

http://dx.doi.org/10.1007/s12237-018-0369-8
http://archimer.ifremer.fr/doc/00429/54020/
http://archimer.ifremer.fr/
mailto:pascal.claquin@unicaen.fr

Acknowledgment

The authors wish to thank those who participated in the sampling campaigns and in the evening sampling
treatments, especially Matthieu Filoche, Guillaume Izabel and the technical staff of theiOR&@e station of
Luc-sur-Mer. Authors also want to thaskLaurentPerezfor his implication in theconception ofsampling device.
This work was support by the GIP Seidev a1l pr oj ect APROUESSEO.

1. Introduction

Phytoplankton primaryproduction(PFP) is one of the most important process in aquatic ecosystdria is at
the base of thenarine trophic networkPauly and Christensen 1995; Chen and Borges 2009; Cloern et al. [R@4)
thereforeessentiato accurately estimatthe PPPto understand, apprehend and manage the ecosydtemever,
PFP varies considerablywith environmental parameter&Cloen 1996; Pannard et al. 2008)hcluding light
availability (Falkowski and Raven 1997; Anning et al. 2000; Macintyre et al. 200®&)jent concentration®ortch
and Whitledge 1992; Lohrenz et al. 1999; Tillmann et al. 2000; Claquin et al. 20d@mperaturéDavison 1991;
Falkowski and Raen 1997; Shaw and Purdie 2001; Claquin et al. 2008 mostcommonlyusedmethodsfor in
situ estimationof PPP arecarbonisotopeg*“C or **C) incorporation(Babin et al. 1994; Cloern et al. 201/gthods.
Carbonisotopesmethodsare sensitive but thdong incubation perioslrequiredare a disadvantage foaccurate
estimatiors at small spatial and temporal scaléghe PAM (Pulse amplitudenodulated)fluorometermethodbased
on variatiors in the fluorescence emittedly the photosystem Il (PSIl) during photosynthealtows rapid
measurements of photosynthetic parame{Barkhill et al. 2001; Kromkamp and Forster 2003; Napoléon and
Claquin 2012) In contrastto the carbon incorporation methodhich gives the rate of photosynthetic carbon
incorporated, the PAM ntleod gives access to the electron transport rate (ETR) from the B&lber and
Falkowski 1993; Barranguet and Kromkamp 200d)e combination of these bothethods allowdo estimatehe
number of electronsequired to fix one mol of carbon. &refore,PPPcan be estimateat small spatial and temporal
scales as a function of the environmental paraméiapoléon and Claquin 2012; Lawrenz et al. 2013; Hancke et
al. 2015)and previousstudies have showthat the estimation of thBPP by this waywas as accurate thamther
traditional incubation methodsuch ascarbonisotopesincorporation or oxygen measureme(itartig et al. 1998;
Barranguet and Kmmkamp 2000; Kromkamp and Forster 2003; Morris and Kromkamp 2003)

The variability of environmental factorthatcouldinfluencePPFP is particularlyhigh in dynamic ecosystensich
asestuariegUnderwood and Kromkamp 1999; Cloern et al. 20T4ese dynamic ecosystems are characterized by
high variability at seasonal and tidal scalascated athe interface between land and sea, estuaries are influenced by
the freshwater outflow from the river and the marine water inflow from theTilikseecosystemare knowrto play
therefore important role in biogeochemical cyqi€henand Borges 2009Along the estuaes PFP is affectedby
several gradientd.é. salinity, turbidity, nutrient concentratisrand light availability)causedby the dilution of the
marine wateibrought by the tidevith fresh waterfrom the river(Kimmerer et al. 2012)PFP is usually thelowest
within the maximum turbidity zone (MTZ3reated by tidal asymmetries in particlansport brought about by the
effect of gravitational circulation on tidal flowSanford et al. 2002yhich inducelow light penetrationsalt stress
andcell lysis(Goosen et al. 1999Pespitethe large number of studies otemporal variatiosa of PPP in estuaries

very few studieshave beerconductedat small spatialand temporal scale (Parizzi et al. 2016and many large



estuariesare still poorly studied This is the case of the Seine estuariich represestthe largestoutflow into the
English ChannelThus, the aims of this study were: (1) to investigatemonthly the time and space dynamics of
photosynthetic parameters along the estlbgrysing high frequency measuremehtising ore yearandidentify the
main factors controlling those parametd®) to explore the relationgls between ETR and C fixation as a function
of environmental factors, (3) to apply the mdi#tctorial relationships obtained on the whole ETR daténsatder to

estimatePFP from daily to annual scale.

2. Methods
2.1. Study site

The Séne River and itestuary drains a watersheovering 76,260 ki After Paris, the river flowsorthwest and
drains itswater into the English Channélocated 202 km from Paris (the kilometric scale of the Seine River is set at
0 km in the center of Paris), the weir at €x$-ig. 1) represents the upper limit tfe tidal propagatiorin the Seine
estuary. The annual average river dischaigPosess 436 mi.s* with a flood period extending from December to
April when thedischargereaches12002500 ni.s® and a lowflow period with a dischargef around 250 rhs®
(Data GIP Seind\val, 2008; 2011). In the oligohaline pasalinity ranges from 0.5 to;5n the mesohaline part
salinity ranges from 5 to 18n the polyhaline parfrom 18 to 3Q and in the euhaline pastlinity is above30. The
Seine estuary is a macrotidal type estuary, with a tidal amplitude ranging ffama® Honfleur and 2 m at Poses
The mean residence time in the estuary varies betwed8 #iays for a discharge of 206shat Poses and between
5-7 days for a discharge of 1000°sh (Brenon and Hir 1999; #n 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
propagatiorat shallow depthgBrenon and Hifl999; Wang et al. 2002T he flow is asymmetric in favor of the flood
and this trend increasesthe tide propagates up the estuary. Seasonally, water temperature ranges between 25 °C in
summer and 7 °C in winter with differences of less th&iClalorg the longitudinal profile and a weak vertical
gradient (Data GIP Seingval, 2008; 2011). ThéTZ, containing up to 2 gL of suspended particulate matter
(SPM), is mostoftenlocated between Honfleur and Tancarville, but can move upstream dependhimensity
of the tideand river discharge. During winter flood events, the MTZ can be flushed out into the Sei(tetdeper
et al. 2007; Garniest al. 2010)

2.2. Sampling strategy
Sampling was conducteaionthly from January to December 2015 onboard fned mer s hi st eighDel phy o
sampling sites scatteredongthe salinity gradienfFig 1). The sites were distributédom the euhaline zonesie 1)
to the oligohaline zonesite 8). In order to sample a steady waterbody along the estsanyplingwas perforned
every month in spring tideconditions (tidal coefficient 9@uring daylightandduringtheflatteningof the high tide
which, in these conditions, lastsp to threehours along the Seine estuafjong the salinity gradienfrom site 1 to
site 8, P/E curvewereperfornedat high frequencyvith five minutes intervalsin sub-surfacewaterusing the PAM
methodproviding almost 40 distinct measuremealtsng the transecihe devicealready used ifNapoléon et al.

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



parallel, salinity (measured using the Practical Salinifyit; PSU), turbidity (measured using the Nephelometric
Turbidity Unit; NTU) and temperature (°C) werecordedin vertical profilesat each sitaisinga SBE 19plusVD
CTD (Seabird) fronthe subsurfacedownto 1 m above the watesediment interface (WSI). At each sampling site,
water was sampled frorthe subsurface (i.e. Im) with a pumpfor analysis of thephyscalchemical (nutrients,
SPM) and biological parameters (&hlF,:Fy). At sites 2, 4, 6 &, sampling was also condedtfrom 1 m above
the WSI with a 5 L Niskin bottle and at these sitegad of the water samplém subsurfacewasusedto estimate

primary production using tHéC incorporation method.

2.3. Physicalchemical parameters
2.3.1. Nutrients
To determinghe concentration afiutrients (P@*, NOsy, NO,, NH," and Si(OH)), 100 ml water samples were
prefiltered through a 48 um Nylon Mesh (Sefiitex 03-48/31:102 cm; Open area %: 30) directly from the Niskin
bottle in order to already eliminate a major part of the parti@esinot and Kérouel 2004, 200@nd stored at 4°C
until analysis For the determination ofoncentrations ofilicate Si ( ),Hvater samples were subsequently

filtered througha 0.45 um actate cellulose membrane and stored at 4uA@l analysis.For the determination of

dissolved inorganic nitrogen (i.@IN=N Q+N G + N H,) and phosphate concentratiorf / , water samples
wereimmediatelystoredat -20 °C.The smples were analyzed within one month after field collection with an auto
analyzer (Technicon Il1) following standard protoc®sninot and Kérouel 2007; Hydes et al. 2010he imits of
guantification were 0.2 uM for silicate, 0.1 puM for nitrate, 0.02 pM for nitrite, 0.04 uM for phosphate and 0.1 pM

for ammonia.

2.3.2. Suspendedparticulate matter
Suspended particula matter $PM) was filtered following the method ofAminot & Chaussepied1983) The
concentrationof SPM in each samplevas obtained after filtration (filtrated volume ranging from 0.1 to 1 L
depending on turbidity) and dryirfgr 24 hat50 °C on preweighed calcined (i.e. 6 h; 450 °C) GF/F filté4§ mm,
0.7 um) Filters were rinsed with distilled water to remove any remaining 3dlis strategy ensured a precision of
0.0001 g.L* for the lowest SPM concentratiofierney et al. 2009)

2.4. Biomassmeasurements
Phytoplankton biomass was assesbaded orchlorophyll a (chla) concentrationsSamples(30-500 m) were
filtered in triplicate through glasfiber filters (Whatman, GF/F47 mm, 0.7 um) and immediately frozenZ0 °C)
until analyss. In the laboratory, pigments were extracted in 10 mL of 90% &eione for 12 h in the dark at 4 °C.
After centrifugationat 2000 gfor 10 minutesat4 °C, the concentration afhla were measured on extraetscording
to the fluorometric method oforenzen (1966using a Turner Trilogy fluorometer (Turner Designs, Sunnyvale,
California, USA).



2.5. Estimation of primary production
2.5.1. PAM fluorometry
For thehigh-frequency estimation of primary produmtj the maximum quanturyield of photosystenl (PSiII)

(Fv:Fvw) was measuredt 5 minuteintervals using the flow through (FT) version of the WATER PAM (Waltz,
Effeltrich, Germany)Schreiber et al, 1986%ub-surfacewaterwascollecied through a fpe leadingto a thermally
insulateddark reservéhatmaintained the sample at thesitu temperaturgFig. 2). After 5 min of dark acclimation,
which was sufficient for the oxidation of the Quinone A\Y®ool in this highly turbid environmené subsample
was automatically transferred into the measuring chamber. The sample was excited by a weak blue light (1
e mo 29 m470 nm, frequency 0.6 kHz) to record the minimfluorescence (§J. Maximum fluorescence (f)
was obtained during a saturathg ght pul se ('83%@&708m)albwirg all the Muinone w (Ppool

to be reduced.\FFy was calculated according to the following equa(iGenty et al. 1989)

e 1)

Consecutively, samples were exposeditei r r adi ances (E) fr dis!fomfdaguaryté 9 & mo |
July andfrom 0 to 1541from August to Decembeor 30 s for each light stefsteady state fluorescenceg{Rand
maximum fluorescence (fNj) wer e measur ed. yickl ef P8If foreeacthiimadiancg wasnt u m
determined as followgGenty et al. 1989)

EAN @

The relative electron transport rate (rETRBI.unif) was calculated for each irradiance. rEiERa measure of the
rate of linear electron transport through PSII, which is correlated with the overall photosynthetic performance of the

phytoplanktonJuneau and Harrison 2005)

O%ar L % 3)

At each sitea sample oboth subsurface wateand water athe WSI were taken andark adaptedor 5 min. A
subsample was isered into the measuring chamber of the cuvette version of the WATER PAM (Waltz, Effeltrich,

Germany)and rETR versus E curves were perforrasdescribed above

Anotherdark adaptedubsample was plackin a multicolor PAM (Waltz, Effeltrich, Germanyjor estimation of
the wavelength dependefunctional crosssection of P8 ((ips ; expressed in i) derived from the initiatise of
fluorescence yield upon onset of saturating ligieensity (&= = 440 nm) , which directly |
PSll centers are closed@his crosssection 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. 2012Falculation ofiipgugo by the multi-color PAM software is based on the following equation
(Klughammer and Schreiber 2015)



A — 4
where L is Avogadrods constant, PAR i s -ljtriseexprgssed mt um f |
e maylanta/(M.s?) and PAR(II) is the rate of quantum absorption in PS Il expressed in uritsaofa/(PSIE?).
As explain bySchreiber et al. (2012}his definition oflipsugo relates to the functional cressction of PSII for the
specific conditions under which the-IQ rise measurement was carried olitsiugo Specifically applies for the
reference state of dark-adapted sample with open PSllctan centers and oxidized PQ pool. It is not identical to
the functional PSII crossection defined biKolber et al. (1998and, hence, can be modulated by changes in the PQ
redox state and various typesnafit-photochemical quenching.
Consequently, based on PAR(Il) which candxpressedrom equation 4 as PAR(II) Spsuo X L X PAR, also a
wavelength and samplalependent ETR(II) can be defined:

%43)0!3)“& ()

After application of the mechanistic model Bilers & Peeters (1988p estimate rETR.x from rETR/E curves
previously performedandaccording toequation 4 and,masSchreiber et al. (2012)he maxinum electron transport
rate (ETR(I)}a) Was calculatedFirstly, ETR(II}ax Was expressed ielectron(PSII.s%)? using equatior and

secondlyETR(I1)maxWas expressed in mmelectronmgchi*.h* according to the equatioh

%43) ———— ®)
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with in equation 6F/:Fy andrETR.x( k nowi ng t hat rvbcR I cuPARex atpbveE, L t
constant in met a n dbg, i M”. Then, h equation 7[ETR(I)mad calculated fran equation 6and expressed in
electron(PSIl.s")?, 36x1¢ the factor to changenits from seconds to hours and from mol to mnjehla] the

chlorophyll concentration expressed in mg'rahd [PSli]the concentration of PSII reaction centersPi@ll.mi*

obtained as follow

03) )—— 8
where [chlaJrepresent the overall chla content in the saregfgressed in g.mlassumingasSchreiber et al. (2012)

molecula weight of 900 g.ma! per ch| an Avoga daf 6.@28 x Bomoleculesrper moand 1000

molecules of chl a per PSII unit.

2.5.2.  '3C Incorporation
A photosynthetron (modified b§abin et al. (1994)was used tincubate*C on the samplemken asites 2, 4,
6 and 8. A Ushaped dimmable fluorescent tube (OSRAM, DULUX L, 2G11, 55W9%0, LUMILUX DE LUXE,

daylight) prodeed theight, and the temperature in the photosynthetron was maintainediatdiigtemperature by



a seawater circugquippedwith a water chiller (AQUAVIE ICE 400)A total of 1100 mlof seawatewasinoculated
with NaH"*CO; (98 atom %, Sigmajorresponding to an enrichment of about 1&Pthe dissolved inorganic carbon
already present in the seawaf€he inoculdéed seawater was shared amongclBure flaskg62 ml) placed in the
photosynthetron. Light intensity wameasured in each flask ugira micrespherical quantum sens¢US-SQS;
Walz) connected to a LLOR 1400 data logge®ne of the flasks waskeptin the dark to estimat&corporation of
non-photosynthetiénorganic carbonThe light valuesanged between 0 and 1550 pumol photorfssth

After 3 hoursof incubation, each flask was filtered onto 25 mm-guenbusted450 °C, 12 h) GF/F filters and
stored at20 °C until analysis. Twemove carbonates, filtergere exposed to fuming HCI forkburs and then dried
at 50°C for 12 hoursThe concentration oparticulateorganic carbon (POC) and the isotopic ratid*efto *°C were
determined using an elemental analyzer (EA 3@0pvector) combined with a mass spectrophotometer (IsoPrime,
Elementar) As already discussed in previous sesqLawrenz et al. 2013; Milligan et al. 2014; Hancke et al. 2015)
corcerning GPP (Gross Primary Production) and NPP (Net Primary Production) estimations, it is still fled2@ed
or *C incubation of few hoursThe carbon fixation rate () was calculateéccording toHama et al. (1983)The

value for incorporation ithe dark was subtracted from all data apgiB expressed immol CL™h,

25.3. Pvs E curves
Each ETR(l) and Rps series were plotted against light (E)To estimate photosynthetic parameters, the
mechanistic model dilers & Peeters (1988yas applied tahese plousing SigmaPlofL2.0(Systat Software):

8% — )

, Where Xrepreserg either ETRII) or P,,s Thereby tle maximum photosynthetic capacitfETR(II) max OF Pray) and

thelow maxirmum light utilization efficiency( Unerecalculatedas follows:

8 —_ (10)

U = (12

2.5.4. Estimation of the annualprimary production

Carbon incorporationR,,) was plotted against ETR(l})x to investigate the relationship between the two
parametersThe el ectr on r e g ui.aynanctcharfacterizedy thé slopes bfithe relationships
(Napoléon et al. 2013b; Lawrenz et al. 20&@salsoexpressedSuccessive multiple regressions weegfprmed to
identify the bestrelationship to estimate,gas a function of ETR(I}).xbut alsoas a functiorof the other physi-
chemical paramete(temperature, salinity, DIN, P, Si and SPMd this relationship was used to estimate simulated
carbon incorporation ¥}, (mgC.m>h") a n d&™ (WgC.m>.h* .(umol photonm?s™) ). The parameter Ewas
calculatelas E=rETR/ U and used to estjamalfem&ll.l ) from ETR(I 1)

Finally, primary production was estimatéor eachsite for thewhole studyyear PFP was estimatedof each hour

of daylight (E)of the yealand integratedvith the depth of the photic zomefollows:



ood cd & - 0 p A AU (12)

, Wherezis the depthi the number ofreplicates, andn the maxinum depthof the photic zonéthe limit of the photic
zone was determined when 99% of the incident light was attenuBt8), (mgC.m>h?)  a #"@rel.uwhit) arethe

values previously calculated for each sampling month,; is the irradiance (umolphoton.nf.s') at depth z

calculatedat0.01 mintervalsalong the photizone which, in this studyextendedrom 0 to 3.5 m (F 35 and n=3.5
), using the Beet.ambert law as follow

% TT % A (13)

, WhereEyzq is the incident lightat the surfacebtained from the nearest national weather stgti@nmiles; 29 km)
0.94is the percentagef light penetratiorinto thewater. kq is the coefficient of light attenuatian the photic zone
which variedin space and over time aach siteThe k values werecalculaed with the PARattenuation observed
with the depth both measured w#h the SBE profilesrecordedduring the sampling campaignsfollowing the
equation:

00'Y ®OQ (14)
Where PAR is the light (umol photons2ns1) measured at each depth (Zhe different values of kwere
estimated for each site and each month using the linear relationship found between turbidity (NTU) and the light
attenuation coefficients gk: kg = 0.1107 x Turbidity + 0.588 (R? = 0.92For turbidityrangingfrom 4.88 to 93.31,
the correspondingg rangedfrom 1.13 to 10.92 mih P:B ratio(mgC.mghla™.d") wasalsoestimatel usingthese
PFP estimations

2.6. Data analysis

Multivariate analyses

In order to characterizhe spatial and temporal vatian diagramof the physial andchemicalparameters, partial
triadic analyss (PTA) were performed on the data set ugimgADE-4 packaggChessel et al. 2004; Dray and
Dufour 2007)with R software. Data were organized in subtricesfor eachsite The interstructure of the PTA
consisted in comparing the structuiskaredbetween sumatrices andn identifying siteswith similar temporal
structure. The second step consisted in constructing a comprtmaisenabled us to build a common temporal
typology between matrice3he relationship betweerhpsical, chemical, biological and photosynthetic parameters
was investigatel by principal component analyses (PCA) using the ADlpackagein R software. PCAwas

performedof the group okitesshown by PTA to have a similar annual structure.

Univariate analyses
In a complementary wayheé linear dependence between parametes established by linear regressions
performed on R softwarand by calculation olPerson correlation coefficienll plots of the parameters dynamics

were created using the SigmaPi#.0 software. The illustrative plots performed on the different parameters by



taking into account the spatial and the temporal dynamics were previously smooth usingphaeanagtric method
of | ocal r e g mMe slentifyo the ghysicabhemial goarameters thasignificantly drive the ETR/P
relationship, multiple regressions with temperature, salinity, nutrients concentrations (DIN, P and Si) and SPM were

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

3. Results
3.1. Dynamicsof hydrological parameters
The dynamics of the physical and chemical parameters (irradiance, river flow, temperature, salinity, nutrients,
turbidity and SPM) are characteristicer fthe Northern European estuaries and are therefore described in
supplementary materialn order to investigatehe seasonal patteandthe functioning of the estuaryn a spatal
context,a partial triadic analysis (PTA) was performed on phaisemdchemical parameters frosubsurface and

deep waters

Interstructure analysesf the PTA

In the interstructure analysis of the PTA, the two first eigenvectors represent respectively 78% and 10% of total
inertiaof the sub-surface watergFig. 3-A) and respectively 72% and 17% of total inedfahe bottom watergFig.
3-D). Projection of thesiteson the first axis revealed theommontemporal patterramong sitegFig. 3-B&E), in
agreementvith the high vector correlation coefficientR\(-coefficien) calculated (Tale 1). Projection of thesites
on the second axis divided the sampling transecttimbozones andour distinct areas (Fig2-B) in agreementvith
Ward's clustering method (Fig-C): (i) areal (Site 1&2) andarea 2 $ite 3&4) grouped in zone A (Downstream)
(i) area 3 Bite 5&6) andarea 4 Gite 7&8) grouped inzone B Upstream). The weight values were similar for all the
sites showingthatanysite hada particular temporal pattern (Tlall). Thus, the Seine estuary can be divided in two
zones as a function of the dynamics of thggicatchemical parameters: (i) a downstream zone (zone A) stretching
from longitude 0.11 (site 1) to longitude 0.30 (site 4) and characterized by high qalimitlgining the polyhaline (>
18) and mésohaline (> 5) zonegnd (ii) an upstream zone (zoBg stretching from longitude 0.36 (site 5) to
longitude 0.51 (site 8), characterized by lower saliitgmbining the mésohaline (< 18) and oligohaline (< 5)

zones)and higher turbidity.).

Compromise analyses

In the compromise analysis of the PTiar subsurface watershe two first eigenvectors represedt4% and
35% of total inertia (Fig4-A) and for bottom parameters 88 and 29% of total inertia (Figl-D), providing an
accurate summary of the common temporal tremangsitesoverthe samplhg yearCompromiseanalysisrevealed
a clear seasonal patteémthe physial-chemical parametetsoth in the gb-surface and deep watefSig. 4-B, C, E
and F. The period from January to March was characterized bybijhand Si concentratiarelatedto high river
flow in winter. Theincreasdn temperature in Aprilvas bllowed by an increase salinity (related to thelecreasén

river flow) andin surfaceirradiancein May. The increasein phosphate concentratiofetween September and



Octoberwasassociatd with the increasén SPM concentrations andrbidity. This periodwasalso characterized by

a decrease in irradianemdtemperaturgand in salinityin relation with the increase in river flow.

The dynamics ofhe physical and chemicgaraneters are given in supplementary matefiae 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 seasonakdpgleariations 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 tiWwigieriod and
upstream during the loflow 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 outpdézdninthe Seine river, a
large part of the DIN pool originates from agricultural and industrial activities and urban discharges along its
watershedGarnier et al. 201Q)while Si is weakly influenced by human activitigferratore 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 treatmeinplants and the massive introduction of detergents without phosphates, high concentrations were
nevertheless measured throughout the est(démery and Garnier 2007; Passy et al. 2018)this study P
concentrations varied differentthan DIN and Sin 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 patrticles in thgalimity andhigh turbidity part of estuaries, which
can be explained by ndriological buffering mechanisn{#lorris et al. 1981; Sharp et al. 1982; Némery and Garnier
2007) Thepositive relationship with SPMndturbidity 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 observedtiween 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 chlorophylla concentratioaranged from @ to 15.9ug.L ™. In subsurface(Fig. 5-A), high concentrations of
chla were recordedrom May to Septemberand during this period, chla concentrations wa@easingfrom
upstream talownstreamThe highesphytoplankton biomasis subsurface(159 pg.L™?) was measured at site 2 in
July and the loweg0.2 ug.L?") at site 4 in Januarglose to the WS(Fig. 5-B), in summerthe sameyradientthan
in subsurfacewas observecbut with lower values:he highest valueneasured in July was 8.6 pg.lat site 2 The
lowest value (Gt pg.L™) was measureth zone A duringJanuary Surprisingly, in zone Bhigh chla values (> 10
ug.L™, up to 21.8 pg.%) wererecorded in winter

The maximum quantum efficiencgf PSIl (K,:Fy), whichrepresentshe physiologicaktateof the cells showed
distinctive dynamics insub-surfacein comparisorwith the bottom waters In sub-surface(Fig. 5-C), F:Fy were
high in winter and springvith the highest value (0% measuredn March at site 1In contrastthe lowestvalue (<
0.01) was measurediuring summer (Jy) at site8. In the pstreampart of theestuary(Zone B),F,:Fy were low

with values remainingrequentlybelow0.20. Close to the WS(Fig. 5-D), the highest value (0.64) was measured at



site 2in May and the lowest< 0.0]) at site 8n August F,:Fy ratios closeo the WSIishowed high values in Zone
A, with an averageof 0.41 during the yearwhile in Zone B theF,:Fy, ratios remained low with an averagg0.16
during the studied period.

The high values of chlobserved close to the W8I winter wereassociated teery low values of §F, which
indicates that this biomassrather freshwater chlorophyll detrital matter thi&ing phytoplankton

The maximum| i ght ut i | i z(H)tmnolreleardnimgoblihe.(umoy phatod rits®)™), were highly
variable in space and tin{€ig. 6). In January, lowalues {.e. < 0.008 mmol electron.mgchi&h™.(umol photon m
25" wererecordedthroughoutthe salinity gradienand within the MTZ areafrom January to March and from
August to Decembeiln May at longitude 0.4 a zone with values < was also recorded. HighU ( Iwere
observediuring the rest of the yeawith the highst values(> 0.012mmol electron.mgchlah™.(umol photon rif's
%) measuredn the polyhalie zom (longitude < 0.2) between February and OctoBem February to December,
aspatial gradienappeared to mirrathe salinity gradientvith decreasing valugsom downstream to upstream.

The dynamis of ETR(I)max (Fig. 7) showed dw values(i.e. < 2 mmol electron.mgchih™®) throughout the
salinity gradient in winter (January and February). ETR{})started to increase from March, firstly in the
downstream part of the estuary and throughout the salinity gradient afterwards. The hilglesstvese recorded
from June to October throughout the salinity gradient. ETR{Wereparticularlyhighin the polyhaline zone with
a maximum value 010.8 mmol electronmgchi®.h™ at site 2 in JuneDuring this period of high ETR(Ih, values

graduwally increased from upstream to downstream.

3.3. Estimation of (i, cand of primary production

The combined PAM and carbon incorporation method was usedvastigate the relationship betweep,Pet
ETR(Il)max measurement@Napoléon and Claquin 2012; Lawrenz et al. 20388 P« values were plotted against
the ETR(I1)}ax vValues(Fig. 8).

The el ectron r equigk eohdesttonmble?, defined by theastopemfthe felationshigtween
P and ETRvariedspatially and temporallyangingfrom 1.6 to 25 mol electronmolC* (Fig.9). A markedseasonal
pattern was observedharacterized bpigh values (>15 mol electronmolC?) throughout the salinity gradieim
Januaryandonly in thedownstreanpartin Februaryand March(e.g. 25 mol electronmolC* at ste 2 in March).
High values were alsestimatedupstreanduring the summef22.2mol electronmolC* at ste 8 in July). Ue c values
< 4 molelectronmolC* were recorded tige: 1.6 mol electronmolC* atsite 6 in May and 1.9mol electronmolC* at
site8 in DecemberThe meart, cvaluewas8 + 5 mol electronmolC*.

To identify the physical-chemical parameterthat drive this relationshipbetween P and ETR(Il)multiple
regressions withemperature, salinity, nutrients concentrations (DIN, P and Si) and SPM were perfaimgdn
upward stegby-step methodA significant negative coefficient with DIN concentratioand a significant positive
coefficient with temperature wembserved These two parametersere used to estimatéhe R, dynamics(p<
0.0001; B = 0.59)by using ETR(lI}..xaccording to the following equation
0 ™o PP BT %43 ) Wt $). pepnt 4AI BAOAOOOA (15)
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A carbon incorporatiorat high frequency(P"™.,) and a maximum light utilization efficiency (" sim = ratio Ek /
PSM ) Werethenestimatel for each value oETR(I)max (Fig. 8). For eactsite, thesevalues of B .a n dimwere
used to estimatBPP at each hour of daylight (E)rougtout the yearby using a depth integrated equation of light
penetratioras a function of turbidityequatiors 10&11).

The dynamis of annual PP showedhigh variability that differedat eachtime scale at the hourly scaleyalues

reachedl10.4mgC.m%h*, a thedaily scale values reached.2 gC.n%d?, and & the monthy scalevalues reached
261 gC.m2%month* at site 2 in July (Table 2; Fig. 10). When consideringall the sites the highest PP were
observed in Julywith a mean of.32 gC.m?m™. AnnualPPP was mininum at site 6 with a value of 18 gC.m2y™*
andmaximumatsite2 with a value of 86.gC.m2y™.
A representativarea(in km?) was attributedto eachsite as a function of thevater cover ahigh tide Primary
production valuesare expressed in tC.jrfor each ofthesearea. Resultsrevealedthe prime role played bythe
mouth of the estuary(represented bite 1). Despitethe better production capacitger nf at site 2 the area
represented bygite 1 (44.38 km) led a higher carbon production witl2B0tC.yr*. When primaryproductionwas
weightedas a function of the surfa@@eaof each sitethe meanvalue for the annual PP in the Seine estuaryn
2015 was$4.75gC.m%y ™.

The measured P:B ratio in sshrface varied between 1 and 7.4 mgC.mgithi* with a mean value of 4.2
mgC.mgchi™.h™. The spatial gradient of P:B ratio (mgC.uiga’.d?) integrated along the photic layer srew
higher values downstream than upstream (E®. The maximun®:B ratio(19.6 mgC.mghla™*.d*) wasrecorded in
the mouth ofthe 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 (PCmere performed tdnvestigatethe relationship between phyale
chemical and biological parameténsthe sub-surface watergFig. 11-A&B) and bottom waters (Fid.1-C&D), the
data setrepreserihg thetwo zoneglefined by the PA perfamed on physial-chemical paramete(§ig. 3). In zone
A andzoneB, the two first axs of the PCAs explainetkspectively?72% and 71% of the total inertidor subsurface
waters andfor both,76% of the total inertior bottom watersAnalyses were thus basedthesetwo axes.

For both zones (A and BYhe parameterthat contributedhe most toaxis 1 were salinity and temperature in one
direction and Si, DIN and flow in the othedirection for subsurface watex Regardingthe second axis, the
parameters that contributéite mostwere irradiancén onedirectionand turbidity and the SPM concentrationshe
otherdirection Despitetheir low contribution chla concentrations werpositively linkedwith temperaturen both
zones Daily phytoplankton primary production (dPP&)d P:B ratio were positively linkedwith irradianceand
temperature and negativdipked with turbidity. The P concentration vad between tk two zones and was related
to turbidity in zone A and to salinity in zone B. Thariations inFy:Fy and U, were poorly explained by the
physicatichemicalparametestested in botiPCA

In the bottom wateri zone A, the parametetisat contributedhe most toaxis 1 were salinity and tgrarature in

onedirectionand Si and DIN in the othelirection The parameterthat contributedhe most to axis 2verethe river
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flow in onedirection and SPM concentrations in the other. Desfhitar limited contributions chla concentrations
and F:Fy were positively linkedwith salinity. In Zone B, the parametetbat contributedhe most toaxis 1 were
salinity andP concentratiom onedirectionandthe riverflow in the othedirection The parametershat contributed
most to axis 2were SPM andurbidity in onedirection and temperature in the othdirection. The biological
parametergsontributed moréhan in zone Aandchla concentrationsverepositivdy linked with turbidity and k:Fy

positivdy linked with flow.

4. Discussion

4.1. Phytoplankton biomass andthe dynamics ofphotosynthetic parameters

Nutrient concentrations were very highroughoutthe year andwvere not limiting for phytoplankton growth.
Despite a magative relatioship between ctd and the concentrations ohutrierts (DIN and S), the role of
phytoplanktonconsumption omutrient dynamicsmay have been weak regards to the importance of nutrients
fluxes which aremostly controlledby hydrodynamic§Kromkamp and Peene 200%}lassically, thedynamics of
chla in nutrientrich estuariess mostly controlledoy light availability, which varies wih incident solar irradiace in
the photic layers moduladeby turbidity. The gpatial dynamics of cll can be explaied by the higher light
availability downstreamand osmotic stress ithe most upstream part of the estuampich can lead to growth
limitation andcell lysis (Lionard et al. 2005; Servais and Garnier 2006; Hernando et al..ZHiS)stesscould be
confirmed by the lor annual values of \FFy ratios (< 0.2) observedupstream. However,he presence of
cyanobacteria ithis part of theestuary(data not showngould also explain the low level &%,:Fy ratios. F,:Fy
ratios of cyanobacteria arenown to bepoorly estimatedby PAM methodsbecauseof the contribution of
phycobilisomes autfiluorescence to fhackground andhe PSIIPSIratio is small in cyanobacteria as opposite to
diatoms for instancéCampbell et al. 1998; Masojidek et al. 2001; Macintyre et al. 2002; Suggett et al. 2004;
Johnsen and Sakshaug 2Q0The dightly higher F;:Fy, ratios observed from January to Aprdould also be
attributed to freshwater species adapted to low salinity, low temperature and high tabidiyorted by in the
Chesapeakbay. In zoneA (downstream partfy:Fy ratiosin subsufacewaterswere higher in winter (> 0.4) than
in summer (< 0.4) ahinversely related tohe concentrations ofhla. The successive stregadergme in this zone
couldhave ledto a reductionn F,:Fy valuesespecially with the higkevel of irradiancen summer These reduction
of Fy:Fy can be due to photoprotection mechanisms or to alteration of &Silidely described, high irradiance
may lead to a reduction ofyF, in subsurface watergHolm-Hansen et al. 2000; Shelly et al. 20@R)e to the
activation of shorterm photoprotection mechanisms, such as xanthophyll cycling, which increases non
photochemical quenching to protect cells against high levels of irrad{2utensky and Stambler 2009; Goss and
Jakob 201Q) Moreover, the subsurface layer can be defined as a fluctuatiighpt environment caused by
longitudinal and vertical mixig. In this type of environmentAlderkamp et al. (2010)have shown that
phytoplankton cells need to balane®re rapdly their photosynthetic machinery to maximize photoprotection at
high irradiance and photosynthetic efficiency at lovadiance Due to the turbidity leveln estuaryacclimation to
low light is principally require which induces a reductionphoto-protective pigment contenthis reduction could

lead to potential damage of photosystems when cells are exposed to high light on surface durind/Aldemkenp
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et al. 2010) Despite the low values of,fF, in summerin the downstream parhigh valuesof Uand ETR(I1)max

were measured allowing phytoplankton growth &igh chlaconcentrationThis discrepancy betweéh ETR(I)max
andFy:Fy levels can be due to state transition mechanisms of cyanobacteria as pyalésusbed. These pattern

were also observed upstream of the MTZ in the very low salinity zone. Despite lawartdentrations, the high
photosynthetic values revealed a nwuyligible capacity of the freshwater phytoplankton to contribute to
photosyntlesis in the estuary.

Regarding, the WSI values, hidgly: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
healtly cells.

4.1. Carbon and ETR relationship

The relation between ETR and carbon fixation was used to estimate carbon incorporation at high spatial
frequency. T h e cshgwedistnong tempordl antl $patial Uariability ranging between 1.56 @81 24.
mol electron.molC with a mearvalue of 7.95 + 4.94 mol electron.mol@ver 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 ZLawrenzet al. 2013; Hancke et al. 201%jowever, because no measurement of light spectrum
was performed during this studthe choice was made to keep not correctsldes to avoid arbitrary corrections
using constant from literature.

Under optimal growtlc o ndi t i on s, .c is bomprised between 4 &nd 6 moles T hcevalués lower
than 4mol electron.molC appear to be physically impossible andildobe due to methodologicaialculation errors
(Lawrenz et al. 2013pr particular metabolic pathwaBailleul et al. 2015) Indeed,valueslower than 4 mol
electron.molC can be attenuated tn additional source of energy usecdcarbonfixation. It was recently shown
that diatoms are able to optimize their photosysithéhrough the exchange of energy betweentigiasand
mitochondria(Bailleul et al. 2015) Indeed, when the ATP:NADPH ratio generated by a linear electronifiow
insufficient to fuel CQ imports into the plag and assimilation by the Calvin cycle, diatoms are able to produced
additional ATPvia alternative pathways, particularly through extensive energy exchanges between plastids and
mitochondria. Thigproces couldexplainv a | u e g < @ mol électron.molC. Moreover, a mentioned above,
carbon incorporation during few hours provide adfn esti m
values (Lawrenz et al. 2013; Hancke et al. 20@)ich neel to be deeply studiedflligan et al. 2014)

In this study, theaveragev a | u e & werd lowér than those observed in previous studiesiblinger and
Dokulil 2006; Napoléon et al. 2013lgespite high environmental pressur&nvironmental variations are the
primary source of variations iglectron transport and carbon fixation whictae n i nduce hdsgdnasval ues
temperatur€Morris and Kromkamp 2003nutrient limitatons (Babin et al. 1996; Napoléon et al. 2013b; Lawrenz
et al. 2013; Schuback et &015)or light stres{Napoléon and Claquin 2012; Zhu et al. 20I8)e phytoplankton
community assemblage cah @ o i n f | ¢ @atuese howebhee thi§ factor was not considered in the present
study but will be investigated in a future woM/e assume that the average value8amol electrons.molC

estimated in this study coultk explained byhe high nutrient levelrecorded in the estuanver the yearindeed,
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Napoléonetal. (2013 bser ved a | arogundeinutrient kmitatian, up tb 126 ima eledtron.molC

therefore nutrient limitatioseems tdargely control the ETR/C relationship. Thus, in optimal nutrient caodit

even in stressful ecosystem as an estuary, the photosynthetic apparatus appears to be able to cope with environmental
variations with ease.

Regar di ng met ab q¢valees areedgeud adternatiovenelectrontlew péthways (AEF) betwgdn P
and C fixation which therefore influence the ETR{)JPnax relationship. Such AEF (i.e. Mehleeaction, 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 gr@&mdo and Asada 2008; Nogales et al. 2011; Johnson
and Alric 2013) Thus, the more AEF is importantincompas on t o LEF (I i neadcishighect r on
and will potentiallybias the estimation of carbon incorporation using the ETR(liheasurements.

In this context, it is still important to investigate the variation in the ETR{PBnxrelat i ons hé)psa(i . e (G
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 eplored such a statistical relationships between ETR and C fixation which underlined the importance of
temperature, nutrients and ligilapoléon and Claquin 2012; Lawrenz et al. 20E8)wever, the influence rate of
each paraeter diffes from a system to another and it still necessarynigestigate the contribution of each

environmental variable idifferentstudied area.

4.2. Phytoplankton primary production along the Seine Estuary

Estimated daily carbon production in tiSeine estuary reached 1.18 gC.dt 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
reachedmaximum values o#.2 gC.nf.d* in the DelawargPennock and Sharp 1986 and citations thereiri)
gC.m%d? in the Chesapeak@lagnien et al. 1992in the east coast of the USA, 2.9 gC.dt in the Schelde in
Europe(van Spaendonk et al. 1993 and citations therdid)7 gC.rif.d” in the Lena in Russi¢Sorokin and Sorokin
1996) and 2 gC.mM.din the Chanchiang in Chir@&ling et al. 1988)

In order to understand variations in photosynthetic performance in apdcever time, phytoplankton P:B ratio
was investigatedThe P:B ratiovalues were in accordance with previous studies perfoim#te English Channel
coastal system@louenne et al. 2007; Pannard et al. 2008; Napoléon and Claquin ROt®) Seine estuaryha P:B
ratio showed a seasonal pattern with low values under a temperature of 10 °C and high values in sprimgiand
especially in zone AFig. 3). The weak P:B ratio in zone B could be explained by turbidity, especially from July
when levels increased up to 120 NTRUring the spring blom, induced by increasingmperature and irradiance
levels(HunterCevera et al. 2016P:B ratio was higheinside the estuary in sumer. Usually in coastal waters, the
consumption of nutrients in spring becomes limiting in summer and results in lower P:BNigtimiéon et al. 2012,
2013a) In the Seine estuarynisummer, P:B ratio was higher inside the estuary than neadstal waters. This
result pointed outan important autochthonous PPP in sumrimetuced by the tradeoff between nutrient and light

availability which support estuarine food web in addition to input from the coastal water during the flow

14



4.3. Estimation of annual phytoplankton primary production in the Seine estuary

As a function of the sampling site, the annBRIP ranged between 17.26 and 81.53 g&yth By taking each
surface area into accouftable 2) annual PPP represented a total of 6 032 tCayid a mean annual PPP of 64.75
gC.mZy™ This annualPPP is low compared with the range of annm&anPPP reported for 45 estuaries by
Boynton et al. (1982yarying from 19 to 547 gC.fy* with a mean of 190 gC.fy™ or for the 1148 measurements
recorded in 1B estuarine and coastal ecosystems (estuaries, fjords, bays and lagoons) repGitetrbet al.
(2014) which ranged from105 to 1890 gC.fy™ with a mean of 225 gC.Ay™. In this context, and according to
the classification oNixon (1995) the Seine estuary can be classified as an oligotrophic system (< 100°gC).m
However,our resultsshowed a nutrient independent system which cannot be classified lileatisie an estuary is
not poor in terms of nutrients concentrations but still present a low primary prodiuicieams that a low PPP is not
necessarily representative of an oligpfic system but sometimes of a dynamic and complex systeieed, a
wide range of variability within or between ecosystems and estuaries, samifitiicand methods may explain this
range. Somenvironmental dynamics like temperature or the level afdiance are determined by the geographic
location or by bathymetric, hydrodynamic or morphologic characteristics. We must therefore be wary when
comparing the various estuarine systesthe Seine estuary, tHew PPPvalue isprincipally due to theintense
turbidity. It is alsoimportant to note that &focused theamplingstrategyon salinity gradientwithout considering
the upper freshwater part of the estud&l?P of this upper pactn be higi{Descy etal. 2016)and can considerably
contribute to the estuarine trophic network in terms of RBtcheber et al. 2007Bampling effortalso explain a
large part of the discrepancy of annual PPP estimations between worldwide esf&mmesauthors based their
annual estimation on few sitégegter 1977; Mallin et al. 1993)r made over a period of a couple of months in
spring or summefSmith and Kemp 1995%nd extrapolates their results over a year. In the present study, the spatial
variability was taken into account with high frequency measurements distribl#drey 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 areasitesl to 4) produce 5239 tC during the six more productive mantftom April to September),
which represen87% of the total annual PPPhis trivial examplehighlights the limit of this type of clas&iftion

strongly related teamplingstrategy aneffort.

5. Conclusion

The measurement and estimation methods presented in thisipapaved 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 acdinatéoasof PPP
atsmaltscale in these highly dynamic systems, aodldbe applied more frequently in valuable ecosystems such as
estuaries or coastal waters to apprehend their functioning. We pointedjauti t e | ow Vv acclhheeabse | i t y
of nutrient replete conditionahich allow to used variable fluorescence technics (PAM, FRRI) to get accurate PPP in
estuaries. Phytoplankton biodiversity analysis was also performed during this study, therefore the relationship

between biodiversity, communigtructures and PPRwill be exploredn complement to this work
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Fig. 1 Map of the Seine estuary (Longitude: 0.2327, latitude: 49.4328VGS84)- Normandy, France) showing
the study area.Poses is the upper limit of tidal propagatidie lowest map is a cloag of the square site in the

right upper magorresponding to the sampling ar&ae 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 sitesam@ted monthly throughout

2015
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Fig. 2. Schematic diagram ofthe sampling strategy for high frequency measurement of photosynthetic
parameters. A pumpconnected pipe was immersed to subsurface Y1fram the ship deck, and water was
introduced periodically (5 min interval) to the insulatark tank for darkadaptabn of photosystem, and then
automatically flowed into the PAM flowhrough chambefor measurement of photosynthetic paramefEng water
flow was controlled by solenoid valve automaticaligtivated usinga homemade softwarelhe device was
controlled emiautomatically ast was necessario adjust the gainand performed blankbetween some samples

according to chh concentratiorvariability. 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 physicaichemical
parameters in the subsurface layer: (A) Histogram of eigenvalues based on the diagonalization of the RV matrix,
(B) ordination of the sites given by the two fissgenvectors of the vector correlation matrix and (C) tree topology
obtained by War déamd foc theulsttom rlayen ¢D) histograno af eigenvalues based on the

diagonalization of the RV matrix and (E) ordination of the sites given by thditstaeigenvectors fothe vector
correlation matrix
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Fig. 4 Compromise analysis of the partial triadic analysis (PTA) performed on physicathemical parameters
in the sub-surface waters:Histogram of eigenvalues (A), projection of the variables (B) aag#mpling dates (C)
in the plane defined by the two first axasd for bottom waters: Histogram of eigenvalues (D), projection of the

variables (E) and the sampling datEysi6 the planadefined by the two first axes
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Fig. 5 Variations in biomass (chh concentration; pg.L™") and the maximum quantum efficiency of PSII

(Fv:Fwn; rel.unit) representing the physiological state of the cells in the Seine estuary from January to
December, 2015The subsurface layer (1 m) is shown in the left panel and the batiger (1 m abve the WSI) in
the right panel
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Fig. 6 Variations in the low maximum light utilization efficiency (U ( | o] electron.mgchlah™ .(umol
photon m?s?) ) in the Seine estuary from January to December, 201Fhis parameter was measuradhigh

frequency in the suburface layer of water all along the samgltransect at monthly intervals
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Fig. 7 Variations in the maximum electron transport rate (ETR(II) max; mmol electron.mgchr*.h™) in the Seine
estuary from January to December, 2015The ETR(II},.x Was measured at five minute intervals in the-sulface

layer of water all along the sampdittransect at monthly intervals
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Fig. 8.A: Relationship betweenETR(II) max(mmol electron.mgchi*.h™) and P.., (mmol c.mgchi.h™®) measured
in the Seine estuary from January to December, 2B1Relationship betweenETR(II) max (mmol electron.mgchl
'h?) and P, (mmol c.mgchl.h™) calculated usinghe following equation: 0 ™ o PP @ T
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Fig. 10 Dynamics of daily phytoplankton primary production (left; mgC.nm?.d?) and P:B ratio (right;
mgC.mgchi’.d?) along the Seine estuarf r om fiLe Havred (longitude 0.09)

2015. PP was estimated as a function of hourddiance and integrated over depth
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