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Abstract :

The distribution of phytoplankton (from pico-to microphytoplankton) was investigated, at single-cell level
and at high spatial resolution, during an oceanographic cruise across the eastern English Channel
(EEC) between April 27 and 29, 2012. Seawater was continuously collected from surface waters and
analysed on board at high frequency (one sample every 10 min), by using a new generation of pulse-
shape recording scanning flow cytometer (CytoSense, Cytobuoy®). A Bray-Curtis matrix analysis based
on phytoplankton composition allowed the discrimination of 4 communities. Within these communities,
abundance, cell size as well as single cell and total red fluorescence of 8 phytoplankton groups were
measured. Picoeukaryotes and Synechococcus spp. cells dominated the mid Channel and most of the
English waters monitored, whereas waters off Eastbourne as well as French coastal waters (under
remote and direct estuarine influence) were characterized by the dominance of Phaeocystis globosa
haploid and diploid cells. Most of the total red fluorescence signal, which correlated with chlorophyll a
concentrations, was attributable to P. globosa and, to a lesser extent, to diatoms. In addition to sub-
mesoscale variation within phytoplankton communities, the single-cell features within each
phytoplankton group gave information about the physiological status of individual phytoplankton cells.
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Introduction

Phytoplankton micro-organisms, which represent major primary producers and biogeochemical
mediators, show a considerable degree of spatial heterogeneity and temporal variability in coastal
temperate systems (Cloern, 1996, Jacquet et al., 2002, Sosik et al., 2003 and Martin et al., 2005). The
variability in phytoplankton abundance, biomass and composition depends on nutrient concentrations
(Niraula_et al., 2007), light availability and water turbidity (Falkowski et al., 1985), as well as on
temperature (Agawin et al., 2000), salinity (Ahel etal., 1996) and turbulence (Margalef etal.,
1979 and Smayda and Reynolds, 2001). Together with biotic interactions such as grazing (Sautour
et al., 2000, Grattepanche et al., 2011a and Grattepanche et al., 2011b), infection processes (Suttle
et al., 1990) and competition/mutualism amongst species (Sazhin et al., 2007), these controlling factors
shape phytoplankton community structure and succession in spatial and temporal scales. Phytoplankton
monitoring approaches and techniques should be able to address phytoplankton composition and
abundance at high frequency, in order to accurately account for the rate of environmental changes
which lead to micro-organism patchiness and dynamics in aquatic systems (Cassie, 1963 and Martin
et al., 2005). In coastal and open marine waters of the eastern English Channel (EEC), phytoplankton
dynamics have been investigated by applying classical techniques as microscopy and experimentation
(Gémez and Souissi, 2007, Schapira et al., 2008, Lefebvre et al., 2011, Grattepanche et al., 20113,
Grattepanche etal., 2011b and Hernandez-Farifias _etal., 2013), pigment (Brunet etal.,
1996 and Breton et al., 2000) and molecular analysis (Monchy et al., 2012 and Christaki et al.,
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2014). Inverted optical microscopy is the reference tool to assess the community composition
of mgor phytoplankton groups such as diatoms and dinoflagellates and has limitations for
cells < 10 um or fragile cells that could be lost during fixation. Pigment analysis and
molecular analysis provide useful information about broad phytoplankton pigmentary groups
and whole community diversity, respectively. All of the above techniques are time consuming
and cannot be applied to spatial or temporal surveys at high resolution, nor provide real time
results. Recently, innovative techniques, such as spectrado fluorescence, were applied in
marine coastal systems, at high temporal (Houliez et al., 2012) or spatial resolution (Houliez
et al., 2013), to follow the dynamics of up to four phytoplankton spectral (pigmentary)

groups, including the haptophyte Phaeocystis globosa.

Amongst the innovative techniques employed to monitor phytoplankton semi-automatically,
flow cytometry (FCM) is a powerful technology to investigate micro-organisms (Dubelaar
and Jonker, 2000; Veldhuis and Kraay, 2000). FCM, by analysing single cells at a high rate
(several thousand per second), can provide rapid quantifications of phytoplankton cells based
on their fluorescence and cell morphological properties (DuRand and Olson, 1996; Rodriguez
et al., 1998)Besides cell counting, FCM allows DNA-RNA quantification (Yentsch et al.,
1983) per cell, counting of picoplankton and nanoplankton, as well as species or genus-level
taxonomical assignments (Blanchot et al., 1997; Grégori et al.,, 2001). Compared to a
conventional FCM, the CytoSense (CytoBfipypulse-shaped recording scanning flow
cytometer (SFCM) provides ann situ andin vivo automated access to phytoplankton
dynamics (Dubelaar and Jonker, 2000). It can discriminate between large quantities of cells in
a wide size range (1-800 um), based on their optical properties (Dubelaar et al., 1999),
including size, shape, and fluorescence derived parameters, through the recording of each-

cell's optical profile (Rutten et al., 2005; Thyssen et al., 2008a,b).



In the present study, the efficiency of the CytoSense for resolving fine spatial phytoplankton
variability was tested in coastal and offshore surface waters of the EEC from April 27 to 29,
2012 to relate phytoplankton composition and variability to the water mass distribution and
associated physicochemical parameters.

2. Material and methods

2.1.Sampling strategy

Sanpling was conducted continuously during 54 hours, from April 27 to 29, 2012, in the
easten English Channel (EEC) waters (Fig. 1), onboard the Gdies de la Manch¢CNRS

INSU), during the DYPHYMA cruise. The vessel average speed was of about 5 knots. Marine
water was pumped from 2 m depth at 1 bar and brought up to a flow stabilizer chamber
continuously at a rate from 200 to 300 mL per minute. Phytoplankton single cell variables
(abundance, fluorescence and size) were recorded every 10 min during 9 min (1min to stop
and flush the system before starting the next analysis). In 9 min, the boat (which travelled at a
speed of 5 knots), had crossed 1.5 km. This means that the cytometry data corresponds to a
mean abundance covering this distance. Temperature and salinity were recorded every 1 min
by using a “Pocket” Ferry-Box (4H-JENA/GKSS) associated to a Temperature sensor (Pt:
1000) and a salinity sensor (7-conductor cell from Sea&Sun, Germany).

2.2. Chlorophyll a, nutrients and turbidity

Discrete samples were taken with Niskin bottles at 15 stations from 2 m depth (Fig. 1) to
analyse chlorophyld, nutrients as well as for performing microscopic counts. Chlorophyll

(chl a) was estimated by extractive fluorometry (Holm Hansen 1967; Yentsch and Menzel,
1963) using a Turner Designs fluorometer (Model 10-AU). &tbncentration was measured
before and after acidification with HCI, according to Lorenzen (1966). Nutrient samples

(NOs, PQ*¥, Si(OH),) were taken and directly frozen on board after sampling (10 ml).



Analysis was performed using théntegral Futura autoanalysersystem Alliance
Instruments) with a detection limit of 0.04 and 0.08 umol, forN@d PQ*, repectively.

CTD (Seabird SBE 25) profiles were also carried out to measure temperature, conductivity,
total fluorescence, as well as transmittance, as a proxy of turbidity (C-star transmissometer,
Wet labs).

2.3. Flow cytometry

Phytoplankton unfixed cells were analysed with the CytoSense Benchtop pulse-shape
recording scanning flow cytometer (SFCM, Cytobuoy b.v., Netherlands), with a laser
excitation wavelength of 488 nm, 20mW. Single cells were characterized according to their
different optical characteristics: sideward angle scatter (SWS), forward scatter (FWS) and red
(FLR), orange (FLO) and yellow (FLY) fluorescence. Each cell passes through the laser beam
(5um width) at a rate of 2 m*sThe CytoSense analyses a wide range of phytoplankton cells
(from 1 pm to ~ 800 pm). Fluorescents beads of 3 um (Cyto-Cal™) and 10 pm (P8)ybead

in diaméer were used every 12 hours to normalize the SFCM fluorescence and size recording.
Data recording was triggered on the red fluorescence signal (i.e. 10 mV) for 6 to 8 minutes
depending on the event rate. Samples were analysed with the C$tsdfiware and
phytopbnkton clusters were manually classified. Clusters were selected by taking into
account the amplitude and the shape of the different optical signals. In addition to 5 average
signal heights for forward scatter (FWS), sideward scatter (SWS) and for three fluorescence
signals: red (FLR), orange (FLO) and yellow (FLY), some simple mathematical parameters
were assigned to each signal shape: inertia, fill factor, asymmetry, number of peaks, length,
apparent size (FWS; Dubelaar et al., 2004). All these values were plotted into several two
dimensional cytograms that facilitated the manual identification of clusters of cells sharing
similar optical propertiesihe area under the red fluorescence curve signal per cell is related

to thechlorophyll a fluorescence emission. Within the present study, there was a significant



correlation between total red fluorescence andaaiinaentration (n=15, 7= 0.81, p<0.001).
Total red fluorescence per cluster and per unit of volume (TFLR)amas calculated using
the ral fluorescence curve per cell, and the absolute cluster concentrations given by the
SCFCM. TFLR crif was used to estimate the contribution of each cluster to the total
fluorescence by summing up the TFLR énof each cluster. Cell size was estimated using
calibration beads according to the following equations:
(Correction Factor) = (Real beads size / Measured beads size) (1)

[Estimated Patrticles size (um)] = (Measured Particles size * Correction Factor) (2)
The whole size range of phytoplankton cells was calibrated using beads of 3 um (Cyto-Cal™)
and 10 um (Polybe&)l
2.4. Phytophnkon discrimination by flow cytometry
Eight clusters (Fig. 2) were determined by SFCM according to the optical properties of cells
or paricles and attributed toSynechococcusspp, two clusters of picoeukaryotes,
Cryptophytes, coccolithophores, microphytoplankton &méeocystis globoshaploid and
diploid cells. However, SFCM considers particles, which can be single cells as well as
colonies, which are mainly represented in the microphytoplankton cluster, and so
microphytoplankton cell abundance is underestimated. According to microscopy counting
(Gémez and Blondel, unpublished data) performed at some discrete stations (Fig. 1),
microphytoplankton was mainly composed of diatoms (98%), most of them in a colonial
form. No significant correlation was found between microphytoplankton FCM and
microscopic abundance because FCM is based on particle counts. Therefore, colonies are
considered and subsequently counted as one single particle, the same as single cells, whereas
microscopic observations refer to cells, whether they be in a colonial or a single cell form.
However a significant correlation (p<0.05:0.70) was found betwedP. globos (haploid

and diploid) FCM and microscopic counts.



Diatoms showed the highest FLR and FWS signals because this group comprises large and
rich chlorophylla cells or colonies (Fig. 2A). According to previous SFCM studies in EEC
waters and the North Sea (Rutten, 2005; Guiselin, 2010; Houliez et al., BOIffpbosa

haploid andP. globosa diploid cells are characterized by lower FLR and FWS signals than
those of microphytoplankton cells or colonies (Fig. 2R).globosa diploid cells showed
higher FLR and FWS signals th&aglobosa haploid cells. Picoeukaryotes were the smallest
eukaryotic cells (<2 um) and as a consequence they also showed low FLR and FWS signals
(Fig. 2A). Picoeukaryotes | and picoeukaryotes Il were differentiated from each other based
on the amplitude of their red fluorescence signal, which was assumed to be due to more
chlorophyll a content in picoeukaryotes Il than in picoeukaryotes I. Picoeukaryotes Il were
also less fluorescent and smaller than globosa haploid andP. globosa diploid cells.
Coccolithophores (Fig. 2B) were well characterised by flow cytometry since, although they
have the same FLR and FWS signals as P. globosa haploid and diploid cells, their SWS signal
is higher due to their CaG®latelet coverings (Olson et al., 1989). T®ynechooccusspp

cluster showed a characteristic signature with low FWS because its the very small size and a
peak in orange fluorescence (FLO) caused by its high content of phycoerythrine (Fig. 2B).
Cryptophytes were large cells and contained high amounts of phycoerythrine per cell (Olson
et al., 1989), which produced higher FLO and FWS signals than thaSgnafchococcuspp

(Fig. 2B).

2.5. Statistical analysis

The water mass discrimination was carried out based on the temperature and salinity data and
using a T/S diagram. Phytoplankton data from different samples were compared using the
Plymouth routines in multivariate ecological research (PRIMER v.6) software package

(Clarke and Gorley, 2006). The Bray-Curtis dissimilarity index was applied to test the



similarities between stations and define phytoplankton communities using the Ward method,
which consists in aggregating two clusters so that the increment of within-inertia is minimised
at each step of the algorithm. The within-inertia defines the homogeneity of a cluster (Husson
et al., 2010). The package FactoMineR (Lé et al., 2008) with software R.2.11.1 was used to
apply the Ward method. An analysis of similarities (one-ways ANOSIM) was used to test the
significance of differences between phytoplankton communities.

3. Results

3.1. Hydrological parameters

The ship track was superimposed on the map of temperature (Fig. 3A) and salinity (Fig. 3B).
Relatively low fresh water inflow characterised the English EEC coast, whereas the influence
of local or remote estuaries indicated on the figure 1 (the Seine 663 nthe Somme (35

m® s%), the Authie (10 rifs) and the Canche (11%rg?), in annual daily flow average) was
evidened in the French Coast of EEC and could explain the difference in salinity and
temperature observed between the French and English coastal waters. While the highest
values of salinity were measured in English coastal waters and in mid-Channel waters with a
maximum of 35.30, the lowest values of salinity were located in French coastal waters (i.e.
34.08). The lowest temperatures were measured in English offshore waters with a minimum
of 9.41°C off Dover while the highest temperatures were measured in coastal waters with a
maximum of 10.42°C, close to Eastbourne (Fig. 3B). The cruise track crossed three water
masses labelled W1, W2 and W3 defined on the basis of their temperature and salinity
features (T/S diagram not shown). Their average hydrological values and nutrient contents are
reported in Table 1 and their location is represented in Figure 3¢.ddf@centration varied

from the detection limit up to 3.83 umol'LPQ* values varied from the detection limit and

0.65 umolL™. The highest concentrations in N&nd PQ* were observed in W3, off

Easboume. The Redfield N&¥ PQ? ratio (Redfield et al., 1963) values varied between 0.25



and 30. All values were < 16 during the cruise except between Lydd and Eastbourne within
W3 where it reached values of 30. Unfortunately, Si(@Hhalyses were discarded due to
analyical problems. The highest values of attenuation of light (transmittance) were obtained
in W2 and the lowest values in W1 (table 1).

3.2. Phytoplankton abundance and total red fluorescence

An important spatial heterogeneity in phytoplankton distribution was observed all along the
sampling area (Fig. 4A). The effect of the time of the day during sampling, which was tested
by ANOSIM, was found not significant (p>0.09). globosahaploid and diploid cells were

the most concentrated groups in most W1 and in W2 waters, ranging between approx. 25 x
107 and 33 x 16cells mL*. Picoeukaryotes | anflynechooccusspp were the most abundant
phytoplankton groups in W3 waters with average values of 6% x 40 x 10 cells mL* for
picoeukayotes | and 34 x For 31 x 1G cells mL* for Synechococcuspp. W3was also
characterized by the occurrence of other groups such as coccolithophores (243 + 140 cells
mL™) and Cryptophytes (130 + 80 cells L Picoeukaryotes Il and diatoms were more
abundantn W1 and in W2 waters than in W3 waters, with an average abundance of about

1300 cells m*and 150 cells mitrespectively.

The ®@ntinuous recording by SFCM (Fig.4A) revealed a sharp change in composition and in
abundance at low spatial scale. In fact, two main peaks of total phytoplankton cell numbers
were detected in W3 waters, one near the English coast (25cellkOmL?, ~120 km from

the sarting point) and one in mid EEC waters (35 X d@lls mL*, ~150 km from starting
point). Hgh total phytoplankton cell numbers were also recorded in W2 with values of 33 x
10° cells mL! near the Canche estuary (295 km from the starting point) as well at the
transtion between W1 with W3 (40 x i@ells mL*, ~ 25 km from starting point). These

abundanc@eaks were mainly composed by picoeukaryotes ISymebchococcuspp, except



at 120 km from the start, wherB. globos haploid cells were more abundant than

Synechococcus spp and at 295 km where P. globosa haploid was the dominant group.

The highest values in total red fluorescence, used as a proxy for phytoplankton chlaophyll
content, were observed in W1 and W2 waters (Fig. 4B), with a maximum of 7axulénL™*

by 240 km from the start, and high values off the Canche estuary (> 8 a.10mLY). P.
globosadiploid cells and diatoms were responsible for most of the total red fluorescence (Fig.
4B) in all three water masses (W1, W2 and W3), except in mid-Channel waters (150 km from
the start) where picoeukaryotes I, coccolithophores, CryptophytesSyamethococcuspp
represented up to 50% of the total red fluorescence. Except for some areas (e.g. 120-140 km,
whereP. globosa diploid fluorescence was high in spite of their cell abundance), W3 waters
were characterised by the lowest total red fluorescence values (lower ttzan. T0L™Y).

3.3. Phytoplanton community structure

The distribution of phytoplankton clusters was not necessarily compliant with tihat thiree
identified water masses. As a result of the Bray-Curtis matrix coupled to Ward’s classification
method applied to the whole continuous-recorded phytoplankton abundance dataset, 4
phytoplankton communities were identified during the transect (p < 0.05; Fig. 5).
Communities CM1 and CM2 were mainly located in French coastal and offshore waters as
well as off Eastbourne (CM1). CM3 was located in EEC offshore waters. CM4 characterised
mainly the English coastal waters of the EEC, as well as offshore French waters by the Strait
of Dover. Except in French coastal waters under direct estuarine influence, the transition
between communities was sometimes sharp in relatively short distances, as measured in
French coastal waters near the Strait of Dover with all communities describe on a short spatial
scale: CM2 in coastal waters, CM4 in offshore waters and CM3 in mid-Channel waters. The

patchy distribution of phytoplankton communities was also represented, off Eastbourne,
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where CM1, CM4 and CM3 alternated within a few kilometres, showing no evident

correlation with the physicochemical parameters measured.

Phytoplankton communities CM1 and CM2 were characterised (Fig. 6) by high abundance of
Phaeocystis globosa (58% and 79% of the total abundance, respectively, with the dominance
of haploid cells)Picoeukaryotes Il and diatoms (to a lesser extent) were more represented in
CM2 than in CM1 (Fig. 6). CM3 was characterised by a high contribution of picoeukayotes |
(53%) andSynechococcuspp (36%). CM4 was also characterised by picoeukayotes | (49%)
but with lessSynechococcuspp and more haploid (10%) and dipléldglobosacells (15%)

than in CM3.

Diatoms, together witl. globosa haploid and diploid cells contributed to most of the total
red fluorescence (Fig. 4B). Their highest values were observed in CM2 and CM1 (Table 2)
confirming the contribution of diatoms aRdglobosa haploid and diploid clusters to the total
chlorophyll concentration. Within CM3, which was characterised by the lowest total red
fluorescence,Synechococcuspp, Cryptophytes, picoeukaryotes | and coccolithophores

reached their highest red fluorescence values (Table 2).

Red fluorescence per cell, normalized by cell size, was also calculated (Tables 3). The aim of
normalization was to avoid a size effect. The highest values of normalized red fluorescence
per cell were not necessarily measured in the clusters representing the highest total red
fluorescence. CM3 showed the highest values of red fluorescence per cell measured in most
of the phytoplankton groups (except fé& globosa haploid and diploid cells). For
picoeukaryotes I, picoeukaryotes 8ynechococcuspp and diatoms cells, the lowest values

of red fluorescence per cell were measured within the CM2, exclusively in coastal French
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waters directly influenced by estuarine inputs. On the confPagypbos haploid and diploid

cells reached their highest values of normalized red fluorescence within the CM2, which also
represented maximum abundance.

4. Discussion

4.1. Water masses and physicochemical conditions

In the present study, three waters masses were defined in the EEC waters along the 315
kilometres explored within the DYPHYMA cruise, based on salinity and temperature. High
salinity values were observed within water mass W3 (Fig.3), which should correspond to
Atlantic waters which are channelled towards the North Sea (Quisthoudt et al., 1987a), as was
also stated by Salomon and Breton (1993) and Guegueniat et al (1995). French EEC coastal
waters (W1 and W2) can be defined as a coastal ecosystem receiving large freshwater inputs
from local and remote rivers. The physical parameters observed during the cruise were in line
with previous studies in the eastern and central English Channel at this time of the year
(Brylinski et al., 1991; Napoléon et al., 2012; Houliez et al., 2013). French EEC coastal
waters, named ‘coastal flow’ (Brylinski et al., 1991) receive river inputs along the coast from
the Bay of the Seine up to the Cape Gris-Nez (Strait of Dover). The ‘coastal flow’ is rich in
suspended matter and macronutrients mainly brought locally by the Somme, the Authie and
the Canche rivers. In fact, the lowest values of transmittance were found in this area, while
the highest values were located in the mid-Channel and in English coastal waters. In order to
complete our understanding of nutrient conditions during the period of our cruise, considering
that NH+ could not be measured and DSi concentrations were discarded because of
analytical problems, nutrient values were retrieved from local coastal monitoring programs.
The sites off the Somme estuary and Boulogne sur Mer (Regional Nutrients Monitoring
Network, SRN; Nzigou and Lefebvre, 2013) were sampled a week before and after the cruise.

DIN, DIP and DSi concentrations from SRN were, in both si#e$,2,< 0.22 and< 1.74

12



umol L, respectively. All nutrient concentrations retrieved from local monitoring networks
were in the same range than DIN and DIP measured during our cruise. According to Lefebvre
et a (2011) in winter conditions, DIN, DIP and DSi values usually range from 15 to 50, 3 to 4
and 10 to 4 umol &, respectively, then decreasing during the rest of the year. The nutrients
conditionsmeasured during the cruise are typically associated with the end of a spring bloom
in EEC waters (Brunet et al, 1992; Lancelot, 1995; Grattepanche et al. 2011a,b; Lefebvre et
al., 2011; Napoléon et al., 2012).

4.2. Phytoplankton spatial distribution

Sharpshifts in phytoplankton abundance were observed at the sub mesoscale (1-10 km). The
direct influence of the Somme (~ 260 km from start) and the Canche (295 km from start)
estuaries was marked by an increase in phytoplankton abundance and total red fluorescence
(Fig. 5). In fact, phytoplankton benefited from direct nutrient inputs from local rivers (the
lowest salinities of the cruise were measured in the area). In the coastal French EEC waters,
the community was mainly composed of nanophytoplanktd?. ggobosa (CM1 and CM2),
whereas in English and mid Channel waters, small-cells as picoeukaryotes and Synechococcus
spp (CM3 and CM4) where dominant in terms of abundance. Temperature and salinity
continuously measured during the cruise could not explain alone the transitions between the

different community structures.

Previbusstudies at low frequency in French EEC coastal waters (Breton et al., 2000; Gomez
and Souissi 2007; Schapira et al., 2008; Lefebvre et al., 2011; Grattepanche et al. 2011a,b;
Hernadndez-Farifias et al., 2013) indicate the dominanke gibbosa and diatoms in terms of
abundance and biomass from late winter to mid-late spring. Within the first leg of the
DYPHYMA cruise (April 20, 2012; data not shown) an abundande. giobosa diploid cells

of 20 x 16 cells mL* andP. globosa haploid cells of 9 x 16dls mL* were counted by

13



SFCM in French coastal waters. One week later (the present studypbos diploid cell
abundance (in the same areas and at the same scale) had dropped to approximatély 6 x 10
cells mL* while P. globosa haploid cells increased up to 25 %cBls mL™*. This change in
dominance between the two life-forms ofP. globosa coupled to the low nutrient
concentrations measured in EEC waters within both cruises indicate, in agreement with
previous studies (Rousseau et al., 1994; Peperzak et al., 2000; Rousseau et al., 2007; Guiselin,
2010), the end of a spring bloom, at least in the French coastal EEC waters (characterized by
both CM1 and CM2).

4.3. Water mass characterisation based on phytoplankton community structure

In reference to Cebrian and Valiela’s classification (1999), the waters characterised by a high
phytoplankton biomass peak in spring or in summer due to high nutrient concentrations, as in
Biscayne Bay (DINax = 0.05 mg [, Chla = 4.8 mg Chl i Roman et al., 1983) or in
Newport Estuary (DINnax = 0.08 mg [}, Chl a = 9.5 mg Chl my Thayer, 1971), can be
definedas an Enclosed Coastal Ecosystem (ECE), whereas the waters characterised by a high
phytoplankton biomass peak in winter or fall as in Banyuls coast (Ibarra, 1981) could be

considered as an Open Coastal Ecosystem (OCE).

Considering nutrient, chlorophydl and phytoplankton concentrations reported in the area by
previous seasonal and inter-annual studies (Gomez & Souissi 2007; Lefebvre et al., 2011,
Hernadndez-Farifias et al., 2013), as well as the red fluorescence dynamics and chlarophyll
concentrations described in the present study, French EEC coastal waters under direct
estuarine influence can indeed be defined as an Enclosed Coastal Ecosystem (ECE), whereas
English as well as mid-Channel waters, could be considered as an Open Coastal Ecosystem
(OCE). In the English coastal waters of the central English Channel (off Porstmouth),

previously investigated during a seasonal cycle by Napoléon et al. (2012), the phytoplankton
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biomass reached its peak between November and March, earlier than when observed in
French coastal waters (Guiselin, 2010; Houliez et al., 2013). In the event that CM1 and CM2
characterised an ending bloom stage within an ECE during our DYPHYMA cruise, then CM3
and CM4 would have mainly characterised a more advanced post-bloom stage within an
OCE, with a phytoplankton community structure mainly composed of small cells. Different
stages of the spring blooms are often dominated by phytoplankton of different sizes. The
traditional view is that post-bloom periods are dominated by small cells like picoplankton
(Riegman et al., 1993; Kiorboe, 1993). Indeed, small algae are better competitors than larger
species when the nutrient concentration is low (Smith and Kalff, 1982; Grover, 1989;
Riegman et al., 1993), confirming that most Eastern English Channel waters are favourable to
the occurrence and predominance of small phytoplankton species at this specific time of the
year.

4.4. The single-cell features variability

The single-cell features within each phytoplankton group, such as fluorescence per cell, can
provide information about the physiological state of cells (Olson et al, 2000; Thyssen et al.,
2008a, 2009). Within the CM2 community structure (characterizing exclusively ECE in
French coastal waterd}, globosahaploid and diploid cells showed the highest values of red
fluorescence (table. 3) while the lowest values were measured in CM3 and CM4
(characterizing OCE). As red fluorescence can be considered as a proxy of chlogophyll
content, then th@. globosa cellular chlorophyk content is probably higher in more turbid
waters. The impact of turbidity has been abundantly described for phytoplankton (Behrenfeld
et al., 2004; Cloern, 1987; Quisthoudt, 1987b). To compensate for reduced light due to high
suspended matter concentration in coastal waters, phytoplankton cells tend to increase their
pigment content (Maclintyre et al., 2000; Moore et al., 2006).P.lgdobosa development is

limited by light availability in French coastal waters under estuarine influence (characterised
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by CM2) in comparison with offshore and mid-Channel waters (mainly characterised by CM3
and CM4). However, the good photoacclimationRfglobosa cells at low light could explain

their maintenance in this area.

5. Conclusion

The use of scanning flow cytometry as a high frequency continuous recording system made it
possible to draw a synoptic picture of phytoplankton composition and distribution, at a
single—cell level and high spatial resolution, in the eastern English Channel. Moreover, the
device used in this study, which is designed for phytoplankton analysis, offered the possibility
for real time monitoring of thein situcell size and fluorescence from pico- to
microphytoplantkon. Size classes and functional groups were characterised and gathered into
four community structures which were not always ascribed to single water masses. In
addition, phytoplankton taxonomic and functional diversity needs the most accurate and
objective discrimination and classification of cytometric data to avoid misinterpretations as
well as incomplete analysis and identification of clusters, which could be prevented by using a
combination of semi-automated classification tools (Caillault et al., 2009; Malkassian et al.,
2011). Finally, the accurate assessment of phytoplankton dynamics at sub-mesoscale depends
on the possibility of addressing physicochemical, hydrological as well as physiological
features at high frequency too.
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Table 1. Average values of transmittance, salinity, temperature and nutrients for each
water nmass defined by temperature and salinity data.

Table 2. Average red fluorescence (a.u. mt), with its standard deviation, for each
phytoplankton cluster, within each community structure (CM). The letters in
superscript indicate their ranking values.

Table 3. Average red fluorescence per cell (a.u.) normalized by its size (with its standard
deviation) for each phytoplankton group, within each community structure (CM). The
letters in superscript indicate its ranking value.

Fig 1. Study area and location of the sampling stations, in the eastern English Channel
(EEC) during the DYMPHYMA cruise, from April 27 to 29, 2012. The ship sailed 315
km from “Start” to “End”, anticlockwise. The grey circled dots correspond to nutrients,
chlorophyll a and phytoplankton counts sampling stations. The grey arrows indicate the
main current direction according to the tide conditions.

Fig 2. SFCM (CytoSense) cytograms and clusters defined in the EEC during the
DYPHYMA cruise. A. Red fluorescence area per cell (a.uys FWS length per cell (a.u.)
cytogram, in which picoeukaryotes | and Il, Phaeocystis globosa haploid/diploid and
diatoms are discriminated. B. Orange fluorescence area per cell (a.w$ SWS per cell
(a.u.) cytogram, in which cryptophytes, coccolithophores an@®ynechococcus spp are
discriminated.

Fig 3. Characteristics of the different water masses defined during the DYPHYMA
cruise in the EEC. A. Surface salinity. B. Surface temperature (°C). C. Water masses
which were discriminated from the salinity vs temperature diagramm: W1 (' ), W2 ( )
and W3 ().

Fig 4. Spatio-temporal phytoplankton variability measured by SFCM during the

DYPHYMA cruise. A. Phytoplankton abundance (cells mLY). B. Phytoplankton total
red fluorescence (10a.u. mL™) and chlorophyll a (ug L™) concentrations (figures). The
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water masses are superimposed: Wl'( ), W2'( ) and WQ( ). The X-axis indicates the
distance (km) covered and the time (GMT).

Fig 5. Location of the different phytoplankton assemblages, in the EEC, during the
DYPHYMA cruise. Each color corresponds to a different phytoplankton community
structure by applying the Bray-Curtis dissimilarity index coupled to the Ward method
based on phytoplankton composition from CytoSense.

Fig 6. Relative average contribution of phytoplankton abundance (%) from all station
measured by SFCM within each phytoplankton community. CM1: Community 1. CM2:
Community 2. CM3: Community 3. CM4: Community 4.

Average values + standard deviation

Transmittance (%) Salinity ~ Temperature (°C) NO;(umol L) PO, (umol L™)

Wi 80.60 + 3.67 34.58 £0.13 9.97+0.12 0.16 +£0.26 0.29+0.14
W2 J390=% 515 3431 +£0.09 10.18 £0.09 0.48 +£0.58 0.09 + 0.05

W3 88.90 +£4.92 35.14+0.07 10.03 £ 0.27 1.94 +£1.80 0.35+0.24
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Total red fluorescence (a.u. mL™")

Red fluorescence per cell (a.u.)

Average values (10 *) + standard deviation (10 %)

. Phaeocystis Phaeocystis .
CM Diatoms diploid haploid Coccolithophores

1 1327+68.68°  123.35+48.02° 10.58 + 4.8 " 1.01+£0.19"

2 122.65+74.99%  232.99x+87.95° 15.17 +7.00 ® 0.73+£0.50°

3 13.02+9.53° 1042+ 11.66 ¢ 3.74 +0.99 ¢ 1.51+1.06*

4 8.51+5.16° 2528 +27.13°¢ 7.56+3.46°¢ 1.70+0.97*

Cryptophytes  Synechococcus spp Picoeukaryotes I1 Picoeukaryotes I

I 0.72+0.52°¢ 0.23 +0.08 " 0.67+0.28° 1.63+0.66 ¢

2 0.17+0.13¢ 0.03+0.05°¢ 3.65+2.11° 0.40+0.30"

3 274%£122° 0.78 £0.52° 0.19+0.22° 3.56 +2.64°

4 099+0.52° 032+0.17°" 0.60+0.45" 248+136°

Average values + standard deviation
, Phaeocystis Phaeocystis _
CM Diatoms o _ Coccolithophores
diploid haploid
1 6.12+5.19 10.11 + 4.50 1.21+0.14 0.94 +0.18
2 3.80+0.80 15.66 + 5.16 1.43 +0.40 0.81+0.17
3 10.25+4.85 1.76 £+ 1.97 1.20+0.12 0.90 £ 0.19
4 975+6.23 2.29 + 2.66 1.16 +0.14 0.86 +0.16"
Cryptophytes Synechococcuspp  Picoeukayotes Il Picoeukaryotes |

1 1.19+04f 5.10°+3.10°%" 0.85 + 0.46" 0.19 + 0.09
2 188+1.0% 4.10°+6.10°¢ 0.80+0.1% 0.17 +0.04
3  1.93+0.17 6.10°+ 6. 10°¢ 0.93+ 0.47F 0.20 + 0.04
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