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Abstract :

Phytoplankton primary production varies considerably with environmental parameters especially in
dynamic ecosystems like estuaries. The aim of this study was to investigate short-term primary
production along the salinity gradient of a temperate estuary over the course of 1 year. The combination
of carbon incorporation and fluorescence methods enabled primary production estimation at short
spatial and temporal scales. The electron requirement for carbon fixation was investigated in relation
with physical-chemical parameters to accurately estimate primary production at high frequency. These
results combined with the variability of the photic layer allowed the annual estimation of primary
production along the estuary. Phytoplankton dynamics was closely related to salinity and turbidity
gradients, which strongly influenced cells physiology and photoacclimatation. The number of electrons
required to fix 1 mol of carbon (C) was ranged between 1.6 and 25 mol electron mol C-1 with a mean
annual value of 8+5 mol electron mol C-1. This optimum value suggests that in nutrient replete
conditions like estuaries, alternative electron flows are low, while electrons transfer from photosystem I
to carbon fixation is highly efficient. A statistical model was used to improve the estimation of primary
production from electron transport rate as a function of significant environmental parameters. Based on
this model, daily carbon production in the Seine estuary (France) was estimated by considering light
and photic zone variability. A mean annual daily primary production of 0.12+0.18 g C m-2 day-1 with a
maximum of 1.18 g C m—-2 day-1 in summer was estimated which lead to an annual mean of
64.75 g C m-2 year-1. This approach should be applied more frequently in dynamic ecosystems such
as estuaries or coastal waters to accurately estimate primary production in those valuable ecosystems.
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1. Introduction

Phytoplankton primary production (PPP) is one of the most important process in aquatic ecosystems which is at
the base of the marine trophic network (Pauly and Christensen 1995; Chen and Borges 2009; Cloern et al. 2014). It is
therefore essential to accurately estimate the PPP to understand, apprehend and manage the ecosystems. However,
PPP varies considerably with environmental parameters (Cloern 1996; Pannard et al. 2008), including light
availability (Falkowski and Raven 1997; Anning et al. 2000; Macintyre et al. 2002), nutrient concentrations (Dortch
and Whitledge 1992; Lohrenz et al. 1999; Tillmann et al. 2000; Claquin et al. 2010) and temperature (Davison 1991,
Falkowski and Raven 1997; Shaw and Purdie 2001; Claquin et al. 2008). The most commonly used methods for in
situ estimation of PPP are carbon isotopes (**C or *C) incorporation (Babin et al. 1994; Cloern et al. 2014) methods.
Carbon isotopes methods are sensitive but the long incubation periods required are a disadvantage for accurate
estimations at small spatial and temporal scales. The PAM (Pulse amplitude modulated) fluorometer method based
on variations in the fluorescence emitted by the photosystem 11 (PSIl) during photosynthesis allows rapid
measurements of photosynthetic parameters (Parkhill et al. 2001; Kromkamp and Forster 2003; Napoléon and
Claquin 2012). In contrast to the carbon incorporation method, which gives the rate of photosynthetic carbon
incorporated, the PAM method gives access to the electron transport rate (ETR) from the PSII (Kolber and
Falkowski 1993; Barranguet and Kromkamp 2000). The combination of these both methods allows to estimate the
number of electrons required to fix one mol of carbon. Therefore, PPP can be estimated at small spatial and temporal
scales as a function of the environmental parameters (Napoléon and Claquin 2012; Lawrenz et al. 2013; Hancke et
al. 2015) and previous studies have shown that the estimation of the PPP by this way was as accurate than other
traditional incubation methods such as carbon isotopes incorporation or oxygen measurements (Hartig et al. 1998;
Barranguet and Kromkamp 2000; Kromkamp and Forster 2003; Morris and Kromkamp 2003).

The variability of environmental factors that could influence PPP is particularly high in dynamic ecosystems such
as estuaries (Underwood and Kromkamp 1999; Cloern et al. 2014). These dynamic ecosystems are characterized by
high variability at seasonal and tidal scales. Located at the interface between land and sea, estuaries are influenced by
the freshwater outflow from the river and the marine water inflow from the tide. These ecosystems are known to play
therefore important role in biogeochemical cycles (Chen and Borges 2009). Along the estuaries, PPP is affected by
several gradients (i.e. salinity, turbidity, nutrient concentrations and light availability) caused by the dilution of the
marine water brought by the tide with fresh water from the river (Kimmerer et al. 2012). PPP is usually the lowest
within the maximum turbidity zone (MTZ) created by tidal asymmetries in particle transport brought about by the
effect of gravitational circulation on tidal flows (Sanford et al. 2001) which induce low light penetration, salt stress
and cell lysis (Goosen et al. 1999). Despite the large number of studies on temporal variations of PPP in estuaries,

very few studies have been conducted at small spatial and temporal scales (Parizzi et al. 2016) and many large



estuaries are still poorly studied. This is the case of the Seine estuary, which represents the largest outflow into the
English Channel. Thus, the aims of this study were: (1) to investigate monthly the time and space dynamics of
photosynthetic parameters along the estuary by using high frequency measurements during one year and identify the
main factors controlling those parameters, (2) to explore the relationships between ETR and C fixation as a function
of environmental factors, (3) to apply the multi-factorial relationships obtained on the whole ETR data set in order to

estimate PPP from daily to annual scale.

2.  Methods
2.1. Study site

The Seine River and its estuary drains a watershed covering 76,260 km?. After Paris, the river flows northwest and
drains its water into the English Channel. Located 202 km from Paris (the kilometric scale of the Seine River is set at
0 km in the center of Paris), the weir at Poses (Fig. 1) represents the upper limit of the tidal propagation in the Seine
estuary. The annual average river discharge at Poses is 436 m®.s™* with a flood period extending from December to
April when the discharge reaches 1200-2500 m*s™ and a low-flow period with a discharge of around 250 m®s™
(Data GIP Seine-Aval, 2008; 2011). In the oligohaline part, salinity ranges from 0.5 to 5; in the mesohaline part
salinity ranges from 5 to 18; in the polyhaline part from 18 to 30; and in the euhaline part salinity is above 30. The
Seine estuary is a macrotidal type estuary, with a tidal amplitude ranging from 3-7 m at Honfleur and 1-2 m at Poses.
The mean residence time in the estuary varies between 17-18 days for a discharge of 200 ms™ at Poses and between
5-7 days for a discharge of 1000 m>s™ (Brenon and Hir 1999; Even et al. 2007). The tide in the Seine estuary is
characterized by flattening at high tide lasting more than 2 hours due to the deformation of the tidal wave during the
propagation at shallow depths (Brenon and Hir 1999; Wang et al. 2002). The flow is asymmetric in favor of the flood
and this trend increases as the tide propagates up the estuary. Seasonally, water temperature ranges between 25 °C in
summer and 7 °C in winter with differences of less than 1 °C along the longitudinal profile and a weak vertical
gradient (Data GIP Seine-Aval, 2008; 2011). The MTZ, containing up to 2 g L™ of suspended particulate matter
(SPM), is most often located between Honfleur and Tancarville, but can move upstream depending on the intensity
of the tide and river discharge. During winter flood events, the MTZ can be flushed out into the Seine Bay (Etcheber
et al. 2007; Garnier et al. 2010).

2.2. Sampling strategy

Sampling was conducted monthly from January to December 2015 onboard the Ifremer ship “Delphy” at eight
sampling sites scattered along the salinity gradient (Fig 1). The sites were distributed from the euhaline zone (site 1)
to the oligohaline zone (site 8). In order to sample a steady waterbody along the estuary, sampling was performed
every month in spring tides conditions (tidal coefficient 90) during daylight and during the flattening of the high tide,
which, in these conditions, lasts up to three hours along the Seine estuary. Along the salinity gradient, from site 1 to
site 8, P/E curves were performed at high frequency with five minutes intervals in sub-surface water using the PAM
method providing almost 40 distinct measurements along the transect. The device already used in (Napoléon et al.

2012, 2014) that made it possible to carry out these measurements at high frequency is presented in figure 2. In



parallel, salinity (measured using the Practical Salinity Unit; PSU), turbidity (measured using the Nephelometric
Turbidity Unit; NTU) and temperature (°C) were recorded in vertical profiles at each site using a SBE 19-plusVD
CTD (Seabird) from the sub-surface down to 1 m above the water-sediment interface (WSI). At each sampling site,
water was sampled from the sub-surface (i.e. 1 m) with a pump for analysis of the physical-chemical (nutrients,
SPM) and biological parameters (chl a, Fy:Fy). At sites 2, 4, 6 & 8, sampling was also conducted from 1 m above
the WSI with a 5 L Niskin bottle and at these sites, a part of the water samples from sub-surface was used to estimate

primary production using the **C incorporation method.

2.3. Physical-chemical parameters
2.3.1. Nutrients
To determine the concentration of nutrients (PO43', NO5,, NO,, NH," and Si(OH),), 100 ml water samples were
pre-filtered through a 48 um Nylon Mesh (Sefar Nitex 03-48/31-102 cm; Open area %: 30) directly from the Niskin
bottle in order to already eliminate a major part of the particles (Aminot and Kérouel 2004, 2007) and stored at 4°C
until analysis. For the determination of concentrations of silicate (Si(OH),), water samples were subsequently

filtered through a 0.45 pum acetate cellulose membrane and stored at 4 °C until analysis. For the determination of

dissolved inorganic nitrogen (i.e. DIN=NO;+ NO, + NH,) and phosphate concentrations (PO3™), water samples
were immediately stored at -20 °C. The samples were analyzed within one month after field collection with an auto-
analyzer (Technicon I11) following standard protocols (Aminot and Kérouel 2007; Hydes et al. 2010). The limits of
quantification were 0.2 uM for silicate, 0.1 pM for nitrate, 0.02 pM for nitrite, 0.04 pM for phosphate and 0.1 uM

for ammonia.

2.3.2. Suspended particulate matter
Suspended particulate matter (SPM) was filtered following the method of Aminot & Chaussepied (1983). The
concentration of SPM in each sample was obtained after filtration (filtrated volume ranging from 0.1 to 1 L
depending on turbidity) and drying for 24 h at 50 °C on pre-weighed calcined (i.e. 6 h; 450 °C) GF/F filters (47 mm,
0.7 um). Filters were rinsed with distilled water to remove any remaining salt. This strategy ensured a precision of
0.0001 g.L™ for the lowest SPM concentrations (Verney et al. 2009).

2.4. Biomass measurements
Phytoplankton biomass was assessed based on chlorophyll a (chla) concentrations. Samples (30-500 ml) were
filtered in triplicate through glass-fiber filters (Whatman, GF/F, 47 mm, 0.7 um) and immediately frozen (-20 °C)
until analysis. In the laboratory, pigments were extracted in 10 mL of 90% (v/v) acetone for 12 h in the dark at 4 °C.
After centrifugation at 2000 g for 10 minutes at 4 °C, the concentration of chla were measured on extracts according
to the fluorometric method of Lorenzen (1966) using a Turner Trilogy fluorometer (Turner Designs, Sunnyvale,
California, USA).



2.5. Estimation of primary production
2.5.1. PAM fluorometry
For the high-frequency estimation of primary production, the maximum quantum vyield of photosystem 11 (PSII)

(Fv:Fm) was measured at 5 minute intervals using the flow through (FT) version of the WATER PAM (Waltz,
Effeltrich, Germany) (Schreiber et al, 1986). Sub-surface water was collected through a pipe leading to a thermally
insulated dark reserve that maintained the sample at the in situ temperature (Fig. 2). After 5 min of dark acclimation,
which was sufficient for the oxidation of the Quinone A (Qa) pool in this highly turbid environment, a sub-sample
was automatically transferred into the measuring chamber. The sample was excited by a weak blue light (1
pmol.m 2s™, 470 nm, frequency 0.6 kHz) to record the minimum fluorescence (Fo). Maximum fluorescence (Fy)
was obtained during a saturating light pulse (0.6 s, 1700 pmol.m %s™, 470 nm) allowing all the Quinone A (Q,) pool
to be reduced. Fy:Fy was calculated according to the following equation (Genty et al. 1989):

Fy _ (Fm—Fo)
s Py (1)

Consecutively, samples were exposed to nine irradiances (E) from 0 to 469 pmol photon.m 2.5 * from January to
July and from 0 to 1541 from August to December for 30 s for each light step. Steady state fluorescence (Fs) and
maximum fluorescence (Fy') were measured. The effective quantum yield of PSIlI for each irradiance was
determined as follows (Genty et al. 1989):
£ — (FM —FS) (2)

FMI FM’

The relative electron transport rate (rETR, rel.unit) was calculated for each irradiance. rETR is a measure of the
rate of linear electron transport through PSII, which is correlated with the overall photosynthetic performance of the

phytoplankton (Juneau and Harrison 2005) :

rETR(E) = % x E ©)

At each site, a sample of both sub-surface water and water at the WSI were taken and dark adapted for 5 min. A
sub-sample was inserted into the measuring chamber of the cuvette version of the WATER PAM (Waltz, Effeltrich,

Germany) and rETR versus E curves were performed as described above.

Another dark adapted sub-sample was placed in a multi-color PAM (Waltz, Effeltrich, Germany) for estimation of
the wavelength dependent functional cross-section of PSII (cps; ; expressed in m?) derived from the initial rise of
fluorescence yield upon onset of saturating light intensity (A = 440 nm), which directly reflects the rate at which
PSII centers are closed. This cross section may be visualized as the effective area of a PSII unit, exposed to a beam
of photons, with the size of this area varying with the pigment composition and the color of the incident light
(Schreiber et al. 2012). Calculation of opsjis00 by the multi-color PAM software is based on the following equation
(Klughammer and Schreiber 2015):



__ PAR(ID
OPSlla0 = [ xpAR (4)

where L is Avogadro’s constant, PAR is the quantum flux density of the light driving the O-I; rise expressed in
pmol quanta/(m?.s™) and PAR(II) is the rate of quantum absorption in PS Il expressed in units of quanta/(PSII.s™).
As explain by Schreiber et al. (2012), this definition of opg; 400 relates to the functional cross-section of PSII for the
specific conditions under which the O-l; rise measurement was carried out. ops;u00 Specifically applies for the
reference state of a dark-adapted sample with open PSII reaction centers and oxidized PQ pool. It is not identical to
the functional PSII cross-section defined by Kolber et al. (1998) and, hence, can be modulated by changes in the PQ-
redox state and various types of non-photochemical quenching.

Consequently, based on PAR(Il) which can be expressed from equation 4 as PAR(Il) = opsjue0 X L X PAR, also a
wavelength- and sample-dependent ETR(11) can be defined:

AF:Fp'

ETR(II) = PAR(I]) x o (%)

After application of the mechanistic model of Eilers & Peeters (1988) to estimate rETR,.x from rETR/E curves
previously performed, and according to equation 4 and 5, as Schreiber et al. (2012), the maximum electron transport
rate (ETR(I1)max) Was calculated. Firstly, ETR(I1)max Was expressed in electron.(PSIl.s*)? using equation 6 and

secondly ETR(I1)max Was expressed in mmol electron.mgchl™.h™* according to the equation 7:

rETRmax Xopgyy XL

[ETR(ID max] = (6)

FV:FM
__ [ETR(IDmax] x [PSIT] x 36.10°

ETR(IDmax = [chla] X L ()

with in equation 6, Fy:Fy and rETR.x (knowing that TETR = PAR x AF:Fy’) calculated above, L the Avogadro’s

constant in mol™ and opg; in M?. Then, in equation 7, [ETR(I1)m] calculated from equation 6 and expressed in
electron.(PSI1.s™)™?, 36x10° the factor to change units from seconds to hours and from mol to mmol, [chla] the
chlorophyll concentration expressed in mg.ml™ and [PSII] the concentration of PSII reaction centers in PSIl.ml*
obtained as follows:

[chl a] XL
900 xX1000 (8)

[PSII] =

where [chla] represent the overall chla content in the sample expressed in g.mI™ assuming as Schreiber et al. (2012) a
molecular weight of 900 g.mol™ per chl, an Avogadro’s constant of 6.022 x 10?° molecules per mol and 1000

molecules of chl a per PSII unit.

2.5.2.  C Incorporation

A photosynthetron (modified by Babin et al. (1994)) was used to incubate *C on the samples taken at sites 2, 4,
6 and 8. A U-shaped dimmable fluorescent tube (OSRAM, DULUX L, 2G11, 55W/12-950, LUMILUX DE LUXE,
daylight) produced the light, and the temperature in the photosynthetron was maintained at the in situ temperature by



a seawater circuit equipped with a water chiller (AQUAVIE ICE 400). A total of 1100 ml of seawater was inoculated
with NaH™COj; (98 atom %, Sigma) corresponding to an enrichment of about 15% of the dissolved inorganic carbon
already present in the seawater. The inoculated seawater was shared among 16 culture flasks (62 ml) placed in the
photosynthetron. Light intensity was measured in each flask using a micro-spherical quantum sensor (US-SQS;
Walz) connected to a LI-COR 1400 data logger. One of the flasks was kept in the dark to estimate incorporation of
non-photosynthetic inorganic carbon. The light values ranged between 0 and 1550 umol photons.m?2.s™.

After 3 hours of incubation, each flask was filtered onto 25 mm pre-combusted (450 °C, 12 h) GF/F filters and
stored at -20 °C until analysis. To remove carbonates, filters were exposed to fuming HCI for 4 hours and then dried
at 50 °C for 12 hours. The concentration of particulate organic carbon (POC) and the isotopic ratio of **C to **C were
determined using an elemental analyzer (EA 3000, Eurovector) combined with a mass spectrophotometer (IsoPrime,
Elementar). As already discussed in previous studies (Lawrenz et al. 2013; Milligan et al. 2014; Hancke et al. 2015)
concerning GPP (Gross Primary Production) and NPP (Net Primary Production) estimations, it is still debated for **C
or *C incubation of few hours. The carbon fixation rate (P,,,) Was calculated according to Hama et al. (1983). The

value for incorporation in the dark was subtracted from all data and Py is expressed in mmol C.L™1h,

25.3. Pwvs. Ecurves
Each ETR(Il) and P, series were plotted against light (E). To estimate photosynthetic parameters, the
mechanistic model of Eilers & Peeters (1988) was applied to these plot using SigmaPlot 12.0 (Systat Software):

E

X(E) = (aE2+bE+c) (9)

, Where X represents either ETR(I1) or Pyys. Thereby the maximum photosynthetic capacity (ETR(I1)max Or Pmax) and

the low maximum light utilization efficiency (a) were calculated as follows:

1
= b0 (10)

Xmax

o= (11)

alr

2.5.4. Estimation of the annual primary production

Carbon incorporation (Pna.) Was plotted against ETR(I).x to investigate the relationship between the two
parameters. The electron requirement for C fixation (¢.c) dynamics characterized by the slopes of the relationships
(Napoléon et al. 2013b; Lawrenz et al. 2013) was also expressed. Successive multiple regressions were performed to
identify the best relationship to estimate P, as a function of ETR(I1) but also as a function of the other physical-
chemical parameters (temperature, salinity, DIN, P, Si and SPM) and this relationship was used to estimate simulated
carbon incorporation P*™ ., (mgC.m%h™) and o™ (mgC.m?3h* .(umol photon.m?.s™) ). The parameter E, was
calculated as Ey = rETRpa/0 and used to estimate a(IT) from ETR(II)may and o®™ from P5™, ...

Finally, primary production was estimated for each site for the whole study year. PPP was estimated for each hour

of daylight (E) of the year and integrated with the depth of the photic zone as follows:



. Ez:
— oSim & iy

PPP (mgC.m™2.h™) = % x fzﬁ::(jospgfg( x (1—e PR )dz (12)

, Where z is the depth, i the number of replicates, and n the maximum depth of the photic zone (the limit of the photic
zone was determined when 99% of the incident light was attenuated). PS™ . (MgC.m=.h"%) and o™ (rel.unit) are the
values previously calculated for each sampling month. E,; is the irradiance (umol photon.m?.s™) at depth z;
calculated at 0.01 m intervals along the photic zone, which, in this study extended from 0 to 3.5 m (i =35and n = 3.5
), using the Beer-Lambert law as follows:

E, =094 x (E, x e ) (13)

, Where Ezq is the incident light at the surface obtained from the nearest national weather station (18 miles; 29 km),
0.94 is the percentage of light penetration into the water. kg is the coefficient of light attenuation in the photic zone,
which varied in space and over time at each site. The ky values were calculated with the PAR attenuation observed
with the depth, both measured with the SBE profiles recorded during the sampling campaigns following the
equation:

PAR = a e *a*z (14)
Where PAR is the light (umol photons.m-2.s-1) measured at each depth (z). The different values of ky were
estimated for each site and each month using the linear relationship found between turbidity (NTU) and the light
attenuation coefficients (kg) : kg = 0.1107 x Turbidity + 0.588 (R? = 0.923). For turbidity ranging from 4.88 to 93.31,
the corresponding kg ranged from 1.13 to 10.92 mm™. P:B ratio (mgC.mgchla™.d™) was also estimated using these
PPP estimations.

2.6. Data analysis

Multivariate analyses

In order to characterize the spatial and temporal variation diagram of the physical and chemical parameters, partial
triadic analyses (PTA) were performed on the data set using the ADE-4 package (Chessel et al. 2004; Dray and
Dufour 2007) with R software. Data were organized in sub-matrices for each site. The interstructure of the PTA
consisted in comparing the structure shared between sub-matrices and in identifying sites with similar temporal
structure. The second step consisted in constructing a compromise that enabled us to build a common temporal
typology between matrices. The relationship between physical, chemical, biological and photosynthetic parameters
was investigated by principal component analyses (PCA) using the ADE-4 package in R software. PCA was

performed of the group of sites shown by PTA to have a similar annual structure.

Univariate analyses
In a complementary way, the linear dependence between parameters was established by linear regressions
performed on R software and by calculation of Person correlation coefficient. All plots of the parameters dynamics

were created using the SigmaPlot 12.0 software. The illustrative plots performed on the different parameters by



taking into account the spatial and the temporal dynamics were previously smooth using the non-parametric method
of local regression (“Loess”). To identify the physical-chemical parameters that significantly drive the ETR/P
relationship, multiple regressions with temperature, salinity, nutrients concentrations (DIN, P and Si) and SPM were

performed using a upward step-by-step method on R software.

3. Results
3.1. Dynamics of hydrological parameters
The dynamics of the physical and chemical parameters (irradiance, river flow, temperature, salinity, nutrients,
turbidity and SPM) are characteristics for the Northern European estuaries and are therefore described in
supplementary material. In order to investigate the seasonal pattern and the functioning of the estuary in a spatial
context, a partial triadic analysis (PTA) was performed on physical and chemical parameters from sub-surface and
deep waters.

Interstructure analyses of the PTA

In the interstructure analysis of the PTA, the two first eigenvectors represent respectively 78% and 10% of total
inertia of the sub-surface waters (Fig. 3-A) and respectively 72% and 17% of total inertia of the bottom waters (Fig.
3-D). Projection of the sites on the first axis revealed the common temporal pattern among sites (Fig. 3-B&E), in
agreement with the high vector correlation coefficients (RV-coefficient) calculated (Table 1). Projection of the sites
on the second axis divided the sampling transect into two zones and four distinct areas (Fig. 2-B) in agreement with
Ward's clustering method (Fig. 3-C): (i) area 1 (Site 1&2) and area 2 (Site 3&4) grouped in zone A (Downstream),
(ii) area 3 (Site 5&6) and area 4 (Site 7&8) grouped in zone B (Upstream). The weight values were similar for all the
sites, showing that any site had a particular temporal pattern (Table 1). Thus, the Seine estuary can be divided in two
zones as a function of the dynamics of the physical-chemical parameters: (i) a downstream zone (zone A) stretching
from longitude 0.11 (site 1) to longitude 0.30 (site 4) and characterized by high salinity (combining the polyhaline (>
18) and mésohaline (> 5) zones), and (ii) an upstream zone (zone B) stretching from longitude 0.36 (site 5) to
longitude 0.51 (site 8), characterized by lower salinity (combining the mésohaline (< 18) and oligohaline (< 5)
zones) and higher turbidity.).

Compromise analyses

In the compromise analysis of the PTA, for sub-surface waters the two first eigenvectors represented 54% and
35% of total inertia (Fig. 4-A) and for bottom parameters 63 % and 29% of total inertia (Fig. 4-D), providing an
accurate summary of the common temporal trend among sites over the sampling year. Compromise analysis revealed
a clear seasonal pattern in the physical-chemical parameters both in the sub-surface and deep waters (Fig. 4-B, C, E
and F). The period from January to March was characterized by high DIN and Si concentrations, related to high river
flow in winter. The increase in temperature in April was followed by an increase in salinity (related to the decrease in

river flow) and in surface irradiance in May. The increase in phosphate concentrations between September and



October was associated with the increase in SPM concentrations and turbidity. This period was also characterized by

a decrease in irradiance and temperature, and in salinity in relation with the increase in river flow.

The dynamics of the physical and chemical parameters are given in supplementary material. The highest SPM and
turbidity values were recorded near the limit of salt water intrusion in the upper part of the estuary that defined the
MTZ. Its position is consequently influenced at daily and seasonal scales by variations of the tide and of the river
flow. Since sampling was always carried out during spring tides, the localization of the MTZ, was only controlled by
the Seine river flow. Consequently, the MTZ was located downstream of zone B during the high-flow period and
upstream during the low-flow period. Within both zones, high DIN and Si concentrations were negatively related to
salinity and positively with river flow, suggesting a strong control by freshwater outputs. Indeed, in the Seine river, a
large part of the DIN pool originates from agricultural and industrial activities and urban discharges along its
watershed (Garnier et al. 2010), while Si is weakly influenced by human activities (Sferratore et al. 2006; Aminot
and Kérouel 2007). Despite the decrease in P in the Seine River in the last few years, due to the improved waste
water treatment plants and the massive introduction of detergents without phosphates, high concentrations were
nevertheless measured throughout the estuary (Némery and Garnier 2007; Passy et al. 2016). In this study, P
concentrations varied differently than DIN and Si in the two zones: P was positively linked with turbidity and SPM
in zone A, whereas in the zone B, P concentrations were positively linked with salinity and negatively related to the
Seine river flow. P is adsorbed onto suspended particles in the low-salinity and high turbidity part of estuaries, which
can be explained by non-biological buffering mechanisms (Morris et al. 1981; Sharp et al. 1982; Némery and Garnier
2007). The positive relationship with SPM and turbidity in zone A together with the negative relationship with river
flow in zone B, suggest the adsorption of P within the MTZ. The pool of P is then exported downstream by the SPM.
The inverse relationship observed between P and river flow in zone B could be due to an accumulation of P during
the low flow periods.

3.2. Phytoplankton biomass and photosynthetic parameters

The chlorophyll a concentrations ranged from 0.2 to 15.9 ug.L™. In sub-surface (Fig. 5-A), high concentrations of
chla were recorded from May to September, and during this period, chla concentrations were increasing from
upstream to downstream. The highest phytoplankton biomass in sub-surface (15.9 pg.L™) was measured at site 2 in
July and the lowest (0.2 pg.L™) at site 4 in January. Close to the WSI (Fig. 5-B), in summer, the same gradient than
in sub-surface was observed but with lower values: the highest value measured in July was 8.6 pg.L™ at site 2. The
lowest value (0.4 pg.L™) was measured in zone A during January. Surprisingly, in zone B, high chla values (> 10
pg.L™, up to 21.8 pg.L™) were recorded in winter.

The maximum quantum efficiency of PSII (Fy:Fy), which represents the physiological state of the cells, showed
distinctive dynamics in sub-surface in comparison with the bottom waters. In sub-surface (Fig. 5-C), Fy:Fy were
high in winter and spring with the highest value (0.67) measured in March at site 1. In contrast, the lowest value (<
0.01) was measured during summer (July) at site 8. In the upstream part of the estuary (Zone B), Fy:Fy were low

with values remaining frequently below 0.20. Close to the WSI (Fig. 5-D), the highest value (0.64) was measured at



site 2 in May and the lowest (< 0.01) at site 8 in August. Fy:Fy ratios close to the WSI showed high values in Zone
A, with an average of 0.41 during the year, while in Zone B the Fy:Fy ratios remained low with an average of 0.16
during the studied period.

The high values of chla observed close to the WSI in winter were associated to very low values of Fy:Fy which
indicates that this biomass is rather freshwater chlorophyll detrital matter than living phytoplankton.

The maximum light utilization efficiency (a(11); mmol electron.mgchla™.h™.(umol photon m?s™)™?), were highly
variable in space and time (Fig. 6). In January, low values (i.e. < 0.008 mmol electron.mgchla™.h™.(umol photon m’
25%)%) were recorded throughout the salinity gradient and within the MTZ area from January to March and from
August to December. In May at longitude 0.4, a zone with values < 0.008 was also recorded. Higher a(II) were
observed during the rest of the year, with the highest values (> 0.012 mmol electron.mgchla™.h™.(umol photon m?s
1)) measured in the polyhaline zone (longitude < 0.2) between February and October. From February to December,
a spatial gradient appeared to mirror the salinity gradient with decreasing values from downstream to upstream.

The dynamics of ETR(I1)max (Fig. 7) showed low values (i.e. < 2 mmol electron.mgchl™.h™) throughout the
salinity gradient in winter (January and February). ETR(Il).x Started to increase from March, firstly in the
downstream part of the estuary and throughout the salinity gradient afterwards. The highest values were recorded
from June to October throughout the salinity gradient. ETR(I1).x Were particularly high in the polyhaline zone with
a maximum value of 10.8 mmol electron.mgchl™.h™ at site 2 in June. During this period of high ETR(I1)max, Values

gradually increased from upstream to downstream.

3.3. Estimation of ¢, c and of primary production

The combined PAM and carbon incorporation method was used to investigate the relationship between Py et

ETR(I1)max measurements (Napoléon and Claquin 2012; Lawrenz et al. 2013), and P values were plotted against
the ETR(I1)max values (Fig. 8).
The electron requirement for C fixation (e c; mol electron.molC™), defined by the slope of the relationship between
P and ETR, varied spatially and temporally ranging from 1.6 to 25 mol electron.molC™ (Fig.9). A marked seasonal
pattern was observed, characterized by high values (> 15 mol electron.molC™) throughout the salinity gradient in
January and only in the downstream part in February and March (e.g. 25 mol electron.molC™ at site 2 in March).
High values were also estimated upstream during the summer (22.2 mol electron.molC™ at site 8 in July). @ec Values
< 4 mol electron.molC™ were recorded twice: 1.6 mol electron.molC™ at site 6 in May and 1.9 mol electron.molC™ at
site 8 in December. The mean @, c value was 8 + 5 mol electron.molC™.

To identify the physical-chemical parameters that drive this relationship between P and ETR(Il), multiple
regressions with temperature, salinity, nutrients concentrations (DIN, P and Si) and SPM were performed using an
upward step-by-step method. A significant negative coefficient with DIN concentrations and a significant positive
coefficient with temperature were observed. These two parameters were used to estimate the P, dynamics (p<
0.0001; R? = 0.59) by using ETR(I1)max according to the following equation:

PSIM — 0.43 — 1.19.1072 X ETR(II)payx — 9-75.107* X [DIN] + 1.29.107% X Temperature (15)
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A carbon incorporation at high frequency (P*™..) and a maximum light utilization efficiency (asm = ratio EK /
PS‘mmax) were then estimated for each value of ETR(I1)max (Fig. 8). For each site, these values of psim . and agim Were
used to estimate PPP at each hour of daylight (E) throughout the year by using a depth integrated equation of light
penetration as a function of turbidity (equations 10&11).

The dynamics of annual PPP showed high variability that differed at each time scale: at the hourly scale, values

reached 110.4 mgC.m2.h™, at the daily scale, values reached 1.2 gC.m?.d™, and at the monthly scale values reached
26.1 gC.mZmonth™ at site 2 in July (Table 2; Fig. 10). When considering all the sites, the highest PPP were
observed in July, with a mean of 13.2 gC.m2m™. Annual PPP was minimum at site 6 with a value of 17.3 gC.m2y*
and maximum at site 2 with a value of 81.5 gC.m2y™.
A representative area (in km?) was attributed to each site as a function of the water cover at high tide. Primary
production values are expressed in tC.yr* for each of these areas. Results revealed the prime role played by the
mouth of the estuary (represented by site 1). Despite the better production capacity per m? at site 2, the area
represented by site 1 (44.38 km?) led a higher carbon production with 3200 tC.yr™*. When primary production was
weighted as a function of the surface area of each site, the mean value for the annual PPP in the Seine estuary in
2015 was 64.75 gC.m2.y ™.

The measured P:B ratio in sub-surface varied between 1 and 7.4 mgC.mgchla™.h™® with a mean value of 4.2
mgC.mgchla™.h™. The spatial gradient of P:B ratio (mgC.mgchla™.d™) integrated along the photic layer showed
higher values downstream than upstream (Fig. 10). The maximum P:B ratio (19.6 mgC.mgchla™.d") was recorded in
the mouth of the estuary in spring. In summer, the highest values were observed in the mesohaline part of the

estuary.

3.4. Principal Component Analyses

Two principal component analyses (PCA) were performed to investigate the relationship between physical-
chemical and biological parameters in the sub-surface waters (Fig. 11-A&B) and bottom waters (Fig. 11-C&D), the
data sets representing the two zones defined by the PTA performed on physical-chemical parameters (Fig. 3). In zone
A and zone B, the two first axes of the PCAs explained respectively 72% and 71.% of the total inertia for sub-surface
waters, and for both, 76% of the total inertia for bottom waters. Analyses were thus based on these two axes.

For both zones (A and B), the parameters that contributed the most to axis 1 were salinity and temperature in one
direction, and Si, DIN and flow in the other direction for sub-surface waters. Regarding the second axis, the
parameters that contributed the most were irradiance in one direction and turbidity and the SPM concentrations in the
other direction. Despite their low contribution, chla concentrations were positively linked with temperature in both
zones. Daily phytoplankton primary production (dPPP) and P:B ratio were positively linked with irradiance and
temperature and negatively linked with turbidity. The P concentration varied between the two zones and was related
to turbidity in zone A and to salinity in zone B. The variations in Fy:Fy and og,n Were poorly explained by the
physical-chemical parameters tested in both PCA.

In the bottom waters in zone A, the parameters that contributed the most to axis 1 were salinity and temperature in

one direction and Si and DIN in the other direction. The parameters that contributed the most to axis 2 were the river
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flow in one direction, and SPM concentrations in the other. Despite their limited contributions, chla concentrations
and Fy:Fy were positively linked with salinity. In Zone B, the parameters that contributed the most to axis 1 were
salinity and P concentration in one direction and the river flow in the other direction. The parameters that contributed
most to axis 2 were SPM and turbidity in one direction and temperature in the other direction. The biological
parameters contributed more than in zone A, and chla concentrations were positively linked with turbidity and Fy:Fy

positively linked with flow.

4. Discussion

4.1. Phytoplankton biomass and the dynamics of photosynthetic parameters

Nutrient concentrations were very high throughout the year and were not limiting for phytoplankton growth.
Despite a negative relationship between chla and the concentrations of nutrients (DIN and Si), the role of
phytoplankton consumption on nutrient dynamics may have been weak in regards to the importance of nutrients
fluxes which are mostly controlled by hydrodynamics (Kromkamp and Peene 2005). Classically, the dynamics of
chla in nutrient-rich estuaries is mostly controlled by light availability, which varies with incident solar irradiance in
the photic layers modulated by turbidity. The spatial dynamics of chla can be explained by the higher light
availability downstream and osmotic stress in the most upstream part of the estuary which can lead to growth
limitation and cell lysis (Lionard et al. 2005; Servais and Garnier 2006; Hernando et al. 2015). This stress could be
confirmed by the low annual values of F\:Fy ratios (< 0.2) observed upstream. However, the presence of
cyanobacteria in this part of the estuary (data not shown) could also explain the low level of Fy:Fy ratios. Fy:Fy
ratios of cyanobacteria are known to be poorly estimated by PAM methods because of the contribution of
phycobilisomes auto-fluorescence to Fy background and the PSII:PSI ratio is small in cyanobacteria as opposite to
diatoms for instance (Campbell et al. 1998; Masojidek et al. 2001; Macintyre et al. 2002; Suggett et al. 2004;
Johnsen and Sakshaug 2007). The slightly higher Fy:Fy ratios observed from January to April could also be
attributed to freshwater species adapted to low salinity, low temperature and high turbidity as reported by in the
Chesapeake bay. In zone A (downstream part), Fy:Fy ratios in sub-surface waters were higher in winter (> 0.4) than
in summer (< 0.4) and inversely related to the concentrations of chla. The successive stress undergone in this zone
could have led to a reduction in Fy:Fy values especially with the high level of irradiance in summer. These reduction
of Fy:Fy can be due to photoprotection mechanisms or to alteration of PSII. As widely described, high irradiance
may lead to a reduction of Fy:Fy in sub-surface waters (Holm-Hansen et al. 2000; Shelly et al. 2003) due to the
activation of short-term photoprotection mechanisms, such as xanthophyll cycling, which increases non-
photochemical quenching to protect cells against high levels of irradiance (Dubinsky and Stambler 2009; Goss and
Jakob 2010). Moreover, the sub-surface layer can be defined as a fluctuating light environment caused by
longitudinal and vertical mixing. In this type of environment, Alderkamp et al. (2010) have shown that
phytoplankton cells need to balance more rapidly their photosynthetic machinery to maximize photoprotection at
high irradiance and photosynthetic efficiency at low irradiance. Due to the turbidity level in estuary, acclimation to
low light is principally require which induces a reduction in photo-protective pigment content. This reduction could

lead to potential damage of photosystems when cells are exposed to high light on surface during summer (Alderkamp
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et al. 2010). Despite the low values of Fy:Fy in summer in the downstream part, high values of o and ETR(I1)max
were measured allowing phytoplankton growth and high chla concentration. This discrepancy between o, ETR(I1)max
and Fy:Fy levels can be due to state transition mechanisms of cyanobacteria as previously described. These pattern
were also observed upstream of the MTZ in the very low salinity zone. Despite low chla concentrations, the high
photosynthetic values revealed a non-negligible capacity of the freshwater phytoplankton to contribute to
photosynthesis in the estuary.

Regarding, the WSI values, high Fy:Fy, ratios was not expected because of the high level of detritic matter in this
water layer. This result suggests that a large part of the phytoplankton biomass close to the WSI was composed of
healthy cells.

4.1. Carbon and ETR relationship

The relation between ETR and carbon fixation was used to estimate carbon incorporation at high spatial
frequency. The dynamics of the ¢, c Showed strong temporal and spatial variability ranging between 1.56 and 24.98
mol electron.molC™ with a mean value of 7.95 + 4.94 mol electron.molC™ over the course of the sampling year.
Moreover, no spectral correction was performed in this study and our values were therefore overestimated by at least
a factor of 1.5 or 2 (Lawrenz et al. 2013; Hancke et al. 2015). However, because no measurement of light spectrum
was performed during this study, the choice was made to keep not corrected values to avoid arbitrary corrections
using constant from literature.

Under optimal growth conditions, the value of ¢, is comprised between 4 and 6 moles. The ¢.c values lower
than 4 mol electron.molC™ appear to be physically impossible and could be due to methodological, calculation errors
(Lawrenz et al. 2013) or particular metabolic pathway (Bailleul et al. 2015). Indeed, values lower than 4 mol
electron.molC™ can be attenuated to an additional source of energy used in carbon fixation. It was recently shown
that diatoms are able to optimize their photosynthesis through the exchange of energy between plastids and
mitochondria (Bailleul et al. 2015). Indeed, when the ATP:NADPH ratio generated by a linear electron flow is
insufficient to fuel CO, imports into the plastid and assimilation by the Calvin cycle, diatoms are able to produced
additional ATP via alternative pathways, particularly through extensive energy exchanges between plastids and
mitochondria. This process could explain values of ¢.c. < 4 mol electron.molC™. Moreover, as mentioned above,
carbon incorporation during few hours provide an estimate between NPP and GPP, which entails a variability of @ c
values (Lawrenz et al. 2013; Hancke et al. 2015) which need to be deeply studied (Milligan et al. 2014).

In this study, the average values of ¢@.c. Were lower than those observed in previous studies (Kaiblinger and
Dokulil 2006; Napoléon et al. 2013b) despite high environmental pressures. Environmental variations are the
primary source of variations in electron transport and carbon fixation which can induce high values of @ec, such as
temperature (Morris and Kromkamp 2003), nutrient limitations (Babin et al. 1996; Napoléon et al. 2013b; Lawrenz
et al. 2013; Schuback et al. 2015) or light stress (Napoléon and Claquin 2012; Zhu et al. 2016). The phytoplankton
community assemblage can also influence the ¢, Vvalues, however, this factor was not considered in the present
study but will be investigated in a future work. We assume that the average value of 8 mol electrons.molC™

estimated in this study could be explained by the high nutrient level recorded in the estuary over the year. Indeed,
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Napoléon et al. (2013b) observed a large increase of the @ ¢ under nutrient limitation, up to 125 mol electron.molC™,
therefore nutrient limitation seems to largely control the ETR/C relationship. Thus, in optimal nutrient conditions,
even in stressful ecosystem as an estuary, the photosynthetic apparatus appears to be able to cope with environmental
variations with ease.

Regarding metabolic regulation, the @, c vValues are due to alternative electron flow pathways (AEF) between PSII
and C fixation which therefore influence the ETR(I1)max/Pmax relationship. Such AEF (i.e. Mehler reaction, electron
flow around PSI or/and PSII, photorespiration) modulate the ATP:NADPH ratio as a function of the metabolic
demand to optimize photosynthetic performance and growth (Endo and Asada 2008; Nogales et al. 2011; Johnson
and Alric 2013). Thus, the more AEF is important in comparison to LEF (linear electron flow), the more @, c, is high
and will potentially bias the estimation of carbon incorporation using the ETR(I1) ..« measurements.

In this context, it is still important to investigate the variation in the ETR(I1) max/Pmax relationship (i.e ¢ec) as a
function of environmental parameters. In our study, a statistic relationship was determined considering the
temperature and the DIN as significant environmental parameters. This was in agreement with previous studies that
have explored such a statistical relationships between ETR and C fixation which underlined the importance of
temperature, nutrients and light (Napoléon and Claquin 2012; Lawrenz et al. 2013). However, the influence rate of
each parameter differs from a system to another and it still necessary to investigate the contribution of each
environmental variable in different studied area.

4.2. Phytoplankton primary production along the Seine Estuary

Estimated daily carbon production in the Seine estuary reached 1.18 gC.m?.d™ in summer. Logically, primary
production was higher in summer when river flow and turbidity are lower and when temperature and irradiance level
are higher. These values are in agreement with some studies carried out worldwide in temperate estuaries, which
reached maximum values of 4.2 gC.m2.d™ in the Delaware (Pennock and Sharp 1986 and citations therein), 1.7
gC.m?d? in the Chesapeake (Magnien et al. 1992) in the east coast of the USA, 2.9 gC.m™2.d™ in the Schelde in
Europe (van Spaendonk et al. 1993 and citations therein), 1.17 gC.m?.d™ in the Lena in Russia (Sorokin and Sorokin
1996), and 2 gC.m?.d™ in the Chanchiang in China (Ning et al. 1988).

In order to understand variations in photosynthetic performance in space and over time, phytoplankton P:B ratio
was investigated. The P:B ratio values were in accordance with previous studies performed in the English Channel
coastal systems (Jouenne et al. 2007; Pannard et al. 2008; Napoléon and Claquin 2012). In the Seine estuary, the P:B
ratio showed a seasonal pattern with low values under a temperature of 10 °C and high values in spring and summer
especially in zone A (Fig. 3). The weak P:B ratio in zone B could be explained by turbidity, especially from July
when levels increased up to 120 NTU. During the spring bloom, induced by increasing temperature and irradiance
levels (Hunter-Cevera et al. 2016), P:B ratio was higher inside the estuary in summer. Usually in coastal waters, the
consumption of nutrients in spring becomes limiting in summer and results in lower P:B ratio (Napoléon et al. 2012,
2013a). In the Seine estuary, in summer, P:B ratio was higher inside the estuary than nearby coastal waters. This
result pointed out an important autochthonous PPP in summer induced by the tradeoff between nutrient and light

availability which support estuarine food web in addition to input from the coastal water during the flow.
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4.3. Estimation of annual phytoplankton primary production in the Seine estuary

As a function of the sampling site, the annual PPP ranged between 17.26 and 81.53 gC.m™2.y. By taking each
surface area into account (table 2), annual PPP represented a total of 6 032 tC.yr™ and a mean annual PPP of 64.75
gC.m2y™. This annual PPP is low compared with the range of annual mean PPP reported for 45 estuaries by
Boynton et al. (1982) varying from 19 to 547 gC.m™2.y ™ with a mean of 190 gC.m™2.y™ or for the 1148 measurements
recorded in 131 estuarine and coastal ecosystems (estuaries, fjords, bays and lagoons) reported by Cloern et al.
(2014), which ranged from -105 to 1890 gC.m™2y™ with a mean of 225 gC.m™2y™. In this context, and according to
the classification of Nixon (1995), the Seine estuary can be classified as an oligotrophic system (< 100 gC. mZy™).
However, our results showed a nutrient independent system which cannot be classified like this cause an estuary is
not poor in terms of nutrients concentrations but still present a low primary production. It seems that a low PPP is not
necessarily representative of an oligotrophic system but sometimes of a dynamic and complex system. Indeed, a
wide range of variability within or between ecosystems and estuaries, sampling effort and methods may explain this
range. Some environmental dynamics like temperature or the level of irradiance are determined by the geographic
location or by bathymetric, hydrodynamic or morphologic characteristics. We must therefore be wary when
comparing the various estuarine systems. In the Seine estuary, the low PPP value is principally due to the intense
turbidity. It is also important to note that we focused the sampling strategy on salinity gradient without considering
the upper freshwater part of the estuary. PPP of this upper part can be high (Descy et al. 2016) and can considerably
contribute to the estuarine trophic network in terms of POC (Etcheber et al. 2007). Sampling effort also explain a
large part of the discrepancy of annual PPP estimations between worldwide estuaries. Some authors based their
annual estimation on few sites (Vegter 1977; Mallin et al. 1993) or made over a period of a couple of months in
spring or summer (Smith and Kemp 1995) and extrapolates their results over a year. In the present study, the spatial
variability was taken into account with high frequency measurements distributed all along the salinity gradient even
in the less productive areas (MTZ) and during the less productive season (winter). Indeed, in our study, the four most
downstream areas (sites 1 to 4) produced 5239 tC during the six more productive months (from April to September),
which represent 87% of the total annual PPP. This trivial example highlights the limit of this type of classification

strongly related to sampling strategy and effort.

5. Conclusion

The measurement and estimation methods presented in this paper improved the phytoplankton primary production
estimation along the salinity gradient of a temperate estuary. The combination of high frequency and traditional
methods in relation with the environment dynamics has shown the possibility of making accurate estimation of PPP
at small-scale in these highly dynamic systems, and could be applied more frequently in valuable ecosystems such as
estuaries or coastal waters to apprehend their functioning. We pointed out a quite low variability of the ¢, because
of nutrient replete conditions which allow to used variable fluorescence technics (PAM, FRRf) to get accurate PPP in
estuaries. Phytoplankton biodiversity analysis was also performed during this study, therefore the relationship

between biodiversity, community structures and PPP will be explored in complement to this work.
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Fig. 1 Map of the Seine estuary (Longitude: 0.2327, latitude: 49.4326 (WGSB84) - Normandy, France) showing
the study area. Poses is the upper limit of tidal propagation. The lowest map is a close-up of the square site in the
right upper map corresponding to the sampling area. The sampling transect from site 1 to site 8 followed the salinity
gradient from the euhaline zone (Site 1) to the oligohaline zone (site 8). The sites were sampled monthly throughout
2015

'\%
E{ e %N\ CAUDEBEC
% e LE HAVRE
3 ‘g“'\qi M? ‘\ E— r
% ’ \
lkls '/J \\// }) \‘ ROUEN
) bﬂi HONFLEUR 8 .
R
,;’ i
4 e’
- I/"( By '\.‘11
'\,nvd\»\, J %} —-e
- ‘ &
~ LEHAVRE

20



Fig. 2. Schematic diagram of the sampling strategy for high frequency measurement of photosynthetic

parameters. A pump-connected pipe was immersed to subsurface (1 m) from the ship deck, and water was

introduced periodically (5 min interval) to the insulated dark tank for dark-adaptation of photosystem, and then

automatically flowed into the PAM flow-through chamber for measurement of photosynthetic parameters. The water

flow was controlled by solenoid valve automatically activated using a homemade software. The device was

controlled semi-automatically as it was necessary to adjust the gains and performed blank between some samples

according to chl a concentration variability. Therefore, an operator was necessary to control the device.
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Fig. 3. Interstructure analysis of the partial triadic analysis (PTA) performed on physical-chemical
parameters in the sub-surface layer: (A) Histogram of eigenvalues based on the diagonalization of the RV matrix,
(B) ordination of the sites given by the two first eigenvectors of the vector correlation matrix and (C) tree topology
obtained by Ward’s clustering method and for the bottom layer: (D) Histogram of eigenvalues based on the

diagonalization of the RV matrix and (E) ordination of the sites given by the two first eigenvectors of the vector
correlation matrix
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Fig. 4 Compromise analysis of the partial triadic analysis (PTA) performed on physical-chemical parameters

in the sub-surface waters: Histogram of eigenvalues (A), projection of the variables (B) and the sampling dates (C)

in the plane defined by the two first axes and for bottom waters: Histogram of eigenvalues (D), projection of the

variables (E) and the sampling dates (F) in the plane defined by the two first axes
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Fig. 5 Variations in biomass (chla concentration; ug.L™) and the maximum quantum efficiency of PSII

(Fv:Fwm; relunit) representing the physiological state of the cells in the Seine estuary from January to
December, 2015. The sub-surface layer (1 m) is shown in the left panel and the bottom layer (1 m above the WSI) in
the right panel
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Fig. 6 Variations in the low maximum light utilization efficiency (a(II); mmol electron.mgchla.h™ .(umol
photon m?%s™) ) in the Seine estuary from January to December, 2015. This parameter was measured at high

frequency in the sub-surface layer of water all along the sampling transect at monthly intervals
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Fig. 7 Variations in the maximum electron transport rate (ETR(I1)max; mmol electron.mgchl™.h™) in the Seine
estuary from January to December, 2015. The ETR(I1)max Was measured at five minute intervals in the sub-surface

layer of water all along the sampling transect at monthly intervals
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Fig. 8. A: Relationship between ETR(I1)max (Mmmol electron.mgchl™.h™) and Ppay (mmol c.mgchl™.h™) measured
in the Seine estuary from January to December, 2015. B: Relationship between ETR(I1) ., (mmol electron.mgchl’
'hY) and P™ . (mmol c.mgchl™h™) calculated using the following equation : PSIMm = 0.43 —1.19.1072 x
ETR(IDpax — 9.75.107* x [DIN] + 1.29.1072 x Temperature (eq. 15 in the text).
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Fig. 10 Dynamics of daily phytoplankton primary production (left; mgC.m?.d™") and P:B ratio (right;
mgC.mgchla™.d™) along the Seine estuary from “Le Havre” (longitude 0.09) to “Tancarville” (Longitude 0.51) in
2015. PP was estimated as a function of hourly irradiance and integrated over depth
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Fig. 11 Principal component analysis factor loading plot in the plane defined by the two axes for sub-surface
waters. (A) zone A (sites 1 to 4) and (B) zone B (sites 5 to 8) and for bottom waters with (D) zone A and (E) zone B.

White labels show active variables and grey labels illustrative variables
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Table 1. Matrix of the RV-coefficients between the sub-matrix and the weight of each sub-matrix in the
construction of the compromise

Sites | 1 2 3 4 5 6 7 8 | Weight
Surface
1 1.00 0.33
2 0.89 1.00 0.35
3 0.82 0.90 1.00 0.38
4 0.76 0.86 0.95 1.00 0.38
5 0.69 0.78 0.86 0.90 1.00 0.38
6 0.62 0.69 0.80 0.86 0.94 1.00 0.37
7 0.55 0.61 0.72 0.81 0.89 0.92 1.00 0.35
8 0.44 0.51 0.57 0.60 0.63 0.60 0.67 1.00 0.28
Bottom
2 1.00 0.50
4 0.76 1.00 0.49
6 0.62 0.56 1.00 0.52
8 0.50 0.51 0.80 1.00 0.49

Table 2. Estimation of phytoplankton primary production (gC.m2m™) for each month (from January to December)
and at each site (from 1 to 8). The minimum and maximum daily PPP (gC.m™.d™) are given and an annual PPP (in
gC.m2y™and in tC.y™") was calculated for each site (bottom row). A mean PPP (gC.m?%m™) was calculated for each

month (last column on the right) and on average for the estuary (last cell on the bottom right)

Site 1 2 3 4 5 6 7 8 Mean (gC.m?)
January 0.27 0.22 0.11 0.05 0.01 0.03 0.02 0.09 0.10

February 1.53 1.06 0.72 0.38 0.37 0.37 0.44 0.27 0.64

March 1.39 0.83 0.43 0.29 0.30 0.32 0.35 0.37 0.54

April 7.47 5.61 2.35 2.09 0.87 0.33 0.15 0.88 2.47

May 15.14 9.78 4.65 2.79 1.87 1.89 3.24 4.43 5.47

June 10.72 10.82 8.10 9.18 4.87 5.38 2.65 3.66 6.92

July 18.95 26.09 21.64 17.43 11.00 4.93 2.76 2.43 13.15

August 8.58 19.87 7.56 8.34 8.76 2.05 6.66 3.06 8.11
September 3.33 3.46 3.01 2.66 1.12 1.12 0.93 1.14 2.10

October 2.57 2.60 1.01 1.49 1.60 0.70 0.36 1.32 1.45
November 1.99 0.87 0.82 0.84 0.21 0.05 0.01 0.89 0.71
December 0.19 0.32 0.28 0.15 0.16 0.11 0.06 0.02 0.16

Max PPP (gC.m™.d™) 0.83 1.18 0.94 0.77 0.49 0.23 0.28 0.17 -

Min PPP (gC.m™2.d™) 23 33 2°® 9* 2* 5* 9° 2* -

Annual PPP (gC.m.y™) 72.13 81.53 50.68 45.68 31.16 17.26 17.62 18.54 -

Surface (km?) 44.38 23.07 9.81 4.27 3.79 2.61 2.26 2.96 -

Annual PPP (tC.y™) 3200 1881.3  497.15  195.26  118.15  45.09 39.84 54.92 64.75 gC.m 2y
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Hydrological parameters

The Seine River flow decreased progressively from January to July 2015 with the maximum values
reaching 1240 m*.s™ in February and May (Fig. 12). Between July and November, the flow was around 500 m>.s°
! and the minimum value (155 m®s™) was observed at the beginning of August. An increase in flow was
recorded at the end of November.

The irradiance level was affected by a typical seasonal trend, with the highest value (1.13 x 10 pmol

photons.m?.d™) observed in June (Fig. 12).
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Figure 12. Daily irradiance level (grey — umol photons.m?.d™) and river flow (black — m*s™) in the Seine
estuary during the sampling year (2015).

Water temperature followed a typical seasonal pattern over the course of the year (Fig. 13). The highest
temperature (21.89 °C) was measured in sub-surface water in July and the lowest (5.12 °C) was measured close
to the WSI in February in the oligohaline zone. Close to the WSI, the temperature was more heterogeneous with
patches of cold or warm water. An inversion of the temperature gradient was observed over the course of the
year in sub-surface, with temperature increasing from downstream to upstream in winter, and inversely in
summer.

Salinity showed a dilution gradient in sub-surface from downstream to upstream (Fig. 13). While a
similar gradient was observed close to the WSI, it was more disparate and patches of fresh or salty water were

observed. The highest salinity value (29.9) was measured close to the WSI at site 2 in November.
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Figure 13 Salinity (PSU) and temperature (°C) of the Seine estuary from January to December, 2015. The
sub-surface layer (1 m) is shown in the left panel and the bottom layer (1 m above the WSI) in the right panel.

The highest concentrations of SPM were measured in winter in both sub-surface and bottom waters

(Fig. 14). In sub-surface waters, the concentrations were often homogeneous along the salinity gradient. Some

patches of higher concentration were observed close to the WSI out of the MTZ. The MTZ was located at site 8

from January to February, and at site 5 from November to December, with values with values higher than 0.1

g.L ™" in sub-surface. Close to the WSI, SPM concentrations were higher (> 0.2 g.L™) especially in the MTZ, with

a maxima of 2.7 g.L™ observed in December at site 8. A correlation was found between SPM concentrations and
turbidity (Person correlation coefficient: 0.58, p < 0.001, n=148) throughout the salinity gradient and over the

entire studied period. Turbidity (Fig. 14) presented a clear gradient in the sub-surface water with an increase in

turbidity values from downstream to upstream and confirmed the position of the MTZ previously defined with

SPM concentrations.
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Figure 14 Suspended particulate matter (g.L™) and turbidity (NTU) in the Seine estuary from January to
December, 2015. The sub-surface layer (1 m) is shown in the left panel and the bottom layer (1 m above the
WSI) in the right panel.

The concentrations of DIN and silicates were higher in sub-surface waters than in close to the
WSI throughout the salinity gradient and over the entire studied period (Fig. 15). The highest values were always
observed in the MTZ especially during the flood period (up to 482 umol.L™ for nitrates and 165.5 pmol.L™ for
silicates). The lowest concentration of DIN (40.9 pmol.L™) was measured close to the WSI in August and the
lowest concentrations of silicates (17 pmol.L™) in May, both at site 2. In sub-surface waters, a clear pattern of
dilution was observed for DIN concentrations with a decrease in [DIN] values from upstream to downstream.
Close to the WSI, the concentrations of DIN were more disparate along the salinity gradient, despite a dilution
being observed from upstream to downstream. The dilution pattern of the silicates was similar to the DIN pattern
at both depth (Person correlation coefficient: 0.88, p < 0.001, n=148). Phosphate concentrations followed a
different pattern characterized by weak differences between sub-surface and bottom waters throughout the
salinity gradient (Fig. 15). The highest values (> 4 pmol.L™) were observed upstream close to the WS at sites 7,
8 & 9 in August, and the lowest value (0.6 pmol.L™) was measured close to the WSI at site 2 in May. In March,
a patch of freshwater was observed close to the WSI at site 3 (longitude 0.27), characterized by low salinity, high

turbidity and high concentrations of nutrients.
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Figure 15. Variations in nutrient concentrations (DIN (NO; + NO, + NH,"), silicates (Si(OH),) and
phosphates (PO,*) in pmol.L™) in the Seine estuary from January to December, 2015. The sub-surface layer
(1 m) is shown in the left panel and the bottom layer (1 m above the WSI) in the right panel.



