Marine Environmental Research

October 2017, Volume 131, Pages 162-176
http://dx.doi.org/10.1016/[.marenvres.2017.09.007
http://archimer.ifremer.fr/doc/00400/51132/

© 2017 Elsevier Ltd. All rights reserved.

Dynamics of phytoplankton productivity and
exopolysaccharides (EPS and TEP) pools in the Seine
Estuary (France, Normandy) over tidal cycles and over two
contrasting seasons

Morelle Jéréme ', Schapira Mathilde ®, Claquin Pascal **"

! Normandie Université, Université de Caen-Normandie, Esplanade de la paix, F-14032 Caen, France
2 UMR BOREA (CNRS-7208, IRD-207, MNHN, UPMC, UCBN), Esplanade de la paix, F-14032 Caen,
France

% Ifremer, LER/N, Avenue du Général de Gaulle, 14520 Port-en-Bessin, France

* Corresponding author : Pascal Claquin, email address : pascal.claquin@unicaen.fr

Abstract :

Exopolysaccharides (EPS) play an important role in the carbon flux and may be directly linked to
phytoplankton and microphytobenthos production, most notably in estuarine systems. However the
temporal and spatial dynamics of estuarine EPS are still not well understood, nor how primary
productivity triggers this variability at these different scales.

The aim of this study was to investigate the primary productivity of phytoplankton and EPS dynamics in
the Seine estuary over a tidal cycle in three different haline zones over two contrasted seasons. The
other objectives was to investigate the origin of pools of soluble carbohydrates (S-EPS) and transparent
exopolymeric particles (TEP) in phytoplankton, microphytobenthos or other compartments. High
frequency measurements of productivity were made in winter and summer 2015. Physical and chemical
parameters, biomass and EPS were measured at hourly intervals in sub-surface waters and just above
the water sediment-interface.

Our results confirmed that high frequency measurements improve the accuracy of primary productivity
estimations and associated carbon fluxes in estuaries. The photosynthetic parameters were shown to
be strongly controlled by salinity and by the concentrations of suspended particle matter at the smallest
temporal and at spatial scales. At these scales, our results showed an inverse relationship between
EPS concentrations and biomass and productivity, and a positive relationship with sediment
resuspension. Additionally, the distribution of EPS appears to be linked to hydrodynamics with the tide
at daily scale and with the winter at seasonal scale. At spatial scale, the maximum turbidity zone played
an important role in the distribution of TEP.

Our results suggest that, in the Seine estuary, between 9% and 33% of the S-EPS pool in the water
column can be attributed to phytoplankton excretion, while only 0.4%-1.6% (up to 6.14% in exceptional
conditions) originates from the microphytobenthos compartments. Most EPS was attributed to
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remobilization of detrital carbon pools in the maximum turbidity zone and in the sediment or
allochthonous origin.

Highlights

P Accurate estimation of primary productivity in estuaries requires frequent measurements. » An
inverse relationship found between EPS concentrations and biomass and productivity. » Only a minor
fraction of the EPS pool was directly attributed to primary production. » TEP concentration was strongly
controlled by hydrodynamics.

Keywords : Phytoplankton, Microphytobenthos, PAM fluorometer, Electron transport rate
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1. Introduction

Located at the interface between the land and magmvironments, estuaries provide economic,
cultural and ecological benefits to communities (Viles and Spencer 1995; Higgins et al. 2010; Barbier
and Hacker 2011). Estuaries are strategic areas for human activities but are also vital for wildlife, as

they provide a wide variety of habitats for nesting and feeding (Ayadi et al. 2004; Kaiser [26/iF-)

term management of estuarine ecosystems is currently seriously threatened by anthropogenic pressu
and climate change (Porter et al. 2013), and requires a better understanding of the structure and functic
of the organisms at the base of the food web. The estuarine food web is based on organic matter, whic
can be of autochthonous or allochthonous origin. Primary production by microalgae (i.e. phytoplankton
and microphytobenthos) accounts for a large proportion of autochthonous production in many estuarie
(Underwood and Kromkamp 1999; Cloern et al. 2014). Primary production in estuaries varies
considerably in space and over time, making it difficult to scale up measurements (Shaffer and Onu
1985). Indeed, estuaries are unigue aquatic environments that receive inputs derived from freshwate
outflows from rivers and mechanical energy from tides (Cloern 1991; Statham 2012). In addition to
processes in open oceans that explain their variability, in estuaries, primary producer dynamics is the
result of many processes on land, in the atmosphere, in the ocean and in the underlying sedimen
(Cloern 1996; Morse et al. 2014). Many of these processes fluctuate over a wide range of timescales ar
the geographical position of each estuary characterizes the relative strength of these processes operati
at annual, seasonal, monthly, daily and even at event timescales (Cloern and Jassby 2010; Parizzi et
2016).

Apart from photosynthesis of organic matter, a significant proportion of primary production is
released as extracellular polysaccharides (EPS) (Passow 2002). EPS are mainly made up of a fre
fraction of soluble carbohydrates (S-EPS) (Underwood et al. 1995) composed of galactose anc
glucuronic acid (De Brouwer et al. 2002), but also of a particle fraction in the form of transparent
exopolymer particles (TEP), mainly composed of fucose and rhamnose (Fukao et al. 2009). These
exopolymers play an important role in aggregation processes, particle sedimentation and carbon fluxe
in aquatic ecosystems (e.g. Passow et al. 2001; Bhaskar & Bhosle 2005). Moreover, the production c

EPS allows the creation of microenvironments in which cells are protected from rapidly changing
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environmental conditions, toxins, grazing, and egligestion (Decho 2000). In estuarine systems, EPS
have been shown to account for a large proportiothe colloidal organic carbon pool in the water
column (Annane et al. 2015) and high concentratednsEP have been found in the maximum turbidity
zone (MTZ) of estuaries where suspended particlgeméSPM) accumulates (Malpezzi et al. 2013).
However, most research on EPS in estuaries hasddcan their production by microphytobenthic
communities and only a few authors have studied &RISTEP dynamics in the estuarine water column
(Wetz et al. 2009; Annane et al. 2015). As a reslt link between phytoplankton primary production
and the concentration of exopolymers in estuagasains to be explored.

In estuaries, in addition to temperature and Jifdttors that potentially control primary prodocti
are forced by tide variability and also by rivenoff and nutrient inputs (Sun et al. 2012). At aaim
scale, tidal regimes play a fundamental role intppkankton dynamics, as the movement of water
masses causes notable variations in salinity, anBAM and nutrient concentrations (Monbet 1992;
Jouenne et al. 2007; Gameiro and Brotas 2010). &ere a strong salinity gradient in the estuary can
profoundly influence the distribution, dynamics apdbduction of phytoplankton, which include
riverine, coastal and estuarine taxa (MuylaertleP@09). At seasonal scales, in temperate essjarie
phytoplankton dynamics are characterized by hidreshwater species biomass during the high flow
period (i.e. winter) and high neritic diatom bioreakiring the low flow period (i.e. summer) (Cloetn
al. 1985; Alpine and Cloern 1992). In sum, phytogtan productivity can vary considerably over a
wide range of scales, which, in turn, can strorgjfect the biogeochemical functioning of the esguar
Despite the need to better understand the dynaofipsytoplankton and primary production at these
different scales, only a few studies have addretisedariability of phytoplankton primary produatio
over a tidal cycle (Cloern 1991; Desmit et al. 20056 this context, it is vital to investigate tfectors
that control photosynthetic processes and carboregan by phytoplankton in estuaries.

Assessing small-scale temporal variability, suglh& variability expected over a tidal cycle, riees
high frequency measurements. The Pulse Amplitudduéded (PAM) fluorometry method, based on
the measurement of variation in fluorescence ofghetosystem Il (PSIl), provides high frequency

measurements of photosynthetic parameters (Kromkardg-orster 2003). While this method does not
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directly measure the incorporation of photosynthetirbon (Kolber and Falkowski 1993; Barranguet
and Kromkamp 2000), it enables monitoring of theatyics of photosynthetic parameters directly
linked to carbon incorporation (Claquin et al. 20R&poleon et al. 2012).

The present study was conducted along the magabpiart of the Seine estuary, which forms the
biggest outflow into the English Channel. Given Hagiability of physical forcing in estuaries, than
of this work was to investigate the dynamics of ESSEPS and TEP) in the water column and
phytoplankton primary productivity at appropriagemiporal scales. Our specific objectives were to (1)
study the relationships between short-term EPSmdigsgaand phytoplankton primary productivity over
tidal cycles, (2) assess their variability along #alinity gradient, (3) explore these relationshoper
two contrasted seasons: high flow/winter (Februamy) low flow/summer (July) and, finally (4) to
estimate the potential relative contribution of cahithonous phytoplankton primary production and

microphytobenthic productive mudflats, to the ERSIpn a temperate estuary.

2.Methods
2.2. Study site

The Seine River and its estuary drain an area @606knt. After Paris, the river flows northwest and
drains into the English Channel. Located 202 knmfi®aris (the kilometric scale of the Seine River is
set at 0 km in the center of Paris), the weir &eBaepresents the upper limit of tidal propagatictne
Seine estuary (Fig. 1). The annual mean dischafrgleeoriver measured at Poses is 438smDuring
the sampling year, the high flow period extendirapf January to May with a mean discharge of 750
m/s and values reaching 1,240/snand a mean discharge of 24%srduring low flow period (Data
GIP Seine-Aval, 2008; 2011). Salinity ranges betwge0.5 and 5 in the oligohaline part, (i) 5 ab8l
in the mesohaline part, (iii) 18 and 30 in the palyne part, and (iv) salinity is higher than 30the
euhaline part of the Seine estuary. The Seine gstsaa macrotidal estuary, whose tidal amplitude
ranges from 3 to 7 m at Honfleur and from 1 to atPoses. The mean residence time in the estuary
ranges from 17 to 18 days for a discharge of 268 at Poses and from 5 to 7 days for a discharge of

1,000 ni/s (Brenon and Hir 1999; Even et al. 2007). The fitithe Seine estuary is characterized by
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flattening at high tide that lasts for more thahdurs due to the deformation of the tidal wave myiri
propagation at shallow depths (Brenon and Hir 19989ng et al. 2002). The flow is asymmetric in
favor of the flood and this trend increases whemtitte propagates up the estuary (Le Hir et al1200
Water temperatures range from 25 °C in summer 1€ T winter with differences of less than 1 °C
along the longitudinal axis and a weak verticadggat (Data GIP Seine-Aval, 2008; 2011). The estuar
is characterized by the formation of a maximum tlith zone (MTZ) containing up to 2 g/L of SPM,
usually located between Honfleur and Tancarvillewdver, depending on the intensity of the tide and
river discharge, the MTZ may move upstream, andinduwinter flood events, the MTZ may be

flushed out into the Seine Bay (Etcheber et al.72@arnier et al. 2010).

2.2. Sampling strategy
Water column sampling

Sampling was conducted in February (winter — Higlv period) and July (summer — low flow
period) 2015 onboard the vessé€ldtes de la ManclieDuring both periods, sampling was conducted
under similar tidal conditions (i.e. the tidal r@angnd the highest tidal elevation during dayligletrev
similar), at three sites distributed along thersgligradient (Fig. 1): in the euhaline part at theer
plume (La Carosse - sampled on February 3 and18)lyin the mesohaline zone (Fatouville - sampled
on February 4 and July 20) and in the oligohalioeez(Tancarville - sampled on February 5 and July
17). Sampling was conducted during daylight ovedal cycle (i.e. 12 hours) at each of the threessi
and during both campaigns. Photosynthetic parasetere measured in the surface water at five-
minute intervals (i.e. 12 measurements/hour). Yaltisalinity (Practical Salinity Scale), turbidity
(Nephelometric Turbidity Unit) and temperature (9@dfiles were performed hourly with a SBE 19-
plusVD CTD (Seabird) from the sub-surface to 1 mwabthe water-sediment interface (WSI). Water
was sampled from the sub-surface (i.e. 1 m) andabave the WSI using a 5 L-Niskin bottle at hourly
intervals to measure hydrological (i.e. nutrierdsspended particular matter) and biological (i.e.

chlorophylla, EPS concentrations) parameters.
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Intertidal sediment sampling

Two other campaigns were conducted in Septembéd and in April, 2015 at 15 sites distributed
throughout the Seine estuary mudflats (the labets @ordinates are provided in the results section
Tab. 2) to access the microphytobenthos dynamiocsrélé et al, in prep). Each site was sampled
during the emersion period (more than one hour #fie beginning of the exposure period and more
than one hour before the return flow) and thredicafed squares (1 x 1 m) were chosen randomly at
each site. In each square, three cores (20 cm thammel cm deep) were taken. After being carefully
homogenized, the volume of substratum was detednimeusing cut syringes, split into flasks for

analyses. The concentrations of the EPS in the lssmgre measured.

2.3. High-frequency measurements
2.3.1. Photosynthetic parameters

In order to acquire high-frequency estimations oimpry productivity, the maximum energy
conversion efficiency (or the quantum efficiencypsfotosystem Il (PSIl) charge separation/Hy)
was measured at 5-minute intervals using the flomough version of the WATER PAM (Waltz,
Effeltrich, Germany) (Schreiber et al. 1986). Watetlected from the sub-surface was conducted
through a pipe to a thermally insulated dark resdhat maintained the sample close to itheitu
temperature. After 5 min of dark acclimation, whighs sufficient for the oxidation of the Quinone A
(Qa) pool in this highly turbid environment, a sub-gdenwas automatically transferred into the
measuring chamber. The sample was excited by a We&klight (1pumol photon.m?.s?, 470 nm,
frequency 0.6 kHz) to record the minimum fluoreseeif~y). The maximum fluorescenc&y\) was
obtained during a saturating light pulse (0.6 staig000umol photon.m?s™, 470 nm), allowing all

the Q. pool to be reduced. FwFwas calculated according to the following equat{@enty et al.

1989):
Fy _ (Fm—Fo)
P (1)

Samples were exposed to nine consecutive irradia@eanging from 0 to 468mol photon.m?%.s * in

winter and from 0 to 1 541 in summer, for a peradd30 s for each light step. These different light
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ranges were chosen to properly estimate the phatfosyc parameters. Steady state fluorescekRge (
and maximum fluorescencé&y{") were measured. The effective quantum efficientcy 8!l for each
irradiance was determined as follows (Genty et 289) :

ﬂ — (FM,_FS) (2)

Fm' Fm'
The relative electron transport rate (rETR, pmetebn/ni/s) was calculated for each irradiance. rETR
is a measure of the rate of linear electron trarighoough PSII, which is correlated with the overa

photosynthetic performance of the phytoplanktomédw and Harrison 2005):
rETR(E) = — X E 3)
Fm

Samples were removed from the Niskin bottle in sutface water and close to the WSI at hourly
intervals. A sub-sample was placed in the measwiramnber of the cuvette version of the WATER

PAM (Waltz, Effeltrich, Germany) and,/A~y was measured as described above.

2.3.2. P versus E curves
To estimate the photosynthetic parameters, the rzlikes were plotted agairistand the mechanistic
model developed by Eilers & Peeters (1988) was iegpio fit the data using SigmaPlot (Systat

Software) according to the equation (4) watb andc initially set to 310°; 0.06 and 111 respectively:

E

I‘ETR(E) - (aE2+bE+c)

(4)
After 200 iterations of fit per curve, the bestb andc parameters were estimated by the software for

each rETR/E curve and the maximum photosynthepadty rETR.axWas calculated as follows:

1
rETR . = (2420 (5)

2.4. Discrete measurements
2.4.1. Nutrients
To determine nutrient concentrations (FONOs, NO,, NH," and Si(OH)), 100 ml water samples

were pre-filtered through a 48 pm Nylon Mesh (Sdfitex 03-48/31-102 cm; Open area %: 30)
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directly from the Niskin bottle in order to alreadiiminate a major part of the particles (Aminotian
Kérouel 2004, 2007). For the measurement of sdicancentrationgSi(OH),), water samples were

subsequently filtered through 0.45 pm acetate losbumembrane and stored at 4 °C until analysis. Fo

the measurement of dissolved inorganic nitrogem @IN = NG, + NO, + NH;) and phosphate
concentrationsR03 ™), water samples were stored directly at -20 °C.Baswere analyzed within one
month after field collection with an auto-analyf&€echnicon Ill) following standard protocols (Amino
and Kérouel 2007; Hydes et al. 2010). The limitgjwntification were 0.2 uM for silicates, 0.1 putf f

nitrates, 0.02 uM for nitrites, 0.04 uM for phosfgsaand 0.1 uM for ammonia.

2.4.2. Suspended particulate matter

Surface and bottom water samples were collectad the Niskin bottle at hourly intervals over the
12 h tidal cycle. Before the field campaign, Whatm@F/F glass microfiber 0.@m filters were
prepared and rinsed using the vacuum filtrationesys dried at 50 °C for 24 h, and pre-weighed. A
known volume of the sampled water was filtered tigio the prepared filters using a glass tank on a
filter ramp connected to a pump. Filters were mhagth distilled water to remove any remaining salt
The concentration of total suspended solids (g/a$ then calculated by gravimetric determinatioaraft
air-drying the filters for 24 h at 50 °C and weigion a high precision Sartorius scale. This method

ensured a precision of 0.0001 g/L for the lowed¥iRBncentrations (Verney et al. 2009).

2.4.3. Phytoplankton biomass

Phytoplankton biomass was assessed through chigtapfchla) concentrations. Samples (30 to 500
ml) were filtered in triplicate, through glass fibidters (Whatman GF/F: 0.7 um pore size and 47 mm
diameter) and immediately frozen at -20 °C untalgsis. In the laboratory, pigments were extraated
10 mL of 90% (v/v) acetone, for 12 h at 4 °C in terk. After centrifugation (3000 g, 4 °C, 10
minutes), the clal concentration (pg/L) was measured on extractsrdoapto the fluorometric method
of Lorenzen (1966) and using a Turner Trilogy fluoeter (Turner Designs, Sunnyvale, California,

USA).
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2.4.4. Extracellular polymeric substances
Water column pools

The concentration of TEP was determined usingctterimetric method described by Claquin et al.
(2008) adapted from Passow and Alldredge (1995&flBy 15 to 50 ml samples were filtered onto 0.4
pm polycarbonate Isopore membrane filters (Millgdoand stored at -20 °C until analysis. Particles
retained on the filters were stained with 5 ml 2% Alcian blue (Sigma) in 0.06% acetic acid (pH
2.5). After centrifugation at 3500 g for 30 mingtBupernatants were removed and the filters were
centrifuged several times with 5 ml of MilliQ watentil all excess dye was completely removed from
the pellet. After one night of drying in a sterdizat 50 °C, 6 ml of 80% 4$0, were added and 2 hours
later the absorption of the supernatant was medsuseng a spectrometer at 787 nm. Alcian blue
absorption was calibrated using a solution of Xantgum (XG) as a standard. TEP concentrations are
expressed in pgXGeg/L. Subsequently, to estimage TBP pool in the water column, the TEP
concentrations were converted into carbon (mgCAihgi a coefficient of 0.70 (Engel and Passow
2001; Claquin et al. 2008).

Carbohydrate content was measured using DuboistBad (Dubois et al. 1956). Briefly, the filtrates
of TEP filters were considered as colloidal EPSEFS). High and low molecular weight EPS was
extracted by incubating the samples in ethanol (#@% for 16 hours at —20 °C. Samples were
centrifuged at 3000 g, for 30 min at 4 °C. Low nuolar weight EPS was collected in the supernatant
and discarded. The pellet containing high moleculaight EPS was dried at 50 °C overnight. The
dried samples were re-suspended in 1 ml distillateww Next, 50 pL of 5% phenol and 250 pL sulfuric
acid were added to 50 pL of the extract, and vedexAbsorption was read after 30 min with a
FlexStation plate reader (Molecular Devices) at 485, using glucose (G) as a standard for the

calibration curve. S-EPS concentrations are exptesspugGeq/L.

Intertidal sediment pools

10
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Fresh sediments were treated immediately on rdtuthe laboratory to avoid any cell disruption or
contamination of EPS extracts by chrysolaminariorest in the vacuoles (Chiovitti et al. 2004,
Takahashi et al. 2009). Following Orvain et al.12)) microphytobenthic EPS was extracted from 5 ml
of fresh sediment placed in 15 ml centrifugatiobes with 5 ml of 0.2um filtered and sterilized
artificial sea water. After one hour of incubatiorartificial seawater, tubes were mixed and cergefl
at 4 °C, 3000 g for 10 min. Supernatants contairtivg colloidal fraction were collected in a new
centrifugation tube and stored frozen (20 °C) luatnalysis. The method described above for
phytoplanktonic S-EPS was used. Each EPS concentratas first expressed as a function of the
volume of fresh sediment (mgGeqg/L) and was thervedad into contents (mgGeqg/gDW) by using the
volumetric mass (in g/L) and into surface units Geg/nf) by using the dry bulk density (in kg/n
and considering a core depth of 1 cm. Thaclalta, which were also measured during these cgmpai

using the Lorenzen method (1966), were used toessghe S-EPS:chlatio in mgGeg/mgchl

2.5. Data analysis

P-E curves & Spearman correlations were perfornseaguthe SigmaPlot (Systat software) and linear
& multiple regressions using the R software (R Depment Core Team) to investigate correlations
between parameters at each site, in the two seaaondsat both depths. Significant correlations were
accepted when the p-value was < 0.05. A principaionent analysis (PCA) was performed using the
“FactoMineR” package in R on data collected from Bub-surface and close to the WSI at hourly
intervals at the three sampling sites in the twodang periods. The data were not transformed leefor

analyses.

3. Results
3.1. Spatial and temporal dynamics of the water camn along the salinity gradient

The temperature, salinity and nutrient dynamies draracteristic of North European estuaries (Fig.
S1 & S2). The main points regarding these parametsx the higher temperature (> 18 °C) and the

lower river flow in summer (< 226 {fs) versus winter (temperature < 7°C and flow >0 if/s). In

11
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both seasons, the salinity gradient ranged bet®Wehand 32.37, extended upstream up to Tancarville
in summer and up to Fatouville in winter. In sumpuEspite the low river flow, nutrient concentraso
remained high (between 9.17 and 413.54 uM for [DIbgtween 5.22 and 160.20 puM for [Si] and,
between 0.36 and 4.17 uM for [P]) and were nottimgifor phytoplankton growth during this period.
[DIN] and [Si], were closely linked to freshwaterputs and decreased from upstream to downstream.
In contrast, [P] was positively correlated with théal height and the highest concentrations were
recorded in the mesohaline part of the estuary.

The highest SPM concentrations were recorded ¢tosiee WSI, at Fatouville during winter, and at
Tancarville during summer (Tab. 1). The sampling &ia Carosse displayed characteristics of marine
waters with very low SPM concentrations. At Fatdievin winter, peaks of SPM were recorded close to
the WSI at the beginning of the high tide and durthe ebb (fig. S3), whereas very low SPM
concentrations were observed during the high tideks A very similar pattern was observed in
summer, with high SPM concentrations recorded cdlogee WSI at the beginning of the high tide and
at low tide. At Tancarville, a peak was recordeti@th depths during the ebb in winter, and durong |
tide in summer. These observations suggest that SBNtentrations were closely linked to
resuspension of bottom sediments triggered by tidadents rather than to inputs from the watershed.
Nevertheless, the pattern of variation in SPM catre#ions in surface was closely linked to the
dynamics of SPM observed close to the WSI. Thieokaion suggests that resuspension of sediment
by tidal currents has an impact on the entire weddumn. Our results also suggest that the MTZ was

located between Fatouville and Tancarville in wingad upstream from Tancarville in summer.

3.2. Discrete measurements of chbiomass and photosynthetic parameters

The ch& concentrations were low in winter (Tab. 1) withnor variations at La Carosse and
Tancarville (Fig. 2). Only three peaks were recdrdose to the WSI at Fatouville associated with
SPM dynamics (during the flood, the high tide slacid the ebb). In summer, at La Carosse, an
increase was recorded during the flood at bothhdeptt the increase was bigger at the surface. At

Fatouville, chh concentrations were low close to the WSI excepafpeak at low tide slack. In surface

12



320 waters, values were low at low tide slack but iasesl considerably from the flood to the high tide
321 slack. At Tancarville, the chlconcentrations decreased during the flow and isecauring the ebb at
322  both depths.

323 At La Carosse, despite low ehh winter, k/Fy values were high (Tab. 1). The highegtHy values
324 were recorded at both depths during tide slack. ¢éd@n marked variations were recorded over the tida
325 cycle (Fig. 2), two reductions were recorded dutihg flood and during the ebb at both depths. At
326 Fatouville, F/Fy values were lowand remained constant throughout the day. At Tarikgrtwo

327 reductions were recorded, one during the flow dmddther at the beginning of the ebb. Despite the
328 high chh concentrations in summery/l/y were lower than in winter. At La Carosse, at baépths,
329 HKR//Fy increased during the flood, decreased during hidh and increased during the ebb. At
330 Fatouville, F/Fy were closely linked to the dynamics of the tidarelcterized by a decreasing trend
331 during the ebb followed by an increase with thevflim reach maximum values during high tide. At
332 Tancarville, k/Fy values were very low with high variability over théal cycle.

333

334 3.3. High frequency measurements of photosynthetgarameters

335 Primary productivity estimated using high frequemETRyax (Mol electron/rfis) measurements
336 showed a high degree of variability at very smalnporal scale (5 min) compared with hourly
337 observations (Fig. 3). In winter, productivity vatiwere low (Tab. 1). At La Carosse, rgER
338 decreased during the flow, increased during higle tand decreased at the beginning of the ebb
339 followed by marked variability of the values. AttBaville, rETRnax increased during the flow, when
340 currents were at their maximum, and decreased glurde slacks. At Tancarville, despite the high
341 degree of variability, the rETR, remained close to a mean value of 30.16 + 6.42Ieheotron/ni/s.

342 In summer, rETRax values were higher than in winter throughout thkngy gradient (Tab. 1). At La
343 Carosse, the dynamics of phytoplankton productivitgreased from low tide to half the flow.
344 Thereafter a decrease was observed during thetidigibefore a slight increase at the beginninghef t

345 ebb. At Fatouville, productivity mirrored tidal dgmics but with a time lag of approximately three
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hours. At Tancarville, an increase in productifitym the morning low tide to high tide was followed

by a decrease from high tide to the evening low.tid

3.4. Extracellular polymeric substances.
3.4.1 Transparent exopolymeric particles (TEP)

At each site, TEP concentrations ([TEP], mgXGegdlere higher close to the WSI than in sub-
surface waters (Tab. 1) and [TEP] peaks were mestgrded during flows (Fig. 4). In winter, at La
Carosse, three peaks were recorded close to the W&Iduring the high tide, mirroring the tide
dynamics, and one at the end of the ebb. In sulaeiwaters, a peak was recorded at the beginting o
the flow and an increasing trend was recorded dutire ebb. At Fatouville, high variability was
observed close to the WSI with values increasirt) bloring the flow and the ebb. At the surface, the
same dynamics were observed but with lower val@ésTancarville, some [TEP] peaks were also
observed during the flow and the ebb at both de@using summer, [TEP] variations at La Carosse
were weak despite two small peaks close to the M&irded during the flow. Upstream, at Fatouville
and Tancarville, high peaks were recorded during tmle at both depths, small peaks were also
recorded at high tide at both these sites. Thusnglithe campaigns, it appears that between 0.86 an
48.08 mgC/L and a mean of 5.89 mgC/L were availtdl¢he trophic network in the form of TEP.

The TEP:chd ratios were higher in winter than in summer (TAp.Some decreasing trends in the
TEP:chh ratio were recorded at high tide slacks in thesufface water at La Carosse in both seasons
and in summer at Fatouville at both depths withnaerse dynamics with respect to the tide (Fig.. S4)

Some negative peaks were also recorded at thefehd bigh tide slacks.

3.4.2 Soluble carbohydrates (S-EPS)
Water column pools

Despite high variability, the S-EPS concentrati@&EPS]) were higher close to the WSI than in
sub-surface waters and in winter than in summeb.(T& Some peaks were recorded at both depths

mainly during the reverse flows (before and aftex tide slacks) (Fig. 5). The highest peaks and the
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373 highest variability were observed close to the Wisivinter, high variability was recorded at Fatdlev

374 during the ebb. In summer, at La Carosse, highiyalbée values were recorded during low tide
375 especially in sub-surface waters whereas inverderpa were observed at the two sampling depths. At
376 Fatouville, [S-EPS], the same patterns were obseateboth depths with decreasing values at slack
377 tides and peaks during the flows. At Tancarvil®,HPS] were characterized by a marked increase clos
378 to the WSI at high tide and high variability duritige ebb.

379 EPS:chh ratios presented some peaks at both depths (FiglrB&inter at La Carosse, a strong peak
380 was observed close to the WSI at the end of thelaldummer, the highest values were recorded close
381 to the WSI during the ebb. In winter at FatouvillERS:chh ratios in sub-surface waters increased
382 during the high tide and were variable at the beigi of the ebb, while close to the WSI, some peaks
383 were recorded during the tide slacks and the ebbuinmer, a strong peak was recorded in sub-surface
384 waters during the flow, followed by a marked deseeduring the high tide slacklose to the WSI, a
385 peak was recorded at the end of the ebb. In wattdancarville, an increase in the EPSaataltio was

386 recorded at the end of the ebb close to the WSSuimmer, values were low at both depths during the
387 low tide and the flow. Two peaks were recordedelmsthe WSI during the high tide slack and the ebb

388 and one peak was recorded in sub-surface watérgtatide
389

390 Intertidal sediment pools

391 S-EPS concentrations on the Seine estuary mucillsasdisplayed high variability among the 15 sites
392 sampled (Tab. 2; Morellet al in prep). Values ranged between 61.02 and 526:§%eq/n also
393 varied between seasons with a higher mean val®&ejtember (310.81 + 129.61 mgGety/han in
394  April (157.06 + 66.16 mgGeg/h In contrast, the EPS:ehtatios were often higher in April (19.74 +
395 24.08 mgGeg/mgch) than in September (9.50 + 8.93 mgGeqg/majchl

396

397 3.5. Relationships between biological parameters drenvironmental variables

398 Principal component analyses (PCA) were performedhe data set to explore the relationships

399  between biological and abiotic parameters (FigT@e £'and 29 components explained 65.26% of the
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total inertia while the %t and the % dimensions explained 59.40% of total inertia (Tap. The first
principal components (PC1; 41% of variance) forradgpical estuarine axis with parameters related to
the inflow of marine waters such as salinity (32%)the left hand side of axis 1, and parameteseaél

to freshwater inputs, such as Si (23%) and DIN (B8&ncentrations on the right hand side of axis 1.
The second principal component (PC2; 24%) was glyomfluenced by factors related to seasonal
changes such as PAR (38%) and temperature (48%)thitd principal components (PC3; 18%) was
related to P concentrations (58) and SPM (21%). @la concentrations (ch&) were positively
correlated with temperature (Spearman correlataefficient (SCC): 0.59; p< 0.001; n=150) and PAR
(SCC: 0.42; p< 0.001; n=150). In the same way, pcadity was positively correlated with temperature
(SCC: 0.60; p< 0.001; n=75) and PAR (SCC.: 0.660®3901; n=75). Indeed, the high temperatures and
high solar irradiance in summer provide the besirenmental growth conditions for phytoplankton.
The chh was negatively correlated with P concentration@S@.20; p< 0.05; n=150) as confirmed by
their position in the 53" dimensions of the PCA (Fig. 9)v#-y was positively correlated with salinity
(SCC: 0.22; p< 0.01; n=150), and negatively coteglavith temperature (SCC: -0.27; p< 0.01; n=150),
and SPM (SCC: -0.15; p=0.06; n=150) concentratiphEP] were positively correlated with SPM
(SCC: 0.17; p< 0.05; n=150). The [S-EPS], S-EP&:ahd TEP:cH ratios were negatively correlated

with temperature, PAR, ciland productivity (SCCs: < -0.44; p< 0.001; n=150).

4. Discussion
4.1. Dynamics of biological parameteran the Seine estuary in relation with environmental
parameters

Our study revealed high variability of photosynithgarameters in the estuary, where small-scale
variability (i.e. 5 minutes) can be greater thamialality at tidal scale (Fig. 3). Less frequent
measurements could thus easily result in over- mdetestimation of these parameters, thereby
highlighting the complexity of estimating primaryoguctivity in these dynamic ecosystems. Moreover,

variability appeared to be higher and more freqbefbre or after the low or the high tide at whiiche
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turbulence and the concentrations of SPM generallgh maximum levels thereby preventing light
from penetrating and hence preventing photosyrghesi

Even though variations in nutrient concentratians known to play a major role in phytoplankton
dynamics in many ecosystems, in many estuarieBast been shown that nutrients do not control
phytoplankton growth because they are largely ioeeg (Kromkamp et al. 1995; Cai et al. 2004).
However, in this study, P concentrations were neglgt correlated with phytoplankton biomass and
productivity (Fig. 6). This could be the result tffe consumption of P by phytoplankton but P
concentrations within the estuary (> 0.62 umol/lc &l the samples) remained higher than those
usually observed during the same period in theeSBiay (i.e< 0.04 uM) where phytoplankton grow
easily. Moreover, previous studies have shownRhdoes not limit phytoplankton growth in the Seine
estuary (Némery and Garnier 2007; Passy et al.)2@tbsphate has a strong affinity for sorption and
desorption reactions with SPM, which create higixés and is an important source of dissolved P in
the MTZ (Némery and Garnier 2007). Therefore, tiegative relationship may rather be related to a
positive relationship between P and SPM that resldight penetration into the water column, and
consequently results in low phytoplankton biomasd productivity Thus, like in many temperate
estuaries, phytoplankton productivity in the Sesstuary is mainly controlled by light availability.

The physiological status of the cells/{lR) was low within the MTZ during both study periodab.
1). This could be explained by the intense resusipanof dead cells and SPM in this area, which
reduced light penetration, especially during tleevfand ebb. Additionally, the physiological changes
the phytoplankton caused by the contrast betweeshivater outflow and marine water inflow have
been shown to cause physiological stress andys4 (Lionard et al. 2005; Servais and Garnier 2006
Hernando et al. 2015). However, despite wegheir, phytoplankton productivity levels in the MTZ
(Fatouville in winter and Tancarville in summer) r@ein the same order of magnitude as those
measured at the two other sites in the same sgdstm 1). This result shows that photosynthetic
activity of living cells is possible in the MTZ dae the high level of stress. More surprisingly/fy
values were higher close to the WSI than in subasarwaters. These results suggest that, desjgite th

high concentrations of SPM close to the WSI andstifesequent reduction in light penetration into the
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water column, phytoplankton cells were able to stenand even to maintain a high physiological
status. The deep water layer corresponds to marater with a residence time ranging from 5 to 18
days (Brenon and Hir 1999; Even et al. 2007). Diiservation suggests that these photosynthetis cell
are able to rapidly return to a high productiveusgaas soon as they access light. This resultdurth
implies that organic matter in the bottom layeltltd Seine Estuary is probably not only composed of
detrital matter but also of living phytoplanktornllseThis observation may have major implicatioos f
trophic transfer between pelagic and benthic osrasiin this part of the estuary.

In winter, at spatial scale, phytoplankton biomass productivity were higher in the oligohaline
zone (Tancarville) than in the euhaline zone (Lao€se) (Tab. 1). The winter season involves an
increase in freshwater discharge and can increhgogankton growth, as already observed in the
Godavari estuarySarma et al. 2009) and in the Chesapeake estAalglf(et al. 2006). The higher
productivity observed at Fatouville (MTZ) at lovddi rather than at high tide (Fig. 3) suggests highe
primary productivity in fresh waters than in salimaters during this period. Different community
composition in these distinct water masses coufaagax this result. Indeed, in winter, high primary
production in freshwater has been reported in o#stuarine systems (Servais and Garnier 2006;
Lehman 2007) where it was attributed to specifesifiwater phytoplankton communities (Malpezzi et
al. 2013). The presence of cyanobacteria in therqudrt of estuary could also explain the low |esfel
primary productivity measured in the oligohalinenecof the estuary in winter: cyanobacteria display
lower productivity than eukaryotic phytoplankton gsbjidek et al. 2001; Macintyre et al. 2002). PAM
measurements may have underestimated cyanobgmtediactivity, as the blue light used in the present
study is weakly absorbed by the prokaryotic fractd the phytoplankton (Glover et al. 1985; Suggett
et al. 2004). In addition, the,A~ is known to be poorly estimated in cyanobacteeeaoise of the state
transition processes (Campbell et al. 1998).

In summer, the low discharge enables upstreamatiogr of marine and estuarine species (Josselyn
and West 1985), which could explain the high phigokton biomass observed close to the WSI at
Fatouville and Tancarville (Tab. 1). The high pipfamkton growth rate observed in the Seine river

plume led to an increase in productivity at La Gamat the beginning of the flow (Fig. 3). Durihe t
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ebb, a decrease in productivity was observed, plystsie consequence of the increase in SPM and the
subsequent reduction in light penetration, or pidémlamage to phytoplankton cells caused by the
mechanical stress associated with strong hydrodysanas previously shown in other estuarine
systems (Cloern et al. 1985; Servais and Garni®@6R0rhe highest primary productivity in summer
was observed at Fatouville in the mesohaline zdab.(1). At this site, primary productivity increas
with the flow and decreased with the ebb (Fig. @)is result suggests that phytoplankton growth
occurred in the polyhaline zone between La Carass# Fatouville where the concentrations of

nutrients were still high and light still availableut not in the other zones.

4.2. Dynamics of EPS in the Seine estuary in relath with environmental parameters

It has already been shown that in very dynamic zdike estuaries, the distribution of TEP may be
mainly controlled by environmental processes (Maipet al. 2013). In the literature, TEP production
has been frequently associated with nutrient st(€sszo et al. 2000; Passow 2002). However, the
estuarine systems are not nutrient limited, bukb hglues of [TEP] were recorded (Tab. 1). This ltesu
confirms that TEP production can be high in nutrieplete conditions as already reported (Claqtiin e
al. 2008; Pedrotti et al. 2010). Thus in the presandy, it is possible that the [TEP] dynamics eveot
associated with nutrient limitation as often citedthe literature but with other processes such as
temperature (Claquin et al. 2008) or turbulencensity (Pedrotti et al. 2010).

The [TEP] measured in the Seine estuary during dhrsey (0.52 - 68.7 mgXGeg/L; Tab. 1) was
higher than those reported in the literature, wmekier exceeded 11 mgXGeqg/L (Passow 2002), 2.82
mgXGeqg/L (Malpezzi et al. 2013), 14.8 mgXGeq/L (Raet al. 2005) or 1.54 mgXGeg/L (Annane et
al. 2015). Villacorte et al. (2015) investigate@ thfference in measurements in TEP (> 0.4 um) and
TEP with TERrecusors (<0.4 pm) and showed that [TEP] could represenbutbll1% of
[TEP+TERyecusord. The high SPM concentrations (up to 2 g/L; Tap.irlsome samples could have
allowed the retention of the TERursorsON the filters thereby partly explaining the vérngh values

observed along the Seine estuary.
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However, the positive relationship observed betwd@&®P] and SPM is in agreement with the widely
described role of TEP and EPS in particle aggregasind sedimentation processes (Passow 2002;
Thornton 2002). In estuaries, very high TEP conagions have also been measured in association with
SPM in the MTZ and shown to account for a signifigaroportion of the POC in MTZ (Malpezzi et al.
2013; Annane et al. 2015). Indeed, because of #tieky properties (Engel 2000; Passow 2002), TEP,
associated with a strong salinity gradient anduleice, promote the aggregation and sedimentation o
organic and mineral particles especially within h€Z and hence influence the dynamics of POM and
SPM in the estuary. These processes could exglairdistribution of TEP at spatial scale with high
concentrations recorded in the MTZ (Tab. 1). Iniadid, the mixing of freshwater and seawater afect
the concentration of some ions and cations resplenfr salinity, which could play a major roletime
crosslinking of polysaccharides to form gel-liketpdes such as TEP (Bar-Zeev et al. 2015). Thimfo
of TEP formation could reinforce the high [TEP]oetded in the estuary and explain part of the paesiti
relationship with SPM associated with a negativati@ship with salinity (Fig. 6). Indeed, due to
stratification, the mixing of fresh and salt watsrparticularly intense in the low salinity zoneath
promotes TEP at MTZ level.

At the daily scale, the high concentrations of TiBERhe Seine estuary were mainly linked to tidal
flows and mainly recorded within the Seine rivaurpk or the MTZ (Fig. 4), which are both subject to
high levels of turbulence leading to resuspensioexopolysaccharide-rich particles from the seditnen
At the seasonal scale, the highest concentratién§E® were recorded during the winter period
throughout the salinity gradient (Tab. 1). This sseml dynamics could be related to higher
hydrodynamics in winter, triggered by the combioatof strong currents along the estuary during this
high flow period and the frequent stormy and windgnditions in this season. These strong
hydrodynamics cause higher levels of sediment peswsson from the WSI in winter than in summer.

The S-EPS distribution in the Seine estuary cailsd be linked to environmental processes. At daily
scale, no clear pattern emerged from the S-EPSeotration due to the high variability of the values
measured (Fig. 5). However, some peaks were olderbath in sub-surface waters and close to the

WSI especially at the beginning or end of the floWsis observation suggests that the distributio8-o
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EPS could also be related to resuspension espebedibre or after tide slacks. At the seasonalescal
the S-EPS were also higher in winter and highestecto the WSI (Tab. 1) thus possibly reinforcimg t
influence of environmental parameters on S-EPSiligion in the Seine estuary. However, at spatial
scale, the concentrations of S-EPS were not lirtkethe MTZ, like the TEP concentrations, and no
relationship was observed with the SPM concentmaftithis observation suggests that the adsorption
characteristics of those S-EPS were lower than TieEBomparison with TEP, S-EPS easily dissolves in
water so their adsorption in the water column cdedlimited and their concentration more closely
linked to biological parameters (De Brouwer et28102). Despite the fact that environmental processe
play an important role in distributions of both TBRd S-EPS in the Seine estuary, these processes ar
mainly produced by biological organisms and theceanitrations of those polysaccharides in relation to

biological parameters remain to be investigated.

4.3. Dynamics of EPS in the Seine estuary in relat with biological parameters

The TEP is mainly produced by phytoplankton andnificant correlations between TEP
concentrations and phytoplankton dynamics haveadyrdbeen described (Hong 1997; Beauvais et al.
2003; Radi et al. 2005; Wurl and Holmes 2008; Klein et al12) Nevertheless, some studies found
no direct correlation between the TEP fraction ehnid (Garcia 2002; Corzo et al. 2005). In the present
study, a negative correlation was found between aldPchh (Fig. 6). Our results are comparable with
those of Chowdhury et al. (2016) and Klein et aD11), who reported low concentrations of TEP
during maximum abundance of phytoplankton and higbencentrations during phytoplankton
senescence which, in estuaries, is especially itapbin the MTZ. Moreover, our TEP:ehtatios were
inversely correlated with chland productivity. This observation suggests that dtress generated in
the estuary leads to high levels of TEP excretipthle phytoplanktorilhis hypothesis is supported by
the negative correlation between [TEP] andHy. However, the TEP:chla ratios observed in thiglgtu
(Tab. 1) are also high in comparison with thosevipresly reported in the literature (Passow 2002;
Klein et al. 2011). Therefore, the [TEP] may notdmdy linked to phytoplankton production. However,

the TEP:chla ratios observed in this study (Tabarg) also high in comparison with those previously
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reported in the literature (Passow 2002; Kleinle@11). Therefore, the [TEP] may not be only édk

to phytoplankton production. In strong hydrodynamonditions, the high [TEP] in the MTZ may also
be attributed to the microbial loop activity. Inde& has been shown that the POM from the MTZ is
biodegraded by highly active heterotrophic bacténat can also release TEP into the water column
(Azam et al. 1983; Middelburg and Herman 2007; Maip et al. 2013). Moreover, significant
qguantities of TEP could be derived from allochthamonputs of organic matter that include high
concentrations of detrital material and heterotrojacteria (Heip et al. 1995).

S-EPS produced by phytoplankton are known to ptotells against digestive enzymes, toxic
substances (Wotton 2004), and osmotic stress (hiliBuskey 2000), which is a major constraint in
estuaries. Additionally, S-EPS can be producedhygplankton in aiding in flotation process through
their threads and by reducing density (Wotton 200#gse potential roles of S-EPS could explain the
high concentrations observed in this study (Takespecially during flows (Fig. 5). In addition tbla
dynamics, changes in carbon excretion and photbetintparameters can may also be due to different
phytoplankton assemblages combined with water ndgssmics (Klein et al. 2011). However, no
relationship was found with the,f~y, and S-EPS concentrations were negatively coelatth cha
concentrations and productivity, which confirm réswf previous studies (Passow 2002; Klein et al.
2011) showing that, in contrast to TEP, a largepprion of the S-EPS pools were not related to

phytoplankton dynamics.

4.4. Potential contribution of allochthonous primary producers to the S-EPS pool

Both groups of phototrophic microorganisms (phigaagton and microphytobenthos) excrete S-EPS
for different reasons and in different ways. Duethie key roles played by EPS in epipelic diatom
dynamics in mobility and substratum adhesion, tHEPS dynamics in ecosystems have often been
linked with microphytobenthos cells. However, i t8eine estuary the surface of mudflat during low
tide represents only 7.21% of the estuarine surfawd no subtidal microphytobenthos community
exists because of the high level of turbidity ahd tdepth (up to 18 m). Additionally, the mudflatais

plane system and microphytobenthos are especietiyeaduring emersion during the daylight period

22



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

whereas the pelagic system is volumetric: in theeSestuary for a mudflat surface of 7.6Xh, the
water volume is 930x£am® (on average between low and high tides).

We estimated potential S-EPS production by the apltytobenthic compartment using the data we
sampled in the intertidal zones (Morek al, in prep) and a microphytobenthic EPS production
coefficient estimated at 1.8 mgGeqg/mgehl(Wolfstein et al. 2002). Assuming a tidal emensduring
daylight of 6 hours per day and a maximum resideimee of 18 days in the Seine estuary (Brenon and
Hir 1999; Even et al. 2007), the S-EPS pool oriinigafrom microphytobenthos represents 0.055 +
0.054 mgGed/L in the water column. The percentadg8-BPS originating from microphytobenthos
production could represent an average of 1.61%@iean S-EPS pool measured during this survey.
In the same way, we estimated potential phytoplami&-EPS production using a production coefficient
40% lower than microphytobenthos production (Gdtale1999), i.e. 1.08 mgGeg/mgalii. The S-
EPS pool originating from phytoplankton represerit51+ 1.54 mgGeqg/L in the water column. On
average, the percentage of EPS originating frontgutgnkton production could represent 33.62% of
the mean S-EPS pool measured during this surveweMer, we used a maximum residence time of 18
days whereas in reality, the residence time rarigdadieen 5 and 18 days. If we used the minimum
residence time of 5 days, the percentage would.B4% for the phytoplankton and 0.44% for the
microphytobenthos. In addition, if we consider that exceptional conditions, all the S-EPS pool
present on mudflats could be re-suspended in thervealumn each day, considering 5 to 18 days
residence time, the percentage of S-EPS from nmhgtopenthos production could represent from 1.70
to 6.14% of the mean S-EPS pool measured in therwatumn. Thus, we suggest that part of [S-EPS]
in the Seine estuary is not directly linked to mamnproducers. In addition to hydrodynamic processe
of remobilization from sediments and upstream ispuather organisms such as zoo-plankton, zoo-
benthos, and especially bacteria could contribigeifscantly to the S-EPS pool. Further studies are

therefore needed to understand the origin of tE#*S-in highly hydrodynamic estuaries.

5. Conclusion
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High frequency analysis of the photosynthetic pai@rs of phytoplankton revealed the presence of
living cells with good physiological status in thettom water layers pointing to a role for thisctian
in the autochthonous production of this estuarys Tinding has major implications for trophic trées
between pelagic and benthic organisms, which pdakey role in the nursery and feeding function of
these ecosystems.

We also showed that EPS are not only linked ten@ry production processes but rather to stress
levels (salinity, turbidity, temperature or hydrodynics), demonstrating that healthy phytoplankton
produce less EPS than stressed or senescent ERBs distributions especially TEP are thus mainly
linked to hydrodynamic processes such as MTZ faonatr sediment resuspension. Our estimation of
the relative contribution of primary producers (fwplankton and microphytobenthos) to S-EPS
production show that the mudflats contribute I&s81t6% to the S-EPS pool in the water column, while
phytoplankton produce up to 33%. The origin of @éaproportion of the S-EPS in the water column
thus remains unknown and further investigationeeded into potential secondary production of S-EPS

by zoobenthos, zooplankton and heterotrophic miat@ommunities.
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893  Figures

Le Havre

La Carosse

894
895  Figure 1. Study area, the Seine Estuary, Normandysrance (49°2609”N; 0°16'28"E). Location of the 3 sampling sites

896  (white stars): (i) La Carosse (49°28'985"N; 0°0178B), located in the euhaline zone and sampledebriary 3 and July
897 18, (ii) Fatouville (49°26°202"N; 0°19'274"E), loted in the polyhaline zone and sampled on Febrdizagd July 20, (iii)
898  Tancarville (49°24°'444”N; 0°28°'200"E), located ihé oligohaline zone and sampled on February 5 ahd Black dots
899  represent major cities along the Seine Estuary.
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Figure 2. Phytoplankton biomasg[chla], pg/L - trianglesand F,/Fy (relative units - circlesineasured over a tidal cycle
at the three sampling sitesl(a Carosse, Fatouville and Tancarville),winter (left panel)and in summer (right panel).

Values measured 1 m below the surface are repezsbgtempty circles and values measured 1 m alevesater sediment
interface (WSI) by black dots. The dashed lineseggnt tidal height (m) measured 1 m above the {fSFig. 3).
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Figure 3. High frequency measurements of the maximum rate oélectron transport (rETRy. Lmol electron/ifis —
solid line)measured over a tidal cycle at the three samplingtss (La Carosse, Fatouville and Tancarvill@) winter (left

panel)and in summer (right panel). The dots represent values during fiequency sampling. The dashed lines represent

tidal height (m) measured 1 m above the water sexlinmterface.
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914
915  Figure 4. Concentrations of transparent exopolymer substances ([TEP] mgXGeg/L, mean * standard erroover a

916 tidal cycle at the three sampling siteda Carosse, Fatouville & Tancarvilley winter (left panel)and in summer (right
917  panel). Values recorded 1 m below the surfaceegeesented by empty circles and values measure@ldore the WSI by
918  black dots. The dashed lines represent the tidghhém).
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921  Figure 5. Concentrations of soluble extracellular plymeric substances ([S-EPS]mgGeq/l; mean * standard error)
922  over a tidal cycle at the three sampling sitesa Carosse, Fatouville & Tancarville winter (left panel)and in summer
923  (right panel). Values recorded 1 m below the s@fae represented by empty circles and values mezhdum above the
924  WSI by black dots. The dashed lines representidia¢tieight (m).
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Figure 6. Representation of Principal Component Anbsis (PCA) using the abiotic parameters (PAR (Jgm
temperature (°C), salinity (PSU), SPM (g/L) andriauts (umol/L): DIN, P and Si) and as qualitativariables the
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Tables

Table 1. Minimum and maximum values of the sampling paransetecorded at each of the three sites (La Can@s3g
Fatouville (Fat.) and Tancarville (Tan.)) in subfage (1 m below the surface (S)) and close tobthigom (1 m above the
water sediment interface (B)) in February (wintend in July (summer) 2015. The S-EPS concentraioasexpressed in

glucose equivalent (mgGeq) and the TEP concentimtio Xanthan gum equivalent (mgXGeq).
Sites S/B SPM Chla FV/FM rETRnax TEP T%i'(%hh EPS EPS:Chh
g/L pa/L ratio umol electron/rfis mgXGeq/L mgxGeq/mgcti mgGeg/L  mgGeqg/mgchd
Winter
LC S 0.01/0.11 0.49/1.01 0.26/0.60 3.52/29.95 0.80/5.9 1.46/8.00 3.06/4.85 3.66/8.14
B 0.02/0.08 0.59/0.98 0.24/0.62 - 4.76/9.65 5.51/15.84 4.23/7.53 4.93/12.81
Fat S 0.03/1.77 0.97/2.55 0.18/0.27 11.69/47.82 7.59806 6.22/14.33 3.20/5.56 1.51/4.99
) B 0.08/2.81 1.40/27.20 0.16/0.25 - 14.08/68.69 2.53/16.14 3.78/6.53 0.22/3.63
Tan S 0.03/0.22 1.00/2.27 0.26/0.41 20.11/40.87 2.82/6. 1.50/3.42 3.10/6.64 1.84/4.69
) B 0.07/0.44 1.44/2.40 0.23/0.42 - 2.63/8.38 1.60/4.48 4.23/7.64 2.10/4.75
Summer
LC S 0.00/0.02 5.71/17.37 0.09/0.51 120.81/231.03 10.82 0.03/0.18 0.85/3.54 0.13/0.60
B 0.01/0.05 1.17/4.61 0.31/0.50 - 0.66/3.40 0.16/1.05 1.20/3.63 0.45/1.78
Fat S 0.02/0.43 1.84/54.57 0.15/0.37 55.84/314.65 8.66/ 0.02/2.99 1.67/3.92 0.04/8.59
) B 0.02/0.94 3.33/11.72 0.10/0.37 - 1.13/14.10 0.17/259 1.38/4.87 0.17/1.16
Tan S 0.03/1.03 1.80/16.12 0.09/0.25 49.56/278.75 3®39 0.37/2.06 1.42/5.15 0.12/1.30
) B 0.11/2.00 2.88/21.45 0.12/0.33 - 2.68/32.06 0.49/5.19 0.91/6.77 0.08/2.17

Table 2. Variations in mass of soluble extracellulapolymeric substances per r (mgEPS/nf) and in EPS:chh ratios
(mgEPS/mgchh) at the 15 sites sampled on the Seine estuary miads (Morelle et al, in prep.). The S-EPS
concentrations are expressed in glucose equivdfegGeq) and the TEP concentrations in Xanthan gauoivalent
(mgXGeq).

September, 2014 April, 2015
Site Longitude  Latitude EPS:chla EPS EPS:chla EPS
(Wgs84) (Wgs84) (mgGeq/mgchh) (mgGeqg/m?) (mgGeqg/mgchh) (mgGeqg/m?)

@] 0.2001 49.4267 1.33 87.10 33.52 149.82
C 0.2004 49.4482 33.91 480.45 NA NA
N 0.1672 49.4162 10.78 377.18 33.78 284.73
E 0.2174 49.4483 1.55 264.12 431 91.02
P 0.2003 49.4235 5.83 197.33 92.56 149.01
B 0.2004 49.4506 5.45 409.84 11.62 227.14
F 0.2172 49.4462 6.95 437.90 4.99 129.03
H 0.2668 49.4408 7.19 181.99 36.78 118.06
G 0.267 49.4436 5.09 264.04 6.08 132.67
I 0.2668 49.4412 4.49 171.85 17.16 268.40
A 0.2004 49.4516 5.87 445.43 8.47 170.39
D 0.2174 49.4491 4.32 292.04 3.23 61.02
L 0.2836 49.4401 23.56 526.04 6.05 118.53
M 0.3003 49.4391 8.59 221.22 5.28 99.91
K 0.2836 49.4416 17.58 305.66 12.50 199.08

9.50 £ 8.93 310.81 £129.61] 19.74 +£24.09 157.06 + 66.16

Table 3. Eigenvalues, total variance and cumulativeariance of the three factors of the principal corponent analysis.

Factor I 1] 1

Eigenvalues 2.90 1.67 1.26
Total variance (%) 41.44  23.82 17.96
Total variance (cumulative %) 41.44 65.26  83.22
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Supplementary material
Title: Dynamics of phytoplankton productivity and exopalgsharide (EPS and TEP) pools in the
Seine Estuary (Normandy, France) over tidal cyoles two contrasting seasons.
Authors: Jérdbme Morelle, Mathilde Schapira & Pascal Claquin

Journal: Marine Environmental Research

Space and time dynamics of the water column alon¢pé salinity gradient

At three different sites, in two seasons (wintes@&nmer), and during a tide cycle, vertical salinity
(Practical Salinity Scale; Fig. S1) and tempera{t€ Fig. S1) profiles were performed hourly wih
SBE 19-plusVD CTD (Seabird) from the sub-surfaceviido 1 m above the water-sediment interface
(WSI). Water was sampled 1 m below the surfaceland above the WSI using a 5L-Niskin bottle at
hourly intervals to measure nutrients (umol/L; F5g), suspended particular matter (g/L; Fig. S3) an
biological parameters (chl TEP, S-EPS). TEP:chl(mgXGeg/mgchd; Fig. S4) and S-EPS:chl
(mgGeg/mgchd; Fig S5) were calculated. The principal values dgdamics of the parameters are

described in the main text.

37



| WINTER | SUMMER |

| LA CAROSSE |
25 35
o — O o .- —_ - ——— . /.,__o——o——’—jo-—s—_g:,_,_.‘_,h._‘
—_ -~ Y *"\*0——4" I o,/O_TO_O“HO—T-Uw\O-hO_“-30
2 207 N SN o//c\ N W —
%) / b-/ \O:\O/ / \\ ~
g 151~ S / 20 2
g ~o '/ E
g 10 - wn
S SO ER = -G S 10
5_
L5
0 — - - - 0
5 9 13 17 4 8 12 16
| FATOUVILLE |
25 35
a 130
201 ?"”% =
Py . 25 %5,
S — ﬁ'\ —
2 151 « & >
e L . \ =
3 d h A SETTTTN s 2
5 10 / )% . -3 ;T N
/ \ N\ VA \
/ » N < R / // —10
5 S N /
N ’// - o \ T o~ :3_;;_\(:‘// 5
= /,oho/ o ~ o0
0 . — . : . \OH‘*%‘—“ T T 0
5 9 13 17 4 8 12 16
| TANCARVILLE |
25 35
—_ /_F—.W':;O
08 201 ~
o F25 @
£15 20 2
3 £
'%IO N RN 15 3
& / \ / /\.\?'\
/ o , Ve N 10
_-v—o—o—’—o——o—o—=9=—o=——o—o\v0— Y, e 0
5 y; ~o _ ; 40//0/ 0—~O§\_5
e — p P
S~ -7
0 —.— - — B — 9 9 —9 9 - —¢_ | -G.;*-\._“..*,’/ . 0
5 9 13 17 4 8 12 16

Time (UT)
963

964  Figure S1. Temperature (°C; triangles) and salinity(circles) over a tidal cycle at the three samplingites “La
965  Carosse”, “Fatouville” & “Tancarville”, in winterléft panel) and in summer (right panel). Sub-swefdt m) values are
966 represented by empty symbols and values measuwsed & the bottom (1 m above the WSI) by black ©ymtDotted lines
967 represent the tidal height (1 m above the WiSthe legend it should bEme (UT)
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971  Figure S2. Nutrient dynamics (umol/L) with the dissolved inorganic nitrogen (DIN=NO;+NO,+NH,"; circles),
972  phosphate(PQ,; squarespnd silicate (Si(OH); triangles)measured over a tidal cycle at the three samplinsjtes (“La
973  Carosse”, “Fatouville” and “Tancarville”yn winter (left panel)and in summer (right panel). Sub-surface values (1 m
974  below the surface) are represented by open synalnols/alues measured close to the bottom (1 m atheveé/Sl) by black
975  symbols. Dotted lines represent the tidal heigbtlim above the WSI).
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978  Figure S3.Suspended Particle Matter(SPM: g/L) measured over a tidal cycle at the three samplingtss (La Carosse,
979  Fatouville and Tancarville)n winter (left panel)and in summer (right panel). Values recorded 1 m below the safare
980 represented by empty symbols and values measuved t the bottom (1 m above the water sedimeetfate) by black
981 symbols. The dashed lines represent the tidal hémh
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984
985  Figure S4. TEP:chh ratios (mgXGeqg/mg chd; mean * standard errogver a tidal cycle at the three sampling sites

986  shown in logarithmic scale (logl0)La Carosse, Fatouville & Tancarvill®) winter (left panel)and in summer (right
987  panel). Values recorded 1 m below the surface epeesented by empty symbols and values measureddowe the WSI

988 by black symbols. The dashed lines represent dia¢ hieight (m).
989
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1
992  Figure S5. Variations in S-EPS:chh ratios (mgGeqg/mg cld; mean + standard errorjjver a tidal cycle at the three
993 sampling sitesLa Carosse, Fatouville & Tancarvilli®, winter (left panel)and in summer (right panel). Values recorded 1
994 m below the surface are represented by empty sywrdood values measured 1 m above the WSI by blatbalg. The
995 dashed lines represent tidal height measured loveahe WSI.
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