses) as well as phigtakton communities, which were not always
associated to a single water mass. Further worluldhimvestigate the traits responses to the
environmental conditions by applying high frequeriopv cytometry in a regular basis, if possible,
connected to automated hydrological and biogeod@mihneasurements at high frequency, on a
seasonal and interannual basis. We could theréfefiee an extended phytoplankton typology within
the English Channel including all size classes @sd their corresponding traits. This work requires

analysing data from the three tables (species metifonal groups, environment and traits) and have
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already been proposed for automated flow cytometgprevious studies (Breton et al., 2017; Fragoso

et al., 2019; Pomati et al., 2013) and should egdized from individuals to the community level.
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Automated flow cytometry addresses phytoplankton community changes at high frequency
Eight cytometric groups are characterized from pico- to microphytoplankton size range
Variation in cytometry-derived traits can be characterized between communities

Frontal structures drive phytoplantkon spatial distribution at sub-mesoscale
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