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Partie 1: Introduction générale

1. La production primaire, un processus clé

La production primaireeprésentde stockde carboneorganique produipar unité de
temps et de surfacayite a la fixationdu carbone inorganiqueioxyde de carboneCQ) via

la photosynthés@-alkowski and Raven 2007b)

La photosynthesestun processubioénergétiqu|e1ui permet auyphotoautotrophede

synthétiser de la matiére organique en utilisant I'énergie luminddsex types de
photosynthesepeuvent étre distingués O § XAQydénique et O 1 D dAMWurydénique.La
photosynthese anoxygéniqugui ne sera pas abordée dans ce manusstitréaliségar
différents types de bactériemaérobiecomme les baéries pourpres qui oxydent le sulfure
G 1K\ G U R J g Q H.apGotasineEseHbxygénique est apparue chez les cyanobactéries il y
a3 milliards G 1 D @ (®arlF2002) puis a été acquise par certains groupes eucargotesa
des endosymbioses successiyBhattacharyaet al 2004). La photosynthesexygénique
nécessite laoopération de deux photosystemes (PS), nommés PSIIeTRSH OTRQ WURXYH
les membranes des thylakoid&€shuberet al. 1999. Chezleseucaryotes photosynthétiques
les thylakoides sont localiségsu sein deschloroplasts, organites cellulaires nés de

O THQ G RV témur&deHeux, trois ou quatre merabesen fonction des lignées du
GHJUp G THQ @Rrivaire Esedendgdre ou tertiairéa membraneales thylakoides et
support @ complexes protéiques membranagedes pigmentgchlorophylles, caroténoides)
qui composet OTDSSDUHLO S KR priiRogywphaskepdérauleXed deux phasksrs

de la premier@hasedite «claire», O I p Q H U J L He$d XiksEddddnsaiider les molécules
G 1 H D:®) er oxygene (§), en potons (H) et en électrons (eau niveau du PSFig. 1)
Les H sont utili®sdans la formationGufie coenzyme qui stockénergie chimiquel 1$7 3
(Adénosine triphosphatehlors que les “eparcourent une chaine de transferitre les
photosystemes | et boutissant a IaS U R G X FUNeL &d€éhzyan® réductrice, le NADPH
(nicotinamide adénine dinucléotide phosphate réduirs de la seconde phase, dite
«sombre», ces coenzymessont alors utilisées pourf D E V R U S R @ndt\earobe
I[N DERXWLVVHPHQW G H trahbor@aitiod [d(QyeD §lutusdhiispensabla la
IRUPDW LR QnoledueX shgdriibves. Le principe de la photosyntba&ggéniquepeut
ainsirWUH H[SULPp SMINt®@ TpTXDWLRQ

6CO +6H2 pQHUJILH OXHQsHgboss + &
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Partie 1: Introduction générale

Figure 1. ReprésentationschématiqueGH OD VHFWLRQ WUDQVYHUVDOH GTXQH PHPEUI
thylakoide) montrant l'orientation et certains des principaux composants de l'appareil photosynthétique.

Le transport des électroife) est indiqué par des fleches rouges et le transpompridésns(H*) par les fleches

violettes. Leglectronsextraits GH OTHDX GDQV OH S KsBrittRnsferéd auPchitochror@sd fCyt

be/F) et de layiala plastocyanine (PC) au photosystéme | (PSI), ou ils sont utilisés pour réduire NADP en NADPH.
Abréviation : LHC, antenne collectricde la lumiére (fleches jaunesRCII : centre réactionnale la molécule

de chlorophyllea du PSII (P680) et du PSI (BU) ; Pheo, une molécule de phéophyting et @, des quinones

liées; PQ, des plastoquinones libre&y, ferrédoxineg FNR, ferrédoxine/NADP réductasePi, phosphore

inorganique.

Cette synthese de molécule organique via la fixation de @& les organismes
photosynthétiques, représetdesource dicarbone organiquprincipalepour les organismes
hétérotropheset place ces organismes autotrophes)a base des réseaux trophiquea
production primaire estlonc un processus clédont une connaissance approfondie est
indispensabled la FRPSUpKHQVLRQ OYDS S UspikiHIQ Vdn&ignnére@ VL TX
trophique et des écosystemes.

Dans les écosystemes aquatiques, les producteurs primggtisant la photosynthese
oxygéniquesontreprésentés par des organismes multicellulagissque lesngiospermesu
les macroalgug et des organismes unicellulaires, procaryotes (i.e. les cyanobactéries) et
eucaryotes (i.e. les microalguel)est important de noter que le termalgue 2 @ fucune
UpDOLWp SK\ORJpQpWLTXH HW TXH FH WHUPH UHJURXSH Of
eucaryotesgjui ont un appareil végétatif rudimentaitiegllee D\DQW XQ EHVRLQ DEVROX
réaliser leur cycle de vid.es algues sont ainsaxonomguement trés diversifés et ontdes
représentantsau sein de nombreuses lignées eucaryotes (Fjg. L8s organismes
photosynthétiques unicellulair§syanobactéries et microalgues) peuvent pékagiqueset

former lephytoplanctorou benthique®t formere microphytobenthagHelbling and Villafarie
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Partie 1: Introduction générale

2009) %LHQ TXH OH U{OH GX PLFURSK\WREHQWKRY DLW pWp
compartiment été amplement mise en évidence dans lesszoéritiquesll apparaitrait que,

tout comme le phytoplanctofiQ0%de la production primaingalisée par le microphytobenthos

est consommeée et soutidas réseaux trophiqué€loernet al 2014)contre seulemert4 a

44% pourcelledes macrophyte@nderwood and Kromkamp 1999g(@eret al 2001; Cloern

et al 2014) Ainsi, au sein des écosystemes aquatidegproducteurs primaires produisent un

stock de carbonerganique TXL VXSSRUWH OYHQVHPEOH GHV UpVHDX
FRPSDUWLPHQWYV WUR S Ktlcomhhektial, Kisgifetd ¢lofsbavicégdoidsdhs U r

ainsi que les activite& H SrFKH R X GgobteXdidneq vokalesia la biomasse et a la
production des organismes autotrop{éson 1988; Caddy 2000; Nixon and Buckley 2002)
&RPSWH WHQX GH OYfLQFHUWLWXGH FRQFHUQDQW OD UpS
augmentation des pressions anthropiques et du changement clinfetbtkeset al 2002) il
DSSDUDVW DRGRYXEIBQNRIEOH GIDPpOLRUHU QRWUH FRPSUptk

production primaire.

Figure 2. Arbre phylogénétique représentant la distribution des taxa de microalgues au sein des lignées
eucaryotes lllustrations: (a) Chlorophyceae, (bPseudoscourfieldia sp(c) Porphyridium cruentum (d)
Gymnochlora dimorpha(e) Dinoflagellés, (flOdontella sp (g) Bolidomonas pacifica(h) Dictyocha sp (i)
Aureococcus anophagefferely Heterosigma akashiwdk) Pinguiochryss pyriformis (I) Ochromonas sgm)
Nannochloropsis salingn) Calcidiscus sp(o) Cryptomonas spp) EuglenoidesLe symbole « » indique que
OMDUEUH QTHVW SDivtetldD20DFLQp GTIDSUqV
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La production primaire nette aquatique de la planete a été estimée eit6OBGC par
an(Behrenfeldet al. 2005; Falkowski and Raven 2007bFH TXL FRUUHVSRQGUDLW
de la production terrestre estimée entre 56 &gEQ.an (Fieldet al 1998; Geideet al 2001)
&HSHQGDQW OYH[DFWLWXGH GH FHV GRQQpHV UHVWH XQH
LQFHUWLWXGHY DXWDQW \é Hdlaprethctp piddRr &Sade/suG I§dFaciatics® D W L |

physicochimiqus et écologiques qui limitent celte.

2. OpWKRGHYVY GTHVWLPDWLRQV Gduatgbe SURGXFWLRQ SULPCLC

Nos connaissances actuelles supr@duction primaire aquatigus®nt principalement
basées sulles algorithmes qui reposent sur des mesures de la concentration en chloeophylle
(chhaya SDUWLU GYLPDGRQWIIDWHEeB UMWHY RITUH XQH YLVLRQ G
(GaxiolaCastroet al 1999; Plattet al 2008; Tan and Shi 20Q9Bien que ces méthodes
puissentétre validées awniveau des zones stableshomogénesellesne permettent pas de
mesurer la production primaire au nivetas zoneslynamiques telles que les cétes, les rivieres
ou les estuaireEn effet,la présencale matiereen suspensiofdissoutes et particulairgs
TXYfHOOHV VRLHQW RUJDBQWUDML RXQMD BHM QUKW Y GDQV
FRXOHXUD®puDIEHRIIW GHJIUp GIKpWpURJIJpQpLWpP VSDWLDOH H
de producteurs primaiselansces zones peut engendrer ddd6éH XUV GIHVWLPDWLRQ
des échelles considérg@haffer and Onuf 1985; Underwood and Kromkamp 1988)effet,
les images satellisgeprésentent uneniage figéedu compartiment des producteurs primgire
alors que celkei estla résultantele nombreux processgsi influencenta variabilitéspatiale
et temporelle de la biomasse et du taux de croissance des organismes photosynéhétiques
échelle tres fin¢Cloernet al. 2014 Fig. 3).

Figure 3. La productivité primaire est le produit de la biomasse des cellules photosynthétiques (régulée
notamment par son import et son export, sa mortalité par broutage ou sénescence, sa sédimentation en profondeur

ou la disponibilité des nutriments) par le tawxaloissance de ces cellules (régulé par la lumiére, la température

HW OHV FRQFHQWUDWLRQV HQ VHOVCQQpiétaL @4y GH OTHQYLURQQHPHQ\
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LHY PHVXUHY VDWHOOLWHY QYpWDQWMsiensNa&ine®W pHYV D
and Fischer 2013)es mesures de production primaire dans ces environnements sont basées sur
des mesures directd3eux méthodes traditionnellds mesure directe ont été développems
estimer la production primaireLa SOXV XWLOLVpH HVW OD PpWKRGH GTL¢
radioactifdu carbongle C, introduite paiSteemarNielson (1952)t modifiée parBabin et
al. (1994) Pour pallier aux contraintede radioprotectn, un isotope stable du carbone!*@
peut également étre utilis€ette méthode décrite dans le chapitre Bermet de mesurer

GLUHFWHPHQW OfLQFRUSR UdaW lara@erSdigangue EFeightidnQdette I D Q L T
PpPWKRGH QpFHVVLWH GHV WHPSYVs @dulaptFatt&li plRsigurd HOD W |
heures Une autreapprocheHVW EDVpH VXU OH VXLYL Giddipp¥tiR OXW LR
processus de la photosynthe§®ependant, cette méthodecessite également des temps
GILQFX&DWMERVVHQVLELOLWp V.[BiaLd phdagadpte Bl deD n&sOrés en
laboratoirg(Falkowski and Raven 2007b)es long WHPSV GILQFXEDWLRQ GH FHV
engendrendes données a faible fréquenGef D F T Xdt WdnW\spaRidgement et temporellement
espacéesne permetnt pas G 1D S S U plgsHv@riatiets a courterme desprocessus
photosynthétiques'H SOXV FHV PpWKRGHYV V Hdf& Gou@ile». \CRXPLVHYV
SKpQRPgQH IDLW DOOXVLRQ j OfpYROXWLRQ GX PLOLHX GI
ERXWHLOOHV GILQFXEDWLRQ (Q HIIHW SibGsQEUGEHM sOHV KH)
créer et les popations bactériennes évoluentl&€ engendre un changement de la composition

de la population, une augmentation de la consommation par les bactéries et donc une dérive des
parametres étudi¢Pernthaler and Amann 2005; Hamne¢sl 2010)

A partir des années 198D, de nouvelles méthodes de mesure des processus
photosynthétiques ont été développées a partir de la fluoresstdammphylliennedes cellules
photosynthétiqueiSamuelsson and Oquist 1977; Cullen and Renger 1979; Vietcain1984;

Falkowskiet al 1986; Schreibeet al. 1986) Pour comprendre le principe de la fluorescence,

LO HVW QpFHVVDLUH GYTDSSURIRQ G Bwquiz hluS tdRdFdquedsKV GH O
pigments chlorophylliendescentres réactionne(RC) des photosystemesnt excités par les

photons,ls émettent des électrons poevenir deur état fondamentall Q G H K RéunissierH O
GIpOHFW HRIOWH GHX[ DXWUHV YRLHV GH G muddipees DWLRQ
alorsréémise sous forme de chaleur et de fluorescogfiged). /fpPLVVLRQ HW OD YDULI
fluorescence proviennent essentiellement du Bghuse and Weis 1991 fHQVHPEOH GH\
voies de désexcitatigdtantdépendantes, toute variation de la fluorescence traduit une variation

du transport des électronsRUVTXH OHV SLIJPHQWYV VRIQW lps@REREVFXUL'

P3I sont ouverts. Lorsqui@ molécule de chh « P680x», situé au centre dRC du PSI| est

22



Partie 1: Introduction générale

excitée par un photon, elle transmet un électron a un premier accepteur, la quinahegdi(Q

est réduite eie RCest alors fermél Q 1D F F H SGAMgetr& QO X pYOHFWURQ HVW HQVXL
au second accepteur,aiguinone B (@), qui va ensuite rejoindran pool de plastoquinose

qui seront utiliséepour la VIQWKqVH G % 73est/RdukeT @ est dxydeée, le centre
réactionnel est a nouveau ouvetD IT[HUPHWXUH GHV FHQWUHYV YD HQWUD
fluorescence, une fluorescence minimge) est ainsimesuré lorsque tous les centres sont

ouverts et une fluorescence maximg@fg) lorsque tous les centres sont fernfigslber and

Falkowski 1993)

Figure 4.Modéle UpVXPDQW OHV WUDQVIHUWYV G%u@idre ihtidenz XE)estvbsordéeG X 36, ,
par les antennes collectricdBHC) GTXRKIORURSK\OOH DYHF XQHpsy dtRv&/migrér paff DEVRU S
résonnance en excitant les moléculesetecK ORURSK\OOH &KO MXVTXTj] XQcEH&QWUH UpD
réactionnel est ouvert (A),s8 va étre oxydée @) HW OH S UHPL Hldcto(Q4) Sevd Hexwit (@)1

Sous ces conditions, la fluorescence est minimale g au momenou le photon est absorbéa@st réduit [i.e.

OH 5& HVW IHUPp % @ OYpQHUJLH DEVRUEpPH SHXW rWdfltbresdeQceR\pH VR X
MXVTXTj] XQ QLY HILA vRléuf defdddesdence F observée @ Q L YirkhbiahcE B est une moyenne

de ket Ry pondérée par la fraction de RC ouverts et feretésorrespond au quenching photochimiqug. (q

"9 D S Kajbér & Falkowski(1993)

Deux méthodesont couramment utiliségur mesurer ldluorescencevariable du PSliLa
différenceentre ces deux méthodesrtesur OD ITUpTXHQFH HW OTLQWOHQVLWYp C
fermer lesRC du PSll(Kromkampand Forster 2003)
- LaméthodeST pour « Single Turnovew, principalement utilisée dans les fluorimetres
de type «RRF» (ex: Fast Repetition Rate Fluorometéyst2; Chelsea Instruments
Ltd., West Molesey, Englandiéduit progressivement le pool dga de b M XV TXTj XQ
niveau lm, | OTDLGH G 9XQde flasksdottte \GLIK@H GXUpH GH TXH
microsecondg(8 —V HW GILQWHQVLWp PRGpUpH
- La méthode MT pouk Multi-Turnover», principalement utilisée dans les fluorimetres
de type «PAM » (pour Pulse Amplitued Modulated Walz GmbH, Effeltrich,
Germany, utilise un flash plus lon§8600 ms)et plus puissargui réduit les accepteurs
primaires, @, mais également les accepteurs secondai®s et le pool de

plastoquinonemenant a un irplus imporant
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&HV GHX[ PpWKRGHYV Sld temrienvewddantidueagimaldy RFRIHRJFv) qui

traduit, en partiecOTpWDW SK\VLRORJL(PxkhillGtHa 2600) JI2 @hdéméhy
GLPLQXH DYHF OTDXJPHQW D ¥é¢deR QisGnHIEO 1 @ TKiduD V. F WY WIDXFULHD
HQWUH OfTpQHUJLH DO OR XipeHgusriRiXrlg pBdiockindiudHR, Vet @aNek g V H
allouée pourOD GLVVLSDWLRQ G(He. uhthihg Yionghfitpcirhiduk(gkl ou

NPQ). Combinés avec des mesures de &v¢HFWLRQ GIDEVRUSWURD RSWLT
(Dubinsky 1992pudela«<VHFWLRQ GYDEVRUSWLRQ OB,@oherdd @ QHOOH
1998) ces deux méthodes permettent de calclke® WDX[ GH WUDQVSRUW Gfp
Electron Transport Ratejont les détails de calculs sont donnés danshépitte 2 Le
développement constant de nouvelles générations de fluorimétres permet de combiner ces deux
PPWKRGHYV GH IOXRUHYVFH Q F®Y HABezfdant, bidrHjue©rhkthoBsH V X U H V
aient O 1D Y D Q WiexiltlesGsendiblédoninvasiveet SHUPHWWHQW GYHVWLPHU
phobsynthétiques a haute fréquence, elles ne permettent pas de miesorement le carbone

fixé (Kolber and Falkowski 1993; Barranguet and Kromkamp 2000)

Le couplage des méthodes de mesure des parameétres photosyntlépguesde la
fluorescenceDYHF OHV PpWKRGHV GYLQFRUSRUDWLRQ GX FDUEF
intéressante pour estimer la production primaire a haute fréquence spatialpozelientn
effet, ® couplage permetedconnaitre e QRPEUH G{pOHFW U ROQVI L] PpMH\RD IGY b
mole de carbone c, et permet ainsi de transformer des données de fluoresceterenexe
carbonea haute fréquencepatiale etiu temporelle(Barranguet and Kromkamp 200
Marchettiet al 2006; Hancket al 2008b; Napoléon and Claquin 201@¥pendant, le3 cest
spatialement et temporellement inconstant en raison des muftiptesirsphysicochimique
et écologiques qui vont influer la fixation de carb@eOH |10 X[ G Yde©rhidra&iguBsQ V
(Barranguet and Kromkamp 2000; Morris and Kromkamp 2003; Behrepfeld 2004;

Napoléoret al 2013b; Lawrenet al 2013)

3. Facteurs de régulation dda production primaire

En réponse aux changemembysicochimiqu&/ GH OfHQYLURQQHPHQW
température, lumiére), les producteurs primaires vont subir des modifications physiologiques,
morphologiques et moléculaires qui vont affecter la photosynthése et par conséquent la
biomasse et la productio@es variations de la production primaire engeesipér des criteres
physicochimiqu¢/ SHXYHQW VH UpSHUFXWHU VXU OTHQVHPEOH GH\
ce sont des cascades ditdsotomup ».
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/ITpQHUJLH OXPLQHXVH
/ID OXPLqQUH HVW OH IDFWHXU OH SOXV GpWHUPLQDQW

WHPSRUHOOH GH YDULDWLRQ GH O Y LdudaDx@ovéntehts dgsp W H Q G
YDIJXHV | OfLé&ywwM X VOKH DD Udebdydlds shirhafidpaésen passant par les
variations saisonniereset interannuellesGH O YL QW H Q V C¥pgndank ReLriveb) \déd
variation le plus importarét une profondeur donnéeste le rythme circadigfralkowski 1984)
qui influence fortement leprocessus photosynthétiques. En effet, quand les conditions sont
optimales en termes de température et de nutriments, la production primaire et les capacités
SKRWRV\QWKpWLTXHV V Rh@ewitéGumineusa\indiBdit® 8V a @ lppdtogériode
(Cole and Cloern 987; Behrenfeldet al. 2004) Ainsi, les variations journalieres de la
production sont généralement expligy¢ SDU OHYV YDULDWLRQ\¥nBad aefLQWHQ
le rythme circadierfPrézelin 1992) $ F{Wp GX U\WKPH FLUFDGL#&Mit OTK\GUI
la profondeur critigue (modéle dgverdrup(1952) etla turbidité qui influence les propriétés
RSWLTXHV GH OBmikaodRVQhlkel 2@8idm s forcages clés qui varuntroler
les parametres photosynthétiqisning et al 2000; Behrenfele@t al. 2002; Mangonet al
2009) SDU OD PLVH HQ °XYde¢dho@matolimatatiRrifabintyxeet al 2002;
Behrenfeldet al. 2004; Van De Pokkt al 2009)

La photoacclimation est un processus qui permet aux organismes autotroghes
modifier leur appareil photosynthétjue etdonc leurphotosynthése poul §dimater aux
variations lumineusefDubinsky and Stambler 20Q9)e mécanisme deégulationle plus
visible correspond a une mdidation de la concentration pigmentai(Ealkowski 1984;
Dubinskyet al 1986; Falkowski and Raven 2007apLQVL ORUV GH OYDFFOLPDW
intensités lumineuseda concentration erchl a par cellule dminue alors que lors de
OYDFFOLPDWDWLRQ IBeohcebttaiad epil alpgr Yeltul@ atleMt pon maximum.
Macintyre et al (2002)ont pu observer un contenu en &hll2 fois plus importanthezla
chlorophycéd®unaliella sp, en passant gdortes aux faibles intensités lumineuses. Cependant,
aux faibles intensités© D X J P H Q Wohlvd. éRxQoléedes de chl a est assoc&a une
réorganisation desiembranes au niveau des thylakoides qui engendre wombiage des
FKORURSODVWHY HQWUH OHV PHPEUDQHY HW GRQF XQH Gl
(a*), phéromene appelé package effect (Falkowski and Raven 2007a; Dubinsky and
Stambler 2009)
8QH DXWUH VRXUFH GH Y DU LbaVrhdiifcatem deafd@mpobitios WL R Q
pigmentaire. Les pigmentmicroalgaux comprennent des groep ayant des propriétés

chimiques et physiques différentes (Kirk, 1994). De facon générale, les pigments peuvent étre
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divisés en trois groupesles chbrophyllesa, b et ¢ (~10 sortesZapataet al 2006) les
caroténoides (>30 sortes de carotemee leurs dérivés oxygénés connus sous le nom de
xanthophylles Jeffrey & Vesk 1997)et 3 sortes de phycobiliprotéines (allophycocyanines,
phycocyanines et phycoérythrineRowan 1989) Parmi ces pigments, un premier groupe est
représenté par les pigments accessoplestosynthétiques qui absorbent I'énergieles

O R Q J X H X Uiifei@riddde Ghes dda chla, etquitransférent une partie de cette énergie
absorbéeaux chla, pour la photosynthes@Majchrowski and Osthowska 2000)n second

groupe est représenté par des pigments accessoires non photosynthétiques dits

« photoprotecteurs (Karentz 1994; Majchrowski and Osthowska 200D¢s pigments sont
principalement des caroténoidps absorbeQ W O 1 p QftiitlesLldAgiktry/d'onde (4@DO

nm) etdesultraviolets (360400 nm) lls agisent comme des écrans solairgsurion et al
2002)enfournissantuneprotection contre le stress phaigydatif qui pourrait étre induit par

ces faibles longueur&6 TRQGH GH | Kbargvitd 1934 H U JL H

Deux autres réponséasnt partie des processus pleotaecclimatation 'f{XQH SDUW OD FD!
des cellulea modifier la tailledeleurs DQWHQQHY FROOHFWULFHYV HW G{DX\
le nombre déeursphotosystemesctifs,cesGHX[ FDSDFLWpV QTpWDQW SDV IRL
ORUV GY{XQH DFFOLPDWDWLRQ j GH IRUWHV LQWHQVLWp
photosystémes peut étre diminuée et/ou le nombre des photosystémes actifs réduit. Ces deux
réponses se PGXLVHQW SDU XQH GLPLQXWLRQ GH OD VHFWLF
| R Q FW L R esphptbsydtemes.

Un autre processus @dotacclimatationHVW OD GLVSHUVLRQ GH OTH[FqV GT
chaleur. Ce processus est réalisédidérentspigmentsqui different en fonction deghylums

commela zéaxanthineia le cycle des xanthophyllggour les alguedlitesvertes, brunes et

guelques rougegDemmigAdams 1990; Gévaeret al 2003) la diatoxanthinepar les

diatomées et les dinoflagedl@ia le cycle diadinoxanthingliatoxanthinglLavaudet al. 2004)

ou via O TDFFXP X (zBawathih® paG lels cyanobactéries et certaines algues rouges
((DemmigAdams 1990)Dans le cadre du cycle des xanthophyllesissfortes intensitéda
violaxanthine est transformée en zéaxanthine avec comme forme intermédiaire
OTDQWKpU D43 Qe Ketat)aH zéaxanthine étant instable) Tp QHU Jiiéd eBtEV R
principalement dirigée vers la dissipation thermiqlsn revanchesous des intensités
lumineuse®lus faibles la violaxanthine est suffisamment stable pour transfé&rp Q & J L H

chl a pour la photosyntheg®ubinsky and Stambler 20Q9)

Cependant, @me sices différents processus ghotaacclimatationpermetentde limiter les
GRPPDJHYV DX QLYHDX GH OYDSSDUHLO SwxRoVieR ek pW LT X |
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lumineuse®u au contrairecGTRSWLP LV HU Odbxfaikles\tensitE3id/ddm dddteux
en énergietleur mise erplaceva donc avoir des conséquences sur la croissance des cellules.

/H PLFURSK\WREHQWKRY HVW VRXPLV j GIDXWUHV W\SH
en rapportlirectavec les caractéristiques physiqdasnilieu benthiquel.es zones intertidales
tout particulierement, VRQW VRXPLVHYV DX[ Spb bwrtGameralesTm@asO XPLQL
égalementD X[ SpULRGHV G Y{LPP Huw\azBng inteHid@dde ploslbppltiniere
subit uneatténuation importanteéans le sédimer{Plouget al. 1993)et la couche photique ne
dépasserait pa®2 mm selorPatersoret al (1998) /H PLFURSK\WREHQWKRYV VIDG
intensits WUqV IOXFWXDQWHY GIDXWDQW SOXV TXH OD QDWXUF
GH OD OXPLqUH G xige3Dis pusl xnporam HaniesG&diments cohésifels
gue la vasepar rapport asable(Plouget al 1993; Kihlet al 1994) De la méme fagqra
concentration erthl a et la présence de biofilm a la surface du sédiment giémer la
pénétratiorde la lumieredans la couche euphotiq(Rlouget al 1993; Kuhlet al. 1994) Les
cellules photosynthétiques microphytobenthiques sont cependant capable§ D& D SWHU D X
dépots frais de sedimentsjy OfLPPHUVLRQ HW DX[ YD UeBaVCaRaNEsGH O T
FHOOXOHV GLWHYV pSLSpOLTXHV VRQW FDSDEOHV GH VH Gp
la photosyntheése ' D X Wlité$1 ¥pipsammiques sont étroitement dxéaux particules
sédimentaires. Ainsi, la majorité des cellules édppés sont mobiles et présemnten rythme
de migration verticale lié aux cycles des marées et a la photopéhidaieraal 1984; Ser6dio
et al 1997; Kromkampet al. 1998; Patersoret al 1998; Underwood and Smith 1998;
Underwood and Kromkamp 1999Fe processus propre aux cellules microphytobenthiques
peut étre conglérévis-a-vis de la lumier&eomme un processus de photoacclimatation a part

entiere.

Les nutriments

Les nutriments sont essentiels au développement des producteurs prehkeres
limitations vont affecter a la fois la photosynthéese et la biomasses@eganismesll existe
deuxgrands groupes de nutrimeniss macrautrimentsnécessaires en grande quantitées
micronutrimentsndispensables au bon fonctionnement des cellulesmdaessaires en petite
guantité(Ravenet al. 2007) Chez les algueda plupart de ces nutrimensont considérés
commedes élémentessentielsgpour tous les phylumsCependant certainsont essentiels
uniguement pouune partie degroupes. Par exemplk, silice Si), constitiantle frustuledes
diatoméesest indispensable a ce groupei représentdes plus importants producteurs

primaires maring40% de la production nette mari{idelsonet al. 1995; Sarthoet al. 2005).
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La limitation en sels nutritifaffecteles paramétres photosynthétiqBghrenfeldet
al. 2004; Mangonet al 2009; Napoléomt al 2013b)en entrainant des altérations rdueau
GH Of{DSSDUHLO SKRWRV\QWKpWLTXH (Reven@ahti\Geider@B)L W pV G
Les limitations erazote et en phosphore vont affecter les capacités de photoacclimatation du
phytoplancton en affectanhotammentla synthése protéique, les phospholipiddss
membranegt les métabolismes énergétiqksliber et al 1988; Geideet al. 1997; Guerrini
et al 2000; Lynnet al 2000; Young and Beardall 2003; Behrenfetdal 2004; Napoléormt
al. 2013b) La figure5 tirée deBehrenfeldet al (2004)résume comment la concentration en
sels nutritifs influence la régulation des premieres pghdselaphotosynthese notamment en
jouant sur les ratios NADPH (reductahet ATP et les conséquences de ces régulasianies
métabolismes du carbod W G H O 1 D¢dRsdhBmairépOsBRiQOD VXLWH GIXQH LPS
synthese de travaux, l'efficacitie I'utilisation de la lumiere par les pigments (a la longueur
spécifiqgue G § D E V RIdsSpiginéh(3) est plus élevée dans des conditions de forte intensité
lumineuse et de forte concentration en sels nutritifduet basssous faible lumiére dans des
conditions limitées en sels nutritifs. Dans les écosystemes eefrgpthes en sels nutritifs, ke
cellules phytoplanctoigues disposentainsi des ressources nécessaires pour optimiser leur
efficacité et leur capacité photosynthétique ce qui explique ks faux de croissance et
O 1D F F X P X kidnAstau(B06t ldbservédans ces écosystémes

Figure 5. Conceptualisation de l'influence de la lumiére et des nutriments sur l'efficacité de I'utilisation de

la lumiére par les pigments.Dans chaque cadre, le pool de pigments représente la capacité de collecte de la
lumiére pour I'ensemble des unités photdsgtitjuesqui varie en paralléle avec la somme du pouvoir réducteur
nécessaire a l'assimilation de I'azote (N), la fixation du carbone et la synthése de I'ATP. Une augmentation de la
lumiere diminue les besoins de la cellule en pigment pour une demanm®idzr réducteur donnée, ce qui

augmente le rapport carbone/pigment. Une diminution des nutriments provoque une diminution du pouvoir
UpGXFWHXU SRXU OHV WURLY YRLHVY GH V\QWKqVH PDLV OD GLPLQXWL
diminution GX 1 RX G X &BehfebfElddtcV(2004)
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Le microphytobenthgsne dépassant pas le bord du plateau continezgtlmoins
impacté par les limitations en nutrimeqtee le phytoplancton /fLPSRUWDQFH GH FHWW
vasurtoutdépendre du type de sédiment colonise effet, les sédiments vasesont souvent
tres concentrés en miments dissous en comparaisarx seédiments sableux qui vont étre plus
oligotrophes(Admiraal 1984; Heipet al. 1995; Underwood and Kromkamp 1998jnsi, il
apparaitrait que les nutriments joueraientrole sur la production primaire et la biomasse du
microphytobenthos uniqguement dans les environnements tres p@arreentrations en nitrate
dans le sédiment 20 pmol.LY), ce qui est rarement le cas ddes zones néritiques
(Underwood and Kromkamp 1999)
Bien queles nutrimentguissent jouer umdle déterminansur la biomasse et la production
SULPDLUH OYDSSRUW HQ Cuxtévdét desldpdys@imed/commaeprddilicifsj F D
ou non. En effet, lorsque les conditions de croissance en termes de nutriments sont optimales,
la croissance et la productipeuvent étre limitéegar Gafitresfacteursenvironnementaugt

en particulier par ltumiére et la température

Température

Bien que les optimums de températures changent en fonction des espéces considérées
et notamment de leurs originela température est également un facteur limitant pour la
production primairecommepour OYTHQVHPEOH GHV U p ORaeb Rr@ \Geldé&rRFKLP L
1988; Davison 1991; Claquet d. 2008; Thoreét al. 2014) En effet, s microalgues montrent
une grande variété detponsesphysiologiques en réponse aux variations de température
(Thompson 2006) (Q SDUWLFXOLHU DX[ IDLEOHV WHPSpUDWXUHV
enzymegqqui interviennent dans la photosynth@sgendraun ralentissement deelle-ci et en
conséquencdimite la production primair¢Falkowskiet al. 1992; MorgarKiss et al. 2006)

Les varidgions de températufjeuent un réleparticulierementmportantsurles taux de
photosynthése du microphytobenthes zone intertidaleEn effet,j OfpFKHOOH VDLVRQC
températures sur le sédiment peuvent varier entre 0% 8Givant la saisooonsidéréet de

f& | OTpFKHOOH M eoMr @s&yCes ddhthrdaividvariallon puvantatteindre
3 °C par heurdors de O T p P HUMERAQd and Kromkamp 1999)) a ainsi été montré une
forte relation entre la production mictogobenthique et llempératuréBlanchardet al. 1996)
Par ailleurs, la dessiccation des biofilsmimis a de fortes températures pourraenement
impacer la production par le microphytobenti{tsderwood and Kromkamp 199%)est ainsi
important de prendre en compte le facteur températe U Vét@iel d® 1% dynamique de
productionGTXQ pFRVIXWgPPHH VRLW j OfpFKHOOH MRXUQDOLQUH F
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Consommateurs primaires

En addition auxcascades bottomp, la dynamique déa production primaire peut
également étre affectée par des cascades ditesdowap ». Ces derniéres impliquent une
régulation des producteurs primaires par les compartiments trophiques suggoeurser and
Stibor 2002; Caracetal. 2006; Sommer and Sommer 2006)encore par les viryguhrman
1999) Ainsi les copépodes et le mierooplancton (flagellés et ciliés), principaux
consommateurs du phytoplancton ainsi que lesuteurs et les filtreurs, principaux
consommateurs du microphytobenthos, peuveffLOV VH UHWURXYHIiterHQ IRUW
la croissancediminuer la biomasset doncréguler laproduction primaire. Il a également été
montré que les pathogénesaix infectat un grand nombre de producteurs marins dont les
diatomées et les cyanobactéries. La présence de particules virales pourrait en effet, sous
certaines proportions, réduire la production primaire de {Bottleet al 1990) Ce résultat
PRQWUH TXH OYLQIHFWLRQ YLUDOH SRXUUDLW pJDOHPHQW

communautés phytoplanctoniques etalproduction primaire dans les océans.

4. Diversité et capacité de production
/IHV HVSqFHV QID\DQW SDV OHV PrPHV FDSDHBAWPV GTI
structurede la communautghytoplanctoniqu@eut également avoir un réder la dynamique
dela production primair¢Coété and Platt 188 Videauet al 1998; Duartest al. 2006; Jouenne
et al 2007; Mangonet al. 2009; Claquiret al. 2010) Cependanta relation entre biodiversité
et production, ou biodiversité et productivité, est tres peu étftételbach et al 2001;
Gamfeldt and Hillebrand 2011; Napoléenal. 2014)et trés variabléNapoleonet al 2012)
Des travawont montréune relation positive, négative, unimodale (en "cloche") ou encore une
absence de relation évidente entiadlversité et productivit€Napoleonet al 2012) Comme
expliqué dans Napoléqi2012), la relation positive, l@lus souvent décrite dans la littérature
SHXW V{H[SOLTXHU SDU OHV Chp FURBPH\NO VW PpYDXQWQH HV S
soit présente augmente d&veOD GLYHUV LW p G()XieeoimBémenaptD ehthepes
HVSgFHV SHX¥geindgReBmroudautdd ghytoplanctoniques tres divergilidesmn et
al. 1997; Loreau 1998)En revanche, leselatiors unimodale observées signifient que
G 1L P S RiivaaDxQ@eVproductivitéontassociés a unfaible richesse taxonomigqu€ette
relation peutV I H[ S OdafisXds bhilieux tres productifs ou la ressource est limi{ghtston
and DeAngelis 1994; Duartt al 2006) par la dominance de certains daqui excluraient
certaines especes par compétitibf. DEVHQFH G {1X Q PR G gexéalidé @dologidgdeW U D G X

ourévelela complexité des mécanismes sqarentset la difficulté a les caractériser. En effet,
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OYXQH GHV SULQF&BQ Y HOV B[S OLFFKDMWIpR/Q GH OD UHODWLRQ
caractérisation de la biodiversité.
Historiguement, la diversité du phytoplancton eucaryote a été évaludgeptfication au
microscope des caractéristiques morphologiqulegst cependantdmis qe le nombre
GTHV SqgFHWrase & Wes\Vwbkervatiossusestime largement I'ampleugglle de la
diversité du phytoplanctofNot et al 2012) Au cours de la dernié décennie, I'évaluation de
la diversité environnementale a I'aide d'approches moléculaires a mis en évidence une diversité
massive non décrite, y compris de lignées entigviassana and Pedrddio 2008; Vaulotet
al. 2008) que ce soipour les eucaryotesomme poutles procaryotesLa combinaison des
analyses phylogénétiques et morphologiques moléculai@dd F H Vaudgimen@&f]
particulierement pour le phytoplancton de petite tajle V 1 D Y q Wés abdHdad(ig. 6) et
pour lequel trés peu de caractéres morphologiques distinctifs sont disp(¥dilesal 2012)

En effet, bs cellulephytoplanctoiquesne sont pas seulemepttylogénétiquemerttes
variéeg(Fig. 2) mais couvrent également ulaegegamme de taille intreou intergroupesCe
spectre de taillev  p W HEuS d& ¥oi$ ordres de grandeur, allant du pilemcton (0,2 a 2
pm) au mésoplancton (0,2 a 2 mm) passant par le nanoplancton (2.0 a 20 um) et le
microplancton (20 a 200 uml.es cellulegphytoplanctoniquesontprincipalement solitaires
mais de nomteuses espéeces (la plupart des especelatiemées quelqueddinoflagellés et
haptophytesont également la possibilité de former des chaines ou des colonies. Bien que des
exceptions existent, les plus grandes classes de taille du phytoplancton mtayémécalement
dominées par les diatomées et les dinoflagellés, tandis que les classes plus petites regroupent
des cyanobactéries et des nano et pico eucaryotes appartenant aux Cryptophytes et aux
« Prasinophgées» (groupeparaphylétiquale Chlorophytes En pratique, cette large gamme
de taillesimposede coupler différentesiéthodologies d'observation (microscopie optique et
électronique, cytométrie en fluxoutils moléculaire) pour caractériser latructure des
assemblagephytoplanctoiques La taille des cellulesaffecte également de nombreuses
caractéristiques fonctionnelles du phytoplanatdra répartition dans les différentes classes
exerce un contrdle majeur sur les cycles biogéochimiques et les réseaux trofihid06g;
Worden et al 2004; Vaulotet al 2008) Par exemple, en raisothe leur large rapport
surfaceyolume qui facilite I'absorptiodes nutriments, les petites cellules gmnticuliérement
bien adaptées aux eaux stables et oligotrophes (pauvres en éléments nutritifs), alors que les
cellules plus grandes ont généralement de metdaptitudegpourles milieuxdynamiques et
eutrophegMalone and Neale 1981; C6té and Platt 1983; Raven 1998; Montecino and Quiroz

2000; Jouenneet al 2007) Parce que l'environnement marin présente des structures
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physicochimiques hétérogenes dans l'espace et le temps, la taille des cellules est une
caractéiistique importante a considérer. De plostte répartition est un bon indicateur de la
PRGLILFDWLRQ GHV PDVVHV GYfHDX GDQV OHWys3eROROHY VH V
2011) La variabilité de taille et de physiologie du phytoplancton est donc une variable
supplémentaire pouvant affecter la production prim&ien gX fLO DLW ORQJWHPSV pW
la production en zonetieresttait assurée par des cellulegydandes tailleertainegtudes

mettent en avant les petites classes de tdfée exemple, il a été montréur lescotes

chiliennes que la production gmaire des cellules de petites tailles (<pén) était
significativement supérieure a celle des cellules plus gsaxd® um) et que la productivité

(i.e. P/B) est moitié moins importante lorsque 80% de la communauté phytoplanctonique est >

8 um quelorsque 50% de la communauté estgh8(Montecino and Quiroz 2000)

Figure 6. Pourcentages des différentes classes de taille de phytoplamctalculés selon le modéle présenté
par Brewin et al (2010)avec des données de mai 200Bes pixels gris clas se référent a des pixels non
identifiés en raison de la couverture nuageuse ou des angles avec de la lumiere solaileeslpixels blancs
représentent des eaux cotiéres et des eaux intérieures (<200 m de profondeur) thniielg@st révégurestiner

la chlorophylle en raison de la présence de mapigrtculaireen suspension et/ou de matiére organique dissoute
colorée.

5. Excrétion G fH[R S R O\V D Fokinpbr@hrty

Certains organismes donésl producteurgprimaires et notamment les diatomées,
peuvent excréter de grandes quantités de carlsmes la forme de polysaccharides
extracellulaires dits EPS (pourextracellular Polymeric Substanseg En effet, une part non
négligeable du carboniéxé au cours degrocessus de photosynthesar les organismes
DXWRWURSKHY QfHVW SDV LQWpJUpH GDQV OHV FRPSRVpV
cellules, mais est excrétée sous forme de substances dissoutes riches en polysaccharides
(Wotton 2004)
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CesEPSjouentun réle important poutes communautés microphytobenthiques. En
HITHW OD SURGXFWLRQ G 1 (3&pipSamhohiguesvdelrésierPacdrddi@dsO J X H V
grains de sables et aux microalgues épipéligieesigrer dans les premiensillimetres du
sédimentpour mieux faire face @&urs besoinphysiologiguegUnderwood and Smith 1998)

Ces moécules sécrétées au niveau du raggediatomés, vont former un biofilm exogéene qui

leur permet de se déplacer grace a des interacimigues. En plus de servir a la migration,

les EPS ontde multiples fonctions vitales pour les diatoméas particuker en formant la

structure rigide d'un biofilmes EPS permeiht GfDGKpUH U eD XYV WIHDWQMWJ DWp URV L
sédiment 'H SOXV OD VpFUpPpWLRQ GT(36 e*D tEpdnst dul %ireBs pWp F
environnementaux tel que le stress nut(Bifaatset al. 2000) Les EPS peuvent étdivisésen

deux fractons principales la fraction olloidale eta fraction li€edont les compositiongarient

HQ IRQFWLRQ GH OD QDW X bidfilns et d¥ pdd Etathigysholodriei® Mk JH G X
Les EPS colloidaux corresponderiadraction qui est dectement sécrétée dans le miliet,

qui forme en grande partie le biofilalors que és EPS ligé sont attachées au frustules

diatomées par des liaisons ioniquedeR XHQW X Q U{OH b@dtioolfhRdpdcpd/ LRQ HV
de mobilité du microphytamthos semblerait engendrer une tres forte productivité et une
photanhibition presque null@au sein de ces cellulesicrophytobenthique@Kromkampet al

1998)

En dehors de leur réle dans la mobilité du microphytobenthos, les EPS jouent également
un réle important dans le devenir de la production phytoplanctoniBoes.ce compartiment,
les EPS sont présenté par une fraction soluble composée principalement de galactose et
GIDFLGH JOM®EBraur€pt aleD2) HW GIXQH IUDFWLRQ SDUWLFXO
particules exopolymériques transparentes (TEP) principalement casspuieséucose et de
rhamosgFukaoet al. 2009) LHV V HF U p W etRIQNEPQEAA 8 ®hytoplanctgmuent un
réleimportant GDQV OHV SURFHVVXV GIDJUpJDWLRQ GHdJd¢épGLPHQ
OD FROR QeyHPa&a$peDaX 2001; Bhaskar & Bhosle 2009)e plus, leur production
permet la création de microenvironnements ou les cellules sont protégées des changements
rapides des conditions environnementales, des toxines, du broutage ou méme de la digestion
(Decho 2000)En dehors de la biomasse des producteurs primaires, les EPS représentent une
part non négligeablde la production primaire disporegbour les consommateurs goutient
OHV UpVHDX[ WURSKLTXHV $LQVL OYpWXGH GH OD G\QDPL
OYDSSUpKHQVLRQ HW OD FRPSUpKHQVLRQ GHV IOX[ GH FDU
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Figure 7. Variété des EPSproduits par les diatoméegShniukova and Zolotareva 2015)

Ainsi, de nombreux facteuextérieurs mais aussitrinseques jouent un réle important
dans la dynamique de la production primaire phytoplanctonique et microphytobenthique.
/IfLPSDFW GH FHV IDFWHXUV HVW FHSHQGDQW GLIIpUHQW
JpRIJUDSKLTXH j OYDXWUH e aDainSi LR GXi&é§VdaRsQdeSrdmifréuk U
écosystemeaquatiqueglifférents tels que les lacs, les rivieettes zones cotierd&Sattusoet
al. 1998; Clernet al 2014)mais aussies zones océaniques oligotropltiEalkowski 1998)
&HSHQGDQW OD PHVXUH GH OD SURGXFWLRQ SULPDLUH SH:
écosystemes dynamiques tels que les estu@lirederwood and Kromkamp 1999r, la
compréhension de la variabilité de la productmimaire est une clé pour comprendre la
variabilitéde cesécosysteme G 1 XQH L P S R U W@ktercbhraibsance/deet de mieux
appréhenderelcycle des nutriments, du carbone et des métaux trizogsalité de I'eau et de
I'habitat, laproduction secondaire pkes herbivores, lesapture de poissos et bs cultures de
crustacéqCloernet al 2014) ' D X W D Q Wa Saedr\cumadtiveDdeotis ces services
ecosystémiques est jugéonme étant la plus élev@ans les estuaires comparaison tous

lesautreshiomes(Costanzaet al. 1997)
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6. La production primaire dans les estuaires

1.1.Importance des écosystemes estuariens

'LITpPUHQWHY GpILQLWLRQV GHMXIQ litterauveGhdleeMB QW GRQ
HVWXDLUH HVW GplLQL SDU OD |[RQH LQWHUPpGLDLUH HQWU
GITXQ RFpDQ RXYHUW ODTXHOOH SHXW r'WUH VRXPLVH DX]|
retenus (e.g. géomorphologiques, biologiques, paysageesjigabilités), les limites de cette
zone different. Transversalement, un estuaire integre les milieux adjacents, généralement des
zones humides. Longitudinalemeniy estuaireest le plus souvent défiiomme la zone
Grffluence de lamarésur OH FRXUV GY{HDX HW ELpliQseseXgiopadeRi@S H GH |
HQ DPRQW FYHVW SULQFLSDOHPHQW OD OLPLWH GX IURQYV
VDOLQLWpP GH A TXL SUpGRPLQH

Malgré des définitions différentes suivant la thématique abord@€] L P S Ribjéurd Q F H
GH FHV pFRV\VWqPHV HVWXDU L K Qar ldub poaltidd $a@fdpée htraVp  (Q
la terre et la mer, les estuaires sont des environnements aux intéréts économiques importants.
En dehors de la péche, de nombreusessinigs basent leur économie autour des estuaires,
QRWDPPHQW OH WUDQVSRUW HW OfH[Sp,&hi¢/dgRemeritlds OHV S
HOQWUHSULVHY HQ OLHQ DYHF OYDTXDFXOWXUH OD SURG?>
pétrole et du gz, les biotechnologies marines ou encore le tourisme. Ainsi les estuaires sont
parmi les écosystemes aquatiques les plus fortement impactés par les activités anthropiques
(Kennishet al. 2014) 6 XU OH SODQ pFRORJLTXH OHV HVWXDLUHV VI
pour de nombreux organismes estuariens, marins et terr@syesh et al. 2004) Bien que les
estuaires soient des écosystéemes fragiespnt néanmoins riches en biomasse et fonteparti
des écosystemes les plus produdtifederwood and Kromkamp 1999; Cloatal 2014) De
plus, ils offrent de nombreux services écosystémiques en intervenant dans ikastabides
cotes, la détoxification des contaminants, la transformation et la régulation des nutmaients
aussiles cycles biogéochimiques des substances comme la séquestration du (¢&rbpish
2016) La valeur cumulée de ces servigepportée a la surface occupést jugée cmme étant
la plus importante dans les estuaires en comparaison aux autres, laieoece®2 832 $ia/an
(Costanzaet al. 1997)

Les éosystemes estuariens sont donc des zones aux forts intéréts a la fois écologiques
et économiques, masubissent également de nombreuses pressions qui peuvent fortement
affecterces fonctiongViles and Spencer 1995)u sein de ces systémdss producteurs
primaires soutiennenO T H Q V H PrEs@audx Gdphiquest éa dynamique déa production
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primaireestdirectement lié&é la dynamiqueles estuaires. Or, les estuaigesfont partie des
écosystemes les plusrimiques et les plus complexsent lesiége ddlux considérables de
PDWLgUH HWu Gd mé@éhtUuhe Hnultitude de processus biogéochimigeredant

difficile HW L P S @giimatididdedd]production primaifeig. 8).

Figure 8. Ensemble des interactions gbrocessus biogéochimiques au sein des écosystemes estuageas

leurs interfaces Un grand nombre de processus physiques contribuent a la variabilité spatiale et temporelle du
systeme estuarien (apport fluvial, anthropiques, courants et amplitude d®.rEzttanges eau douce/eau salée

DYHF OHV JRQHV F{WLqUHV DGMDFHQWHYV 52),StaththiP®RQ) Rl JUHVKZDWHU

1.2.La production primaire dans les estuaires a travers le monde estimation et

variabilité

Boynton et al (1982) ont compilé les résultats obtenus dans 45 estuaitesnt pu
observer ds productiongrimaires quivariaiententre 19 et 547 gC.fny! avec une moyenne
de 190 gC.m.y’. De leur cotéUnderwoodet Kromkamp(1999)ontprésent plusieurs valeurs
de la productionprimaire recueillies dansdifférents estuairesavec pour le compartiment
phytoplanctoniquein minimum de YC.m2.y* (parie amont de Bristol Channel awume
Uni) et un maximum de 87%C.m2y! (SDUWLH ROLJRKD @to@é¢htalGH O (V
«Westerschelde) et pour le compartiment microphytobenthique des valearsprises entre
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29gC.m2y! GDQV OJHVWXDLUH G HCoORyP 8D QN GUERI \bus\Heux

situés au PayBas. Ces @teursont égalemenimontréla contribution relative des différents
compartiments de producteurs primaigans la prodction autochtone des estuaires,leu
microphytobenthoa étéconsidéré comme ayant une contribution supérieure ou équivalente
phytodancton Cloernet al (2014)quant a eux, montredes valeurs estiméds la production
primaire dansl31 écosystémes estuariens et cat@mpriss entre-105 et 1890 gC.ry?

avec une moyenne de 225 gC.;' sur 1148 mesures réaliséBmns cetteétude lesauteurs
mettentegalemenen évidence une forte variabili@tre les zones échantillonnées concentrées

en Europe, en Amérique du Nord et autour de la mer Baltique en utilisant des méthodes
SULQFLSDOHPHQW EDVpHV ¥V %Ude® P HY XR WS RAGHEHIer¢h® GH
bibliographique réalisée au cours de notre étude nous montre également une forte variabilité
dans les chifies de production estimédW GDQV OHV PpWKRGHV GH PHVXUH

employées

La classificationécologiquedes écosystemenarinsesten partiebasée surelsappors
de matiére organique dans un écosystefiesi, une classification des écosystemes a été
proposée en fonction s&aleurs déa production primaire annuelle (gC%an!; tab. 1) de ces
ecosysteme@Nixon 1995) Il estcependanimportant deconcevoirque dans les estuais,une
partie de la productioprimaire est Gofigine autochtoneet TXTXQH DXWUH SDUWLH

allochtone, provenant des apports fluvial et océanique, vient renforcecicelle

Tableau 1. Classification des écosystémesfenction des apports de matiére organique (gamt).

Classe Production (gC.n1%.an?) 4XDOLWp GH OfTH(
Oligotrophe <100 «Good» = bon
Mésotrophe 100- 300 « Fair» = juste
Eutrophique 100- 500 «Poor» = pauvre

Hypertrophique > 500 «Very Poor» = trés pauvre

Ainsi, un environnement dit igotrophe» est donc un environnement peu productif
(<100gC.if.an® DORUV TXTXQ pF Rypelropljduer RW \GTLVY 1O HVW WUQq)
(> 500 gC.nt.ar"). Cependant, lSURGXFWLRQ QTfHVW SDV OfXQLTXH FU
compte QRWDPPHQW SRXU OHV HVWXDLUHV (Q HIkewWwleyVHORQ (
et al 2015) un estuaire oligotrophe est défini par une faible biomasse phytoplanctonique
(< 5 pg.LY), une forte diversité de diatomées benthiques (entre 3 et 4.5 en indice de Shannon),
une faible concentratn en azote (< 0.1 mg¥), en phosphore (< 0.01 mg'et une forte
concentration en oxygéne diss@s 5 mg.LY), il est alors dit en kon pWDW 2 $ OTLQYHU)

estuaire hypertrophique est défini par une forte biomasse phytoplanctonique (> 6)) wgel
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faible diversité de diatomées benthiques (entre O et 1), de fmeentrationsen nitrates

(> 1 mg.L}) et en phosphates (> 0.1 mg)let une concentration en oxygéinés bassel est
alorsclasséen «trés pauvre ». Les estuaires difsiste» ou «pauvre» étant des intermédiaires
aux deux autres. Un estuaire pauvre» est également défini par une biomasse
microphytobenthique forte (> 100 mg3n(Lemleyet al 2015)

Ainsi, il apparait que la classification des estuaires ne peut étre généralisée en raison
GIXQH LPSRUWDQWH YDULD E L Grhafiops BeXpradudtichpiimareiantr@ L | 1p U +
les estuaires/ fXQH GHV VRXUFHV @dt rdptédintédl paf et cdpaetbristignep
bathymétriques, hydrographiques ou morphologiques propres a chaque estuaire mais également
par leur position géographique qui va notamment déterminer certains parametressingise
TXH OD WHPSpUDWXUH RX OfLQWHQVLWpPp OXPLQHXVH ,0 \
les estuaires tempérés et tropicpaoxvant controler les processus biogéochimiques le long des
gradients salinsEyre & Balls (1999) qui ont réalisés une étude comparative sur différents
estuaires tropicaux et tempérés ont listé ces principales différe(iréss saisons en zone
tropicale, typiquement deux au lieu de quatre zmne tempérée, engendrede fortes
précipitations etun ruissellement important lors de la mousson qui vont augmenter les
YDULDWLRQV DQQXHOOHYVY GX WHPSVY GH UpVLGHQFH HW GH
potentiellement diminuer la rétéon des nutriments et engendrer un découplage benthos
pelagos (i) IHV GLIIpUHQFHVY HQ WHUPHV GH YpJpWDWLRQ PDC
engendrent des variations importantes dans la disponibilité des nutriments avec de plus faibles
concentratios en azote et en phosphore souvent limetaat de fortes concentrations en silice
favorisant les diatoméeqiii) la lumiére plus importante et moins variable ne limite pas la
SKRWRV\QWKgVH HW OHV IRUWHYV WHPSpUBWXOWH)YDIBRIBDW
conduisant & de fortes salinités.
$ FHWWH IRUWH YDULDELOLWp REVHUYpH HQWUH OHV GLIIp!
YDULDELOLWp WUqV pOHYpH DX VHLQ GTXQ PrPH HVWXDLU

échelles patiales et temporelles suivant les facteurs fosgant

1.3Variabilité intra-estuarienne
&RPPH OfRQWolRk & Elld (2015) il est impossible de comprendre la
VWUXFWXUH pFRORJLTXH HW OH IR QRpehdReQlEsHPdded3ls G X Q
SK\WVLTXHV TXL Vf\ HIHUFHQW HW QRWDPPHQW OHM G\QDPL
YDULHQW GTXQ HD¥ plux,D afgpdtait qoeidajod el la variation de la biomasse
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et de la productioprimairedans les dgaires est due a des processus physi(kiaslairet al
1981)

De maniere générale, les deux forces essentielles gomident la dynamique
estuariennesonDHV 10OX[ GTHDX[ GRXFHV GLULJpV YHUV OYDYDO H
GH PDUpH TXL SpQgWUH j(Bd 2)QQaspcourdhtd peuSent @r§ FeRfovcE<ou U H
minimisés par les conditions météargiques telles que les précipitations, la houle, les ondes
de tempétes et les vents. Le mélange entre les eaux douces st@dlilktVW SDV wnePpGLDW
stratification a lieu dan©O fHVWXDLUH DYHF OYHDX VDOpH SOXV GHQV
courDQWYVY GH GHQVLWp HQWUH Qde\mé@hhX pnRdne égaemeneb X (Q
courants verticaux dits résiduelk PSRUWDQWV HQ WHUPHV GH UHPLVH HC
des courants engendrpar ces deux forces entraine une circulation hydrologique complexe
spécifiqgue a la dynamique estuarienne qui joue un réle direct et indirect sur la production

primaire(May et al. 2003)

Figure 9. Schéma des flux dominants de l'eau, des sédiments, des nutriments et du plancton dans un estuaire.
' D S Wqlenskiet al (2004)
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Les apports du fleuve en nutriment

Les apports des fleuves en particules, en matiére organique et en nutriments liés a
O 1 p URYV L RiQveesHnq Eldeginger and Melack 1981; Meybeck 1982; Mulholland and
Watts 1982) V | D M dpéhHicoup plus importastians les estuaires XH GDQV QILPSRUW!
autre écosystem@iowarth 1988)Fig. 9) . Cetimportart apporten nutriments supporigne
forte biomasse chlorophyllienne pouvant allev XV T X I conGddtvations en chk
occasionnellement exceptionnelles conuelles mesuréef OD VRUWLH GH OfHVWXDL
Tamagawa dans la baie de Tokyo a9827 pg/L(Yamaguchiet al 1991)ou encoredans
OYDPRQW GH OYHVWXDLUH GH OD UL YL gésHoricErrgions O TR X H
supérieures a 100 pg/ant été mesuréehompson 1998)De plus la sédimentation des
dérivés carbonés en lien avec les blooms phytoplanctoniques acoéfleleF WLY LWp EHQWKIL
renouvellement des nutriments comme le mo@renzet al (2000)dans la baie de San
Francisco. CependanD X FRXUV GIpSLVRGHV &Y puwiménisthewehgatreSUR QR
limitants et ainsides périodes de limitation par les nutriments ont été décritesqdaettpies
estuairedels que O 1 (V k3ehelde») lors de certains blooms printanigksromkamp and
Peene 1999u celui dda riviere Colne au Royaurrigni (Kocumet al. 2002) Sur les zones
intertidales, la disponibilité en nutriments est plus importante dans les zones de sédiments fins
(vasieres) que dans les zerge sédiments plus grossiers (saldsjjuels sontarement remis
en suspensiofAdmiraal 1984; De Jong and De Jonge 1995; Htipl 1995) De plus,il
apparait qude microphytobenthosst raremenkimité en nutriments du fait de sa capacité a
incorporer les nutriments lors de ses phases de migr@timaierwood and Kromkamp 1999;
Longphuirtet al 2009; Leynaerget al. 2011)

Turbidité et matiére en suspension

/ID TXDQWLWp GH SDUWLFXOHY GDQV OD FRORQQH GTHI
HVW j OTRQHIWXH BIYfGLW p LPSRU WtReptéd\ernergarie endredeEnQ QH G 1
en fonction des couran{slay et al. 2003) *pQpUDOHPHQW HOOH GLPLQXH GF
avec la sédimentatiotes particulesD X VHLQ GH O 1 lVvhjofite dés artBlle3 Edt
doncUHWHQXH GDQV OfHVWXDLUH FRPpR:+HIeDRQAesitléndésreéexX DL UH
VXVSHQVLRQV 0(6 Q1D VWolhstlaQdHetdrs S8 a QufbRIiEEpSagt un
facteur important de variatiote la luminosittLQFLGHQWH GDQV ODmikeREORQQH C
SKRWRV\QWKgVH HW O YL QRCol¢8tRIUIDYY;UyQlerGadd/Ca3¢IVI99T;P H Q W \
May et al. 2003) Ainsi, lorsque le taux de nutriments est important, la production est

directement liée a la disponibilité de la lumié€oernet al. 1983) La luminosité dans la
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FRORQQH GYfHDX SHXW rWUH LQVXIILVDQWH SRXU DVVXUHU
nutriments dans de nombreux estua{fgscumet al 2002; Gazeaat al 2005)et peut méme

devenir négative sial respiration excéde la producti@@arnieret al 2001a) Sur les zones
LQWHUWLGDOHYV OfYHDX WXUELGH GHV HVWXDLUHV HPSrFKt
GH OYLPPHUVLRQ 'dtofcentrdians/chiGréphiyiienki@sdiltshire et al 1997)et

de trés fortes densités dallales microphytobenthique® O O D Q W “MuX & GeXulgs.cm?,

VRQW UHWURXYpHV ORUV GH OD FEMXdWlddes pU1RGH GpP|
&HSHQGDQW VL OD OXPLqUH HVW WURS IRUWH j FHWWH Sp
crépuscule et restent en profondeur lors du zéhithssoret al. 1994; Underwooeét al 1999)

/[H PD[LPXP GH WXUELGLWp DSSDUDLW j OYDPRQW G
douces/salée@-ig. 7) (Uncles and Stephens 199&ette zone de turbidité maximale (MTZ
pour «Maximum Turbidity Zone») présente des turbidités décuplées par rapport aux autres
JRQHV GH WpHhst\WhH PdtdisHl 97.8)a MTZ qui se déplace en fonction des courants
longitudinaux et verticaux mais également latéralepmésente cependant une forte activité
HQ UDLVRQ GH OD ILIDWLRQ GH EDFWpULHV KpWpURWURSK|
O 1 (V F DaxvdfeiRdle @oductiorbactérienngeut atteindre @0mgC.m2.d* (Gooseret al.

1997)

Malgré les importants apports ewtrimentsqui peuvent engendrer une importante
biomasse etine forteproductionen amontFRPPH GDQV OfTHVWHXalhéHalGH OD 1
1993) la forte turbidité associée au flux de la riviargénéralement un effet négatif sur la
biomasse et la production. Ainsi, une plus forte production est mesurée en aval des estuaires, la
Re OD WXUELGLWp HVW PRLQGUH DORUV T X fcdrgniedéXit EOH S U
par exempleGDQV OMH&AVRDLULYLqUH 1RUPDQBOférdleRd) 21&H O T3$ X\
Reynolds 2012)

Temps de résidence

/[H WHPSV GH UpVLGHQFH GHV PDVVHV GYHDX YDULH |
estuaires G hkhte@sité du débit fluvial et decycles de marée.Spécifiquement dans les
estuaires, le temps de résidenes garticulegn suspension est quant athgis variableTout
G 1 D EiRed @nportant de prendre en compte le piégeage des particules au sein de la MTZ
dont la durée varie en fonction des couraBtssuite une partie importante des particules est
définitivement retenueahs les estuaires et participeson colmatage, pouvant emgrer une
UpGXFWLRQ GX Y R CBEXRoActierHdeOQduHtSUN delsedinkentation, ces particules
VRQW GRQF UHWHQXHV VXU OYHQVHP/HEEH %& VhHdRREESHYW VS
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en suspension en dehors des estuaires se produit am@palement lors des forts deébits
IOXYLDX[ TXL SHXYHQW GpSODFHU OD 07= HQ DYDO GH OfH"
TXH TXHOTXHV IRLVY GDQV OfDQQpH $LQVL FRPSWH WHQX G
du stock de matiéres en susp®n présent dans un estuaire peut varier considérablement en
fonction des estuaires et le temps de résiderseparticulepeut atteindre plusieurs années.

De plus,les vents, formateurs de vagues, peuvent également influencer le temps de résidence,
auPrPH WLWUH TXH O YL Q WLdddét al 2008)X e @lpyplsvictb® david 2O
systemes tres dynamiques se comporte en partie de la méme facon que les particules de taille
PTXLYDOHQWH &HSH Qig&add do ihytopleh&idnloWgs Jdditeé$ natatoires

de certains groupes (i.e. Cryptophytes) peuvent influencer les caractéristiques de flottabilité et
GRQF OH GHYHQLU GHV FHOOXOHV 7RXWHIRLY OfYLQWHQV
habitds pélagiques dans les estuaires limM¢gHIILFDFLWp GH FHVY VWUDWpJLHV

Les apportsnarins

TRXW FRPPH OH GpELW IOXYLDO OfLQWHQVLWpPp GHV F
PDVVHV GYHDX[ DXJPHQWHU OD FRQFHQWUDDahREsSHQ 0(6
conditions,la biomasse et la productiancourtterme du phytoplanctopeuvent diminuer
rapidemen{Cloern 1996) Ceci anotammenété REVHUYp GDQV OfHVWXDLUH G X
Canada(Sinclair et al. 1981) 'H SOXV OfYRFpDQ F{WLHU SHXW pJDOI
supplémentairde nutrimenten particulierGDQV OHV ]R Q HRg.Q) T XJAHYVOVAQ B JIFDV
exanple dans la baie de Coos en OredblessingLewis et al 2015)et plus globalemergur
O 1 HQV HIr &6 NO@iréricaine (PNWHlickey and Banas 2003; Dawsal 2014) Ainsi
la production peut devenir extrémement fatecours de l& DLVRQ HVWLYDOH ORUVT)
estprésent FRPSDUpH j FHOOH PHVXUpH DX SULQWHPSV ORUV
(Figueiraset al 2002) Les apports marinpeuvent également étre une source de biomasse
phytoplanctonique provenades eaux du large transpodésdans les estuair¢slartin et al
2007) Cet apport peut ainsi étre une source supplémentaire de eavbgemique qui va
soutenir les réseaux trophiques locé8mith and Hollibaugh 1997)

Les mouvements dealmaréevont également influencer les zones intertidales des
estuaires. Ainsi OD ELRPDVVH PLFURSK\WREHQWKLTXH VHPEOH rW
(Brotas and Catarino 1995; Santesal 1997)sOrementdd a des teneurs en eau moins
importantes, uneemise en suspension moins fréquente ne limitant pas la pénétration de la
OXPLqUH HW GHV SpULRGHYV (Ga&rmPat d.vV1988Q UigierXood @iRIQ J X HV
Kromkamp 1999)
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La salinité

La rencontrales eaux marines et des eaux doudesW j] OfRULJLQH GiH OTpWDI
gradienthorizontalet Gufi gradient verticatle slinité. Ces deux gradients vojatuer un réle
important sur la dynamique des producteurs primait@s.stratification des eaux et la
dynamique du gradientont étre définis SDU OTLPSRUWDQFH Guyhméem@aD QJH Gl
OTLQWHQVLWpPp GHV PDU pH,VmaisWgaeXenG pdies Wardsti&ristiquéesX Y H
morphologiques de chaque estudit@ salinité vaainsiprincipalemeninfluencer la répartition
des especesphotosynthétiqueset une succession graduelle entre des populations
SK\WR S O D Q EawRdQucascH W B[ evIBspuiations méscet poly-halines dites
estuariennessera observée le long du gradient de salif{témkamp and Peene 199%)n
effet, les espéces perdent unetipade leur compétitiviteGX IDLW GIXQH DXJPHQWL
GHPDQGH pQHUJpWLTXH ORUV GH OD PLVH HQ &ODFH G
généralement, les conditions hyper ou hgsmotiquesontinduire chez ces especes$) une
inhibition dela photosynthesgGuillard and Ryther 1962; Olsen and Paasche 1986)une
augmendtion de la respiration efiii) déclenche les processus dghotdnhibition dont la
dynamique va dépendredudl® p GH PpODQJH GHNQPODV \OHW GRPIPX QD XWp
douces sont souvent composéesiierophycéeg¢Gosselairet al 1994; Muylaeret al 2009)
les communautésoétieres sont composées principalement de diatoméesines et de
dinoflagellés, prinipalement aux saisons printaniere et estivade les communautés
estuariennes sont quant a elles plutét comp¥séGfHVSqgFHVY DYHF GH ODU.
GITDFFOLPDWDWMRertebdD 200R)CCedomhpunautés provenant a la fois des
eaux douces et des eaux saldesiennent ainsi plus compétitricgsie les autreavec le
mélange des eaukes zones de transition entteux biomegellesque les estuairesontainsi
souvent caractérisées par des changements prononcés damgpdssition et la diversité des
communautget peuvent étre définies comme des écotones oéadetinegVan Der Maarel
1990) Un écotone estéfini comme une zone dynamique avec un changement rapide de
I'environnement caractérisé par des communautés différeetesellesdes deux biomes
adjacents tandis quie écocline définit une zone avec des gradientg dariables
environnementales caractérisées par un continuum d'assemblages le long de ces gradients. Bien
gue les estuaires aient souvent été définis comme des écotones, depuis le début du XXle siécle,
plusieurs études les ont définis comme des écodiisil and Rundle 2002; Cortelezet al
2007; Muylaertet al. 2009) Les fors gradients qui s'appliquent dans les estuaires
(principalement la salinité, la turbidité et les nutriments) constituent des forces sélectives

d'espéces et provoquent des successions temporelles et spéciales du phytoplancton. En effet,
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ces facteurs influgrsur la biomasse du phytoplancton etipentchanger la structure de la
communautéTrigueros and Orive 2000; Lionaed al. 2008; Muylaeret al. 2009; \gil et al
2009) La diversité des communautés de producteurs primaires apparait donc comme étant

également une variable importante pouvant influencer la production primaire estuarienne.

Structure des communautés phytoplanctoniques estuariennes

Les gadients thermiques, halins ou nutritifs constituent des zones hautement
dynamiques ou se produisent de profonds changements écologiqu&o(eigr & Giorgio
2002; Schapirat al 2009; Schapirat al 2010) Ces gradients sont nombreux en milieux
estuariens et peuvent jouer un réle primordialla répartition des différentes classes de taille
du phytoplancton et sur leurs contributions respectives a la production primaire totdlei(e.qg.
et al 2004; Gaulkeet al. 2010; Ribaleet al 2010; Mitbavkart al 2012) Ces changements
au sein de la communauté phytoplanctonique peuvent avoir de lourdes conséquences sur
OfHQVHPEOH GX UpVHDX WURSKLTXH SpODJL mKlesGaHV HV W X
matiére organique issue des producteurs primaires autochtones non transmise vers les niveaux
trophiques supérieurs va alimenter la boucle microbienne. Cette matiére fraiche, plus labile que
la matiére détritiqgue allochtone, va permettre le digpmment de certaines communautés
bactériennes différentes de celles qui se développent sur la matiére détritique.

Les études précédentes réalisées en estuaires, bien que peu nombreuses et restreintes
aux grands estuaires nous montren¢ dgnamique de la diversité phytoplanctonique qui
différent en fonction de chaque estuaire en raison de la grande variabilité au niveau de la
dynamique des processus physicochimigiesicelot and Muylaert 2012) es analyses de
diversité souvent réalisées dans des zones restreintes des estuaires (e.g. MTZ) semblent
principalement bsées sur des approches par microscopie optiquennest al. 2007)et par
analyse pigmentaire (HPLC) alors que les approches par biologie moléoesganetrés rares
(Bazin et al. 2014)(Fig. 10).

Plusieurs études metteégjalementn évidence le réle des petites classes de taille de
phytoplancton et en particulier des Cyanobactéries du g&mechococcudans différents
W\ASHV GTpFRV\VW g&dddéChbyatak&RAl ¢d . \1989; Affronti and Mashall
1993; Wanget al. 2011) estuaire dé&Southamptorflriarte 1993; Iriarte and Purdie 1994¢s
Baies de BlanegAgawin et al. 1998) de San Francisc(Ning et al. 2000) de Pensacola
(Murrell and Lores 2004HW GH O Y HV W X D(Panet &b 200&) ADVQ ddvcedr&3ultats,

LO DSSDUDvVW GRQF LQGLVSHQVDEOH GYDPpOLRUHU QRV F

fonctionnel du pice et nanophytoplanctoau sein descosysteres estuaries. Ceci étant
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nécessaire a une meilleure estimation du réle de la produgtioraire autochtone sur
O 1 H Q V H Bto6ykte@Edstuariens

/THQ YV H P E O thrdsteristgdepropresaux estuairesVIDMRXWH GRQF DX]|
facteurs environnementaux et biologiqliesitants pour la production primair&n effet, la
température va également jouer un réle impodanst les estuairesmme, par exemple, dans
les estuairedu TaggugGameiroet al. 2011) de Rhod€Gallegos 2012pu de NeuséPeierls
et al 2012) /{DXJPHQWDWLRQ GH OD ELRPDVVH FKORURSKN\C

FRPSDUWLPHQWY VXSpULHXUV GX talipv deD 4 biwrheRss kKded XH ST
consommateurs tels que les copépdqdésrboe and Nielsen 1994u les mollusques bivalves
(Beukema and Cadee 1994yi peuvent cependant devenir eagmes des régulateurs top

down importats de la production primai{®eeuwig 19994ans les estuaires.

Figure 10 6 FKpPDWLVDWLRQ GX QRPEUH G spana@idsheGndléCuRirGLey 20he¥ L Wp UpD
HVWXDULHQQHV RQW pWp HQFRGUE@EME2) HQ URXJH 'fDSUqV

(Q UDLVRQ GHV QRPEUHX[ JUDGLHQWYV VSDWalimtX|[ TXL VI
turbidité, nutriments), la variabilité spatiale de la production primaire au sein des estuaires est
donctres importante. Ainsi entre plusieurs sites spatialement distincts, les valeurs de production
SHXYHQW rWUH WUqV YDULDEGHYV GCCRFFBXGDD@Q OTHRW®D SL

entre 78 et 493 gC ran! (Kromkampet al. 1995) Lesmesures monsite ne permattentdonc
pasGITHVWLPHU OD G\QDPLTXH {58 10 b k3ttsasiedstyingiques) LPD L U |
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tels que les estuair¢dassbyet al 2002 HW OD PpWKRGH GTpFKDQWLOORQQ
égalementine source deariabilité importanteentre les valeurs de la production primales
différents estuaires étudiés.

/I THQVHPEOH GHV pWXGHYV UpD O L vapadteriddtipappvoféndie LUH D D
du fonctionnement de ces écosystemes. Cepermemnétudes sont le plus souvent restreintes
aux grands estuaires mondiaux qui ont longtemps eu le monopole des investigi&igngs
OHV HV W )EbBcaul(Belwideed P@y% DV GH Of(OEH $OOHPDJQH GH '
Neuse, ainsi queetsbaies de Chesapeake ou de San Francigdosi, hotre connaissance de la
production primaire dans les écosystémes estuariens est biaisée par la forte concentration
G TpFKD QW IpindigalemebtJbdsés en mer Baltique aet niveau ds codtes Nord
AméricaineqCloernet al. 2014) Les études scientifiquesns de nombreux estuaires de moins
grandes envergures ou aux enjeux économiques moins importants restent fragmentaires voire
LOQH[LVWBQWHW EBHV GHHOQQHVRWXWUIW SHX GIpWXGHV RQW i
le compartiment pélagique qué XU OH FRPSDUWLPHQW EHQWKLTXH $LC
dynamique spatiale et temporelle de la production primaire dans cet estuaire reste a explorer.
Par ailleurs, bien que des études ont été réalisées sur la diversité etdesiatiere eseine
(Billen et al. 2001; Garnieet al. 2001b; Billen and Garnier 2007; Némery arar@er 2007)
peude GRQQpHYV VRQW GLVSRQhEaDdve GR Hdonded] étant\pxudtant H
essentielles a la compréhension et a la gestion de cet écosystéme aux forts intéréts économiques

et écologiques.

7. [THVWXDLUH GH 6HLQH

Territoire économiquet écologique

Le bassin versamte Seineccupe 78 600 ki soit 12% du territoire de la France. Cet
espace héberge environ 17,5 millions de personnes, notamment I'agglomération parisienne,
l'une des plus grandes mégalopoles européennes sode6¥population francaise (2011). II
FRQWULEXH SRXU GX WUDILF IOXYLDO IUDQoDLV GH O
agricole nationale. Le réseau hydrographidaeSeingutilisé et aménagé depuis des siecles,
QTD SOXV UL HRrrgges, QdueE edus€s ont accompagné le développement de la
QDYLIJDWLRQ HW FRQWULEXp DX FRQWU{OH GHV FUXHV SRX
HVW GRQF WULEXWDLUH GHVY DFWLYLWpPpV KXPDLQH& 'DQV C
HVW j OTRULJLQH GIXQH SROOXWLRQ SDU OHV HQJUDLV HW
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OHV UHMHWYVY GHV VWDWLRQV GYpSXUDWLRQ HW OHV HI
LPSHUPpPpDELOLVpHV YRLULH EkWLP HGWbowestiqués\eitdainyy G HV
HQ GpSLW GH OD FRQVWUXFWLRQ GH VWDWLRQV GfpSXUD
LQGXVWULHOOH HVW HQILQ XQH DXWUH VRXUFH GH FRQWL
lourds,et autres polluants émergeargans oublier la pollution thermique.

/1 HV Wd¢ BeindeHrrespond aux 160 derniers kilométres du fleuve et est délimité par
le barrage de Poses en amajuii constitue un obstacle infranchissable pour les magépsr
la partie orientale de la bate Seine en avdFig. 11). La limite entre eau saumatre et eau
douce, variable, se situe aux environs de \ABoK. Il peut étre délimité en trois zones
OfHVWXDLUH DYDO HVWXDLUH PDULQ EDV HVWXDLUH HL
3B5) OTHVWXDLUH PR\HQ PpODQJH HDX[ GRXFH HDMX VDOPpH
MXVTXTiPort @K B24)HW OTHVWXDLUH DPRQW HVWXDLUH IOXYL
de VieuxPort au barrage de Poses, a 160 km du Havre (PK 202).

Le réVHDX XUEDLQ GH OYHVWXDLUH HVW VWUXFWXUr¢
GIDJJORPpPpUDWLRQ FRMa®@Habitar@EsXpotirDLY ddmmunes)cetle de Rouen,
Elbeuf, Austreberthe (pres de 5000 habitants pour 71 communes). La Seine et son estuaire
représerd un territoire économique majeur pour la France notamment par ses deux port
maritimes: Le Grand Port Maritime du Havre (GPMH) et le Grand Port Maritime de Rouen
(GPMR). Cependantgérer I'estuaire de facon intégrée et durable en tenant compte des
dévelgppements économiques et sociaux et de la préservation de la biodiversité et des paysages
reste un débat constaht manque de connaissances scientifiques relatives au fonctionnement
de l'estuairede Seing les préoccupations environnementales sur cetcespafort intérét
économique mais aussi patrimonial et sa lente dégradation ont conduit a la mise er place d
nombreux aménagements et deggamme de rechercheomme |eGIP SeineAval. Depuis,
un accroissement significatif des connaissances sur I'estieaBeine pu étre observé et I'état
de l'estuaire s'est notablement amélioré au cours des dernieres décmowés plus réduites
en durée et en exision, réduction €& phosphores ales contaminations métalliques,

améliorationde la qualité des eaux, etc.
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Figure 11 &DUWH GH OfTHVWXNLYBVGHUHM. QEWHUWLGDOHY HW GpOLPLWDWL
(Estuaire avalmoyen et amont). Sourceuvrage collectif <a Seine en Normandig GIP SeineAval.

Dynamique hydrologique et apports fluviaux

Le débit moyen de la riviére a Poses est de 43&tavec une période de fort débit de
décembre a avril atteignant 1200 a 2500stet une période de faible débit avec environ
250m?3.s! (Données GIP Seiraval, 2008; 2011). La salinité varie, dans la partie oligohaline
de 0,5 & 5 dans la partie mésolira, de 5 a 18dans la partie polyhaline de 18 & 30 et dans la
partie euhalineelle est supérieure 20. L'estuairede Seineest de type macrotidal, avec une
amplitude de marée allant de 3 a 7 m a Honfleur et de 1 a 2 m a Poses. Le temps de séjour
moyendans I'estuaire varie entre 18 jours pour un débit de 3806 inPoses et 5 jours pour un
débit de 1000 As? (Brenon and Hir 1999; Eveet al 2007) Les courants de marée, quant a
eux, atteignent 2,5 mlset sont orientés vers le large avec une composante Nardnarée
dans l'estuairele Seinese caractérise par une tenue du plein a marée haypleside deux
KHXUHV HW PHW HQ PR\HQQH VL[ KHXU&SEIneM VI XK E BRNY @G
(fig. 11) HQ UDLVRQ GH OD GplIRUPDWLRQ GH OTRQGH GH PDUpF
peu profonde¢Brenon and Hir 1999; Wargt al 2002) Le flot est asymétrique en faveun d
jusantet cetteasymétrieaugmente au fur et @mesure que la maré® propageen amont de

l'estuaire.
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Figure 12 &RXUEH GH P DU pHdecIride 20 fbry 2020 paud th débit a Poses de 393 mt un
FRHIILFLHQW GH PDUpH GH /IHV FRXUEHYV PDUpPpJUDSKLTXHYV SUpVHQW
lesmard UDSKHYV VLWXpV HQ GLIIpdd BenaDénsR @BevieSvll (2018 VW XD L U H

$ OTpFKHOOH VDLVRQQLgUH OD WHPSpUDWXUH GH O HL
avec des différences inférieures a 1 °C le long du profil longituetinad faible gradient vertical
(Data GIP Seind\val, 2008; 2011). Lazone de turbidité maximal®iTZ), contenant jusqu'a
2 g.L'! de matiére en suspension, est le plus souvent située entre Honfleur et Tancarville, mais
peut se déplacer en amont en fonctierl'intensité de la marée et de la décharge de la riviere.
Pendant les inondations hivernales, la MTZ peut étre éeatars la baie de SeirfEtcheber
et al 2007; Garnieet al 2010)

Lesnutrimentsretrouvésau niveauG H O {H V W X Driglndiprid paldes Rctivités
anthropiqes En effet, s apports en azote et en phosphore résultent principalement des
activités agricols (lessivage, élevages), des rejets industriels et urbains. La silice provient
HVVHQWLHOOHPHQW GH OYDOWpPpUDWLRQ GHV URFKHV HW
humaine (Meybeck 1998; Aminot and Kérouel 2004)es orthephosphates (PP) et
O 1D P PR Q Ls% $ont issus de la dégradation de la matiére organique (MO) dans les stations
GIpSXUDWLRQV RX GDQV OH PLOLHX /HV UHMHWYVY VRQW
parisienne. Les PP sonten partieadsorbéspar les MES, leurs concenti@ns varient a
OfpFKHOOH DQQXHOOH HW V DiwahOupd lgildel dibin] RPEWNESR Q G X
années 1990, les concentrations ensNet PQ* ont notablementdiminuéesdu fait de
OfDPpOLRUDWLR(@atG 8l¥ Saingvdl \2a9& POQW VIDPPRQLXP SUpVHQW
concentrations les plus élevées et subit une décroissance le long dwiteleverocessus de
QLWULILFDWLRQ RJ[\GD W] RnitBtes [NG PpRiP EhQilradds [N@y. Le
nitrateestla formeazotéedominantedansOfHVWXDLUH HW VH GLOXH DX QLYHI
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concentrations en nitrates sont plus élevées par fort eieélvdison d lessivaggMignolet et

al. 2007)et suivent une évolution opposéex PQ* avec un accroissement continu depuis les
DQQpHV SRXYDQW pJDOHPHQW rWUH G€ j OfDPpOLRUI
GpQLWULILFDWLRQ /D VLOLFH VXELW GHV YDULDWLRQV DX
par les diatomées mdiss ®ncentrationsemblenteste VWDEOHY j OfpFKH®ODOH LQW
MTZ piége les MES et participe ainsi a la dégradation des éléments nutritifs avec 40% de
dégradation du flux azoté en situation seche et 12% en situation humide, les flux de phosphore
sontquant a eux tres faiblement réduits (<10®ijlen and Garnier 2007 yégulant ainsi les
ULVTXHV GTHXWURSKLYV QW peRt@tre/JéiaX & YIRSKJ-W XD EERSER
Scientifique Collective £ Eutrophisation 2017) comme un 8yndrome d'un écosystéme

aquatique associé a la surproduction de matiéres organiques induit par des apports
anthropiques en phosphore et en azotefavorise par ces apportsle développement du
phytoplancton dont certaines espéces toxiques comleeandriumsp, Dinophysissp, et
Pseudenitzschiaaustralis sont fréiquemment observées dans le pandeh8eing REPHY-

IFREMER). Il estanoter TXTDXFXQ pY qQ HPPSRAxantRUh TRHD pWp REVHU
GDQV OTHVWXDLUH HW OD EDLH GH 6HLQH DORUV TXH GHV |
EDLH GH 6 HL &enhgmemstaxiqsesé ISPou ASP DinophysisspetPseudenitzschia

spp. Au cours de la derniére décenneH SDVVDJH G{XQ PLOLHX OLPLWp HQ
en phosphore, di au traitement des orthophosphates, a cependant diminué les risques

G THXW U R®#d &P BeInBRGl, 2008; 2011)mais des dystrophies sont fréquemment
présentes en baie de &&({Thorelet al 2014)

Patrimoire biologique etéseau trophique

A notre connaissance, les dernieéres mesures de production primaire sur la Seine et son
estuaire ont été réalisées en 1996 pour le compartiment phytoplgonetdfideauet al. 1998)
et en 2003 pour le microphyto@W KRV VXU VWDWLRQV GH OD YDVLQqUH
(Spilmontet al 2006) Aucune étudee V{1 HV W L Qadyndariqu® gubinigrphytoplancton
GDQV OfHe BeX® D&J idlus, ladistribution des communautés picet nane
phytoplanctoniques, ainsi que leurs contributions relatives a la production primaire et a la
biomasse totale dans lesldpUHQWHY J]RQHV GH OfTHV Wexiadrdd Bietc H 6 HL Q
TXIXQ VXLYL GH GLIIpUHQWY S D(UyadregraphieH vhutrinentg,L FR F K L
contaminantskt biologique(chl @) soit réalisé depuis plusieurs années par des remontées

régulieres du fleve de Seinelans le cadre du suivi de la qualité des e#dgefice de I'Eau

50



Partie 1: Introduction générale

SeineNormandie (AESN) Banque Qualit'egula zone estuarienne étudiée se résume a deux
stations situées autimites amont et avakchantillonnéesnensuellement de marsoatobre.

Ces résultatsbasés sur la chh, spatialement éloigrseet temporellement incompkine
SHUPHWWHQW FHSHQGDQW SDV GY{DSSUpKHQGHU OD YDULI
SULPDLUH G D Qpdurteny HndigpehBableEh effet, comme RXV OfIDYRQV Y.
précédemment, lacal QfHVW SDV XQ ERQ@ SURIGOAMWHXUVEH GTXQ V\VYV
résolution spatiale et temporelle des mesureaéstssair@our appréhender la variabilité de

la production primaire.

En revanchela dynamique du phytoplancton dansilacre de SeineD IDLW OTREMHYV
nombreuses étudgBillen et al 2001, 2007) La croissance printaniere, dominée par les
GLDWRPpPHV GpPDUUH DX SULQWHPSV(n&GD® \de GirbMlerF RX UV
/I MLPSRUWDQFH GHY DSSRUWYVY HQ DJRWH 1 HW SKRVSKRUH
100ug.L* de chla DX SULQWHPSV GDQV OHV FRXUV GTYHDX GYRL
OIDXJPHQWDWLRQ GH OD WHPSpUDWXUH OHV FKORURSK\F
facteurs de contrble biologiques (zooplancton, filtreurs, virus, etc.) se inetieplace,
HQWUDLQDQW XQH FKXWH DEUXSWH GH OD ELRPDVVH DOJL
GYHDX GTRUGUH SHXW rWUH VXLYLH GIXQH UHSULVH GH OI

HW HVWXDLUH [THVW X DQ WH REVo RIMWV SIDYDRIMVYL W REXXWS O f ¢
DOJDOHV FRQVLGpUDEOHYV SURGXLWHY GDQV OHV ULYLqUH\
OD SURIRQGHXU OLPLWH OfYpFODLUHPHQW HW GLPLC
production/consommation diminue alors tatement(Data GIP Seindval, 2008; 2011) De
plus Of{DFFURLVVHPHQW GHV SURFHVVXV GH O\WH HW GH E
biomassgAkopian et al. 1999) $SUqV 7DQFDUYLOOH OYDFFURLVVHPHQ
O\WWHU OHV DOJXHV GXOoDTXLFROHV /THeepehdargwlLVDWLR
accroissement de la biomasse algale apportée par le fl@nannait le démarrage printani
des diatomées (notammeBkeletonema costat)ret la floraison estivale des dinoflagellés
(Gymnodinium sppavec une quasxclusion mutuelle entre les deux ger(2ata GIP Seine
Aval, 2008; 2011)

En ce qui concerne les bactéries, lproduction sraitcomprise entre 1 et 2,5 pgC/l/h
entre Tancarville et HonfleurH |RRSODQFWRQ D pJDOHPHQAW Semep pW X G
et le copépod&urytemora affinigPoppe, 1880apparait comme étald composante majeure
du mésozooplanctorstiarien et présente de fortes abondances dans la zone oligohaline (<18)

GH OYHVWXDLWBD ind.XY mxig peut étre observé dans la zone mésohaline. Il
SUpVHQWH WURLV SpULR G HéVrigs $DdEsRI& rPeriF et fik bl P2 O H
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QRXUULW SULQFLSDOHPHQW GX SK\WRSODQFWRQ GTRULJLC

Il existeplusieursparadoxeV DX VHLQ GH O fHVOWHD) WUWH P 1 8 B B ISHDQ'
la ELRPDVVH GHVY SUHPLHUV PDLOORQYV GHV FKDVQHYVY WURSH
apports tes élevés de contaminantéais égalemententr® {DERQGDQFH GHV SURLHV
HW OD SDXYUHWp GH OfLFKW)\R2Ri%Q ld destiuctienDoxsvhidbitatg, \Q HU J L
OIDSSDULWLRQ GYfREVWDFOHYV VXU OHV Y ROHW (6 kaHP LQJ YUHDDAK
pression de péche, la réduction des vasieres, la chenalisatémcordes dragages.

8. Problématique et objectifs

Les apports anthropigueSURYHQDQW GH OTHQVHIFREOM G & PHWW &
de Seine un systeme fortement eutropligiien et al 2001)ou la richesse biologique est
importante et qui génére une forte productiv@étte production primaire, qui peut avoir une
origine allohtone ou autochtorestcependaninal évalué GDQV OfHVWXDLUH GH 6HL
/I THVWXDLUH GH 6HLQH pWDQW XQ V\VWgPH PDFURWLGDO O
niveau planctonique et benthiquef HITLFDFLWp GX WUDQVIHUWodBtbheD D SURC
vers les niveaux trophiques supérieurs et le devenir de cette matiére organique va dépendre de
la qualité de cette matiere en terme de digestibilité ou de dégrad@bd@allisteret al. 2006)

La taille des particules (microalgues, débris de macroalgues) va également jouer un role
prédominant dans les poétés de transfert de cette matiére vers les niveaux trophigues
supérieurs(Barneset al 2011) La qualité de la matiére et la taille des microalgues sont
ODUJHPHQW GpSHQGDQWHYV GX SK\OXP GH OD FODVVH YRLI
des assemblages est une information essentielle pour comprendre le fonctionnement écologique
GH OfHVWXDLUH PDLV pJDOHPHQW S RIX tdar3ferttroph&S UpKHQG |

Le butdecette étudest de se focaliser sur le compartiment des producteurs primaires
en évaluant la dynamique sdé ettemporelle de la production primaire et de la biodiversité
j OYpFKHO O Hd&Stineefi Ebvdidétrd le phiyitoplancton et le microphytobenthosf X Q
de nos objectifs est notamment de pouvoir accéder a des mesures de production primaire
phytoplanctonigue a une haute résolution spatiale.

Afin GH SRXYRLU HVWLPHU OD SURGdeFSneRplusi®@itsLPDLUH
FDPSDJQHV GYfpFKDQW L O O&hauiEDésslitioR atiale \dhg du grad@ntV p H V
VDOLQ GHdOJdheemepoteletb X FRXUV GH OTDQQpH DX[ pFKHC
journaliere $ 1 L Qob&fiirune estimation a haairésolution, les parametres photosynthétiques

ont été mesuré&shaute frequence OYDLGH GH BMALHdhECQrRIEsRanhpidrtiments
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phytoplanctonique et microphytobenthiqueour le phytoplanctonces mesures ont été
couplées a des mesurtde UDGLWLRQQHOOHYV G (HQ B Rddse RéyeveR Q GH FI
GIfHVWLPHU OD G\QDPLTXH GH S@&G6eomNICRquitQ12Dend PH GH F
le but de comprendre la variabilité annuelle de cette productiem, parametres
physicochimique, la diversité phytoplanctoniqueet le compartiment pico et nar-
phytoplanctonique rarement étudié en zone estuarjeonteégalerant été mesure&nfin, la
dynamique de la productigorimaireexcrétéeVR XV IRUPH GH 3a(E&aldridéniGe( 3 6
étudiée pour chacun des compartiments planctonique et microphytobentHauiee part, en
laboratoire, degxpériences visant a améliorer précision des estimations de la production
primaire ont été réalisd

Lasecone partiede ce manuscriSsUpVHQWH O\HWQVBWROHHE HON pFKDQV
et des méthodes qui ont été utilisées au cours de cette Bbsdearties 3 a 5 présentent les
publicationsscientifiques qui ont été rédiggau cours de cette étudnfin, la sixieme partie
reprend és conclusions obtenues lors de cette étude dans une discussion générale visant a
définir la dynamiquespatiale etémporellede la production primareGH OfHVWXDLUH GH
Dans cette derniéere partiesl valeurs de production, la dynamique des producteurs primaires
et les méthodes utiliséamt ainsi été compaes avec les autres études réalisées dans ces
écosystemespécifiques.

La troisieme partie FRUUHVSRQG j OTpWXGH GX FRPE®UWLPHC
premier articlevise a étudier en laboratoil® dynamique journaliere de la relation ETR/C en
fonction du cycle nycthémérde la lumiereen utilisant difféerentes méthodes de meskre
effet, afin de répondre aux objectifs présentésGdi VV XV QRWUH PpWKRGH GYH
production primaire nécessitait de pouvoir appréheleddynamique journaliere dé c Par
ailleurs, les différetes méthodes utilisées pour estimer les parameétres photosynthétiques
SHXYHQW L QIO XH @ Edpdra®éitid siviehZCal\2D Y Pdlr cette raison, I'ETR
D pWp HVWLPp HQ XWLOLVDQW GHX[ PPWKRGHV GLIIpUHQWH
VXU OD G\QDRPLelsEddnGaxXtkrk® H D SRXU REM HyRdhlqueGimusideGLHU O
OD SURGXFWLRQ SULPDLUH SK\WRSODQFWRQLTXHe&H OfHYV
parameétres physichimiques et biologiqus obtenus lors des campagriassitu le long du
gradient salindH O fHVMSUQIVUBY RLU G p Fala vép&ifepph ROBWWNELRIQ G
phytoplancton a haute frequence et compris la facondller@st controléeeOHV GRQQpHV GT(°
obtenuesa haute fréquencent été converties en carbone. Pour celamaadlele statistique
SUHQDQW HQ FRPSWH OHV YDULDEOHV HQYLWRE HMPHQWD(
SURGXFWLRQ SULPDLUH SK\WRSO®G®ENMRQLTXH DQQXHOOH C
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LaquatriemeSDUWLH FR U U HdeSRdyramjquitp sXckéBdhs dearbone
sous forme deolysaccharide$EPS et TEPJéalisées par les producteurs primaires. Aiesi
SUHPLHU DUWLFOH pWXGLH DX FRXUV GT1XQ F\FOH WLGDO
et la dynamique deBEP et EPS /fREMHFW L | HFG pWFIHOQWW B ToHWXAGL Peild) VL OD
variabilité journalierede ceV SR O\VDFFKD UL G HI¥ S&inze3tvcottiHlde/ pardes L U H
parametres physiques, chimiques ou biologiques. Parallelement, la contribution des
compartiments phytoplanctoniques BILFURSK\WREHQW KL TBRSHisgsrih@yV OH St
GDQV OTHVW XD LlUé dedong &xtipleBl \VO\RXRpP REMHFWLI GIfpWXGLHU Ol
exister entre la dynamique saisonniére GTEP et EPSet la diversité du phytoplancton en
considérant les différentes classes de taille de ce compartiment.

/ID FLQTXLgqPH SDUWLH TXDQW |j HOOH FRUUHVSRC
microphytobenthique. Le premier articterrespond a une étude méthodologiqueagpour
REMHFWLI GfpWXGLHU OD YDULDWLRQ GH OfYDWWpQXDWLRQ
différents mélangesablevaseux pouvant étre observés sur une zone intertetie étude a
permisde développer un outilpérationnetle corretion de donnéem situ en fonction de la
UpSDUWLWLRQ GH OD FKORURSK\OOH HW GHV SIDUDPgWL
microphytobenthad_e second article de cette parie SRXU REMHFWLI GIpWXGLHU
compartiment microphytobenthiqueet présente lesparamétresphysiques, chimiques et
biologiques obtenus lors des campaginesitu VXU OHV JRQHV LQWHAMWEE GDOHV
DYRLU GpFULW OfpYROXWLRQ GH OD FDSDFLWp SKRWRV\QW
sur les difféerent¥ YDVLqQUHV GH OfHVWXDLUH HW FRPSULV OHV G
production primairenicrophytobentlgue a été estimée pour les deux périodes productives de

ce compartiment.
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A. Etudes in situ
1. 6LWH GITpWXGH

ITHQVHPEOH GHV FRQQ D te/SéinededssaingoutceDd ¢idd Weéted L U H

présenté chapitre 1.

2. Compartiment phytoplanctonique

21. 6 WUDWPJIJLH GIpFKDQWLOORQQDJH
DHX[ VWUDWPJLHV G 1pFKe2QaeN placeHR)Q QD JBII IRW B TpWX GLHU OL
spatiale etemporelle de la production primajpéytoplanctonique
X Un échantillonnage mensudd X FRXUV GH GiDuQ @pddu de 8 stations
réparties le long du gradient salBH OTHVWX;Dig. UH DVIDE GIDSRYUpKHQGFH
dynamiqus spatiale et saisonniere du phytoplancton (biomagsseluction primaire,
excrétion diversité.
Xx UQ pFKDQWLOORQQDJH WRXWHYV OHV (KeH2WéukesPrX FRXUYV
point fixe, sur 3 stations contrastéastermes de salinité La Carosse, «Fatouville»
et «Tancarville» (Tab.2; fig. 13), au cours des périodes de crue (féeveiets et
GTpWLDJIBDISM PLO@ BWDSSUpKHQGHU O ceuwQdmddT XH WHP
phytoplancton (biomsse, productivité et excrétion) a deux saisons contrastées.

Figure 13. /RFDOLVDWLRQ GHV VWDWLRQYV dé $eifggoDrQas/ tad@agnesnizddtelléX U O TH\
(points noirs ; stations 1 & 8) échantillonnées en transect (ligne pointillée) et les campagnes journaliéres (points
rouges aved : La Carosse, 2Fatouvileet3 7DQFDUYLOOH pFKDQWLOORQQpHY DX FRXU\

58



Partie 2: Matériel et méthodes

Tableau2. &RRUGRQQpPHV JpRJUDSKLTXHV GHV VWDWLRQV GIpFKDQWLOORQQ

Echantillonnage Label Latitude Longitude
Mensuel- S1 f 1 1 f 1 (
Toute OTDQQpPH S2 f 711 f T (

S3 f 11 f T (
S4 f 11 f T (
S5 f 11 f T (
S6 f 11 f T (
S7 f 11 f T (
S8 f 11 f =]
Journalier - La Carosse f 1 1 f 1 (
$X FRXUV GY. Fatouville f 17 1 f T (
cycle de marée Tancarville f 11 f T (

LHVY FDPSDJQHYVY PHQVXHOOHYV GYpFKDQWLOORQQDJH RC
2015 a bord du NO « Delphy du laboratoirdfremer LERN. Chaque mois, un transect le

ORQJ GHYV

VWDWLRQV D pWp UpDOLVp $ILQ QgD QWLOO

transect, les échantillongas ont été réalisés en journaeec un coefficient de marée autour

GH 7DE

HW SHQGDQW OfTpWDOH @iserd la pattictdrkéN H

(Q |

de présenteune tenue du plein a marée haute quiedplus de deux heures. Les mesures ont

ainsi éte réalisées en profitant de cette tenue du plein.

Les campagnes journaliéres ont été réaliséef@vrier et juillet 2015 a bord du NO «

Cotes de la Manche », CNRSSU. Pour chaque campagne, les prélevamet mesures ont
égalementpWp UpDOLVpPVY VRXV GHV FRQGLWLRQV @GH PDUpH PR\I

Tableau3. 'DWHV GY{pFKDQWLOORQQDJH HW FRHIILFLHQWY GH PDUpH ORU\

SYNAPSES.

Echantillonnage Date Coefficient de marée
Mensuel- Janvier 19/01/2015 80
7TRXWH OfDQ Février 18/02/2015 92

Mars 05/03/2015 82

Avril 16/04/2015 80

Mai 13/05/2015 56

Juin 15/06/2015 87

Juillet 15/07/2015 80

Ao(t 28/08/2015 86

Septembre  17/09/2015 75

Octobre 12/10/2015 81

Novembre  23/11/2015 77

Décembre  10/12/2015 75

Journalier - Crue La Carosse 03/02/2015 79
$X FRXUV GT Hiver Fatouville 04/02/2015 84
cycle de marée Tancarville  05/02/2015 86
Etiage La Carosse 18/07/2015 86

Eté Fatouville 16/07/2015 84

Tancarville  17/07/2015 85
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Campagnes mensuelles

/[HV SUpOqQYHPHQWYV G HDX RQW pWp HIITHFWXpV HQ VXUI
pompe et en profondeur (1 métredessus du fond) sur lesations S2, S4, S6 et S8 a l'aide
G XQH ERXWHLOOH 1LVNLQ 7RXV Ofiirgs Sutuyn® speHi® 50Q MV G T HL
DILQ GfpOLPLQHU OHV SOXV JURV GpEULY DYDQW GYfrWUH
Suivant les parametres étudites échantillons ont été conditionnés a bord (i.e. sels nutritifs,
cytométrie, flores phytoplanctoniques) ou de retour au laboratoire (i.e. filtration). Le transport
GHV pFKDQWLOORQV GYHDX D pWp UplRititnipacGiiQdanBeHV ELGR
transport.
Ainsi, les prélevements ont permis de mesurer différents parampétysikochimiqus (sels
nutritifs (DIN, P, Si) et matiére en suspensionMES)), et biologiques (biomasse
chlorophyllienne, polysaccharides, diversité phytoplanctonidues.mesures de production
primairg basés VXU O fLQFRUSRUBQ) ariRé @alisded pbErie® $tations 2, 4, 6
et 8 et ont servi a calibrer les mesures de PAM & hautes fréquences. Des profils verticaux en
profondeur des autres parameétres moghimiques ont été réalisés sur chaque station avec une
sonde mlti-parameétres de type Seabird SBE 19p@§. De la station 1 & 8, les paramétres
photosynthétiques ont été mesurés en coydinuiveau de la surfac¢ OIDLGH GH OD YHU)
« flux continu » (FT) du WATERPAM (Waltz, Effeltrich, Germany). Pour cela un systeme de
prélevement par pompe installé sur le N.@Qeiphy» D SHUPLV GYfREWHQLU XQH F

les 5 minutes.

Campagnes journalieres

Les prélévements ont été réalisés touteshiegres pendant 12 heures aux deux
SURIRQGHXUV j OfDLGH GuXQH ERXWHLOOH 1LVNLQ 7RXV C
XQH VRLH GH —P DILQ GTpOLPLQHU OHV SOXV JURV GptE
directement & bord du navire. n&i, les prélévements ont permis de mesurer différents
parametrephysicochimique (sels nutritifs (DIN, P, Si) et MES) et biologiques (biomasse
chlorophyllienne, polysaccharides). Chaque heure, des profils verticaux ont également été
réalisées a chaque BWLRQ |j OYDLGH Gpfaxapeéirey BQtE SEabid\WWBE
19plusV2®. Les paramétres photosynthétiques ont été mesurés en caatiniveau de la
surface j OYDLGH GH OD YHUVLRQ HQ © I|-eAM (WRiQ Bfel@®izh,2 )7 G
Germany). Poucela un systéme de prélevemaété couplé a la pompe thermasalinomeétre
(Seabird)sur IeNO « Cétes de la Mancheee quiaSHUPLY GTREWHQLU XQH PHVX

minutes.
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2.2.Parametresphysicochimiques
Lumiere et débitlela Seine
Les données deayonnementsolaire global fiesurés enJoulescm?.h?) ont été
récupéréesia la station météorologique da ville de Bernieres/mer (49.332 °N0.422 °W)
SRXU FKDTXH WUDQFKH KR UdsLdbrhéeS Hont OMéD exQriprides en
umol dephoton.m?.s! SRXU XQH ORQJXH X U eSdERIUEisESG&hs cett@dude
sont mesuréguotidiennemend Poses (fts) et fournis par l&IP SeineAval.

Sels nutritifs

/THD X Galétefiirée directement apres le prélevemant sortie de la boutésl
Niskin VXU XQH VRLHpdHle dosage des nitrates (NQ nitrites (NQ'), de
O D P PR Q X Bt ddstphosphateB@*) puis aveaune préfiltration supplémentaire sur
une membrane de type SFE¥ de 0,45 um pour le dosagesskilicates (Si(OH)). A
OfHIFHSWLRQ GHV VLOLFDWHV FRQVH Uétexungelés &0°0HYV DXW
MXVTXYj] OTDQDO\VH , %S d¢l3 vutGtisroRt @td a3 MER R remer) grace
a un auteanalyseur en flux continu (SEALAA3) suivant des protocoles standafésninot
and Kérouel 2007)_e dosage des nutriments dans les eaux salines et eaux saumatres fait partie
GH OD SRUWPpPH G YD F-NUgeGibwWEsHik, RaQcrédlitin h¢ 512048, portée
disponible sur le siteeww.cofrac.fr GHV GRP DL QH V delfnite¥ De@bagti@ecbtibl H W
de présenceou hon GH EODQF RSWLTXH HW RX G{XQ HIIHW GH VH
(Tableaud) ont été définis pour chaque ninbent Les concentrations en sels nutritifs ont été

exprimées en mol.

Tableaud. , QFHUWLWXGHY HW OLPLWHYV GH TXDQWLILFDVWh&)Qni8dReXU OJDQD
(NO3"), nitrites (NQ), ammonium (NH"), phosphates (PP) et silicates (Si(OH)). Les limites de quantification
ont été établies pour les différents domaines de concentration.

NOs NO2 NH4* PQ* Si(OH)s
Incertitudes 3% 4,9% 10,1% 4,4% 0,7%
Limites dequantification 0,10 0,02 0,10 0,04 0,2

0,60 0,05 0,30 n.a. 1,0

Matiere en suspension

Des échantillons de | P O G 1 H DfikréR SpMilepfittes GF/F (Porosité =
0,7 um) précalcinés 4h a 450°@t prépeséssur une balance de précision. Chaque fidtre
ensuiteete ULQFp DYHF GH OfYHDX GLVakticue® geseB.| La3 filBgpOLPLQH!

ensuiteétésechés pendant 24h a 50°C puis pesélmsuéme balance de précision que pour le
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prépesagela différence entre la masse du filtre apres et avant filt@atioSHUPHW G{HVWLF

concentratiore matiére en suspension (MES)primée en g.iL.

2.3.Parametres biologiques
Biomasse chlorophyllienne
La biomasse phytoplanctoniqaeétéestimée par dosage de la chlorophlghl a).
Afin d'estimer la biomasse des différentes classes de taille du phytopla2ifoa, 500 ml
GYHDX GH Pfittres suxes fiithépF/F d'une porosités H —P SRXU OfHVWLP
chl a totale etsur des filtregpolycarbonatésopored'une poroa Wp GH —P SRXU OfHV
dechladans la fraction supérieure a 10 pnes filtres ont ensuite étbnservés au noir et-a
2 f& MXVTXYj OTDQDO\VH
SRXU OfRXiresdmEtéeSORQIpY GDQV GH OYDFpWRQH j SXLV E
une nuit j f& DILQ GIH[WUDLUH OHV SLIPHQWV FKORURSK\
fluorescence de la clal extraitea étémesurée dans le surnageamant et aprés acidification
(10 / GH +&0O 0 SRXU gRe QuniE@iwdR&(Murn&esign TB700°)
suivant la méthode deorenzen(1966) Par différence entre tzhl a totale et lachla >10 pm,
la concentration en chlorophylle des cellulesaiide < 10uma étécalculée. Ainsi pour chaque
station, trois concentrations ehl a différentes sont disponibles: (@hl a totale, (ii) chl a
>10pum (i.e. biomasse du microphytoplancton) et @h) a < 10 um (i.e. biomasse du picet
nanghytoplancon &HV GRVDJHV RQW pWp HIITHFWXpV j OD VWDWLF

de Caen au sein de I'unité BORBZAs données de chlont été expriméesn pg. L2

Polysaccharides

La concentration en particules gobdymeériques transparentes (TEP) a été déterminée
en utilisant la méthode colorimétrique décrite Gaaquinet al (2008)adapté dePassow &
Alldredge (1995)Ainsi, des échantillons de 15 a 50 ml ont été filtrés sur des filtres a membrane
polycarbonate Isopore de 0 P 0 lp@&) ¢t stockés-20 ° C jusqu'a l'analyse. Les particules
retenues sur les filtres ont été colorées avec 5 ml de bleu Al6i2¥% {Sigma) dans de l'acide
aceétique M6% (pH 25). Apres centrifugation a 3500 g pendant 30 minutes, leageants
ont étégjetes, les filtres rincés avec 5 ml d'eau MilliQ et centrifupe@ RXYHDX /fRSpUDWL
rincage a éte réitér@aesqu'a ce que tout I'exces de colorant soit complétement éliminé du culot.
Aprés une nuit de séchage dans un stérilisateur a 50 ° C, 6HEAe a 80% ont été ajoutés

etincubé durant 2 heures'absobancedu surnageant a été mesurée a l'aide d'un spectromeétre
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a 787 nm. L'absorption au bleu Alcian a été étalonnée a l'aide d'une solution de gomme de
Xanthane (XG). Les concentrations de T&PEété H[SULPpHYV HQ. J;*HT /
La teneur en exopolysaccharides solubles diblkoidaux» (SEPS) a été meswe@

l'aide de la méthode de DubdiBuboiset al 1956; Orvainet al. 2014) le glucose étant le
standard. Ainsi, apres une filtration de 10 a 50 ml sur filtréGEs filtrats ont été considérés
commecontenant les-&EPS. LesS-EPS de haut et de bas poids moléculaire ont été séparés en
incubant les échantillons dans kethanok 70% pendant 16 heures20 ° C. Les échantillons
ont été centrifugés a 3500 g, a 4 ° C pendant 30 nusulmagearstcontenant leS-EPS de
faible poids moléculaire ont été jetés atdelots contenant leS-EPS de haut poids moléculaire
ont été séchés a 50 °C pendant une nuit. Les échantillons secs ont été remis en suspension dans

PO G HDX GLVWISHOSKp @R DV| | datMe sulfurique ont été ajoutés a
50 O GH O H{WUDLW Hanced BI® MeHpreY 30im2aey Uecteur de plaque
FlexStation (Molecular Devices) a 485 nm8QH JDPPH GY{pWDORQQDJH D pW
réalisée en utilisant une solution de glucose (G) comme référenas @bricentrations de
SEPSontétéH[SULPpPHV HQ J*HT /

2.4 Parametresphotosynthétiques

Fluorescence modulée PAWalz

Pour I'estimation a haute fréquence de la productivité primaire, I'efficacité de conversion
d'énergie maximale (ou efficacité quantique de la séparation de charge du photosystéeme I
(PSII) (R/Fwm)) a été mesurée a des intervalles de 5 minutes a l'aide de la version en flux (FT)
du WATERPAM (Waltz, Effeltrich, Allemagne{Schreiberet al 1986) L'eau en suisurface
a été prélevéeia une pompe menant a une chambre noire istiiéemiquementApres
5 minutes d'acclimatation au noir, ce qui était suffisant pour I'oxydation du groupe de Quinone
A (Qa) dans cet environnement tres turbide, un smmantillon a été automatiquement
transféré dans la chambre de mesure. L'échantilété axcité par une lumiére bledefaible
intensité(1 P Rpbotonsm2.st, 470 nm, fréquence 0.6 kHz) pour enregistrer la fluorescence
minimale (k). La fluorescence maximalenFa été obtenue lors d'une impulsion de lumiére
VDWXUDQWH phutonsm2.sP4RONM) permettant de réduire tout le pool de Q
(Fig. 14). Ainsi, Fv/Fu a été calculé selon I'équation suivafentyet al 1989)

_z :QF4;

L
Q Q
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Consécutivement, les échantillons ont été exposés a neuf irradianckesglgammes
de variations ont été adaptées au cours de la safjoG H | PRO GH2SKHRKRWRQ
janvier a juillet et au cours de la campagne journaliere hiverretle(i) de 0 a
1541 P Rdephotors.m?.s'd'aolt & décembet au cours de la campagne journaliére estivale.
Chaque irradiance été sépapar un temps de0 spar rapport aux autres. Ainsa, fluoresceoce
a l'état stable @ et la fluorescence maximaleMF) ont été mesurégsour chaque palier
lumineux L'efficacité quantique du PSII pour chaque irradiance a été déterminée comme sulit

(Gentyet al. 1989)

. . A .

é o F w
nL n

Q Q

/IH WDX[ UHODWLI GH WUDQVSRUW &slpDdtercicul®@Y U (75
chaque irradiance. Le rETR est une mesure du taux de transpaitdid'électrons par le PSII,

qui est corrélée avec la performance photosynthétique globale du phytoplgheteau and
Harrison 2005)

Figure 14. Principe de la fluorescence moduléeRAM ». 6 RXV XQH WUqV IDLEOH OXPLqUH GpWH
SKRWRVI\QWKpWLTXH HVW LQVLJQLILDQWH a/ést 8didtBrhpteténemt BxtydeWeH XU G p
IOXRUHVFHQFH pPLVH HVW SDU FRQVpTXHQW PLQLPDOH &H QLYHDX GH
est appelé le niveau minimum de fluorescenceERsuite un flash lumineux de haute intensité est émis. Le PSlI

est saturé, Qest completementduit. La fluorescence atteint alors un maximum)(fJne gamme de lumiére
DFWLQLTXH /$ /I$ HWF GTLOQWHQVLWpPV FURLVVDQWHY HVW DSSOLTXPp
de photons) est appliquée pendant 30 secondes dans cettéPéwrdehaque intensité, une fluorescence de base

stable kest atteinte. Toutes les 30 secondes un flash de lumiéere saturante (LS) estgifidev W DORUYV GpWHUF
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En parallele, au cours des campagnes mensuelles et pour chaque point
GTpFKDQW DQ Q M2 Heure lors des campagnes journalieneéchantillon de
subsurface {1m) etunde fond (+1m) ont été prélevét adaptés au noir pendant 5 min. Chaque
échantillon eensuiteété introduit dans la version cuvette du WATFEBRM (Waltz, Efeltrich,
Allemagne) et le§v/Fu ont été ckculés comme décrit @lessus.

Un autre sougchantillon adapté au noir a été placé dans un MLALOR-PAM
pour I'estimation de la section transversale d'absorption fonctionnelle du4f®lInm  sju40
exprimée en ). Ce fluorimétre permet d'analyser la cinétique de la fluorescerde& @ne
ORQJIJXHXU GYRQGH FKRLVLH GDQV FHWWHGHD/MEWW HP® B Wt
programme PamWi3 basée sur le modele davergne & Trissl (1995§tendu pour tenir
compte de la r@xydation de Q (Schreiberet al 2012) Cette méthode permet d'estimar |
constarg de temps de réduction dea@endant I'élévation @ 2 P Vainbi \decalcuker
Psiaa0(mM2) comme suit:

S
Prw el RH H

Ou: L est la constante d'Avogadro et | est le taux de fluorescence des photons de la lumiere
entrainant I'élévation® ( P BmOtonsm?.s?).

En suivant Schreiberet al (2011) le taux de transport d'électrons (ETR(I)
Electron.(PSIl.s}) aensuiteété calculéVHORQ OfpTXDWLRQ

i H Prw vl
Z Q
Avec ETR(PROHV G 1 p@shreWRUR altulecomme précédemmerit la constante
d'Avogadro en mol H Wsiakoen nf. ETR(Il) a d'abord été exprimé en électron.(PS)I’s

puisen mmol d'électrons.mgchh selon I'équation:

;L

_L> c3?H> ?Huxsr
’ >.. S7H

Ou [ETR(I)] est exprimé en électron.(PSH)3, [chl a] représentda concentration en
chlorophylle a exprimée en mg.ml et [PSII] représentela concentration des centres
réactionnels des PSkn PSIl.mit) a été obtenu comme suit:

>.. 7
> 2L—mmm
{rr Hsrrr

Ou [chla] est exprimé en g.mleten supposant un poids moléculaire de 900 glmar chla
et une taille d'unité photosynthétique de 1000 molécules da phlF chaine de transport
G 1 pors(Schreiberet al 2011)
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Incorporation de carbone marqué&)

Un photosynthetron (modifiéle Babin et al 1994) a été utilisé pour réaliser les
incubations dé3C sur les échantillons préiés aux sites 2, 4, 6 etl@s campagnes mensuelles
Un tube fluorescent modulable en forme déQSRAM, DULUX L, 2G11, 55W / 12950,
LUMILUX DE LUXE, lumiére de jour)a produit la lumiére La température dans le
photosynthetron a été mainteninesitu pa un circuit d'eau de mer équipé d'un refroidisseur
d'eau (AQUAVIE ICE 400).
Au total, 1100 ml @ chaquetchantillon ont été inoculés avec du N&EDs; (98 atome %
Sigma) correspondant a un enrichissement d'environ 15% du carbone inorganique dissous déja
présent dans l'eau de mer. L'eau de mer inoculée a été partagée entre 16 flasques de culture
(62ml) placés dans le photosynthetron. L'intensité lumineuse a été mesurée dans chaque
flasque en utilisant un capteur quantigue migpbérique (USSQS; Walz) canecté a un
enregistreur de donnéesCIOR 1400. L'un des flacons a été conservé dans le noir pour estimer
l'incorporation du carbone inorganique Aaimotosynthétique. Aprés trois heures d'incubation,
chaque flasque a été filtrée sur des filtres GF/Fopii#és de 25 mm (450 ° C, 12 h) et ils ont
été conservés-20 ° C jusqu'a I'analyse. Pour éliminer les carbonates, des filtres ont été exposés
a du HCI fumant pendant 4 heures, puis séchés a 50 ° C pendant 12 heures. La concentration
de carbone organiquegticulaire (POC) et le ratio isotopique te al?C ont été déterminés
a l'aide d'un analyseur élémentaire (EA 3000, Eurovector) combiné a un spectrophotométre de
masse (IsoPrime, Elementar).
Le taux de fixation du carbonedl) a été calculé seloHamaet al (1983)et la valeur de
l'incorporation dans I'obscurité a été soustraite de toutes les donsig@sété exprimé en
mmol C.mgchla®.h,

Courbes P vs E

Chaque série de rETETR(lIl) etRbs D pWp WUDFpH HQ IRQFWLRQ GH O
estimer les paramétres photosyntipééis, le modéle mécanique Biters & Peeters (1988)

été appliqué a ces courbes a l'aid&dgnaPlot 12.0 (Logiciel Systéaic., Chicago, USA)

; L

fSE, E..
Ou X(E) représente soitETR(E), ETR(II)(E) ou Rn{E). La capacité photosynthétique
maximalea été calculéavec les coefficients, b etcextraLWV GH OfpTXDWLRQ GH ¢

comme Ssuit
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L S
YT E YT L

Ou Xmax correspond a la capacité photosynthétique maximale mesurée avec la méthode PAM
(rETRmaxen unité relative oETR(I1)maxen mmol d'électrons.mgchint) ou mesurée avec la
PpWKRGH G 1L QFR (PS:unmwIICRQch&Xh?). L H |1 L Fobdidsyvthétique

. aété calculée
5

a

Ou . H \eflicaifephotosynthétique mesuréeitavec la méthode PAM (en unité relative ou
en mmol délectrons.mgclh.(umol de photons.fis!)?) ou avec la méthode
G YL QF R U S Rt(@mwol & Qgadkd.ht.(umol de photons.ris?) ™).

1RPEUH GfpOHFWURQV QpFHVVDLUH jBXpP IL[DWLRQ GIXQH P
$ILQ GIpWXGLHU OD UHOD W4, BsQaldu@sWwaj ol Bt& traxéex[ SDUD

en fonction desvaleus d ¥ (7 5)max La quantité ¥c (mol Géfectronsmol de C1), qui

correspond a la pente initiale de la relatiBarranguet and Kromkamp 2000; Napolétral

2013b) aété estiméeSRXU FKDTXH VWDWLRQ HW FKDTXH SpULRGH G

2.5.Diversité phytoplanctoniques

Micro-phytoplancton
'HV pFKDQWLOORQV G {HpélevesHn surf&® IorksQI¥$ camppgnes

mensuelles sur les stations 1, 3, 5.dt @nt étéconservéslans une solution de Lugol (2%)
OYREVFXULWp HW j f& SRXU OJLGHQWLILFDWLRQ HW OfpQX
la technique UterméhlLund et al. 1958) $X ODERUDWRLUH PO GH OfpFKD(
GpFDQWHU GDQV GHV FHOOXOHV GH FRPSWDJH SHQGDQW
HQVXLWH pWp UpDOLVpHV VRXV PLFURVFRSH LQYHUVp j FRC
MXVTXYIDX SOXV EDV QLYHDX WD[RQR Prédii¥éds SIRabdrateeoH & H '\
Ifremer LERN par les analystes en charge du REPHY

Nanc et picophytoplancton

Chaque prélevement a été réalisé en triplidatvolume del PO GYHDX D pWp IL[p
du glutaraldehyde (R5%). Apres 15 minutes dans le noir a 4°C, les échantillons sont plongés
GDQV OYD]RWH OLTXLGH 'H UHWRXUfBXMXD E R ) jDEMIELQDHO \LVGH\

et al 1989; Olsoret al 1993) Les analyses ont été risgles au plateau de cytométrie en flux
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GH OD VWUXFWXUH IpGpUDWLYH ,&25( /YDSSDUHLO XW
(Beckman Coultéf). Aprés décongélation a température ambianiae solution en
concentration connue ddles en latex autdl uorescentes de 1 um de diamette @85 nm)a

été ajoutéead chaque échantillon comme référence de taille et de fluorescence. Trois blancs
GYHDX GH PHU ILOWUpH VXU —P RQW pWp DQDO\VpV OR
GIpYDOXHU OHOEpP XIOMBESBEDRIHE O 3RXU FKDTXH pFKDQWLOO
forme des cellules (i.e. forward scatter FS et side scatteoi8@}é enregistrésnsi que leurs
caractéristiques de fluorescence intrinseques dans le rouge (FL4 nm)etdaQV OTRUDQJH
(FL3 QP /HV G LI pplatidid WeH pico®R nanphytoplancton ont été
GLVFULPLQpHV GTIDSUqV OHXU WDLRRD¢ktdIVWODHXU FRQWHQX

Biologie moléculaire

Chaque prélevement a été réalisé en triplidat.volume de P O G§ étdfitrée
successivement sules filtres polycarbonate Isopore d'une porosité de 5 pm et 0.goum
OTDQDO\WVH GHYV &sHT86)Xx0procariex @63 respectivenent Les filtres ont
immédiatement été introduits dans des cryotubes et conservéeg & M XV TXTj Ol%si [WUD FW
ADN ont été extrds a partir des filtres coespondant a chaguéchantilloren utilisant le kit
PowerBiofilm DNA Isolatiort les instructions du fabricant (MO BIO). Pour la préparation des
EDQTXHDM dd 118S et du 169es amplifications ont été réalisées avec des amorces
FRPSRUWDQW EDVHYV jivOgdrRlaV bddes dléamiretishamorted/utilisées
SRXU O9YDP S Orégibrs bW LR TS 'G HYVL E RV fntt dorthées dans le tableau
5. La premiére étape de PCR a été réalisgéSDUW LU GH -16 ag)Gddh'le mélange
réactionnel suivat : 1,00 uL ADN; 1,00 pL Forward Primer (10 pM)1,00 pL Reverse Primer
(10 uM); 0.75 puL DMSQ; 0,25 pL BSA (10x), 8,50 pL HO, et12.50 pL PCR Master Mix
2x (KAPA2G Robust HotStart DNA polymerase ReadyMix, KAP, Biosystems).
/IH SURJUDPPH GYDPSOLILFD W\ hdags vy BOdydlgs(95°CGopéhgant f &
15sec, 52°Qpoendantl5 secget 72°C pendanBB0 seg et 72°C pendan3 min. Les produits de
3&5 RQW pWp YpULILpV VXU JHO GAdercbud RMiBre >3XdgadsL pV JU k
(Beckman Coultenuis quantifiés en utilisant ket Qubit dsDNA HS assalls ont ensuite été
QRUPDOLVpPY SXLV UDVVHPEOpPV /HV EDQTXHV RQW pWp SUp
le kit lllumina TruSeq DNA PCHRree Library Preparan. Les recommandations du fabricant
ont été suies ] OTH[FHSWLRQ GH OTXW{S5MHSMDWLERI IGYXQ W LDW.H (
formation de chimeres. Les banques ont finalement été quesipifi¢ PCR et séqueraséselon

le kit MISeq 2x300 pairegndrun WRXMRXUV VHORQ OHV UHFRPPDQGDWL
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Tableau5. $PRUFHV XWLOLVpHYV SRXU OYDPSOLILFDWLRQ GHV GLIIpUHQWHYV
5pJLRQ GH Of$'1 U $PRUFHV XWLOLVpPHV SRXU OYD
185 0067a_deg (AAGCCATGCATGYCTAAGTATMA)
NSR399- (TCTCAGGCTCCYTCTCCGG)
515 F/- (GTGYCAGCMGCCGCGGTAA)
926 R- (CCGYCAATTYMTTTRAGTTT)

16S

Les amplicons ont été anaégsen utilisant le logiciemothurv.1.36.1(Schlosset al

2009) Les lectures ont été tragen utilisant principalement la procédure standard décrite par
Schlosset al (2009) pour les données de type MiSq lllumi(i€ozich et al 2013) Dans un
SUHPLHU WHPSVY OHV FRQWLJV RQW p¢/ ggDevidesipRiEEespY SHUP
Les séquences des codearreset amorces ainsi que les séqoes de faible qualitént éte
retirées(Taille minimalede 350paires de basl), taille maximale de 460 pb, et élimination
de touteles séquences contenant des bases ambiglais cetmprenant desomopolymeres
supérieus a 8pb). Les séquences ont alors été alignées en utilisant le dép6t 119 de la banque de
références SILVAQuastet al 2013)et des preclusters ont été réalisés (pre.cluster, diffs=1).
Les singletons ont été exclus, ainsi que les chiméres en utilisant la comrohimdera.uchime
mothur /HV VPTXHQFHV RQW pWp F Gitbrive\kinéarpdt iveighiugkrid LO LV D Q
présent dansiothur HW OD PpWKRGH GH UHFKHUFKH GTKRPRORJLH
GpS{W /ID FODVVLILFDWLRQ GHV VpTXHQFHMAndbntgaW p UpDC
méthodeestplus optimale queelles plus généralement utilisées de type BayeBidangetal
2007) Apres classificationles séquences ne correspondant pas aux jeux de edonné
(eucaryotes ou procaryotes) ont été enlevées. Pour tenir compte des différences de profondeur
de séquencage, 7004 séquences (pour le jeu de donnée 16S) et 20624 1B ont été
aléatoirement sélectionnées pour chaque échantillon. Les Unité Taxonomique Opérationnelles

278V RQW pWp UpDOLYV pH\averggexighiduheHQ@ms anfdxa sfiriesL W K P H
comme correspondant a 97% de similarité que cgsaitles données 16S et 18S. Apres sous
échantillonnage les données correspondehDa9 588 séquences pour le 16S €52 352
séquences pour le 188lles ont été rassembléeslnb546 OTUs pour le 16et 9487 OTUs
SRXU OH 6 &HV VpTXHQFHV RQW ILQDOHPHQ@\Wpe3¥m FODVYV
dansmothuret la méthode BLASTN et les banques SILVA pour le 16S et (@rRlou et al
2013)pour le 18S.
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3. Compartiment microphytobenthique

3..6WUDWpPJIJLH GITpFKDQWLOORQQDJH
Afin GTpWXGLHU OD YDULDWLRQ GHVduS&umaRiogit HV SK
microphytobenthiqgue GHX[ FDPSDJQHV GTpFKDQWLOORQ@X®EeidH GHV Y
ont été réalisées au cours des mois deesgpioctobre 2014 eavril 2015en association avec
le projet GIP 8ineAval 5: « BARBES *Coordination F. Orvain (UMR BOREA) Lors de
ces campagnes, 15 stations (9 sur la vasiére Nord nommeées de A alb;v&asiere du chenal
environnemental nommées de K a M et 3 sur la vasiere Sud nommées de N a P) ont été

échantillonnées (Fid.5). Les coordonnées des différents sites sont doruidEssoustéh. 6).

Figure 15 /RFDOLVDWLRQ GHV VWDWLRQVJE $gireSBF W LOO\R GO P $1B JWDXHY GMHd Y
microphytobenthos en association avec le projet GIP Seiak5: «BARBES». Avec en Vasiére Nord, 9 sites

nommeés de A a |, en vasiere Sud 3 sites nommBisadie et au niveau du chenal environnemental 3 sites nommés de

KaM.

Tableau6. aRRUGRQQpHYV JpRIJUDSKLTXHYVY GHV VLWHV GTpFKDQWLOORQQDJH
en association avec le projet GIPSA BARBES.

Sites Longitude Latitude Sites Longitude Latitude
Wgs84 Wgs84 Wgs84 Wgs84
A 0.2004 49.4516 | 0.2668 49.4412
B 0.2004 49.4506 K 0.2836 49.4416
C 0.2004 49.4482 L 0.2836 49.4401
D 0.2174 49.4491 M 0.3003 49.4391
E 0.2174 49.4483 N 0.1672 49.4162
F 0.2172 49.4462 O 0.2001 49.4267
G 0.267 49.4436 P 0.2003 49.4235
H 0.2668 49.4408 - - -

70



Partie 2: Matériel et méthodes

A chaque stationtrois carottes(20 cm de diamétre x 1 cm de profondeont été
prélevéepourmesurerés parametres sédimentaires.(granulométrigteneur en eau, densité
sédimentaire, masse volumigee coefficient Gafténuabn spécifiquede la lumiere par le
sédimenketbiologiques (i.eteneur en chlorophyllaet polysaccharides et matiere organique)
Apres avoir été soigneusement homogéendlg&rent volumes de substrabnt été préleves
pour chaque parametie l'aide de seringues coupéstsrépartis dans différents tubes puis
conservé a-20 °C M XV T X Y] OLEP patamates photosynthétiques ont été mesemés
triplicat, par fluorescene modulée j O D L (lHorigh§tke@e typd-iberPAM, comprenant
une unité de contrdle PAM et une unité de détection WAHER (Walz, Effeltrich,
Allemagne). La distance entre la sonde a fibre optique et la sddazlimena été maintenue
constante 2 mm pour toutes les mesures. De plus, un anneau de 4 cm de diamétre a été utilisé
pour isoler I'échatillon de la lumiére naturelle pour contrdler I'adaptation au noir et le niveau
d'irradiation imposée lors de la mesure de la courbe. Cette confaueaété maintenue a l'aide
d'un porteburette fixe sur une base enterrée dans le sédinieas proche des mesures PAM,
trois micro-carottes (2 centimétres de profondeur et 1,2 cm de diamétre) ont été prélevées et
immédiatement congedé a l'aide d'azotkquide sur le terrainDe retourau laboratoirdes

micro-carottesont été consened dans un congélateur&0 ° C

3.2.Parametres sédimentaires

Teneur en eawdensité sédimentaire ptasse volumique

LateneureneauXd ;D pWp GpWHUPLQpH HQ SRXUFHQWDJH GTF
sec total. Le poids de I'eau a été calculé par la différence de poids avant et aprés le séchage des
échantillons a 60 ° C pendant 3 jours dans une étuve. Le poids de sel a également été pris en
FRPSWH j SDUWLU GX YROXPH GTHDX GpGXLW /D WHQHXU
obtenue comme perte par calcination de I'échantillon sec a 450 ° C pendant 4 h. La densité
séche du sédiment (Csekig.ni®) a ainsi été estimée a partir de la teresueau X; %) selon
la formule:

@Hsrrr

L —x
@ AH@Esrrr

Ou @est la densité de grainitialementsuppose & 2650 kg.n¥. La masse volumiquekg.L”

gch

1y aensuiteété estimée a partir de la teneur en eau et de la densité sédimentaire selon la formule

suivante:

X
qch SI‘I‘H qchb

srrr
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Granulomeétrie du sédiment

Pour déterminer la taille des particules, les sédimesits de la calcination de la matiére
organiqueont été baignedans du peroxyde d'hydrogéne a 6%dant 48 heures pour éliminer
définitivement toute trace deatiere organique. La distribution granulométriquenauiteété
mesurée avec un analyseur de taille de particules LS Coulter sur leéchansllons. La
fraction de sédiments vaseux a été estimée comme le pourcentagéMle pat O H'V P HW
médiane de la taille du sédiment a été estimée a partir d'un histogramme en pourcentage

cumulatif.

Coefficient d'atténuation de la lumiére

Pour estimer l'atténuation de la lumiere avec la profondeur dans le sédiment, un
coefficientd'atténuation de la lumiére(knm?) a été calculé en utilisant I'¢quation fournie par
Forster & Kromkamp(2004) Cette équation tient compte de la proportion de sédisemnt
(PSed) dans chaque intervalle de profongdarvaleur d'atténuation spécifiquédked); la
proportion de la teneur en pigments chlorogkegll(PChl) etle coefficient d'atténuation

spécifiquede la chlorophyllekdchy, comme suit:
*oxg L k ThgHYTqcp0Ek SZHt ¢ 0

PChl a été calculé a chaque section a partir de la concentration cumulée de chl

(mg.m?) de la surfaceM X \a TaXpfofondeur de la section considé@esuivant I'équation:

Ouz correspond 80D SURIRQGHXU GH OD VHFWLRQ HQ P HQ VXS
par zone de 29 mgMSRXU XQH SURIR Q(EorkskitianG Kromkamp 20Q430it
2.9mg.m? pour une profondeur de rhm. Les valeurs de chk cumulées (mg.m) ont été
calculées directement a partir de la teneur eraad chaque intervalle des profils verticaux
J J':' /D FRQYHUVLReén @gh? étail basée sur la masse volumique (g)cm
et la profondeur de la son (mm).Par la suite,ds fractions PSedont été calculéesuivant
larelation: PSegl= 1- Pcht..
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La valeur de référence pour le coefficient d'atténuation spécifique de la chlorophylle de
0.02 m2.mghl a? (Forster ad Kromkamp 2004n été utilisée pour estimer le coefficient
d'atténuation intégré en profondeuryd) et une valeur de 58 tna été obtenu (kchy= 2,9
mgchla.m? P! x 0.02 m2.mghla® =58 mmb).
De méme, la valeur de référence pourcteefficient d'atténuation spécifique des

sédiments de 0,011 m2.mgDVgermet d'obtenir une valeur de 2 mhpour Kqisea)en l'absence
de chla (Forster and Kromkamp 20Q4}ependant, dans un contexte de mélange -saisiex,
la valeur de kyseqypeut changer avec la composition granulométrique des sédigiéihtsand
Jargensen 1994} induire des changements dans les valeurs. d@kda méme maniere qual
éténécessaire de tenir compte de la variation de la@hvec la profondeuen utilisant les
microsprofiles, il apparait nécessaire de tenir compte de la variation de laositiop des
sédimentsGD QV O 1 p Y DOAB VEfinRI'€sti®es Idcoefficient d'atténuation intégrée en
profondeur (Kiseqyen mmb) pour chaque échantillon, 'absorbance a été lue sur des plaques
multi-puits (96) pour la méme longueur d'onde qué&ile-rPAM (460 nm) en utilisant un
OHFWHXU GH PLFURSODTXHV IOXRUHVFHQWY )OH[6WDWLR?
86% 3RXU FKDFXQH GHV VWDWLRQV SXLWV DYHF O
sédiments secs de chaque triplicat pultenir différentes épaisseurs de sédiments (25, 50, 75,

HW  “gsedtt étéNIéterminéomme égal anoefficienta del'équation
GIDMXVWHPHQW

UL A’?C)é

Ouy est la lumiére absorbéeetépaisseude sédiment calcuééen utilisantle poids (mg) et

la densité séche (g.c¢inde I'échantillon.

3.3.Parametres biologiques

Dosage de la chlorophylle a

Environl PO GH VpGLPHQW RQW pWp O\RSKLOLVpV HW XQH
a été pesée pour chagéplica Les pigments ont été extraits dans 10 ml d'acétone a 90% en
rotation verticaleontine (12 tour/min)SHQGDQW K GDQV OUERé&kandlche Wp HW
ont ensuite été plac@endant 18h dans l'obscurité a 4 °C. Apres centrifugation (4 °C, 2000g,
5min), la fluorescence du surnageant a été mesurée a l'aide d'un fluorimétre TuroerTD
(440nm)DYDQW HW DSUqV DFLGLILFDWLRQ /| GH +&0O 0 S
dechla HQ J J)etlafraction és plopigments (exprimés en pourcegeades pigments
totaux) ont ensuite été calcetea l'aide de la méthode dlerenzen (1966¢t convertis en

mg.m? en utilisantla densité séche du sédimesitsur la base de lprofondeur del cm
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echantillonnéepour tenir compte des effets de dilution de laalés au compactage lors de

I'exposition a marée bas@eerkinset al 2003; Jesust al. 2006)

Profils verticaux dea chlorophylle a

Afin d'accéder a la répartition verticale de la biomasse ea, ¢bs micrecarottesont
été découpss en utilisant un microtome de congélatie?bfC)lors des deux semaines qui ont
VXLYL O pFKDQWLOORQQDJH &KDTXH VHFWLRQ WUDQFKpH
tube Eppendorf prpesé et lyophilisée. La masse seclemsuitepWp PHVXUpH DYDQW O
de chla. Les valeurs en clalont été obtenues selon la méthod&\tschmeyer (1994) OTDLGH
GT1XQ |10 XRMJA0@ (rwnéHDesigns, Californie, Etdtiis). Les intervalles considérés
étaient de €00, 206400, 400600, 606800, 8061000,180032000, 280€3000, 38084000,
5800:6000, 78068000 et 9800 P

Polysaccharides

Les EPSont été extraits a partir de 5 ml de sédiments frais placées dans des tubes de
FHQWULIXJDWLRQ GH PO DYHF PO G HeDskriség(@tvhld DUWLIL
et al 2014) Les analyses ont été réalisées immeédiant de retour du terrain pour éviter toute
perturbation cellulaire et contamination des extrékiovitti et al 2004; Takahashet al
2009) Aprés 1 heure d'incubation dans I'eau de mer artificielle, les tubeteanékangeés et
centrifugés (4 €, 300 g 10 min. Les surnageants contenant la fraction colloi¢&EPS)
ont été recueillis dans un nouveau tube derifagation et conservés 20 °C jusqu'a une
analyse plus approfondie. En plus &&PS, nous avons choisi d'extraire les EPSBEEPS)

a partir du culot de la derniere centrifugation, en utilisant 5 ml d'eau de mer artificielle et ~1 g

de résine cationique activée (Dowex Marathon C, Na +, Sijiaiich). Méme si cette

procédure est reconnue pour extraire seulement de petites pr@pdtticc X YROXPH WRWDC
liés (Pierreet al 2012) elles peuvent étre strictement considérées comme des EPS purs,
FRQWUDLUHPHQW DX[ HIWUDFWLRQV DYHF GH OfHDX GLVV
composée de composés inter(i€akahasheet al. 2009) Apres la remise en suspension, les

tubes ont été agités doucement pendamture a 4 ° C au nojpuis centrifugés (4C, 3000 g,

10 min). Les surageants ont été recueillis et maintenus congeB&s°(C) pour une analyse

plus poussée dd3-EPS. Pour chaque fraction EPSHEPS et BEPS, les EPS de haut et de

bas poids molédaire ont été extraits en incubant les échantillons dans I'éthanol (concentration
finale 70%) pendant 16h-80 °C.Apres centrifugation (4C, 3000 g, 30 min)les EPS de bas
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poids moléculaireetenusdans le surnageant ont été jetés et le culot conteeswaBPS de haut

poids moléculaire a été séchée a 60 °C dans un bain sec sous débit d'air (de 6 & 48 h selon la
fraction). ' HV pFKDQWLOORQV VHFV RQW pWp UHPLV HQIVXVSHQ"
GH SKpQRO j | dé&ktwe sulfurique @ W pWp DMRXWpV | O GH O H[
L'absorption a été lue apres 30 min avec un lecteur de plaque FlexSt&t{Molecular

Devices) a485 nm 8QH FRXUEH G{pWDORQQDJH DYDLW pWp SUpDC(
solution de glucose (GPuboiset al. 1956) Le contenwen protéines également été mesuré

en utilisant du sérum d'albumine de bovin (Sightdrich) (Bradford 1976)Sur des plaques

multi-puits (96puits), O G pFKDQWLOORQ RQW p e pedctir @RIdsaQep LV PV |
de Bradford (BieRad). L'absorbance a été lue pooe longueur d'onde de 600 nm a I'aide d'un
bio-luminométre (Mithras LB940 Berthold Technologies). Chaque concentration d'EPS a
d'abord été exprimée en fonction du volume de sédiments frais et a ensuite été convertie en

concentration en utilisant la masggumique.

3.4.Parametres photosynthétique

Fluorescence PAM

La méthode de fluorescence PAMeécrite précédemmentDp SHUPLV GIHVWLPI
rendement de fluorescence initialeviffu = (Fwm - Fo)/Fm) qui correspond a l'efficacité
maximale du rendement quantique du R8Hn Kooten and Snel 1990 pres une adaptation
au noir de 5 min, I'échantillon a été excité par une lumierede mesdré VH IUp T X HI® FH P
photons.rt.s®, 460 nm, fréquence 0,6 kHz) pour accéder au niveau initial de fluorescence, F
La fluorescence maximale \lra été obtenue lors d'une impulsion de lumiére saturante (0,6 s,

PRO GH S¥sR wWsen@d) p&mettamiux poolsde quinone A (Q), de quinone B

(QB) et une partie de la plastoquinone (P@tik réduitsPar la suite, chaque échantillon a été
H[SRVp j QHXI LUUDGLDWLRQV “sY5dndant 30 se¢bRi®s 5 EhRWER QV P
étape. Pour chaque niveau d'exposition a la lumiere une fluorescence a I'état statiog)retire (F
une nouvelle fluorescence maximalesjFont été mesurées et un rendement de fluorescence
Y D UL D E @#(RHs))Fv') calculé. Ensuite, le taux de trandgpelatif des électrons a été
calculé en utilisant'équation: U (75 0) E. L'extinction non photochimique de la

fluorescence a égalemteété estimée avec I'équatioNPQ = (v - Fv')/Fv'.
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B. Etude en laboratoire

1. Organismes et conditions deulture

Trois especes de diatomées (Bacillariophyceae) marines cosmopolites ont été étudiées:

- Thalassiosira pseudonanéHasle et Heimdal, CCMP H1)ui est une diatomée
centriquecouramment utilisée comnmaodele pour les étudesir laphysiologie des
diatomeées

- Skeletonema marindSarno et Zingone, isolés en Manchedntrique également et
particulierement abondante pendant les blooms printaniers.

- Pseudenitzschia australigFrenguelli, isolée en Manche&jiatomée pennée gprodut
de l'acide domoique, responsable de phénomenetakication par les mollusques

provoquante syndromeASP (Amnesic Shellfish Poisoningritz et al 1992)

Pour chaque espéce, des cultures semiinuesde 25 L ont étéréalisées en tripat
dans deballonsenPyrex stériles de 4 L en utilisant de I'e@under naturelle filtrée et stérilisée,
enrichie en nutrimentgar un milieu« f/2 » (Guillard and Ryther 1962) es cultures ont été
maintenues dans un incubateur (Snijders Scientific,-Bagya 18 °C avean cycle d'intensité
lumineuse sigmoidal et une photopériode lumiére/obsateité212h. L'intensité lumineuse,
fournie par lesméonsyariait pWDSH SDU pWDSH GH2s!llPRiG GH BRRWERQV F
photons.rt.s* & 14 heures.

Quotidiennemety lors de la croissance desltures, lesballons ont été mélangéoutes
les quatre heurede jour par agitation manuelle et l'intégrité des cellules a été vérifiee au
microscope. L'efficacité deoaversion d'énergie maximale ((¥may) a €également été estimée
pour évaluer I'état physiologique des cellules. La biomasse a été estimée par desdmelsures
a in vivo a l'aide d'un fluorimétre TEIFOO (Turner Designs, Californie, Etdiis) et des
dilutions ont été effectuées pour maintdas cultures ewroissance exponentielle maximale.
Il a étésuppos@ue les cultures étaient a I'état d'équilibre lorsque le taux de croissance quotidien
et le Y(I)maxrestaient inchangés pendant cing jours conséd@i&uinet al. 2008) Lorsque
I'état d'equilibre a été atteint, les expériences ont été realis&sesoncentrations en chj la
sectiond'absorption spécifiquae la chlorophyllga*) et les parametres photosynthétisjoat
été mesuréshaque heurpendant le cycle de lumiére et des expériencesodfincation de3C

ont été effectuées trois fois par jour, a 9HEM et 19h30
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2. Parametres biologiques

Afin de mesurer la concentration @l a, des triplicatgle 10 nhde chacune des cultures
ont été centrifugéa température ambiant&Q min; 4000 rpm), puislO M GYDFpWRQH |
ont été ajoutés a chacun des culots. Apres 12 haHIW | OfREVFEFXULWp OHV pFKEL
centrifugés(5 min; 4000g; 4°C) et laconcentration erchl a mesurée dans le surnageant a
OTDLGH G1XQTD-@ RTUrhdt dasigms, Sunnyvale, Californie, USA) suivant la
méthode d&Velschmeye(1994) La concentrationencalD pWp H[SULPpH HQ J /

/H FRHIILFLHQW G 1D E Vi&cbl@ophyRe@a*V 8. mEdhlaliaxété oBtenu
en mesurant la densité optignevivo GH OD F X OWXH) jVEHIFMWSIHR SKRWRPqWU
1000)et FDOF X Op VHORRQuUbDSkyat AIDBBER Q G H

fDL# Hsrr HZssr;
>..S%7

Ou A est la densité optique moyenne entre 400 et 7Gfifichl a] la concentration en cld

exprimée en mgn™,
3. Parametres photosynthétiques

Les parametres photosynthétiques ont été mesurés selon la méthode de fluorescence
PRGXOpH 3%$0 | O Y DCdhHPAM MAlzOBtfelitih, Germany)Schreiberet al
2011) Ainsi, l'absorption fonctionnelle du PSH 440 nm &siaag NM2) a été mesurée en
triplicat pour chaque culture comme décrit précédemment section A.2.4.

Le dispositif MultiColor-PAM permet également d'estimer l'efficacité de conversion
d'énergie maximale, ou l'efficacité quantique de la séparation de charge PSHa(Y @pres
10 minutes d'acclimatation au noir pour permettre I'oxydation du pool d'accepteurs d'électrons,
un souséchantillon de 3 ml a été transféré dans la chambre de mesure. L'échantillon a été excité
SDU XQH OXPLqQUH GH PHVXUH j ED¢H44WUm) Kduréckder auP RO S't
niveau de fluorescence minimale)H.a fluorescence maximale\}a été obtenue pendant
XQH LPSXOVLRQ GH OXPLqUH VDW X&DIQOMN, ce qui pefBt@e GH SK|
réduire les pools de Qde @ et une partie de la plastoquinone (PQ). ¥{dla été calculé
selon I'équation suivant&chreiberet al 2012)
Lz, oF 4

Q Q

;k_v
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Aprés avoir estimé Y(lhax les échantillons ont été exposés a neuf niveaux d'irradiance
( GH j PRO G HsSd¢pawRde \b5Psecondes. La fluorescence a I'état

d'équilibre (k) et la fluorescence maximaleMF) ont été mesurées et Y(Il) a été déterminé
pour chaque irradiance a I'aide de I'équation Y (I) #-Fs)/Fv' (Schreibelet al. 2012) Par la
VXLWH U(7Zm2sPROpHWpP FDOFXOp SRXU FKDTXH LUUDGLDQFH
= Y(Il) x E. Des courbes 4 (décrites précédemmesection A2.4 des étudem situ) ont
HQVXLWH pWp UpDOLVpH j OTDLGH GX ORJLFLkRO PRIPH3IORW
m2st  HW . - 1P RQhmol photons.m.s})?).

Deux méthodes de calcul ont été utilisées pour estimer le taux de transfert absolu des
électrors (ETR; mmole.mgchlal.h?). Dans un premier temps, ETR a été estimé en utilisant
les valeurs de afNapoléonet al. 2013a)et nommé ETR VXLYDQW OfpTXDWLRQ

U

L S HPHT rwiiux

Ou FAQysi est la fraction dghotonsabsorbé par le PSllsupposantue 74% des photons
absobés sont allowga la photochimie au niveau du PRl0ohnsen and Sakshaug 2007;
Napoléoret al 2013a) Dans un deuxiéme temps, ETR a été estimé en utilisant les valeurs de
Psiaao (NM?2) et nommeé ETR(II) en suivant les équationsSdereiberet al (2011)décrites
précédemment section A.2.4.

/ID PpPWKRGH GYLQFRUSRUDWCR®éqalemdnDAKERIREd afD U T X p
GIHVWLPHU OpHdatosymHétioieg W &ttel Méthode est bien décrite en section A.2.4. Le
taux de fixation du carbone {f a ainsi été calculé seldtamaet al (1983)et Rpsexprimé
en mmol C.mgchat.ht.

Les valeurs dedssontensuiteété tracéesn fonction dehaque valeur d'ETR (ETR(II)
et ETR® H ¥ o8 correspond a la pente initiale de la relagiBarranguet and Kromkamp
2000; Napoléort al. 2013b) a été estimée pour chaque culture.
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Electron requirements for carbon incorporation

along diel light cycle in threemarine diatom species

This article is under reviemn ¥hotosynthesis research

Jérébme Morelle and Pascal Claquin

Abstract

Diatoms account for about 40% of primary production in highly productive ecosystems. The
development of a new generationflaiorometers has made it possible to improve estimation

of the electron transport rate from photosystem I, which, when coupled with the carbon
incorporation rate enables estimation of the electrons required for carbon fixation. The aim of
this study wasa investigate the daily dynamics of the$ectron requirements as a function of

the diel light cycle in three relevant diatom species and to apprehend if the method of estimating
the electron transport rate can lead to different pictures of the dynahhiesesults confirmed

the species depéent capacity for photoacclimian under increasing light levels. Despite daily
variations in the photosynthetic parameters, the results of this study underline the low daily
variability of the electron requirementsstimated using functional absorption of the
photosystem Il compared to an estimation based on a specific absorptiosentiss of
chlorophylla. The stability of the electron requirements throughout the day shows it is possible
to estimate higlirequerty primary production by using autonomous variable fluorescence
measurements from shie$-opportunity or moorings, without taking potential daily variation

in this parameter into consideration. The electron requirements obtained ranged from 3.44 to
6.19 nol electron.molC, confirming the low electron requirements of diatoms to perform
photosynthesis, and pointing to a potential additional source of energy for carbon fixation, as
recently described in literature for this class.
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1. Introduction

Because pmary production sustains each group in the marine food (Rahly and
Christensen 1995)accurate estimation of its shaerm dynamics is a key to capturing,
understanding, and managing marine ecosyst@sern et al 2014) The main method
traditionally used to estimate primary production is carbé® ¢r1C) incorporation(Babinet
al. 1994; Cloerret al. 2014) The disadvantage of this method is the long incubation time,
which prevents the estimation of high frequency primary production at spatial and temporal
scales. An alternative rapid, aadtomatic way of obtaining high frequency measurements is
fluorometry, which is based on variations in the fluorescence of photosystem Il (PSIl). This
flexible, sensitive and nemvasive methodKromkamp and Forster 2008phables access to
the photosynthetic rate but not to production in terms of fixed cgifboliber and Falkowski
1993; Barranguet and Kromkamp 200dwo principal fluorescenebased methods are
currently used, the singlernover method (ST) and the mditirnover method (MT)
(Kromkamp and Forster 20Q3)he ST method progressively reduces the first stable acceptor,
Qa. This method makes it possible to calculate the func®nB EVRUSW LR g)R0AWKH 36,
to determine a fluorescenbased photosynthetic rate that can be used to estimate a
fluorescencébased carbon fixation ratéKolber and Falkowski 1993)The MT method
classically used in pulse amplitude modulated (PAM) fluorometry, can reduce the total set of
electron acceptors. When mabined with estimation of the specific absorption of the
chlorophyll pigment (a*), the MT method enabled estimation of the electron transport rate
(ETR) (Barranguet and Kromkamp 2000; Napoléon and Claquin 201#) development of
new generations of fluorometers makes it possible to merge saime advantages of the two
fluorescence methods and to refine and improve the estimation of thd SERReiberet al
2012) In order to calculate high frequency carlimecorporation, the ETR values can be plotted
against the carbon incorporation rate determined 48§ methods to estimate the electrons
QHHGHG WR IL[ D PRdr(&dibeRdndrEalkdBkQ193B; Barranguet and Kromkamp
2000; Kromkamp and Forster 2003; Juneau and Harrison ROf¥6hettiet al 2006; Hancke
et al. 2008b, 2015; Napoléon and Claquin 2012; Napokéoal 2013a; Zhuet al 2016;
Schubacket al 2017) However, this parameter does not remain spatially and temporally
constant due to the many physical, chemical lasintbgical factor that influence both carbon
fixation and electron fluxes, for example, temperat{Merris and Kromkamp 2003)the
concentration of nutrient§Napoléonet al 2013b)or species compositiofBehrenfeldet al

2004) However, the main parameter that influences primary production is the irradiance level.

83



Partie 3 : Dynamique de la production primaire phytoplanctonique

There are many different time scales of variations in light intensities ranging from variations
due to waves at therawater interface to variations in the light regime at seasonal scale. The
most important level of variation in irradiance is the kdatk rhythm(Falkowski 1984)which
strongly influences daily primary production rates. The diel variations in primary production
can generally be explained by the circadian rhytfianézelin 1992and species composition
(Litchman 1998; Huismaet al. 2004) However, at a high el of irradiance, photoacclinian
has been shown to be the main process affecting the photosynthetic device and can greatly affect
the daily primary production dynami@slacintyreet al. 2002; Behrenfel@t al. 2004; Van De
Poll et al. 2009)

$OWKRXJIK VRPH DXWKRUV KDYH LQY H¥dWHathdvidre (75 & L
KDYH VWXGLHG G R dtlatcould thilueiwe eRtighatidnQof3laily primary proion
using variable fluorescence techniques. This point is particularly important in the context of
achieving independent estimations of primary production based on ETR estimation from ships
of-opportunity or mooringlLawrenzet al. 2013; Napoléon & Claquin 2013ilsbeet al 2015;
Houliezet al. 2017; Claquiret al in prep) The aim of this study was to investigate the daily
G\QDPLFV Rl (75 & UHQ/awa frgtioK biStke deD I@ht3cycle considering
photosynthetic parameters dynamics in ottdebetter apprehend daily variations in primary
production. Furthermore, the different methods currently used to estimate ETR can influence
WKH HVWL Plavréh@et Rll 2@13) For that reason, ETR was estimated using two
different methods based on the same rETR measurements. On theammheuding a*
(Barranguet and Kromkamp 2000; Morris and Kromkamp 2003; Napoléon and Claquin 2012;
Napoléonet al 2013b) DQG RQ WKH R WHHS¢hicibDe@iGal 2012) I addition
to comparing the two methods of estimation, our aim was to understand if the methods produce
GLITHUHQW g&ddaiNwdyhakriids. e 3tudy was conducted on three species bgjong
to the same phylum, the diatom specBadqjllariophyceae)vhich is one of the most important
groups of primary produce(drmbrust 2009)n marine ecosystengblelsonet al 1995; Geider
et al 2001)and which plays a major role in exporting orgacarbonBuesseler 199&ucklow
et al 2001; Hensomet al 2012)
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Methods

2.1Culture conditions

Three cosmopolitan marine diatom species (Bacillariophyceae) were investigated in this
study: two centric diatom§,halassiosira pseudonariblasle and Heimdal, CCMP H1), which
is a model for diatom physiology studi&keletonema maringbarno & Zingone, isolated in
the English Channel), which is particularly abundant during spring blooms, and the pennate
diatom Pseudenitzschia australis(Frenguelli, isolated in the English Gireel), which
produces Domoic acid, which is responsible for amnesic shellfish poisOhigel et al
2014)

For each species, segwntinuous cultures (2.5L) were performed in triplicate in sterile
4 L Pyrex flasks using autoclaved and filtered natural poor seawater enriched in siwiilent
f/2-medium(Guillard and Rythet962) The cultures were maintained in an incubator (Snijders
Scientiic, Netherlands) at 18°C with a stbg-step sinusoiddight intensity cycle and a 12:12
h light/dark photoperiod. The light intensity, provided by daylight fluorescent lamps, ied va
step by step from 0 to 175 pmol photong.g1 at 2 pm.

Each day of culture growth, cultures were manually mixed by gentle swirling every four
hours during the light cycle and the integrity of the cells was checked under the microscope.
Maximum enegy conversion efficiency (Y (Ihay was also estimated theckthehealthystate
of the cells. Biomass was estimated ibyivo chl a measurements using a turner -¥DO
fluorometer (Turner Designs, California USA) and dilutions were performed to maintain
maximum exponential growtliExperiments were started when the cells kept their growth rate
constant for 5 consecutive dafSlaquinet al. 2008) Chlorophylla (chl a) concentrations,
chlorophyltspecific absorption cross sections, and photosynthetic parameters were measured
at hourly intervals during the light cycle al€ incubation experiments were performed three
times a dayat 8:30 am, at 2 pm and at 7:30 gne. 0.5; 6; and 11.5durs after dawn

respectively.

2.2 Chlorophyll parameters
To measure the cld concentration, 10 mL of each culture were centrifuged for 10
minutes at 4000 rpm. Pigments were extracted by adding 90% acetone (v/v) to the pellet, which
was stored for 12 hours in the dark at 4°C. After centrifugation at 4000 rpm for 5 min at 4°C,
theconcentration of chh was measured in the supernatant using a TurnerO@fluorometer

(Turner Designs, Sunnyvale, California, USA) and is expressed int|ig/elschmeyer 1994)
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The chlorophyHspecific absorption cross section (a*; m2.mg&h) was obtained by
measuring thén vivo optical density of the dturesin a spectrophotometer (Ultrospec 1000)
by using Shibata metho@he a* was calculated using the average optical density between 400
nm and 700 nm (Ao700) and the concentration of chl(mg.m?®) according to the equation of

Dubinskyet al (1986)specific to concentrated suspension cultures:

Y. © H54Hjl:54
FPl—%ne (1)

2.3Photosynthesis and primary production measurements
2.3.1. Multi -Color-PAM Fluorometry
The Multi-Color-PAM fluorometer(Walz, Effeltrich, GermanySchreiberet al. 2011)

makes it possible to analyze tkieetics of the A1 fluorescence rise at 440 nm by using the
fitting routine of the PamW#3 program based on the reversible radical pair model of PSII of
Lavergne & Trissl (1995¢xtended to account foraQreoxidation(Schreiberet al 2012) This
ST method enables estimation of tomstant time of @reduction duringthe @ ULVH 2 PV
DQG FDOFXODWLRQ RI WKH 1XQ kWi RiiZ)Ofolov¥ RUSWLRQ RI W

5
Prwygal Soemm 2)

Where/ LV $YRIJDGURYTV FRQVWDQW DQG , LV WKH SKIRWRQ AX
rise (E; umol quanta.ras?).

The Multi-Color-PAM device also enables estimation dfetmaximum energy
conversion efficiency, or quantum efficiency of PSIl charge separation £¥(fluorescence
ratio). After 10 minutes of dark acclimatiom allow oxidation of theslectron acceptor pool, a
3-ml subsample was transferred into the measuring chamber. The sample was excited by a low
frequency measuring light (1 pmol photonZ.st; 440 nm) to access the quatsirk level
of fluorescence yield @r. Maximum fluorescence (F was obtainediuring a saturating light
pulse (2500 umol photons.rs?; 440nm), making it possible to reduce the pools of
Quinone A (Q), Quinone B (@) and part of the plastoquinone (PQ). After subtraction of the
blank fluorescence measured on culture mediuterétl through a GF/F glaiber filter,

Y (Il) maxwas calculated according to the following equafi®ohreibelet al. 2012)

Jr | d 2 3)

’k_V L ‘]l ‘]l
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Thus, Y(Il)max variations are due tawfnd/or l dynamics (eq. 2). However, the level efdfad

Fu candependonchl FR Q FH Q W U DpAI4dRORbetdugRCak=201.2) In order to identify
the role of these parameters in Y{H)variations, the values obfand v were divided by the
concentration of chh D Q G MWladd 1

J, mg

OREG? (4)
\]Y m [j| )
OBOH A jhogo. (5)

After Y(Il) maxwas estimated, treamples were exposedftaurteenincreasing levels of
blue light(E; 440 nn) from 0 to 966 pmol photons:fs! with 55 seconds at eastep (E
=0; 12; 2324; 48; 77; 109; 158; 224; 309; 445; 598; 766 ; 966 umol photohsin Steady
state fluorescence {fFand maximum fluorescence ZHUH PHDVXUHG DQG < ,,
irradiance was determined using e(g6hreibeet al 2012) Subsequently, the relative electron
transport rate (rETR ; pmolgn2.s1) which represents the rate of linear electron transport
through PSIl and is correlated with the overall photosyntpetiformance of the phytoplankton

(Juneau and Harrison 200&as calculated for each irradiance following eq.7:
. J, R Jo
” ;L ;H (7)

The rETR(E) values were plotted against light (E) and the mechanistic mdgiédrsf
& Peeters (1988)as applied (eq. 8) using SigmaPlot 11.0 (Systat Software Inc. Chicago, USA)
to fit the data and extract the equation coefficieatsb(and c) to calculate the maximum
photosynthetic capacity (rETR, umole.m?st;, HT DQG WKH SKRWRV\QWKHW
umole-.L 1.t (umol photons.nt.s1)?; eq.10):

L _I->"1>a (8)
” 5
k_V k‘>6?/Z£D (9)
5
- (10)
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2.3.2. Calculation of the electron transport rate
Two methods of calculation wetesed to estimate the absolute ETR from PSII. First,

the ETR (mma¥.mgchla™.ht) was estimated using the a* (m2.mg@H) values(Napoléonret
al. 2013a) and called ETR:

Pl T HOHY pwhui (11)
Where fAQsiis the fraction of absorbed quanta to PSII assuming that, for diatoms, 74% of the
absorbed photons were allocated to photoreactions in thg J@8hsen and Sakshaug 2007;
Napoléoret al 2013a)

6HFRQG WKH (75 ZDV HVWgshRd Wahi& (Rl Qahvele& Hn 1
mmole.mgchla®.h?! according tcSchreibeeet al. (2011)and named ETR(II):

) LpIXVI;H¢|_OE STWRHM & 4
’ ] MMy n afo?
Where [chla] is the chla concentration expressed in mgiahd [PSII] is theconcentration of

(12)

the PSII reaction centers RSIl.mI* obtained as follows:

= fjOHP
=4H5444
Where Ehl a] is expressed in g.mlassuming a molecular weight of 900 g.rhpkr chl and a

> 2L (13)

photosynthetic unit size of 1000 molecules of chl per electron transport(Sthireiberet al
2011)

2.3.3. 3C incubation
For each replication, a volume of 650 ml was inoculated with'R@a®k (98 atom %,

SigmaAldrich) corresponding to 15% enrichment of the dissolved inorganic carbon present.
The homogenized enrichment was shared between ten 62 ml culture flasks including a dark
flask used to estimate incorporation of faimtosynthetic carborAll the flasks were placed
in a photosynthetron (modified froBabinet al (1994) maintained at 18°C by a water circuit
and illuminated by a U shaped dimmable fluorescent tube (OSRAM, DULUX L, 2G11,
55W/12950, daylight).Each 62ml flask was illuminated with constant light for 90min before
collection. The light intensity in each flaskwas measured using a miespherical quantum
sensor (USSQS; Walz) connected to a-CIOR 1400 data loggelrradiance varied from one
flask to another with values of 0; 24; 36; 54; 80; 122; 285; 426; 608; and

88



Partie 3 : Dynamique de la production primapaytoplanctonique

848umol photons.tt.s? respectivelyAfter incubation, each flask was filtered on GF/F filters
precombusted at 450°C for four hours and storee?@fC until analysis. Before analyses,
filters were exposed to fuming HCL for four hours and dried at 50°C for 12 hours to remove
carbohydratesAfter beng placed in tin capsules, the samples were conserved at 50°C until
measurement.

The isotopic ratio of3C to 2C and the concentration of particulate organic carbon
(POC) were determined using an EA 300 elemental analyzer (Eutovector, Milan, ltaly)
combned with a mass spectrophotometer (IsoPrime, Elementar). After the dark incorporation
value was subtracted, the carbon fixation raté$";(mimolC.mgchla™.h') were calculated

according tdHamaet al (1983)

2.3.4. Electrons required for C fixation ( 3,0
The P" values were plotted against each ETR value (ETR(Il) and®FERd 3¢,
which corresponds to the initial slope of the relationgBigrranguet and Kromkamp 2000;
Napoléonet al 2013b) was estimated for each species in theitd@pé cultures, at the three

different times during the light period.

2.4Data analyses
In order to investigate the significant effect of the diel cycle on biological (a*g)chl
and photosynthetic (Y(leax rbi, ETR: max, ETR(IDmax, P*"max, 3.0 parameters, repeated
measures analysis of variance (RM ANOVA) were performed followed by +%adiak
pairwise comparison tests using SigmaPlot 11.0 (Systat Software). Previously, the presence of
outliers, nornormality of residuals, and the lack of homossttity were tested using Shapiro
and Bartlett tests, respectively. Differences were considered significant whewadahe pvas

less than 0.05. All plots were performed using SigmaPlot 11.0 (Systat Software).

Results

3.1Chl aand absorption cross section
Chlaconcentrations showed significant increasing trends as the sampling day advanced
ZLWK YDOXHV UDQJLQJ IURPT. pseudtna&® IURP / WR1 J |/
for S. marinoiDQG IURP W-Rfor P. austrdlis The values of* (Fig. 16.A)
decreased as the day advanced from 0.010 to 0.003 m2.agohIT. pseudonangrom 0.038

to 0.030 m2.mgch! for P. australisand remained almost constant frmarinoiat 0.0055
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m2.mgchla® 7 K#duado (Fig 16.B) showed no significant differences over the course of the
day forT. pseudonanaith a daily mean value of 2.98 + 0.28 firRor S. marinoj the lowest
value (1.71 + 0.20 nfjirecorded at 2 pm differed significantly from the other values recorded
duringthe day (2.44 + 0.17 rin ForP. australis values ranged between 2.64 + 0.55 and 4.16
+ 1.05 nmMand no significant differences were observed (RM ANOVA, p=0.185).

Figure 16. Daily dynamics of (A) specific absorption of thehlorophyll pigment (a*; m2.mgChl a') and (B)

functional absorption cross VHFWLRQ RI WKH 36,, 136,, QPJd L Qhodwkite aWdleUHH V SHF
represents T.pseudonana, the black circle represents S.marinoi, and the black triangle represteatis. F.he

grey bar plot represents irradiance dynamics (umol photohsirover the course of the day (times).

3.2Quantum efficiency of PSII charge separation

Y(I) max (Fig. 17 showed high values ranging between 0.621 and 0.668T for
pseudonanabetween 0.502 and 0.636 f8r marinoi,and between 0.652 and 0.680 for
australis ForT. pseudonangasignificantly lower values were recorded after 2 pm than before.
For S. marinoj a significant decrease was measured from 11:30 am to 2 pm follonad b
significant increase from 2 pm to 4:30 pm. Poraustralis despite limited variability, values
increased in the morning from 7:30 am to 12:30 pm, decreased significantly between 12:30 pm
and 2 pm, and no differences were recorded between 2:00 p&13hgdm. The dynamics of
Fum and b were then investigated in order to explain the variations inn¥al(eq. 4&5). ForT.
pseudonanathe significant decrease observed in ¥Y{dtat 2:00 pm was also observed fos (F
(or Fw))/chla (Fig. 17A) and for (b (or Fv))/(chla #siag but the variation in fr was greater
(Fig. 17B). Thus, the Y(llhax can be attributed a marked decrease unirielependently of
biomass or functional absorption of the PSIl. Bormarinoj the significant lowest value of
Y(Il)max Observed at 2 pm was also observed fai/chl a (Fig. 17#C) but not for
Fw/(chla #siaag (Fig. 172 7KLV YDULDWLRQ LV W Kegikdddyiraroi¢s. PAD L Q O\ O
P. australis the slight decrease observed after 2:00 pm for WlWyas associad with a slight
increase in fr/chla (Fig. 17E) while Ru/(chla @si449 remained stable (Fig. iF). Thus, the
Y()max YDULDWLRQ FDQ EH LQGXFHGp&doWik BBREVHUYHG LQFUH
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Figure 17. Dynamics of Y(I)max (fluorescence ratio),  (or Fo)/chl a (left panel), and Fu
(or Fo)/(chl a Bsna40) (right panel) for each studied species studiedf.pseudonana (A&B), S. marinoi (C&D)
and P. australis (E&F). The black circle represeptaifd the white circle &=The grey bar plot shows irradiance
(umol photons.mi.s) dynamics over the course of the day (times).
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3.3Photosynthetic parameters

The photosynthetic efficiency of the P®llectron transport . umole-.L .2 (umol
photons.nt.s1)t) showed different trends between species and methodsi@ig. 7 KH
values (Fig18-A) were highHU WKDQ WKH . ,;B)édperidlhl YoiP. dustralis For
T. pseudonana W K H Y D*Onénd Sigitficantly lower after 2 pm than before (RIMOVA
p<0.001;HoOlmM6LGDN SDLUZLVH FRPSDULVRQ ZKLOH YDOXHV RI
p=0.059). FoiS.marinoi ® DQG . ,, YDOXHV UHPDLQHG VWDEOH WKUR
weak yet significant variations observed at 2 pm, 7:30 pm anp&30 both parameters (RM
ANOVA, p < 0.001; HolmSidak pairwise comparison). Fér. australis high variability
EHWZHHQ UHSOLFDWHY UHVXOWHGRMANDYAVAIQI6) &B QW GLI

. 50 $129% S YDOXHYV
Figure 18 '\QDPLFV RI WKH SKRWRV\QWKHWLF HIILFLHQF\ RI WK®¥H 36,, . U
DQG F¥aael. ,, IRU HDFK V S HHelblask cirale XeBredei@s S.marinoi, the white circle represents

T.pseudoana and the black triangle represents P.australis. The grey bar plot shows irradiance (umol photons.m
2.sY) dynamics over the course of the day (times).

The maximum electron transport rate (ERR mmok.mgchl at.h?l) differed as a
function of themethod of calculation used, and mean values ranged between 0.49 and 10.26
mmole.mgchlal.hfor ETR* nax (Fig. 19-A) and between 0.45 and 1.39 mewshgchla™.h
Lfor ETR(I)max (Fig. 19B). An increase in ETRuxVvalues was observed in each specid¢bet
beginning of the day until reaching a maximum, whose timing and value differed as a function
of the method and species (table After this maximum value, a decrease in ELR/alues
was observed. Comparison between the two ff Bstimations showed higher values for
ETR¥ max than for ETR(I)hax. The discrepancy between the two ETR estimations is species
dependent (table 1), the weakest relationships were observ&d rimarinoi,and the biggest
differences between ETR values weleserved folP. australiswith respectively a maximum
value of ETR(Il}nax of 1.19 mmo&.mgchlat.h! and maximum value of ETRnax of 10.26
mmole.mgchla™.h?,
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Table 7. Linear regression and Spearman correlation between thigvo ETR estimations using a* (ETR"max)

D Q &sudko (ETR(II) max) for each species studiedlhe correlation coefficient, theyalue and the headcount (n)

are given for each analysis. The maximum values of each ETR are given with the recording timat The pl
represents the ETR(H)xvalues (Y axis) as a function of the ETRxVvalues (X axis) fitted to the linear regression
whose equation is given.

T. pseudonana | Maximum ETR @ max = 2.94 mmoé&.mgchla’.h?; recording time: 9:30 am
Maximum ETR(I1) max = 1.39 mmo&.mgchla®.h?; recording time: 11:30 am
Linear regression: ETR(I)max= 0.42 + 0.14 X ETRmax

R?=0.70 ;p-value< 0.001; n=39

Spearman correlation coefficient 0.84

p-value< 0.001; n =39

S. marinoi Maximum ETR @ max = 1.46 mmoé.mgchla’.hr%; recording time: 9:30 am
Maximum ETR(II) max = 0.86 mmo&.mgchla’.h’; recording time: 9:30 am
Linear regression: ETR(I)max= 0.76 + 0.21 X ETRmax

R? = 0.06;p-value< 0.001; n=38

Spearman correlation coefficient 0.27

p-value>0.05; n =38

P. australis Maximum ETR #max = 10.26 mmoé.mgchlat.h; recording time: 9:30 am
Maximum ETR(Il) max =1.19 mmo&.mgchla’.h?; recording time: 5:30 pm
Linear regression ETR(Il)max= 0.49 + 0.06 X ETRmax

R? = 0.30;p-value < 0.001; n=39

Spearman correlation coefficient 0.48

p-value< 0.01; n = 39

Figure 19. Dynamics of the maximum electron transport rate (ETRax; relative unit) calculated using (A)

a* (ETR¥max D QG pdfas0 (ETR(I1) max) for each species studiedThalassiosira pseudonana (empty circles);
Skeletonema marinoi (black circles) and Psenititschia australis (black triangles). The grey bar plot shows
irradiance (umol photons.Ris!) dynamics over the course of the day (times).

34 (OHFWURQ UHTXLUHPHQWVYJ)IRU FDUERQ ILIDWLRQ 3
Pchl(E) values were plotted against ETR(E) values and strong linear regressions were

IRXQG )LJ 5 RI WKH OLQHDU UHJUHVVLRQV ZHUH DOZD\\
values ranged between08 and 6.74 mol electrons.melCusing ETR(Il) and between 1.69
and 43.20 mol electrons.molCusing ETRa* (Tab8 7KH 3H & YDOXHV E\ FRPS
three times of sampling did not significantly differ over the course of the day when estimated
using ETRII) (Tab.9 &RQYHUVHO\ WKH 3H & YDOXHV IRU 7 SVH.
significantly differ when estimated using ETRa* with for T. pseudonana, each hour different
from the others and for P. australis, H1 (8:30 am) different from H2 and H3 ddiobt differ
(Tab.9).
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Table8. +RXUO\ DQG G DL O(neaH +&Dpsiin@tedHfidom the linear regressions (y = ax + b)
between ETR(E) (mmole.mgChl a.hY) and P*"'(E) (mmolC.mgChl a*.h™) for each species studied (three
replicates per species\With y = ETR(E) (ETR(Il) or ETR), x = P"(E) and R2 the correlation coefficient of
the relationship all replicates pooled.

P vs, ETR* PN vs. ETR(II)
Species T|dm:yof 3c. R? 2c R?
8:30 am 885+1.0 0.99 3.24+£0.21 0.99
T. pseudonana 2 pm 4.64 £ 0.95 0.99 3.93 £ 0.45 0.99
’ 7:30 pm 2.16+0.74 0.96 3.52+0.47 0.96
Daily 5.21+ 3.03 - 3.56+ 0.45 -
8:30 am 6.80 = 0.07 0.98 4.85+0.21 0.98
S marinoi 2 pm 6.44 + 1.64 0.98 4.12 £ 0.70 0.98
’ 7:30 pm 6.04 + 0.39 0.99 491 £0.39 0.99
Daily 6.43+ 0.91 - 4.62% 0.56 -
8:30 am 39.74+ 4.02 0.99 577+1.01 0.99
P australis 2 pm 22.63 £ 0.37 0.99 4.12 £ 0.50 0.99
’ 7:30 pm 18.19 £+ 2.92 0.92 3.69+0.74 0.92
Daily 26.86+ 10.17 - 453+ 1.16 -

Figure 20. Linear relationship between ETR(E) (ETR(Il) or ETR"; mmole.mgChl a’.h?') and P"(E)
(mmolC.mgChl at.h?) for each species studied(T. pseudonana (A & B), S. marinoi (CI8) and P. australis (E
& F)) at each sampling time(9:30 am: white triangle; 2:00 pm: black circles; 7:30 pm: black triangles).
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Table9 5HVXOWV RI WKH RQH ZD\ 56HSHDWHG OHDVXUHV $QD QaMasV Rl 9DUL
which were estimated from the linear regressions between ETR(E) (ETR(II) 8f)E&RR P"(E) for each species

studied (three replicates per species). The difference was considered as significantwahen < 0.05. If

difference was significangn all pairwise multiple comparison procedure was performed using the-$idak

method. The differences between sampling times (H1, H2 or H3) are given by a group,faone)(in exponent.

ETR ETR(II)
Species p-value Holm-Sidak method p-value Holm-Sidak method
T. pseudonana < 0.001 H12- H2P - H3° 0.237 not signifiant
S. marinoi 0.713 not signifiant 0.228 not signifiant
P. australis < 0.001 H12- H2P - H3P 0.102 not signifiant

Discussion

4.1Physiological responses to the light regime

Variations in phytoplankton productivity and associated physiological responses are
known to occur at short time scal@alkowski 184; Greenet al. 1994; Macintyre and Cullen
1996; Jouenneet al 2005; Lavaud 2007)For diatoms, the degree of variability in
photosynthesis appears to be particularly pronounced and it is assumed that diel oscillation in
photosynthesis are not clockntrolled but regulated by diel variations in environmental light
(Prézelin 1992; Dimieet al. 2007, 2009; Lavauelt al. 2007; Keyet al 2010; Wuet al. 2012)
In this gudy, our photosynthetic parameters showed no parallel changes with the irradiance
level. Indeed, despite an increasing trend in photosynthetic parameters (BkR(ll) < may
in the morning correlated with the irradiance level, the highest valuesneércorrelated with
the maximum intensity (Figs. 3&4; Table 1). The relationship between light and photosynthesis
is clearly described: at the lowest light levels, photosynthesis is a linear function of irradiance
while with increasing light, photosyntsie becomes lightaturated and remains unchanged
unless photoinhibition occurs, which leads to a decrease in photosynthetic cdgetuignfeld
et al 2004) InT. pseudonanandS. marinoj the highest values in the morning were followed
by decreasing values at the highest intensity. This result dsggesivation of a
photoacclim#ion process leading to reorganization and/or to a reduction in pigment content
under excessivight intensity to protect cells against possible damage to the photosynthetic
units, and carcause a slight decrease photosynthetic efficiencyMacintyre et al 2002;
Dubinsky and Stambler 200%s samples were adapted to the dank, modulation of Y (Ilhax
values was caused by an increase inplootochemical quenchingNgwhich may have two
explanations: (i) a transitional variation corresponding to the reorganization of PSIl antennae
to increase the dissipation of energy amdtfie alteration of photosystems corresponding to
damage to the PSII reaction cent@éslber and Falkowski 1993 he first reason could thus
EH LOOXVWUDWHG EkswuWWHKild thée echrid WehsoQ will Qe independent. As
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observed inl. pseudonana this study, Y(llhax G\QDPLFV ZDV LQGHBMHRIGHQW |
illustrated by the decrease inoffchl a #&si4ag in comparison with ¢#chl a. At 2 pm, the

decrease in Y(Ihaxis due to a decrease imfEhl a while Fo/chl a which remains constant and

can be explain by shetérm photoacclimation as relgtion ofthe xanthophyll cycleAfter 2

pm, the decrease ino/fchl a asisag Which represents the concentration of active reaction
centergOxboroughet al 2012)could illustrate some damage in the photosystems. However,

due to the relatively low irradiance applied (175 umol photors®), this hypothesis is
debatable and the decrease observedolfthF a #siuag could be induce by some other
photoacclimation processes like a dowgulation of the photosynthesis S. marinoj Y (I1) max
G\QDPLFV ZDYV e @Nies@nd\cBuUld be explained by reorganization of the PSII
antennas. This observation is in agreement with the wotkei$ & Berry (1987who showed

that an increase InNnFRXOG EH LQGXFHG &\ IDPGdgfalisl BINRANWQ 1
remained constant when the light levels were high. A decrease in liginpabs illustrated by

D YDOXHV ZDV RIIVHWsiklvdlu€s Wik bpoiddand kb dllQv donstant electron
transport inside the PSII. Thus, in contrasTt@seudonanayhich appears to have suffered

damage to photosystems during high lighensity,S. marinolandP. australisappear to have
UHIJXODWHG WKHLU DEVRUSWLRQ RI HQHU JPsuboith€ ttRU SKR'
optimize photosynthesis like.australisor to prevent damage to PSII lil&e marinol These

results confirm he specieslependent capacities and the differemtatsgies used for

photoaccliméon in the same phylum.

42'\QDPLF\WcRI 3

In this study, rETR values were used to estimate ETR using two commonly used
methods, ETR (Barranguet and Kromkamp 2000; Morris and Kromkamp 2003; Napoléon and
Claquin 2012; Napoléont al 2013b)and ETR(Il) Schreiberet al 2012, Morelleet al, in
prep) ETR values were higher than ETR(II) atitk results obtained using the two methods
were weakly correlated (table.IJhis resultcan be easily explained as due to a* esiionat
which corresponds to an average of total pigment absorption includirghodosynthetic and
photo SURWHFWLYH SLIJPHQWYV EXW D OW#ikiLaQd-Taguchi 20020 3SDFI
Johnsen and Sakshaug 2007) KLOH (75 ,, LV pdnmDaasu@E@mBE & a narrow
waveband (440 nm in the present study) Whioes not represent the whole photosynthetic
active radiation spectrurfSchreiberet al 2012) Both the approaches present some biases
which can lead to a weak corretans between the two ETR estimates as a function of the

species (present study), of pigment phytoplankton gr@lgisisen and Sakshaug 208y of
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growth conditions(Hanckeet al 200&; Napoléonet al 2013b) Here, we used the two
approaches to evaluate the discrepancy betv@ee®rstimations and to assess the impact of the
method on the characterization &fc. daily dynamicsin the three species studied, a linear
relationshipwvas obtained between ETR arfd Palues in agreement with the results of previous
studies(Napoléonet al 2013b; Lawrenzt al 2013) which confirms that it is possible to
accurately estimate primary productivity using variakdl@orescence measurements
(Barranguet and Kromkamp 2000; Napoléon and Claquin 2@i)results showethat the
PHWKRG XVHG JU HeR ¥gtinatibi3 ladXiHiQdohs¥quently important to consider
whiFK PHWKRG ZDV XVHG EHIRU_tksERaBd@®ibdif@@nvideatichs &hd RU 3
conditions.

&RQVLGHUDEOH VSDWLDO D.valudg 4 PepdrtedDraheylibetatul2E L O L W
(Lawrenzet al 2013; Napoléon & Claquin 2012; Hanckeal 2015) At time scales, it is
DFFHSW HG. vavigbidity/ is 3influenced by the seasonal dynamics of environmental
parameters (light, nutrients, temperature, etc.) and the species composition of phytoplankton
DVVHPEODJHV $W WKH GDLO\ Vot ETRR Xadalility Was@ighy VKRZH
between triplicates at the same sampling time than over the course of the day, as shown by the
high standard deviations (Tablg 8hus, daily estimation of the primary production using the
ETR* will have to take into consideration the large variabiihd the weak repetitiveness in
the resulting values. The variation in ETR(II) was better correlated WitheBulting in less
YDULDEOH HVWaReEWeRI@\¢colrde 8f the day with notable repetbetween
replicates (Table )3 For the esmation of daily primary production, it therefore appears that
W Kdt v8lues obtained using the ETR(Il) method are better suited to transforming variable
fluorescence data into carbon rate units without needing to take any daily variations into
consideration. This result meanscibuld bepossible to estimate high frequenpyimary
production using autonomous variable fluorescence measurements frorofshygpertunity
or moorings(Napoléon and Claquin 2012; Lawreetzal 2013; Silsbeet al 2015; Houliezt
al. 2017, Claquinet al, in prep) without taking a potential daily variationQ 3 into
considerationHowever, in this work, cultures grown in controlled environments which are far
from in situ conditions encountered by phytoplankton communities like the potential nutrient
deprivations or the biotic/abiotic stresses for instafiterefore, further investigations are
needed to validate our finding for field application. Anyw&R Z | U H TeX Eb(ibFatioss
arestill necessary as a function of water masses and seasons.

7 K Hec3values obtained in this studyith ETR(Il), which ranged from 36 to

6.74 mol electron.molC were in the range defined in several studies referencedveenzet
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al. (2013) at between 1.15 and 54.2 mol electron.mblGvith a mean of

10.9mol electron.molC, and similar to the values found Hyancke et al (2008) in
monocultures of different phytoplankton species ranging from 3.6 to 6.2 mol electrort.molC

RU WR RWKHU H obiaindafkvra RAMW measuBmentddanckeet al 2015 and

citations therein) +RZHYHU RXU YDOXHV ZHUH ORZ Ed&eBtimBteiHG WR [
in situwhich, for example, ranged between 15.9 and 35.7 for deep alpine lake phytoplankton
(Kaiblinger and Dokulil BO6)or for nutrient limited cultures of phytoplankton, ranged between

9.17 and 12%Napoléonet al 2013b) 7KH S ULP DU\ ¢ RaxiatiérHaxe WRtiaBons in
HQYLURQPHQWDO SDUDPHWHUYV e£HKrclkadingCsHliDity, tevRerkturd K Y D O}
(Morris and Kromkamp 2003nutrient limitationgBabin et al 1996) a shift in community
composition or light stregfNapoléon & Claquin, 2012; Lawreret al. 2013. Under optimal
JURZWK FRQGLW L RQWouliVite HetWé&e X &hdRS Im8igsawrenzet al 2013)

which is in agreement with the results obtaine® WKH SUHVHQWe¥WWhaear9 DO XHV
to be physically impossible and could be due to methodological or calculatios ttabcould

lead to underestimations of up to 53%awrenz et al. 2013) but the present study was
conducted under controlled conditions and methodological errors are thus assumed to be low.

It therefore appears that an additional source of energy used can be suspected in the fixation of
carbon. t was recently shown that diatoms are able to optimize their photosynthesis through

the exchange of energy between plasmids and mitochdBailkeul et al. 2015) Indeed, when

the ATP:NADPH ratio generated by a linear electron flow is insufficient to fueli@@orts

into the plasmid and assimilation by the Calvin cycle, diatoms are able to produced additional

ATP via alternative pathways, particularljwrough extensive energy exchanges between
SODVWLGY DQG PLWRFKRQGULD 7KL VXU RbldectfofrRHAO G H[SO
Lfor T. pseudonangarticularly since this activity has already been demonstrated in this species
(Bailleul et al 2015) These results also confirm the low electron cost to diatoms of performing

photosynthesis under ndimiting nutrient conditions (Napoleoet al 2013b).
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Annual phytoplankton primary production
estimation in a temperate estuary by coupling PAM

and carbon incorporation methods

This article is under review ifEstuaries and coasfs

Jérébme Morelle; Mathilde Schapira; Francis Orvain; Philippe Riou; Pascal Jean Lopez; Olivier

PierreDuplessix; Emilie Rabiller; Frank Maheux; Benjamin Simon and Pascal Claquin

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 theafourse
one 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 physicdlemical panaeters 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 saljraind turbidity gradients, which strongly influenced<el
physiology and photoacclirtian. The number of electrons required to fix one mol of carbon

(C) was ranged between 1.6 and 25 mol electron.rhei@ a mean annual value of 8 + 5 mol
electron.molC. This optimum value suggests that in nutrient replete conditions like estuaries,
alternative electron flows are low while electrons transfer from photosystem Il to carbon
fixation is highly efficient. A statistical model was used to improve the estimafiprimary
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 meamaad daily primary production of 0.12

+ 0.18 gC.rt.d*! with a maximum of 1.18 gC.¥adtin summer was estimated which lead to

an annual mean of 64.75 gCw'. This approach should be applied more frequently in
dynamic ecosystems such as estuaries aastal waters to accurately estimate primary

production in those valuable ecosystems.
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Introduction

Phytoplankton primary production (PPP) is one of the most important process in aquatic
ecosystems which is at the base of the marine trophic net®arky and Christensen 1995;
Chen and Borges 2009; Cloezhal 2014) It is therefore essential to accurately estimate the
PPP to understand, apprehend and manage the ecosystems. However, PPhsalizaliy
with environmental parametef€loern 1996; Pannaret al 2008) including light availabily
(Falkowski and Rven 1997; Anningt al 2000; Macintyrest al. 2002) nutrient concentrations
(Dortch and Whitledge 1992; Lohreet al 1999; Tillmannet al 2000; Claquiret al. 2010)
and temperatur@avison 1991; Falkowski and Raven 1997; Shad Burdie 2001; Claquin
et al 2008) The most commonly used methodsifosituestimation of PPP are carbon isotopes
(**C or 1*C) incorporation(Babin et al. 1994; Cloerret al. 2014)methods. Carbon isotopes
methods are sensitive tiilne long incubation periods required are a disadvantage for accurate
estimations at small spatial and temporal scales. The PAM (Pulse amplitude modulated)
fluorometermethod based on variations in the fluorescence emitted by the photosystem II
(PSII) duing photosynthesis allows rapid measurements of photosynthetic parafRat&rsi
et al 2001; Kromkamp and Forster 2003; Napoléon and Claquin 20d&)ntrast to the carbon
incorporation method, which gives the rate of photosynthetic carbon incorporated, the PAM
method gives accsgo the electron transport rate (ETR) from the PSdlber and Falkowski
1993; Barranguet and Kromkamp 2000he combination of these both methods allows to
estimate PPP at small spatial and temporal scales as a functior¥iteemmental parameters
(Napoléon and Claquin 2012; Lawrerer al 2013; Hanckeet al 2015) Indeed, previous
studies have shown that the estimation of the PPP was as accurate using the fluorescent
approach than other traidibal incubation methods such as carbon isotopes incorporation or
oxygenmeasurements if the number of electrons required to fix one mol of carbon is known
(Hartigetal. 1998; Barranguet and Kromkamp 2000; Kromkamp and Forster 2003; Morris and
Kromkamp 2003)

The variability of environmental factors that couttfliencePPP is particularly high in
dynamic ecosystems such as estugtizslerwamd and Kromkamp 1999; Cloegt 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 andhe marine water inflow from the tide. These ecosystems are known
to play thereforamportant role in biogeochemical cycl@Shen and Borges 20Q9long the

estuaries, PPP is affected by several gradients (i.e. salinity, turbidity, nutrient concentrations
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and light availability) caused by the dilution of the marine wlateught by the tide with fresh

water from the rive(Kimmereret al. 2012) PPP is usually the lowest withinettmaximum
turbidity zone (MTZ) created by tidal asymmetries in particle transport brought about by the
effect of gravitational circulation on tidal flowSanfordet al 2001)which inducelow light
penetration, salt stress and cell ly&Booseret al. 1999) Despite the large number of studies

on temporal variations of PPP in estugnesy few studies have been conducted at small spatial
and temporal scalgParizziet 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
photosynihetic 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)ply the multt

factorial relationships obtained on the whole ETR data set in order to estimate PPP from daily

to annual scale.

Methods
2.1Study site

The Seine River and its estuary drains a watershed covering 76,268 fken Paris,
the river flows northwst 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 (Fig21) represents the upper limit of the tidal propagation in the Seineryesiiee
annual average river discharge at Poses is 436'mith a flood period extending from
December to April when the discharge reaches nt.s® and a lowflow period with a
discharge of around 250°%mw! (Data GIP Seindwval, 2008; 2011). Irthe 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 diopple ranging from & m at Honfleur and-2 m
at Poses. The mean residence time in the estuary varies betwg@mldys for a discharge of
200 n¥s?! at Poses and betweer7Slays for a discharge of 100Fs% (Brenon and Hir 1999;
Evenet 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; Whget 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
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the bngitudinal profile and a weak vertical gradient (Data GIP Sawad, 2008; 2011). The

MTZ, containing up to 2 gt of suspended particulate matter (SPM), is most often located
between Honfleur and Tancarville, but can move upstream depending on tisyndé the

tide and river discharge. During winter flood events, the MTZ can be flushed out into the Seine
Bay (Etchebelet al. 2007;Garnieret al 2010)

Figure 21. Map of the Seine estuary (Longitude: 0.2327, latitude: 49.43Z8VGS84)- Normandy, France)
showing the study areaPoses is the upper limit of tidal propagation. 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

2.2Sampling strategy

Sampling was conducted monthly from January to December 2015 onboard the Ifremer
VKLS 3'"HOSK\" DW HLJKW VDPSOLQJ VLWHYVY VFDWWHUHG DO
were distributed from the euhaline zone (site 1) to the oligohaline zone )slte @der 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 halosig the Seine estuary. Photosynthetic
parameters were measured at high frequency at five minute intervalssarsade water using
the PAM method providing almost 40 distinct measurements along the salinity gradient.
Vertical salinity profiles (measad using the Practical Salinity Unit; PSU), turbidity (measured
using the Nephelometric Turbidity Unit; NTU) and temperature (°C) were recorded at each site
with a SBE 19lusVD CTD (Seabird) from the stdurface down to 1 m above the water
sediment intedce (WSI). At each sampling site, water was sampled from thewstdre (i.e.
1 m) with a pump for analysis of the physicalemical (nutrients, SPM) and biological

parameters (chd, F/:Fv). At sites 2, 4, 6 & 8, sampling was also conducted from 1 meabov
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the WSI with a 5 L Niskin bottle and at these sites, a part of the water samples freorfagk

was used to estimate primary production usingi@encorporation method.

2.3Physicalchemical parameters
2.3.1. Nutrients
To determine the concentration of natris (PG>, NOs, NO;, NHs" and Si(OH)), 100
ml water samples were pfitered at 48 pm directly from the Niskin bottle. For the

determination of concentrations of silicaté L 2 +, water samples were subsequently filtered
through a 0.45 um acetate cellulose membrane and stored at 4 °C until analysis. For the
determination of dissolved inorganic nitrogen (i.e. BIN2+ 12 + 1+) and phosphate
concentrationg§  £°; water samplesvere immediately stored a20 °C. The samples were
analyzed within one month after field collection with an aanalyzer (Technicon III)
following standard protocoléAminot and Kérouel 2007; Hydest al 2010) The limits of
guantification were 0.2 uM for silicate, 0.1 uM for nitrate, 0.02 uM for nitrite, 0.04 uM for

phosphate and 0.1 uM for anonia.

2.3.2. Suspended particulate matter
Suspended particulate matter (SPM) was filtered following the methodnahot &
Chaussepied (1983The 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 preweighedcalcined (i.e. 6 h; 450 °G}F/F filters(47 mm, 0.7 um). Filters were rinsed
with distilled water to remove any remaining salis strategy ensured a precision of 0.0001
g.L for the lowest SPM concentratiof\éerneyet al 2009)

2.4Biomass measurements
Phytoplankton biomass was assessed based on chloraepfoyll a) concentrations.
Samples (3600 ml) were filtered in triplicate through glaiker filters (Whatman, GF/F, 47
mm, 0.7 um and immediately frozenZ0 °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 obalére measured on extraetscording
to the fluorometricnethod ofLorenzen (1966using a Turner Trilogy fluorometer (Turner

Designs, Sunnyvale, California, USA).
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2.5Estimation of primary production
2.5.1. PAM fluorometry
For the higkfrequency estimation of primary production, the maximum energy conversion
efficiency (or quantum efficiency of photosystem Il (PSIl) charge separatiof)f was
measured at 5 minute intervals using the flow through (FT) version of the WAHARR
(Waltz, Effeltrich, GermanyjSchreibert al, 1986) Subsurface water was collected through
a pipe leading to a thermally insulated dark reserve that maintained the sample aitthe
temperature. After 5 min of dark acclimation, which was sufficient for the oxidation of the
Quinone A (Q) pool in this highly turbid environment, a sshmple was automatically
transferred into the measuring chamber. The sample was excited by &éhwedight (1
P R 028, 470 nm, frequency 0.6 kHz) to record the minimum fluorescengeMBEXimum
fluorescence (fr ZDV REWDLQHG GXULQJ D VDWXUDWIS®I7T@LIKW S
nm) allowing all the Quinone A (X) pool to be reduced\vBH~v was calculated according to the
following equation(Gentyet al 1989)
13y 23,5

Jr )
3 L 5 (1)

Consecutively, samPHY ZHUH H[SRVHG WR QLQH LUUDGLDQFH
photon.m?.s™ from January to July and from 0 to 1541 from August to December for 30 s for
each light step. Steady state fluorescengpgifd maximum fluorescencedl ZHUH PHDV XUH ¢
The effective quantum efficiency of PSII for each irradiance was determined as f(§Henty
et al 1989)

kd; 92300
J °

(2)

éd
_L
J|0

The relative electron transport rate (rETR, pelekctronm2.s) was calculated for each
irradiance. rETR is a measure of the rate of linear electron transport through PSII, which is
correlated with the overall photodietic performance of the phytoplankt¢duneau and
Harrison 2005)

"L H (3)
|
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At each site, a sample of both ssilrface water and water at the WSI were takendanki
adapted for 5 min. A subample was inserted into the measuring chamber of the cuvette version
of the WATER PAM (Waltz, Effeltrich, Germany) and rETR versus E cumae performed
as described above. Another dark adaptedssmple was placed in a muttblor PAM for
HVWLPDW LR e RihciiKaHalkkorption cresection of PSII (expressed irfpby the
pump-andprobe method by gradually increasing the initgraf the pump flash and following
the flashintensity saturation curve of variable fluorescence.

According to Schreiberet al (2011) the maximum electron transport rate (ETR{)

electron.(PSII.s}) was calculated as follows:

,'fél_ pIXVE_;O:LOE}éP (4)
R

With rETRmaxin molelectonm?.stand :Fu FDOFXODWHG DERYH / WKH $YRJI
mol?! D Q &siih m?. ETR(I)maxWas first expressed &lectron(PSIl.s') 2. Second, ETR(IRax
was expressed in mmelectronmgchit.h! according to the equation:

. L 3 X VM My ?H ST WRHM : & £ 5)
k_ve > fjO?H P

, where[ETR(Il)may is expressed irelectron(PSll.s')?, 36x1¢ the factor to change from
seconds to hours and from mol to mmol, [@hthe chlorophyll concentration is expressed in
mg.mt! and [PSllJthe concentration of PSII reaction centersPiaill.mi! was obtained as

follows:

= fjOHP
=4M5444 (6)

> 7L

where Ehl ] is expressed in g.mlassuming a molecular weight of 900 g.rhpkr chl and a
photosynthetic unit size of 1000 molecules of chl per electron transport(Sthireibe et al
2011)

2.5.2. C Incorporation
A photosynthetron (modified bBabin et al (1994) was used to incubatéC onthe
samples taken at sites 2, 4, 6 and 8.-8hdped dimmable fluorescent tube (OSRAM, DULUX
L, 2G11, 55W/12050, LUMILUX DE LUXE, daylight) produced the light, and the
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temperature in the photosynthetron was maintained antk#u temperature by a seawater
circuit equipped with a water chiller (AQUAVIE ICE 400). A total of 1100 ml of seawater was
inoculated with NalffCOs (98 atom %, Sigma) corresponding to an enrichment of about 15%
of the dissolved inorganic carbon already presetite 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 mispherical quantum sensor (A88)S; Walz) connected to

a LI-COR 1400 data logger. Ooéthe flasks was kept in the dark to estimate incorporation of
nonphotosynthetic inorganic carbon. After 3 hours of incubation, each flask was filtered onto
25 mm precombusted (450 °C, 12 h) GF/F filters and store@@fC 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 reiidtof*C were
determined using an elemental analyzer (EA 3000, Eurovectorpigeth with a mass
spectrophotometer (IsoPrime, Elementar). As already discussed in previous (¢tadienz

et al 2013; Milligan et al. 2014; Hanckeet al 2015) concerning GPP (Gross Primary
Production) and NPP (Net Primary Production) estimations, it is still debated'3Dart“C
incubation of few hoursWe assumed that under non limiting nutrient conditions, 3 hours of
incubation time tend to an estimation of GPP. The carbon fixation rai (Rs calculated
according toHamaet al (1983) The value for incorporation in the dark was subtracted from
all data and Rsis expressed in mah C.L1.h?.

2.5.3. Pvs. E curves
Each ETR(Il) and &sseries were plotted against light (E). To estimate photosynthetic
parameters, the mechanistic modeEdérs & Peeters (1988yas applied to these plot using
SigmaPlot 12.0 (Systat Software):

) [ — 7)

> T>a;
, Wwhere X represents either ETR(Il) Bsbs Thereby the maximum photosynthetic capacity
(ETR(IDmaxor Pnax DQG WKH ORZ PD[LPXP OLJKW XWLOL]DWLRQ HI

follows:

k_v L S >6¥_a (8)

oo

(9)
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2.5.4. Estimation of the annual primary production
Carbon incorporation Pmay) was plotted against ETR(M)x to investigate the
relationship between the two parameterK @ HOHFWURQ UHTXLUHEHQW IRLU
dynamicscharacterized by the slopes of the relationskijegpoléonet al 2013b; Lawrenzt
al. 2013)was also expressefuccessive multiple regressions were performed to identify the
best relationship to estimatedRas a function of ETRI) maxbut also as a function of the other
physicatchemical parameters (temperature, salinity, DIN, P, Si and SPM) and this relationship
was used to estimate simulated carbon incorporatithaR (mgC.m3.h? D Q5 (mgC.m
3.ht.(umol photon.nt.s) ). The parameterEvas calculated askE rETRmax . DQG XVHG WR
HVWLPDWH . ,, nddDRFPE(OM PMnax
Finally, primary production was estimated for each site for the whole study year. PP
was estimated for each hour of daylight (E) of the year using the Webb (Wdeleb et al.
1974)and integrated with the gth of the photic zone as follows:

oz 76595 LA i @ ggky - ST
10 %0 & “°ES ,LUH|iv@mgk_vH.sFi cwn ;T ce (10)
, Wherezis the depthi the number of replicates, andhe maximum depth of the photic zone.
PMoax(mgC.mi.ht D @B (rel.unit) are the values previously calculated for each sampling
month.Ez is the irradiance (umadhoton.n?.s?) at depth zcalculated at 0.01 m intervals along
the photic layer, which, in this study extended from 0 to 3.5 m (i = 35 and n = 3iBg) thues

BeerLambert law as follows:

« Lrdv H: , HfPH, (11)
, Where Eois the incident light at the surface obtained from the nearest national weather station
(18 miles; 29 km), @4 is the percentage of lighenetrationnto the waterkq is the coefficient
of light attenuation in the photic zone, which varied in space and over time at each site. The
different values of kwere estimated for each site and each month using the linear relationship
found between turbidity (NTU) and the figattenuation coefficients {kobtained with the
PAR and the depth on the SBE profiles recorded during the sampling campaigns in the Seine
estuary: k= 0.1107 x Turbidity + 0.588 (R? = 0.923). For turbidity ranging from 4.88 to 93.31,
the correspondingq ranged from 1.13 to 10.92 minP:B ratio(mgC.mgchlal.d?) was also

estimated using these PP estimations.

108



Partie 3 : Dynamique de la production primaire phytoplanctonique

2.6Data analysis

Multivariate analyses
To resolve the spatial and temporal variability of the physicochemical parameters,

partial triadic analyses (PTA) were performed on the data set using thd pB&kag€Chessel
et al 2004; Dray and Dufour 200With R software. Data were organized in suhbtrices for
each site. The interstructure of the PTA consigtecomparing the structure shared between
submatrices 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 etween physical, chemical, biological and photosynthetic
parameters was investigated by principal component analyses (PCA) using thepsidkage
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 usiaegStgmaPlot 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 thepaceimetric method of local
UHJUHVVLR Qo i#8eRtiF ¥he phyeal-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 upwardstegpep method on R software.

Results

3.1Dynamicsof hydrological parameters
The dynamics of the physical and chemical parameters (irradiance, river flow, temperature,
salinity, nutrients, turbidity and SPM) are characteristicgtife Northern European estuaries
and are therefore described in supplengntaaterial(Fig S1 to S4)In order to investigate the
seasonal pattern and the functioning of the estnaayspecial contexg partial triadic analysis
(PTA) was performed on physical and chemical parameters frorawstdre and deep waters.
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Interstructure analyses of the PTA

In the interstructure analysis of the PTA, the two first eigenvectors represent
respectively 78.25% and 10.38% of total inertia of thesuface waters (Fig.22A) and
respectively 72.12% and 17.17% of total inertisghef bottom waters (Fig22D). Projection of
the sites on the first axis revealed the common temporal pattern among site2-83dg)2in
agreement with the high vector correlation coefficients-(R¥fficient) calculated (Table 1).
Projection of the $&s on the second axis divided the sampling transect into two zones and four
distinct areas (Fig.2B) in agreement with Ward's clustering method (F&Q: (i) area 1
(Site 1&2) and area 2 (Site 3&4) grouped in zone A (Downstream), (ii) area 3 (H)eabét
area 4 (Site 7&8) grouped in zone B (Upstream).

Figure 22 Interstructure analysis of the partial triadic analysis (PTA) performed on physicalchemical
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 first eigenvectors of the vector correlation matrix and (C) tree
WRSRORJ\ REWDLQHG E\ : Ddddfdir\the-hotiom ey i) (DPRHIstBgHW KfReiGenvalues 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

The weight values were similar for all the sites, showing that any site padicular temporal
pattern (Tablel0). Thus, the Seine estuary can be divided in two zones as a function of the
dynamics of the physicadhemical parameters: (i) a downstream zone (zone A) stretching from
longitude 0.11 (site 1) to longitude 0.30 (gHeand characterized by high salinity, and (ii) an
upstream zone (zone B) stretching from longitude 0.36 (site 5) to longitude 0.51 (site 8),
characterized by lower salinity and higher turbidity. Zone A thus combined a polyhaline
(salinity >18) with a medwline area and zone B combined a mesohaline with an oligohaline

area (salinity < 5).
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Table 10. Matrix of the RV -coefficients between the sunatrix and the weight of each submatrix in the
construction of the compromise

Sites | 1 2 3 4 5 6 7 8 W‘i'gh
Surface
1 | 1.00 033
2 | 089 1.00 0.35
3 | 082 090 1.00 0.38
4 | 076 086 095 1.00 0.38
5 | 069 078 08 090 1.00 0.38
6 | 062 069 080 086 094 1.00 0.37
7 | 055 o061 072 081 089 092 1.00 0.35
8 | 044 051 057 060 063 060 067 1.00 | 028
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

Compromise analyses

In the compromise analysis of the PTA, for-sulface waters the two first eigenvectors
represented 53.84% and 34.63% of total inertia @¢A) and for bottom parameters 63.30%
and 28.79% of total inertia (Fi23-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 physichlemical parameters both in the susface and deep waters
(Fig. 23-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 salieiation with the

increase in river flow.
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Figure 23. Compromise analysis of the partial triadic analysis (PTA) performed on physicathemical
parameters in the subsurface waters: Histogram of eigenvalues (A), projection thie variables (B) and the
sampling dates (C) in the plane defined by the two first aresfor 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

The dynamics of the pysical and chemicgbarameters 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 congquen
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 wagéacdownstream of zone B
during the higHlow period and upstream during the Klow period. Within both zones, high
DIN and Si concentrations were negatively related to salinity and positively with river flow,
suggesting a strong control by freshwatepats. Indeed, in the Seine river, a large part of the
DIN pool originates from agricultural and industrial activities and urban discharges along its
watershedGarnieret al. 2010) while Si is weakly influenced by human activiti@&erratore
et al 2006; Aminot and Kérouel 20QMpespite the decrease in P in then8dRiver in the last
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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; $&yet 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
negativelyrelated to the Seine river flow. P is adsorbed onto suspended particles inthe low
salinity and high turbidity part of estuaries, which can be explained bpiotogical buffering
mechanismgMorris et al. 1981; Sharget al. 1982; Némery and Garnier 2007he positive
relationship with SPM and turbidity in zone A together with the negative relationship with river
flow in zone B, suggest the adsorption of Phimitthe 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.

3.2Phytoplankton biomass and photosynthetic parameters

The chlorophylla concentrations ranged from 0.2 15.9 ug.L™Y. In subsurface
(Fig. 24A), high concentrations of chlwere recorded from May to September, and during this
period, chl a concentrations weréncreasingfrom upstreamto downstream The highest
phytoplankton biomass in stdurface (15.9 pg.t) was measured at site 2 in July and the
lowest (0.2 pg.) at site 4 in January. Close to the WSI (R#B), despite the surprising high
values recorded in winter (> 10 ugtLin zone B, the samgradient than in suburface was
observed in summer but with lower values: the highest value measured in July was 8.6 pg.L
at site 2. The lowest value (0.4 ug)lwas measured in zone A during January.

The effective quantum efficiency of PSII\(Fw), which represents the physiological
state of the cells, showed distinctive dynamics inswtiace in comparison with the bottom
waters. In sutsurface (Fig24C), F/:Fv were high in winter and spring with the highest value
(0.67) measured in March at siteln contrast, the lowest value (< 0.01) was measured during
summer (July) at site 8. In the upstream part of the estuary (Zone/:By Were low with
values remaining frequently below 0.20. Close to the WSI @), the highest value (0.64)
was meagred at site 2 in May and the lowest (< 0.01) at site 8 in Augu$tulratios close to
the WSI showed high values in Zone A, with an average of 0.41 during the year, while in Zone
B the F/:Fw ratios remained low with an average of 0.16 during the stysdiadd.

The high values of chd observed close to the WSI in winter were associated to very
low values of k:Fv which indicates that this biomass is rather freshwater chlorophyll detrital

matter than living phytoplankton.
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Figure 24. Variations in biomass ¢hl a concentration; pg.L?) and the effective quantum efficiency of PSII
(Fv:Fwm; rel.unit) representing the physiological state of the cells in the Seine estuary from January to
December, 2015Thesubsurface layer (1 m) is shown in the left panel and the bottom layer (1 m above the WSI)
in the right panel

7KH PD[LPXP OLJKW XWL O Ling@ht®RQurdl ighbtorHr@s$*)Y), .
were highly variable in space and time (F2§). In Jamary, low values (i.e. < 0.008gC.m
3.hL.(umol photon rPs) ) 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 < ZDV DOVR UHFRUGHG +LJKHU . ,, ZHUH REVHU)\
with the highest values (> 0.01&gC.m.ht(umol photon nfs')?') measured in the
polyhaline zone (longitude < 0.2) between February and October. From February to Decembe
a spatial gradient appeared to mirror the salinity gradient with decreasing values from

downstream to upstream.
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Figure 25. 9DULDWLRQV LQ WKH ORZ PD[LPXP OL Mg@mXW [(mbljghdtobhRQ HIILFLH
2s1) 1) in the Seine estuary from January to December, 201%his parameter was measured at high frequency
in the subsurface layer of water all along the sampling transect at monthly intervals

The dynamics of ETR(Ihax(Fig. 26) showed low values (i.€.2 mmol electron.mgchl
1Yy throughout the salinity gradient in winter (January and February). ERB@barted to
increase from March, firstly in the downstream part of the estuary and throughout the salinity
gradient afterwards. The highest valuesrevrecored from June to October throughout the
salinity gradient. ETR(Ihax were particularly high in the polyhaline zone with a maximum
value of 10.8 mmol electron.mgchh? at site 2 in June. During this period of high ETR{)

values gradually icreased from upstream to downstream.

Figure 26. Variations in the maximum electron transport rate (ETR(II) max; mmol electron.mgchi®.h?) in
the Seine estuary from January to December, 201%he ETR(lIhax Was measured at five minute intervals in
the subsurface layer of water all along the sampling transect at monthly intervals
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3.3Estimation of 3 cand of primary production
The combined PAM and carbon incorporation method was used to investigate the

relationship betweennRxet ETR(IImaxmeasurements, ang&values were plotted against the
ETR(I)maxvalueg(Napoléon and Claquin 2012; Lawregtzal 2013) The electron requirement
IRU & IL[Rd\hoRe@ctr8n.molc), defined by the slope of the relationship between P
and ETR, varied spatially and temporally ranging from 1.6 to 25 mol electronr(fatf27).
A marked seasonal pattern was observed, characterized by high values (> 15 mol electron.molC
1 throughout the salinity gradient in January and only in the downstream part in February and
March (e.g. 25 mol electron.mofCat site 2 in March). High values were also estimated
upstream during the summer (22.2 mol electron.maiCsite 8 in July).3 c values < 4 mol
electron.molC were recorded twice: 1.6 mol electron.mdl@t site 6 in May and 1.9 mol

electron.molC@ DW VLWH LQ 'HFH&EHEwas K.8b PHIA oBelectron.molC
1

Figure 27. Dynamics Rl HOHFWURQ UHTXLUH P&QMINe Sé&trig eltubty] itow Ldd@ary 8o
December, 2015

To identify the physicathemical parameters that drive this relationship between P and
ETR(II), multiple regressions with temperature, salinity, nutrientscentrations (DIN, P and
Si) and SPM were performed using an upward-bieptep method. A significant negative
coefficient with DIN concentrations and a significant positive coefficient with temperature were
observed. These two parameters were usestimate the fuxdynamics (p< 0.0001; R 0.59)
by using ETR(lIhaxaccording to the following equation:
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A carbon incorporation at high frequency'{Ray) and a maximuntight utilization efficiency

sim= ratio Ek / P™na) were then estimated for each value of ETREM)For each site, these
values of P"max D Q Gmwere used to estimate PPP at each hour of daylight (E) throughout the
year by using a depth integrdtequation 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 mgthrh at the daily scale, values reache2idC.m
2.d1, and at the monthly scale values reached 26.1 g@onth® at site 2 in July (Tablé1;
Fig. 28). When considering all the sites, the highest PPP were observed in July, with a mean of
13.2 gC.m.m. Annual PPP was minimum at site 6 withvalue of 17.3 gC.riy?! and
maximum at site 2 with a value of 81.5 gC.y'.
Table 11. Estimation of phytoplankton primary production (g&m?) for each month (from January to
December) and at each site (from 1 to 8). fifieimum and maximum daily PP (gC3xt?) are given and an

annual PP (in gC.rhy?! and in tC.y*) was calculated for each site (bottom row). A mean PP (§@m) was
calculated for each month (last column on the right) and on average for the essiamgll(lan the bottom right)

Site 1 2 3 4 5 6 7 8 Mean (gC.n1?)
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 PP (gC.m2.d™) 0.83 1.18 0.94 0.77 0.49 0.23 0.28 0.17

Min PP (gC.m2.d") 23 33 23 94 24 54 g’ 2

Annual PP (gC.n2y?) | 72.13 8153  50.68 4568  31.16  17.26  17.62 1854

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

Annual PP (tC.y*%) 3200 1881.3 497.15 19526 118.15 4509  39.84  54.92 | 64.75gC.nty?

A representative area (in Kjrwas attributed to each site as a function of the water cover at
high tide. Primary production values are expressed intGoyreach 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’rat site 2, the area represented by site 1 (44.38 lad a

higher carbon production with 82 tC.yrl. When primary production was weighted as a
function of the surface area of each site, the mean value for the annual PP in the Seine estuary
in 2015 was 64.75 gC:Ay ™.
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Figure 28. Dynamics of daily phytoplankton primary production (left; mgC.m?.d) and P:B ratio (right;
mgC.mghl a*.d?) along the Seine estuaryf URP 3/H +DYUH"~ ORQJLWXGH WR 37DQFDUY
in 2015. PP was estimated as a function of hourly irradiance and integrated over depth

The measured P:B ratio in sshrface varied between 1 and 7.4 mgC.mggcti! with
a mean valuef 4.2 mgC.mgchb™.hl. The spatial gradient of P:B ratio (mgC.mgatid?)
integrated along the photic layer showed higher values downstream than upstre&t8)(Fig.
The maximum P:B ratio (19.6 mgC.mgeht.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.

3.4Principal Component Analyses

Two principal component analyses (PCA) were performed to investigate the
relationship lktween physicathemical and biological parameters in the-suldface waters
(Fig. 29-A&B) and bottom waters (Fig29-C&D), the data sets representing the two zones
defined by the PTA performed on physicllemical parameters (Fig2)2 In zone A and zone
B, the two first axes of the PCAs explained respectively 71.93% and 71.04% of the total inertia
for subsurface waters, and 76.17% and 76.33% of the total inertia for bottom waters. Analyses
were thus based on these two axes.

For both zones (A and B),hé 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 onalirection and turbidity and the SPM concentrations in the other direction.
Despite their low contribution, clalconcentrations were positively linked with temperature in
both zones. Daily phytoplankton primary production (dPPP) and P:B ratio were @gsitiv
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
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in zone B. The variations inveFv D Q &m were poorly explained by éhphysicalchemical
parameters tested in both PCA.

Figure 29. Principal component analysidfactor loading plot in the plane defined by the two axes forssuface
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 illustrativiables

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 floana direction, and SPM concentrations
in the other. Despite their limited contributions, alcloncentrations and/Hw were positively
linked with salinity. In Zone B, the parameters that contributed the most to axis 1 were salinity
and P concentration ione 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
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other direction. The biological parameters contributed more than in zone A, aral chl

concentrations were positively linked with turbidity ang v positively linked with flow.

Discussion

4.1 Phytoplankton biomass and the dynamics of photosynthetic parameters

Nutrient concentrations were very high throughout the year and were not lifioiting
phytoplankton growth. Despite a negative relationship betweemanid 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 winicimastly controlled by
hydrodynamicgKromkamp and Peene 200%}lassically, the dynamics of chlin 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 afaamr be
explained by the higher light availability downstreand asmotic stress in the most upstream
part of the estuary which can lead to growth limitation andste#iss(Lionard et al. 2005;
Servais and Garnier 2006; Hernaretcal 2015) This stress is confirmed by the low annual
values of k:Fv ratios (< 0.2) observed upstream. However, the presence of cyanobarcteria i
this part of the estuary (data not shown) could also explain the low levelFaf fatios. F:Fw
ratios of cyanobacteria are known to be poorly estimated by PAM mebieodsise of the
contribution of phycobilisom autofluorescence to d&~background and tstates transition
processes which lead to a rearrangements of photosynthesis apparatus with a transfer of light
harvesting antenna between both photosystems (PSI and(E&mhpbellet al. 1998) The
slightly higher k:Fu 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
Malpezziet al. (2013)in the Chesapeake bay. In zone A (downstreart), far.Fv ratios in
subsurface waters were higher in winter (> 0.4) than in summer (< 0.4) and inversely related
to the concentrations of ch{Masojideket al. 2001; Macintyreet al. 2002; Suggett al. 2004)
The successive stress undergone in this zone could have led to a reductidevindfues
especially with the high level of irradiancesammer. These reduction of:Fv can be due to
photoprotection mechanisms or to alteration of PSII. As widely described, high irradiance may
lead to a reduction ofFv in subsurface waterHolm-Hanseret al 2000; Shellyet al. 2003)
due to the activation of shewrm photoprotection mechanisms, such as xanthophyll cycling,
which increases nephotochemical quenching to protect cells against high levels of irradiance

(Dubinsky and Stambler 2009; Goss and Jakob 20d0)eover, the sulsurface layer caned
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defined as a fluctuating light environment caused by longitudinal and vertical mixing. In this
type of environmentAlderkampet al (2010)have shown that phytoplankton cells need to
balance their photosynthetic machinery to maximize photoprotection at high irradiance and
photosynthetic efficiency at low irradiance. However, in estuary acclimation to low light is
mainly require which inducea reduction in photgrotective pigment content, leading to
potential damage of photosystems when cells are exposed to high light on surface during
summer. Despite the low values afFu LQ VXPPHU LQ WKH GRZQVWUHDP SD
and ETR(Iljax were measured allowing phytoplankton growth and ligilha concentration.

7KLV GLVFUHSDQF\ EhMAZHRAKY levels7can,be due to state transition
mechanisms of cyanobacteria as previously described. These pattern were also observed
upstream bthe MTZ in the very low salinity zone. Despite low ehtoncentrations, the high
photosynthetic values revealed a sragligible capacity of the freshwater phytoplankton to
contribute to photosynthesis in the estuary.

Regarding, the WSI values, high:Fu 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.

4.2 Carbon and ETR relationship

The relation beaveen ETR and carbon fixation was used to estimate carbon
LQFRUSRUDWLRQ DW KLJK VSDW L D:@sHaweldTs¥dh@tErmpordk&hdG\Q D P |
spatial variability ranging between 1.56 and 24.98 mol electron.™oelth a mearvalue of
7.95 + 4.94 ol electron.molC over the course of the sampling year. Under optimal growth
FRQGLWLRQV WKdompriz€a Xetweeh 8 and 6 moles and values lower than 4 are
rather caused by the methods artefldcisvrenzet al 2013) Only two of our values were lower
than 2 mol electron.molt€and the rest of values recorded in this study are in agreement with
the previous statemef(itlanckeet al. 2015) Environmental variations are the primary source
of variations in electron transport and carbon fixation which can induce gD X He\é. 9edh 3
as temperatur@Vorris and Kromkamp 2003hutrient limitationgBabinet al. 1996; Napoléon
et al 2013b; Lawrenet al. 2013; Schubackt al 2015)or light stresgNapoléon andClaquin
2012; Zhuet al. 2016) 7KH SK\WRSODQNWRQ FRPPXQLW\ DMYHPEOD]J
values, however, this factor was not considered in the present study but will be investigated in
D IXWXUH ZRUN ,Q WKLV VW Xx&WweraMdwdr than Hhdde bhisewBdOrX HV R |
previous studies(Kaiblinger and Dokulil 2006; Napoléoret al 2013b) despite high

envionmental pressures. We assume that the average value of 7.95 mol electrohsanolC
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be explained by high nutrient level over the yadapoléonet al (2013b)observed a large

L Q FU H DV &t IRdeiltrdienBlimitation, up to 125 mol electron.mé)@erefore nutent

limitation 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 metabolidJ HJ X O D W{ cR/Quesvéie Hiue to alternative electron flow
pathways (AEF) between PSIl and C fixation which therefore influence the EFR®}ax
relationship. Such AEF (i.e. Mehler reaction, electron flow around PSI or/and PSII,
photorespirationjnodulate the ATP:NADPH ratio as a function of the metabolic demand to
optimize photosynthetic performance and gro¢ighdo and Asada 2008; Nogalketsal 2011;
Johnson and Alric 2013)Thus, the more AEF is important in comparison to LEF (linear
HOHFWURQ 10REc is WdhHand Rill potehtially bias the estimation of carbon
incorporation using the ETR(M}x measurements.

In this context, it is still important to investigate the variation in the ETR{Pmax
UHODWLRQY) ks & furictibh &f environmentg@larameters. In our study, a statistic
relationship was determined considering the temperature and the DIN as significant
environmental parameters influencing the estimation of the C incorporation using ETR
measurements. This was in agreement with pre@tuies that have explored such a statistical
relationships between ETR and C fixation which underlined the importance of temperature,
nutrients and ligh(Napoléon and Claquin 2012; Lawresizal 2013)

4.3 Phytoplankton primary production along the Seine Estuary

Estimated daily carbon production in the Seine estuary reached 1.18.g€im
summer with an annual mean of 0.12 g&.dt. Logically, primary production was higher in
summer when river flow anditbidity 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 4.2 gC.oht in the Delawar¢Pennock and Sharp 1986 and citations
therein) up to 1.7 gC.m.d* in the Chesapeak®agnienet al 1992)in the east coast of the
USA, up to 2.9 gC.m.dtin the Schelde in Europ@an Spaendonkt al 1993 and citations
therein) up to 1.17 gC.m.d! in the Lena in RussiéSorokin and Sorokin 19963nd up to 2
gC.m2.dtin the Chanchiang in Chir(Aling et al 1988)

In order to understand variations in photosynthetic performance in spalce over
time, phytoplankton P:B ratio was investigated. The values were in accordance with previous

studies performed English Channel coastal sys{dmsennest al 2007; Pannardt al. 2008;
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Napoléon and Claquin 2012)he P:B ratio showed a seasonal pattern with low values under a
temperature of 10 °C and high values in spring and summer especiatiganAz 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(HunterCeveraet al 2016) P:B ratio was higher inside the estuary in summer. Usually

in coastal weers, the consumption of nutrients in spring becomes limiting in summer and results
in lower P:B ratio(Napoleonet al. 2012; Napoléoret al 2013a) In the Seine estuary, in
summer, P:Batio 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 fronttiastal water

during the flow.

4.4 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.m2.yl. By taking each surface area into account, annual Besented a total of 6 032
tC.yr! and a mean annual PPP of 64.75 g&ym. This annual PPP is low compared with the
range of annual PPP reported for 45 estuarieBdyyntonet al (1982)varying from 19 to 547
gC.m2y! with a mean of 190 gC.rRwy? or for the 1148 measurements recorded in 131
estuarine and coastal ecosystems (estuaries, fjords, bays and lagoons) repgidechiey al
(2014) which ranged from105 to 1890 gC.my* with a mean of 225 gCXwy™. In this
context, and according to the classificatiomMNofon (19%), the Seine estuary can be classified
as an oligotrophic system (< 100 gC2m). A wide range of variability within or between
ecosystems and estuaries, sampling effort and methods may explain this range. Some
environmental dynamics like tempenatuor 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 duethe 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 higibescyet al 2016)and can considerably contribute to the
estuarine trophic network in terms of PC&ichebelet 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 §itegter 1977; Mallinet al. 1993)or made
over a period of a aple of months in spring or summédmith and Kemp 1995and

extrapolates their results over a year. In the present study, the spatial vanasligken into
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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 (1 to 4) pexti6239 tC during the six more productive
months (from April to September), which represent 87% of the total annual PPP. In the present
study, such approach would have led to an overestimation of more than 50% of the mean annual
PPP per rh This estimatioomethod would led to change the classification of this estuary into
mesotrophic. This trivial example highlights the limit of this type of classification strongly

related to sampling strategy and effort.

5. Conclusion

The measurement and estimation methpdssented 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 possiyibf making accurate estimation of PPP at sisedile 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
ol W Kk tbeBause 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 bethiediversity,

community structures and PPP will be explored in complement to this work.
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Supplementary material

Hydrological parameters

The Seine River flow decreased progressively from JgnioaJuly 2015 with the
maximum values reaching 1240°8t in February and May (Fig. 10). Between July and
November, the flow was around 506.g1, and the minimum value (155°rs') was observed
at the beginning of August. An increase in flow was reedrat the end of November.

The irradiance level was affected by a typical seasonal trend, with the highest value
(1.13 x 16 pmol photons.r$.dY) observed in June (Fig. S1).

Figure S1. Daily irradiance level (greytumol 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.
S2). The highest temperatu(21.89 °C) was measured in ssirface 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 ofthe temperature gradient was observed over the course of the yeaisuriaae,
with temperature increasing from downstream to upstream in winter, and inversely in summer.
Salinity showed a dilution gradient in sgbrface from downstream to upstreéfig.
11). 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 S 2 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 SR&re measured in winter in both ssirface and
bottom waters (Fig. 12). In stdurface 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 MIZ was located at site 8 from January to February, and at site 5
from November to December, with values with values higher than 0-1ig.subsurface.
Close to the WSI, SPM concentrations were higher (> 0.2)g&pecially in the MTZ, with a
maxima of2.7 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. #2pted a clear
gradient in the suBurface 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 S 3. Suspendedparticulate matter (g.L™%) and turbidity (NTU) in the Seine estuary from January to
December, 2015The subsurface 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 silicaterere higher in suburface waters than in close

to the WSI throughout the salinity gradient and over the entire studied period (Fig. 13). 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:Lfor silicates). The lowest concentration of DIN (40.9
umol.L ) was measured close to the WSI in August and the lowest concentrations of silicates
(17 umol.LY) in May, both at site 2. In sudurface 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 sakciitgnt,
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 ardiftepattern characterized by weak

differences between stdurface and bottom waters throughout the salinity gradient (Fig. 5).
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The highest values (> 4 umot!) were observed upstream close to the WSI at sites 7, 8 & 9 in
August, and the lowest value (uéol.L™Y) 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.

Figure S 4. Variations in nutrient concentrations (DIN (NOs + NO, + NH4"), silicates (Si(OH) and
phosphates (PQ) in pmol.L'?) in the Seine estuary from January to December, 2019 he subsurface layer
(1 m) is shown in the left panel and thettom layer (1 m above the WSI) in the right panel.
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Dynamics of phytoplankton productivity and
exopolysaccharides (EPS and TEP) pools in the
Seine Estuary (France, Normandy) over tidal cycles

and over two contrasting seasons
This DUWLFOH LV MariQe Brivirkbhhventdl Qesearchand available on line
|https://doi.orq/lo.1016/i.marenvres.2017.09{007

Jérébme Morelle; Mathilde Schapira and Pascal Claquin

Abstract

Exopolysaccharides (EPS) play an importa in the carbon flux and may be directly linked

to phytoplankton and microphytobenthos production, most notably in estuarine systems.
However the temporal and spatial dynamics of estuarine EPS are still not well understood, nor
how primary productivityriggers this variability at these different scales. The aim of this study
was to investigate the primary productivity of phytoplankton and EPS dynamics in the Seine
estuary over a tidal cycle in three different haline zones over two contrasted seasathelh
objectives was to investigate the origin of pools of soluble carbohydratE®%p and
transparent exopolymeric particles (TEP) in phytoplankton, microphytobenthos or other
compartments. High frequency measurements of productivity were madeén andtsummer

2015. Physical and chemical parameters, biomass and EPS were measured at hourly intervals
in subsurface waters and just above the water sedimnégface.Our results confirmed that

high frequency measurements improve the accuracy of pripraductivity estimations and
associated carbon fluxes in estuaries. The photosynthetic parameters were shown to be strongly
controlled by salinity and by the concentrations of suspended particle matter at the smallest
temporal and at spatial scales. Aese scales, our results showed an inverse relationship
between EPS concentrations and biomass and productivity, and a positive relationship with
sediment resuspension. Additionally, the distribution of EPS appears to be linked to
hydrodynamics with thede at daily scale and with the winter at seasonal scale. At spatial scale,
the maximum turbidity zone played an important role in the distribution of TEP. Our results
suggest that, in the Seine estuary, between 9% and 33% o&RE $ool in the water aainn

can be attributed to phytoplankton excretion, while only 0.4% to 1.6% (up to 6.14% in
exceptional conditions) originates from the microphytobenthos compartments. Most EPS was
attributed to remobilization of detrital carbon pools in the maximum tuybedibe and in the

sediment or allochthonous origin.
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1. Introduction

Located at the interface between the land and marine environments, estuaries provide
economic, cultural and ecological benefits to commun(if@dss and Spencer 1995; Higgiat
al. 2010; Barbier and Hacker 201 Bstuaies are strategic areas for human activities but are
also vital for wildlife, as they provide wide variety of habitats for nesting and feedihgadi
et al 2004; Kaiser 2011} ongterm management of estuarine ecosystems istlyrseriously
threatened by anthropogenic pressure and climate cl{ogeeret al 2013) and requires a
better understanding of the structure and functioh@brganisms at the base of the food web.
The estuarine food web is based on organic matter, which can be of autochthonous or
allochthonous origin. Primary production by microalgae (i.e. phytoplankton and
microphytobenthos) accounts for a large proportidrautochthonous production in many
estuaries(Underwood and Kromkamp 1999; Cloeet al 2014) Primary production in
estuaries varies considerably in space and over time, making it difficult to scale up
measuremeniShaffer and Onuf 1985)ndeed, estuaries are unique aquatic environments that
receive inputs derived from freshwater outflows frowers and mechanical energy from tides
(Cloern 1991; Statham 2012ln addition to processes in open oceans that explain their
variability, in estuaries, primary producer dynamics is the result of maggsses on land, in
the atmosphere, in the ocean and in the underlying sedig@aésn 1996; Morset al 2014)
Many of these processes fluctuate over a wide range of timescales and the geographical position
of each estuary characterizes the relative strength of these processes operating at annual,
seasonal, monthly, daily and even at event times¢@legern and Jassby 2010; Parigtial
2016)

Apart from photosyntlsis of organic matter, a significant proportion of primary
production is released as extracellular polysaccharides (RS3ow 2002)EPS are mainly
made up of a free fraction of soluble carbohydrateSRS)(Underwoocdet al 1995)composed
of galactose and glucuronic a¢ide Brouweret al. 2002) but also of a particledction in the
form of transparent exopolymer particles (TEP), mainly composed of fucose and rhamnose
(Fukao et al. 2009) These exopolymers play an important role in aggregation processes,
particle sedimentation and carbon fluxes in aquatic ecosystelgsPassowet al 2001;
Bhaskar & Bhosle 2005)Moreover, the production of EPS allows the creation of
microenvironments in which cells are protected from rapidly changing environmental
conditions, toxins, grazing, and even diges{ibecho 2000)In estuarine systems, EPS have
been show to account for a large proportion of the colloidal organic carbon pool in the water

column(Annaneet al. 2015)and high concentrations of TEP have been found in the maximum
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turbidity zone (MTZ) of estuaries where suspended particle matter (SPM) accumulates
(Malpezziet al 2013) However, most research on EPS in estuaries has focused on their

production by microphytobenthic communities and only a few authors have studied EPS and
TEP d/namics in the estuarine water colutivietzet al 2009; Annanet al 2015) As a result,

the link between phytoplankton primary production and the concentration of exopolymers in

estuaries remains to be explared

In estuaries, in addition to temperature and light, fadtoat potentially control primary
production are forced by tide variability and also by river runoff and nutrient i{Buteet al
2012) At a small scale, tidal regimes play a fundamental role in phytoplankton dynamics, as
the movement of water masses causes notable variations in salinity, and in SPM and nutrient
concentrationgMonbet 1992; Jouennet al 2007; Gameiro and Brotas 2010)oreover, a
strong salinity gradient in the estuary can profoundly influence the distribdifaamics and
production of phytoplankton, which include riverine, coastal and estuarinéMaxyéaertet al
2009) At seasoal scales, in temperate estuaries, phytoplankton dynamics are characterized by
higher freshwater species biomass during the high flow period (i.e. winter) and high neritic
diatom biomass during the low flow period (i.e. sumnj@€ipernet al 1985; Alpine and Cloern
1992) In sum, phytoplankton produetiy can vary considerably over a wide range of scales,
which, in turn, can strongly affect the biogeochemical functioning of the estuary. Despite the
need to better understand the dynamics of phytoplankton and primary production at these
different scalespnly a few studies have addressed the variability of phytoplankton primary
production over a tidal cycléCloern 1991; Desmigt al. 2005) In this context, iis vital to
investigate the factors that control photosynthetic processes and carbon excretion by
phytoplankton in estuaries.

Assessing smabcale temporal variability, such as the variability expected over a tidal
cycle, requires high frequency measuemts. The Pulse Amplitude Modulated (PAM)
fluorometry method, based on the measurement of variation in fluorescence of the photosystem
Il (PSII), provides high frequency measurements of photosynthetic paragketarkamp and
Forster 2003)While this method does not directly measure the incorporation of photosynthetic
carbon(Kolber and Falkowski 1993; Barranguet and Kromkamp 200@hables monitoring
of the dynamics of photosynthetic parameters directly linked to carbon incorpdfitauin
et al 2004; Napoleoet al 2012)

The present study was conducted along the ragdabpart of the Seine estuary, which
forms the biggest outflow into the English Channel. Given the variability of physical forcing in

estuaries, the @ of this work was to investigate the dynamics of ERERS and TEP) in the
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water column and phytoplankton primary productivity at appropriate temporal scales. Our
specific objectives were to (1) study the relationships betweentsnortEPS dynamics and
phytoplankton primary productivity over tidal cycles, (2) assess their variability along the
salinity gradient, (3) explore these relationships over two contrasted seasons: high flow/winter
(February) and low flow/summer (July) and, finally (4) to estentie potential relative
contribution of autochthonous phytoplankton primary production and microphytobenthic
productive mudflats, to the EPS pool in a temperate estuary.

2. Methods

2.1. Study site

The Seine River and its estuary drain an area of 76,260 After Paris, the river flows
northwest and drains 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 represents the upper
limit of tidal propagation oftte Seine estuary (Fig. 1). The annual mean discharge of the river
measured at Poses is 43&snDuring the sampling year, the high flow period extending from
January to May with a mean discharge of 75srand values reaching 1,248/snand a mean
dischage of 245 n¥s during low flow period (Data GIP Sewfeal, 2008; 2011). Salinity
ranges between (i) 0.5 and 5 in the oligohaline; g6 and 18 in the mesohaline pdit) 18
and 30 in the polyhaline paand (iv) higher than 30 in the euhalipart of the Seine estuary.
The Seine estuary is a macrotidal estuary, whose tidal amplitude ranges from 3 to 7 m at
Honfleur and from 1 to 2 m at Poses. The mean residence time in the estuary ranges from 17 to
18 days for a discharge of 200/mat Posesnal from 5 to 7 days for a discharge of 1,000sm
(Brenon and Hir 1999; Eveet al 2007) The tide in the Seine estuary is characterized by
flattening at high tide that lasts for more than 2 hours due to the deformation of the tidal wave
during propagation at shallow deptf&renon and Hir 1999; Wanet al 2002) The flow is
asymmetric in favor of the flood and this trend increases when the tide propagates up the estuary
(Le Hir et al. 2001a) Water temperatures range from 25 °C in summer to 7 °C in winter with
differences of less than 1 °C along the longitudinal axis and a weak vertical gradient (Data GIP
SeineAval, 2008; 2011). The estuary is characterized byfdhmation of a maximum turbidity
zone (MTZ) containing up to 2 g/L of SPM, usually located between Honfleur and Tancarville.
However, depending on the intensity of the tide and river discharge, the MTZ may move
upstream, and, during winter flood evertt&e MTZ may be flushed out into the Seine Bay
(Etchebert al 2007; Garnieet al. 2010)
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2.2. Sampling strategy
Water column sampig

Sampling was conducted in February (wintgrigh flow period) and July (summet
ORZ IORZ SHULRG RCRERIP d Bavwhe H' Y HWVYHBPRWK SHULRGYV
was conducted under similar tidal conditions (i.e. the tidal range andtieshtidal elevation
during daylight were similar), at three sites distributed along the salinity gradienBQFim
the euhaline part at the river plume (La Carossampled on February 3 and July 18), in the
mesohaline zone (Fatouvilesampled on February 4 and July 20) and in the oligohaline zone
(Tancarville- sampled on February 5 and July 17). Sampling eeeslucted during daylight
over a tidal cycle (i.e. 12 hours) at each of the three sites and during both campaigns.
Photosynthetic parameters were measured in the surface waterratrfiste intervals (i.e. 12
measurements/hour). Vertical salinity (Preati Salinity Scale), turbidity (Nephelometric
Turbidity Unit) and temperature (°C) profiles were performed hourly with a SBEUEYD
CTD (Seabird) from the susurface to 1 m above the watdiment interface (WSI). Water
was sampled from the sidurfae (i.e. 1 m) and 1 m above the WSI using aSigkin bottle
at hourly intervals to measure hydrological (i.e. nutrients, suspended particular matter) and

biological (i.e. chlorophylh, EPS concentrations) parameters.

Figure 30. Study area, the Seine Estuary, Normandy, France (f « Z1 f ). Logation of the 3
sampling sites \K\LWH VWDUV L /D &DURVVH f 1T "1 f 9 “( ORFDWHG 1
RQ )HEUXDU\ DQG -XO\ LL )DWRXYLOOH f 1T 12 f 9 °“( ORFDW
on February 4 and July 20, (iii) Tancarvile (# 1 1 f 1 7“( ORFDWHG LQ WKH ROLJR
sampled on February 5 and July. Black dots represent major cities along the Seine Estuary.

Intertidal sediment sampling
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Two other campaigns were conducted in September, 2014 and in April, 2015 at 15 sites
distributed throughout the Seine estuary mudflats (the labels and coordinates are provided in
the results sectionTab. 2) to access the microphytobenthos dynamics (Maedl, in prep).

Each site was sampled during the emersion period (more than one hour after the beginning of
the exposure period and more than one hour before the return flow) and three replicated squares
(1 x 1 m) were chosen randomly at each siteedoh square, three cores (20 cm diameter x 1

cm deep) were taken. After being carefully homogenized, the volume of substratum was
determined by using cut syringes, split into flasks for analyses. The concentrations of the EPS

in the samples were measured.

2.3. High-frequency measurements
2.3.1. Photosynthetic parameters

In order to acquire higfrequency estimations of primary productivity, the maximum energy
conversion efficiency (or the quantum efficiency of photosystem Il (PSII) charge separation,
Fv/Fm) was measured atrbinute intervals using the flow through version of the WATER PAM
(Waltz, Effeltrich, GermanyjSchreiberet al 1986) Water collected from the stdurface was
conducted through a pipe to a thermally insulated daedeve that maintained the sample close
to thein situ temperature. After 5 min of dark acclimation, which was sufficient for the
oxidation of the Quinone A (Q pool in this highly turbid environment, a ssample was
automatically transferred into the nse@ing chamber. The sample was excited by a weak blue
OLJKW P R 6.s% KRWR fRegRency 0.6 kHz) to record the minimum fluorescence
(Fo). The maximum fluorescencEn) was obtained during a saturating light pulse (0.6 s, up to

P RpBoton.m2.s™, 470 nm), allowing all the Qpool to be reduced. FwFwas

calculated according to the following equat{@entyet al 1989)
L ®
Samples were exposed to nine consecutive irradiafces UDQJLQJ IURP WR
photon.m?.s™ in winter and from 0 to 1 541 in summer, for a period of 30 s for each light step.
These different light ranges were chosen to properly estimate the photosynthetic parameters.
Steady state fluorescendes and maximum fluorescencEy ¥ were measured. Eheffective

guantum efficiency of PSII for each irradiance was determined as fdi®ergyet al 1989):

30 L Ji E @
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The relative electron transport rate (rETR, pmol electréf$)mwas 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 ef ghytoplankton(Juneau and
Harrison 2005)
L2 H (3)

Ji
Samples were removed from the Niskin bottle in-sulface water and close to the WSI at

hourly intervals.A subsample was placed in the measuring chamber of the cuvette version of
the WATER PAM (Waltz, Effeltrich, Germany) and/Fv was measured as described above.

2.3.2. Pversus E curves

To estimate the photosynthetic parameters, the rETR values were plotted Bgamasthe
mechanistic model developed BEylers & Peeters (1988)as applied to fit the data using
SigmaPlot (Systat Software) according to the equatiowif)a, b andc initially set to 3x1¢

; 0.06 and 111 respectively

" oL :_|->I‘|>a; (4)

After 200 iterations of fit per curve, the bestb and c parameters were estimated by the
software for each rETR/E curve and the maximum photosynthetic capacityn&EWRS
calculated as follows:

” 5
K v LT¥_—6 (5)

2.4. Discrete measurements
2.4.1. Nutrients

To determine nutrient concentrations @ONQOs, NOz, NHs" and Si(OH)), 100 ml water
samples were priltered through a 48 pm Nylon Mesh (Sefar Nitex£&/31-102 cm; Open
area %: 30) directly from the Niskibottle in order to already eliminate a major part of the

particles(Aminot and Kérouel 2004, 2007lor the measurement of silicate concentrations
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;6L 2+, water samples were subsequently filtered through 0.45 pum acetate cellulose
membrane and stored at 4 °C until analysis. For the measurement ofedissarganic
nitrogen (i.e. DIN =12 + 12 + 1+) and phosphate concentrations ¢’ ;, water samples
were stored directly aR0 °C. Samples were analyzed within one month after field collection
with an auteanalyzer (Technicon Ill) following standard protoc@sninot and Kérouel 2007;
Hydeset al 2010) The limits of quantification were 0.2 uM for silicates, 0.1 uM for nitrates,
0.02 uM for nitrites, 0.04 uM for phosphates andl @M for ammonia.

2.4.2. Suspended particulate matter
Surface and bottom water samples were collected from the Niskin bottle at hourly
intervals over the 12 h tidal cycle. Before the field campaign, Whatman GF/F glass microfiber
P ILOWHU #red bd Hns8dJusiBg the vacuum filtration system, dried at 50 °C for
24 h, and praveighed. A known volume of the sampled water was filtered through the prepared
filters using a glass tank on a filter ramp connected to a pump. Filters were rinsedtiigu di
water to remove any remaining salt. The concentration of total suspended solids (g/L) was then
calculated by gravimetric determination after-diying the filters for 24 h at 50 °C and
weighing on a high precision Sartorius scale. This method-emhsuprecision of 0.0001 g/L
for the lowest SPM concentratioféerneyet al 2009)

2.4.3. Phytoplankton biomass

Phytoplankton biomass was assessed through chlorapfohl a) concentrations. Samples
(30 to 500 ml) were filtereth triplicate, through glass fiber filters (Whatman GF/F: 0.7 pm
pore size and 47 mm diameter) and immediately frozer2@t°C until analysis. In the
laboratory, pigments were extracted in 10 mL of 90% (v/v) acetone, for 12 h at 4 °C in the dark.
After centrifugation (3000 g, 4 °C, 10 minutes), the aldoncentration (ug/L) was measured
on extractaccording to the fluorometric methodlafrenzen (1966and using a Turner Trilogy

fluorometer (Turner Designs, Sunnyvale, California, USA).

2.4.4. Extracellular polymeric substances
Water column pools
The concentration of TEP was determined using the colorimetric method described by
Claquinet al. (2008)adapted froniPassow and Adredge (1995)Briefly, 15 to 50 ml samples
were filtered onto 0.4 um polycarbonate Isopore membrane filters (Millipore) and ste2€d at
°C until analysis. Particles retained on the filters were stained with 5 ml of 0.02% Alcian blue
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(Sigma) in 0.06%acetic acid (pH 2.5). After centrifugation at 3500 g for 30 min, the
supernatants were removed and the filters were centrifuged several times with 5 ml of MilliQ
water until all excess dye was completely removed from the pellet. After one night ofidrying

a sterilizer at 50 °C, 6 ml of 80%.80; were added and 2 hours later the absorption of the
supernatant was measured using a spectrometer at 787 nm. Alcian blue absorption was
calibrated using a solution of Xanthan gum (XG) as a standard. TEP conoestrate
expressed in pgXGeqg/L. Subsequently, to estimate the TEP pool in the water column, the TEP
concentrations were converted into carbon (mgC/L) using a coefficient of(Brngel and
Passow 2001; Claquigt al. 2008)

CarERK\GUDWH FRQWHQW ZDV PHDV@®ubbiset XIV1996) 'XERLV
Briefly, the filtrates of TEP filters were considered as colloidal ERERS). High and low
molecular weight EPS was extracted by incubating the samples in ethanol (70% f.c.) for 16
KRXUV DW i famre éddtRfSgedhYy3000 g, for 30 min at 4 °C. Low molecular weight
EPS was collected in the supernatant and discarded. The pellet containing high molecular
weight EPS was dried at 50 °C overnight. The dried samples wsuspended in 1 ml distilled
water. Next, 50 puL of 5% phenol and 250 pL sulfuric acid were added to 50 uL of the extract,
and vortexed. Absorption was read after 30 min with a FlexStation plate reader (Molecular
Devices) at 485 nm, using glucose (G) as a standard for the calibration &EPS

concentrations are expressed in ugGeq/L.

Intertidal sediment pools

Fresh sediments were treated immediately on return to the laboratory to avoid any cell
disruption or contamination of EPS extracts by chrysolaminarin stored in the vacuoles
(Chiovitti et al 2004; Takahashiet al 2009) Following Orvain et al (2014)
microphytobenthic EPS was extracted from 5 ml of fresh sediment placed in 15 ml
FHOQWULIXJDWLRQ WXEHV ZLWK PO RI P ¢OWHUHG DQG
KRXU RI LQFXEDWLRQ LQ DUWL¢{FLDO VHDZD@QyB8D00gWXEHYV ZH
10 min. Supernatants containing the colloidal fraction were collected in a new centrifugation
WXEH DQG VWRUHG IURJHQ i f& XQWLO DQDO\VLYV 7KH PH
S-EPS was used. Each EPS concentration was firsessg@d as a function of the volume of
fresh sediment (mgGeg/L) and was then converted into contents (mgGeq/gDW) by using the
volumetric mass (in g/L) and into surface units (mgGéylwy using the dry bulk density (in

kg/m®) and considering a core depthlo€m. The cha data, which were also measured during
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these campaigns using therenzen method (1966)ere used to express th&=8S:chlaratio

in mgGeg/mgchla.

2.5. Data analysis

P-E curves & Spearman correlations were performed using the SigmaPIlot (Systat software) and
linear & multiple regressions using the R software (R Development Core Team) to investigate
correlations between parameters at esael) in the two seasons, and at both depths. Significant
correlations were accepted when thegtue was < 0.05. A principal component analysis (PCA)

ZDV SHUIRUPHG XVLQJ WKH 3)DFWROLQHS5" SDFMNsDrfate LQ 5 R
and close to the/Sl at hourly intervals at the three sampling sites in the two sampling periods.

The data were not transformed before analyses.

3. Results

3.1. Spatial and temporal dynamics of the water column along the salinity gradient

The temperature, salinity amditrient dynamics are characteristic of North European
estuaries (Fig. ®& S6). The main points regarding these parameters are the higher temperature
(> 18 °C) and the lower river flow in summer (< 22&sh versus winter (temperature < 7°C
and flow > 110 m?s). In both seasons, the salinity gradient ranged between 0.01 and 32.37,
extended upstream up to Tancarville in summer and up to Fatouville in winter. In summer,
despite the low river flow, nutrient concentrations remained high (between 9.17 abdi 4¥3.
for [DIN], between 5.22 and 160.20 puM for [Si] and, between 0.36 and 4.17 uM for [P]) and
were not limiting for phytoplankton growth during this period. [DIN] and [Si], were closely
linked to freshwater inputs and decreased from upstream to downstreaontrast, [P] was
positively correlated with the tidal height and the highest concentrations were recorded in the
mesohaline part of the estuary.

The highest SPM concentrations were recorded close to the WSI, at Fatouville during
winter, and at Tazarville during summer (Tab.2L The sampling site La Carosse displayed
characteristics of marine waters with very low SPM concentrations. At Fatouville in winter,
peaks of SPM were recorded close to the WSI at the beginning of thiedeigind during th
ebb (fig. ST, whereas very low SPM concentrations were observed during the high tide slack.
A very similar pattern was observed in summer, with high SPM concentrations recorded close
to the WSI at the beginning of the high tide and at low tide. At Taitleaa peak was recorded

at both depths during the ebb in winter, and during low tide in summer. These observations
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suggest that SPM concentrations were closely linked to resuspension of bottom sediments
triggered by tidal currents rather than to indussn the watershed. Nevertheless, the pattern of
variation in SPM concentrations in surface was closely linked to the dynamics of SPM observed
close to the WSI. This observation suggests that resuspension of sediment by tidal currents has
an impact on thentire water columnOur results also suggest that the MTZ was located

between Fatouville and Tancarville in winter, and upstream from Tancarville in summer.

Table 12. Minimum and maximum values of the sampling parametecsrded at each of the three sites (La
Carosse (LC), Fatouville (Fat.) and Tancarville (Tan.)) insutface (1 m below the surface (S)) and close to the
bottom (1 m above the water sediment interface (B)) in February (winter) and in July (summem)20$&EPS
concentrations are expressed in glucose equivalent (mgGeq) and the TEP concentrations in Xanthan gum

equivalent (mgXGeq).
Sites S/B SPM Chla Fv/Fu rETRmax TEP TEP:Chla (x10°) EPS EPS:Chla
g/L pg/L ratio umol e/m?/s  mgXGeqg/L mgXGeg/mgcha mgGeqg/L mgGeg/mgchh
Winter
LC S 0.01/0.11 0.49/1.01 0.26/0.60 3.52/29.95 0.87/5.90 1.46/8.00 3.06/4.85 3.66/8.14
B 0.02/0.08 0.59/0.98 0.24/0.62 - 4.76/9.65 5.51/15.84 4.23/7.53 4.93/12.81
Fat S 0.03/1.77 0.97/255 0.18/0.27 11.69/47.82 7.57/26.94 6.22/14.33 3.20/5.56 1.51/4.99
" B 0.08/2.81 1.40/27.20 0.16/0.25 - 14.08/68.69 2.53/16.14 3.78/6.53 0.22/3.63
Tan S 0.03/0.22 1.00/2.27 0.26/0.41 20.11/40.87 2.52/6.82 1.50/3.42 3.10/6.64 1.84/4.69
" B 0.07/0.44 1.44/2.40 0.23/0.42 - 2.63/8.38 1.60/4.48 4.23/7.64 2.10/4.75
Summer
LC S 0.00/0.02 5.71/17.37 0.09/0.51 120.81/231.03 0.52/1.27 0.03/0.18 0.85/3.54 0.13/0.60
B 0.01/0.05 1.17/4.61 0.31/0.50 - 0.66/3.40 0.16/1.05 1.20/3.63 0.45/1.78
Fat S 0.02/0.43 1.84/54.57 0.15/0.37 55.84/314.65 1.00/8.58 0.02/2.99 1.67/3.92 0.04/8.59
" B 0.02/0.94 3.33/11.72 0.10/0.37 - 1.13/14.10 0.17/2.59 1.38/4.87 0.17/1.16
Tan S 0.03/1.03 1.80/16.12 0.09/0.25 49.56/278.75 1.53/30.59 0.37/2.06 1.42/5.15 0.12/1.30
" B 0.11/2.00 2.88/21.45 0.12/0.33 - 2.68/32.06 0.49/5.19 0.91/6.77 0.08/2.17

3.2. Discrete measurements of clal biomass and photosynthetic parameters

The chla concentrations were low in winter (Tak2)Iwith minor variations at La
Carosse and Tancarville (Fig. )310nly three peaks were recorded close to the WSI at
Fatouville associated with SPM dynamics (during the flood, the high tide slack and the ebb). In
summer, at La Carosse, an increase was recorded during the flood at both depths but the increase
was bigger at theurface. At Fatouville, ckd concentrations were low close to the WSI except
for a peak at low tide slack. In surface waters, values were low at low tide slack but increased
considerably from the flood to the high tide slack. At Tancarville, theaatdncentrations
decreased during the flow and increased during the ebb at both depths.

At La Carosse, despite low chlin winter, K/Fv values were high (Tab.2L The
highest k/Fv values were recorded at both depths during tide slack. However, marked
varations were recorded over the tidal cycle (Fig. 2), two reductions were recorded during the
flood and during the ebb at both depths. At FatouvilgFRirvalues were lovand remained

constant throughout the day. At Tancarville, two reductions were retayde during the flow
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and the other at the beginning of the ebb. Despite the high @thcentrations in summer,
F//Fm were lower than in winter. At La Carosse, at both depti#vFincreased during the

flood, decreased during high tide and increaseuhduhe ebb. At Fatouville, JfFv were

closely linked to the dynamics of the tide characterized by a decreasing trend during the ebb
followed by an increase with the flow to reach maximum values during high tide. At

Tancarville, l/Fv values were very lowvith high variability over the tidal cycle.

Figure 31 Phytoplankton biomass([chl a], pg/L - triangles)and F//Fw (relative units circles)measured over

a tidal cycle at the three sampling sitesL@ Carosse, Fatouville and Tancarville)winter (left panel)and in

summer (right panel). Values measured 1 m below the surface are represented by empty circles and values
measured 1 m above the water sediment interface (WSI) by black dots. The tdeshexpresent tidal height (m)
measured 1 m above the WSI (cf. Fig).3
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3.3. High frequency measurements of photosynthetic parameters
Primary productivity estimated using high frequency r&XRumol electron/nd/s)
measurements showed a high degreevafability at very small temporal scale (5 min)

compared with hourly observations (Fi@) 3n winter, productivity values were low (Tal2)1

Figure 32 High frequency measurements of the maximum rate of electron transporfrETRmax; pmol
electron/n/s +solid line) measured over a tidal cycle at the three sampling sitekq Carosse, Fatouville and
Tancarville),in winter (left panel)and in summer (right panel). The dots represent values during low frequency
sampling. The dashed lines represent tidal height (m) measured 1 m above the water sediment interface.
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At La Carosse, rETR«xdecreased during the flow, increased during high tide and decreased at
the beginning of the ebb followed by marked variability of the values. At Fatouville,#&TR
increased during the flow, when currents were at their maximum, and decreased during tide
slacks. At Tancarville, despite the high degree of variability, the rdi@mained close to a
mean value of 30.16 + 6.42 umol electrofiénin summer, rETR.x values were higher than

in winter throughout the salinity gradient (Tab2).l At La Carosse, the dynamics of
phytoplankton productivity increased from low tide to half the flow. Thereafter a decrease was
observed during the high tide before a slight increase at the beginning of the ebb. At Fatouville,
productivity mirrored tidaldynamics but with a time lag of approximately three hours. At
Tancarville, an increase in productivity from the morning low tide to high tide was followed by

a decrease from high tide to the evening low tide.

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

At each site, TEP concentrations ([TEP], mgXGeq/L) were higher close to the WSI than
in subsurface waters (Tab2land [TEP] peaks were mostly recorded during flows (&3j.
In winter, at La Carosse, threegks were recorded close to the WSI: two during the high tide,
mirroring the tide dynamics, and one at the end of the ebb. Iswstdice waters, a peak was
recorded at the beginning of the flow and an increasing trend was recorded during the ebb. At
Fatowille, high variability was observed close to the WSI with values increasing both during
the flow and the ebb. At the surface, the same dynamics were observed but with lower values.
At Tancarville, some [TEP] peaks were also observed during the flow anebth at both
depths. During summer, [TEP] variations at La Carosse were weak despite two small peaks
close to the WSI recorded during the flow. Upstream, at Fatouville and Tancarville, high peaks
were recorded during low tide at both depths, small peaks @aiso recorded at high tide at
both these sites. Thus, during the campaigns, it appears that between 0.36 and 48.08 mgC/L and
a mean of 5.89 mgC/L were available for the trophic network in the form of TEP.

The TEP:chhkratios were higher in winter than summer (Tab.2). Some decreasing
trends in the TEP:cHd ratio were recorded at high tide slacks in the-sutface water at La
Carosse in both seasons and in summer at Fatouville at both depths with an inverse dynamics
with respect to the tide (Fi§8. Some negative peaks were also recorded at the end of the high

tide slacks.
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Figure 33. Concentrations of transparent exopolymeric substances ([TEPMgXGeq/L; mean * standard
error)over a tidal cycle at the three sampling siteka Carosse, Fatouville & Tancarville, winter (left panel)

and in summer (right panel). Values recorded 1 m below the surface are represented by empty circles and values
measured 1 m above the WSI by blaldits. The dashed lines represent the tidal height (m).

3.4.2 Soluble carbohydrates (&£PS)
Water column pools

Despite high variability, the-&PS concentrations ({EPS]) were higher close to the
WSI than in suksurface waters and in winter thansammer (Tab. 2). Some peaks were
recorded at both depths mainly during the reverse flows (befdrafter the tide slacks) (Fig.
34). The highest peaks and the highest variability were observed close to the WSI. In winter,
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high variability was recorded &atouville during the ebb. In summer, at La Carosse, highly
variable values were recorded during low tide especially irssuiace waters whereas inverse
patterns were observed at the two sampling depths. At FatouvlER §$, the same patterns

were doserved at both depths with decreasing values at slack tides and peaks during the flows.
At Tancarville, [SEPS] were characterized by a marked increase close to the WSI at high tide

and high variability during the ebb.

Figure 34. Concentrations of soluble extracellular polymeric substances (JEPS], mgGeqg/L; mean +
standard errorpver a tidal cycle at the three sampling siteka Carosse, Fatouville & Tancarvilley winter

(left panel)and in summer(right panel). Values morded 1 m below the surface are represented by empty circles
and values measured 1 m above the WSI by black dots. The dashed lines represent the tidal height (m).
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EPS:chhlaratios presented st peaks at both depths (Fig) S8 winter at La Carosse, a@ng

peak was observed close to the WSI at the end of the ebb. In summer, the highest values were
recorded close to the WSI during the ebb. In winter at Fatouville, ERSatids in subsurface

waters increased during the high tide and were variale d&teginning of the ebb, while close

to the WSI, some peaks were recorded during the tide slacks and the ebb. In summer, a strong
peak was recorded in ssiirface waters during the flow, followed by a marked decrease during

the high tide slackClose tothe WSI, a peak was recorded at the end of the ebb. In winter at
Tancarville, an increase in the EPS:ahlktio was recorded at the end of the ebb close to the
WSI. In summer, values were low at both depths during the low tide and the flow. Two peaks
were recorded close to the WSI during the high tide slack and the ebb and one peak was
recorded in suHsurface waters at high tide

Intertidal sediment pools

S-EPS concentrations on the Seine estuary mudflats also displayed high variability
among the 15 s sampled (Tali3; Morelleet al, in prep). Values ranged between 61.02 and
526.04 mgGeg/Aalso varied between seasons with a higher mean value in September (310.81
+ 129.61 mgGeqg/Athan in April (157.06 + 66.16 mgGed)nin contrast, the EPS:chlatios
were often higher in April (19.74 + 24.08 mgGeg/mgahthan in September (9.50 + 8.93
mgGeqg/mgchh).

Table 13. Variations in mass of soluble extracellular polymeric substances per (mgEPS/n?) and in

EPS:chl a ratios (mgEPS/mghl a) at the 15 sites sampled on the Seine estuary mudflats (More#éal, in

prep.). The SEPS concentrations are expressed in glucose equivalent (mgGeq) and the TEP concentrations in
Xanthan gum equivalent (mgXGeq).

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

(0] 0.2001 49.4267 1.33 87.10 33.52 149.82

C 0.2004 49.4482 33.91 480.45 NA NA

N 0.1672 49.4162 10.78 377.18 33.78 284.73

E 0.2174 49.4483 1.55 264.12 4.31 91.02

P 0.2003 49.4235 5.83 197.33 92.56 149.01

B 0.2004 49.4506 5.45 409.84 11.62 227.14

F 0.2172 49.4462 6.95 437.90 4.99 129.03

H 0.2668 49.4408 7.19 181.99 36.78 118.06

G 0.267 49.4436 5.09 264.04 6.08 132.67

I 0.2668 49.4412 4.49 171.85 17.16 268.40

A 0.2004 49.4516 5.87 445.43 8.47 170.39

D 0.2174 49.4491 4.32 292.04 3.23 61.02

L 0.2836 49.4401 23.56 526.04 6.05 118.53

M 0.3003 49.4391 8.59 221.22 5.28 99.91

K 0.2836 49.4416 17.58 305.66 12.50 199.08

9.50 + 8.93 310.81 +£129.61] 19.74 + 24.09 157.06 + 66.16
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3.5. Relationships between biological parameters and environmental variables

Principal component analyses (PCA) were performed on the data set to explore the
relationships between biological and abiotic parameters 86)gThe £ and 29 components
explained 65.26% of the total inertia while tiféahd the 3 dimensions explained 59.40% of
total inertia (Tab14). The first principal components (PC1; 41% of variance) formed a typical
estuarine axis with parameters related to the inflow of marine waters such as salinity (32%) on
the left hand side of axis 1, diparameters related to freshwater inputs, such as Si (23%) and
DIN (33%) concentrations on the right hand side of axis 1. The second principal component
(PC2; 24%) was strongly influenced by factors related to seasonal changes such as PAR (38%)
and tempeature (48%). The third principal components (PC3; 18%) was related to P
concentrations (58) and SPM (21%). Theacbbncentrations (cld) were positively correlated
with temperature (Spearman correlation coefficient (SCC): 0.59; p< 0.001; n=150) and PAR
(SCC: 0.42; p< 0.001; n=150). In the same way, productivity was positively correlated with
temperature (SCC: 0.60; p< 0.001; n=75) and PAR (SCC: 0.66; p< 0.001; n=75). Indeed, the
high temperatures and high solar irradiance in summer provide the besheresmtal growth
conditions for phytoplankton. The calwas negatively correlated with P concentration (SCC.:
-0.20; p< 0.05; n=150) as confirmed by their position in ffi@4dimensions of the PCA (Fig.
6). F//Fm was positively correlated with salinif6CC: 0.22; p< 0.01; n=150), and negatively
correlated with temperature (SC€.27; p< 0.01; n=150), and SPM (SCQ:15; p=0.06;
n=150) concentrations. [TEP] were positively correlated with SPM (SCC: 0.17; p< 0.05;
n=150). The [SEPS], SEPS:chla and TH:chl a ratios were negatively correlated with
temperature, PAR, claland productivity (SCCs: €0.44; p< 0.001; n=150).

Table 14. Eigenvalues, total variance and cumulative variance of the three factors of the principal
component analysis.

Factor | Il i
Eigenvalues 2.90 1.67 1.26
Total variance (%) 41.44 23.82 17.96

Total variance (cumulative %) 41.44 65.26  83.22
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Figure 35. Representation of Principal Component Analysis (PCAlsing theabiotic parameters (PAR (J3/ém
temperature (°C), salinity (PSU), SPM (g/L) and nutrients (umol/L): DIN, P and Si) and as qualitative variables
the biological parameterscl{l a (ug/L), R/Fu (rel.unit), Transparent exopolymeric particles (TEP) &
exopolyneric substances (EPS) concentrations (mgXGeg/L and mgEPS/L) and TEP & EREH peunit
(mgXGeg/mghl a and mgEPS/mzhl a) as quantitative variables. Dimensions 1 & 2 (65.26%) in the left panel
and the dimensions 1 & 3 (59.40%) in the right panel.

4. Discussion

4.1.Dynamics of biological parameters in the Seine estuary in relation with

environmental parameters

Our study revealed high variability of photosynthetic parameters in the estuary, where
smaltscale variability (i.e. 5 minutes) can be greater thamability at tidal scale (Fig. 3.

Less frequent measurements could thus easily result in ovarnderestimation of these
parameters, thereby highlighting the complexity of estimating primary productivity in these
dynamic ecosystems. Moreover, varidpiappeared to be higher and more frequent before or
after the low or the high tide at which time turbulence and the concentrations of SPM generally
reach maximum levels thereby preventing light from penetrating and hence preventing
photosynthesis.

Even though variations in nutrient concentrations are known to play a major role in
phytoplankton dynamics in many ecosystems, in many estuaries, it has been shown that
nutrients do not control phytoplankton growth because they are largely in €oasdkamp
et al 1995; Caet al 2004) However, in this study, P concentrations were negatively correlated
with phytoplankton biomass and productivity (Figb). This could be the result of the
consumption of P by phytoplankton but P conceraretiwithin the estuary (> 0.62 umol/L for

all the samples) remained higher than those usually observed during the same period in the
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shown that P does not limit ptoplankton growth in the Seine estugNémery and Garnier

2007; Passwet al 2016) Phosphate has a strong affinity for sorption and desorption reactions

with SPM, which create high fluxes and is an important source of dissolved P MiTthe

(Némery and Garnier 2007)herefore, this negative relationship may rather be related to a
positive relationship between P and SPM that reduces light penetration into the water column,

and consequently results in low phytoplankton biomass and produclitag, like in many

tempeate estuaries, phytoplankton productivity in the Seine estuary is mainly controlled by

light availability.

The physiological status of the cells/(Fu) was low within the MTZ during both study
periods (Tab. 2). This could be explained by the intenesuspension of dead cells and SPM
in this area, which reduced light penetration, especially during the flow and ebb. Additionally,
the physiological changes in the phytoplankton caused by the contrast between freshwater
outflow and marine water inflow haw®en shown to cause physiological stress and cell lysis
(Lionardet al 2005; Servais and Garnier 2006; Hernaetal 2015) However, despite weak
Fv/Fu, phytoplankton productivity levels in the MTZ (Fatouville in winter and Tancarville in
summer) were in the same order of magnitude as those measuredhat ttker sites in the
same season (Tak2)1 This result shows that photosynthetic activity of living cells is possible
in the MTZ despite the high level of stress. More surprisinghf-values were higher close
to the WSI than in suburface waters. flese results suggest that, despite the high
concentrations of SPM close to the WSI and the subsequent reduction in light penetration into
the water column, phytoplankton cells were able to survive and even to maintain a high
physiological status. The deemter layer corresponds to marine water with a residence time
ranging from 5 to 18 day®renon and Hir 1999; Evest al. 2007) This observation suggests
that these photosynthetic cells are able to rapidly return to a high productive status as soon as
they access light. This result further implibat organic matter in the bottom layer of the Seine
Estuary is probably not only composed of detrital matter but also of living phytoplankton cells.
This observation may have major implications for trophic transfer between pelagic and benthic
organismsn this part of the estuary.

In winter, at spatial scale, phytoplankton biomass and productivity were higher in the
oligohaline zone (Tancarville) than in the euhaline zone (La Carosse) (d)ald.he winter
season involves an increase in freshwater digehand can increase phytoplankton growth, as
already observed in th@odavari estuarySarmaet al 2009)and in the Chesapeake estuary
(Adolf et al 2006) The higher productivity observed at Fatouville (MTZ) at low tide rather
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than at high tide (Fig.2& suggests higher primary productivity in fresh wsitidan in saline
waters during this period. Different community composition in these distinct water masses
could explain this result. Indeed, in winter, high primary production in freshwater has been
reported in other estuarine syste(B&rvais and Garnier 2006; Lehman 20@/here it was
attributed to specific freshwater phytoplankton communi{idslpezzi et al. 2013) The
presence of cyanobacteria in the outer part of estuary could also explaim k&eel of primary
productivity measured in the oligohaline zone of the estuary in winter: cyanobacteria display
lower productivity than eukaryotic phytoplankt§Masojideket al 2001; Macintyreet al

2002) PAM measurements may have underestimated cyanobacteria productivitybasethe
light used in the present study is weakly absorbed by the prokaryotic fraction of the
phytoplankton(Glover et al. 1985; Suggett al 2004) In addition, the &/Fv is known to be
poorly estimated in cyanobacteria because of the state transition pragemssgxbellet al.

1998)

In summer, the low discharge enables upstream migration of marine and estuarine
species(Joss/n and West 1985)which could explain the high phytoplankton biomass
observed close to the WSI at Fatouville and Tancarville (T2b.The high phytoplankton
growth rate observed in the Seine river plume led to an increase in productivity at LeeCaros
at the beginning of the flow (Fig2R During the ebb, a decrease in productivity was observed,
possibly the consequence of the increase in SPM and the subsequent reduction in light
penetration, or potential damage to phytoplankton cells caused bmehkanical stress
associated with strong hydrodynamics, as previously shown in other estuarine $¢stems
et al 1985; Servais and Garnier 2008he highest primary productivity in summer was
observed at Fatouville in the mesohaline zone (T&h. At this site, primary productivity
increased with the flow andecreased with the ebb (Fig2)3 This result suggests that
phytoplankton growth occurred in the polyhaline zone between La Carosse and Fatouville
where the concentrations of nutrients were still high and light still available, but not in the other

Zzones.

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

It has already been shown that in very dynamic zones like estuaries, the distribution of TEP
may be mainly controlled by environmental procegbépezziet al 2013) In the literature,
TEP production has been frequently associated with nutrient §esoet al. 2000; Passow
2002) However, the estuarine systems are not nutrient limited, blutvaiges of [TEP] were

recorded (Tab. ). This result confirms that TEP production can be high in nutrient replete
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conditions as already report€dlaquinet al 2008; Pedrottet al 2010) Thus in the present
study, it is possible that the [TEP] dynamics were not associated with nutrient limitation as
often cited in the literature but with other processes such as tempéfiagainet al 2008)
or turbulence intensitgPedrottiet al. 2010)

The [TEP] measured in the Seine estuary during this survey-(08%2 mgXGeqg/L; Tabl2)
was higher than those reported in the literature, which never exceeded 11 mgX®Pzsghw
2002) 2.82 mgXGeg/L(Malpezzi et al 2013) 14.8 mgXGeg/L 5D Get @l 2005) or
1.54mgXGeg/L (Annaneet al 2015) Villacorte et al (2015)investigated the difference in
measurements in TEP (> 0.4 um) and TEP with g&Rors(<0.4 um) and showed that [TEP]
coud represent about 11% of [TEP+TfRusork. The high SPM concentrations (up to 2 g/L;
Tab. ) in some samples could have allowed the retention of thet&&rson the filters
thereby partly explaining the very high values observed along the Saiaeyes

However, the positive relationship observed between [TEP] and SPM is in agreement with
the widely described role of TEP and EPS in particle aggregation and sedimentation processes
(Passow 2002; Thornton 2002h estuaries, very high TEP concentrations have also been
measured in association with SPM in the MTZ andwshim account for a significant proportion
of the POC in MTZMalpezziet al. 2013; Annanet al 2015) Indeedpecause of their sticky
properties(Engel 2000; Passow 200ZJEP, associated with strong salinity gradient and
turbulence, promote the aggregation and sedimentation of organic and mineral particles
especially within the MTZ and hence influence the dynamics of POM and SPM in the estuary.
These processes could explain the distributiohER at spatial scale with high concentrations
recorded in the MTZ (Tab.2). In addition,the mixing of freshwater and seawater affects the
concentration of some ions and cations responsible for salinity, which could play a major role
in the crosslinkingf polysaccharides to form gkke particles such as TEBar-Zeevet al
2015) This form of TEP formation could reinforce the high [TEP] recorded in the estuary and
explain part of the positive relationship with SPM associated with a negative relationship with
salinity (Fig.35). Indeed, due to stratification, the mixingfogsh and salt water is particularly
intense in the low salinity zone that promotes TEP at MTZ level.

At the daily scale, the high concentrations of TEP in the Seine estuary were mainly linked to
tidal flows and mainly recorded within the Seine river pduon the MTZ (Fig33), which are
both subject to high levels dfirbulence leading to resuspension of exopolysacchadbe
particles from the sedimenAt the seasonal scale, the highest concentrations of TEP were
recorded during the winter period thghout the salinity gradient (Tab2)1 This seasonal

dynamics could be related to higher hydrodynamics in winter, triggered by the combination of
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strong currents along the estuary during this high flow period and the frequent stormy and
windy conditions irthis season. These strong hydrodynamics cause higher levels of sediment
resuspension from the WSI in winter than in summer.

The SEPS distribution in the Seine estuary could also be linked to environmental
processes. At daily scale, no clear patternrget from the SEPS concentration due to the
high variability of the values measured (F34). However, some peaks were observable both
in subsurface waters and close to the WSI especially at the beginning or end of the flows. This
observation suggesthat the distribution of &£PS could also be related to resuspension
especially before or after tide slacks. At the seasonal scale BR& Svere also higher in winter
and highest close to the WSI (TaB) thus possibly reinforcing the influence of elmwvimental
parameters on -EPS distribution in the Seine estuary. However, at spatial scale, the
concentrations of -£PS were not linked to the MTZ, like the TEP concentrations, and no
relationship was observed with the SPM concentration. This observatigesss that the
adsorption characteristics of thos&=BS were lower than TEP. In comparison with TEP, S
EPS easily dissolves in water so their adsorption in the water column could be limited and their
concentration more closely linked to biological partarsgDe Brouweret al 2002). Despite
the fact that environmental processes play an important role in distributions of both TEP and S
EPS in the Seine estuary, these processes are mainly produced by biological organisms and the
concentrations of those polysaccharides in m@ato biological parameters remain to be

investigated.

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

The TEP is mainly produced by phytoplankton and significant correlations between TEP
concentrations and phytoplankton dymcs have already been describgdong 1997,
Beauvaiset al 5D @& lal 2005; Wurl and Holmes 2008; Kleiat al. 2011)
Nevertheless, some studies found no direct correlation between the TEP fraction and chl
(Garcia 2002; Corzet al 2005) In the present study, a negatoggrelation was found between
TEP and chh (Fig. 35). Our results are comparable with thos€bbwdhuryet al. (2016)and
Klein et al (2011) who reported low concentrations of TEP during maximum abundance of
phytoplankton andigher concentrations during phytoplankton senescence which, in estuaries,
is especially important in the MTZ. Moreover, our TEP&nhtios were inversely correlated
with chla and productivity. This observation suggests that the stress generatedstutrg e
leads to high levels of TEP excretion by the phytoplanktbis hypothesis is supported by the

negative correlation between [TEP] andHw. However, the TERhI aratios observed in this
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study (Tab. 2) are also high in comparison with those poergly reported in the literature
(Passow 2002; Kleiat al 2011) Therefore, the [TEP] may not be only linked to phytoplankton
production. However, the TE¢hI a ratios observed in this study (Tal®)Jare also high in
comparison with those previousigported in the literatur@Passow 2002; Kleiet al 2011)
Therefore, the [TEP] may not be only linked to phytoplankton production. In strong
hydrodynamic conditions, the high [TEP] in the MTZ may also be attributed to the microbial
loop activity. Inegked, it has been shown that the POM from the MTZ is biodegraded by highly
active heterotrophic bacteria that can also release TEP into the water ¢dkzanret al. 1983;
Middelburg and Herman 2007; Malpe=ztial 2013) Moreover, significant quantities of TEP
could be derived from allochthonous inputs of organic matter that include high concentrations
of detrital material and heterotrophic bacté€Hzip et al 1995)

S-EPS produced by phytoplankton are known to protect cells against digestive enzymes,
toxic substance@Notton 2004) and osmotic streg&iu and Buskey 200Qwhich is a major
constraint in estuaries. Additionally;E3?S can be produced by phytoplankton in aiding in
flotation process through their threads and by reducing geigdtton 2004) These potential
roles of SEPS could explain the high concentrations obsenvéuis study (Tab.2) especially
during flows (Fig.34). In addition tochl | dynamics, changes in carbon excretion and
photosynthetic parameters can may also be due to different phytoplankton assemblages
combined with water mass dynamics (Kleinal. 2011). However, no relationship was found
with the F/Fu, and SEPS concentrations were negatively correlated witla cbihcentrations
and productivity, which confirm results of previous studieassow 2002; Kleiet al. 2011)
showing that,n contrasto TEP, a large proportion of theE3*S pools were not related to
phytoplankton dynamics.

4.4.Potential contribution of allochthonous primary producers to the SEPS pool

Both groups of phototrophic microorganisms (phytoplankton and microphytobenthos)
excrete SEPS for different reasons and in different ways. Due to the key roles played by EPS
in epipelic diatom dynamics in mobility and substratum adhesion, 6B S dynamngs in
ecosystems have often been linked with microphytobenthos cells. However, in the Seine estuary
the surface of mudflat during low tide represents only 7.21% of the estuarine surface and no
subtidal microphytobenthos community exists because of theléwgh of turbidity and the
depth (up to 18 m). Additionally, the mudflat is a plane system and microphytobenthos are

especially active during emersion during the daylight period whereas the pelagic system is
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volumetric: in the Seine estuary for a mudftatrface of 7.6x10m?, the water volume is
930x16 m? (on average between low and high tides).

We estimated potenti&-EPS production by the microphytobenthic compartment utiag

data we sampled in the intertidal zones (Moretl@l, in prep) and a rerophytobenthic EPS
production coefficient estimated at 1.8 mgGeqg/mgéhl(\Wolfsteinet al 2002) Assuming a

tidal emersion durig daylight of 6 hours per day and a maximum residence time of 18 days in
the Seine estuariBrenon and Hir 1999; Eveet al 2007) the SEPS pool originating from
microphytobenthos represents 0.055 + 0.054 mgGeq/L in the water column. The percentage of
S-EPS originating from microphytobenthos puation could represent an average of 1.61% of
the mean EPS pool measured during this survleythe same way, we estimated potential
phytoplankton SEPS production using a production coefficient 40% lower than
microphytobenthos productidotoet al 1999) i.e. 1.08mgGeg/mgchb/h. The SEPS pool
originating from phytoplankton represent 1.15 + 1.54 mgGeg/L in the water column. On
average, the percentage of EPS originating from phytoplankton production could represent
33.62% of the mean-BEPS pool measured during this survey. Howewe used a maximum
residence time of 18 days whereas in reality, the residence time ranged between 5 and 18 days.
If we used the minimum residence time of 5 days, the percentage would be 9.34% for the
phytoplankton and 0.44% for the microphytobenthosadidition, if we consider that, in
exceptional conditions, all theESPS pool present on mudflats could besuspended in the
water column each day, considering 5 to 18 days residence time, the percent&drSoir&m
microphytobenthos production couldpresent from 1.70 to 6.14% of the mea&FsS pool
measured in the water column. Thus, we suggest that parEd?$pin the Seine estuary is not
directly linked to primary producers. In addition to hydrodynamic processes of remobilization
from sedimentgnd upstream inputs, other organisms such agplesdton, zoebenthos, and
especially bacteria could contribute significantly to thé&RS pool. Further studies are

therefore needed to understand the origin of H&#°S in highly hydrodynamic estuaries.

5. Conclusion
High frequency analysis of the photosynthetic parameters of phytoplankton revealed the
presence of living cells with good physiological status in the bottom water layers pointing to a
role for this fraction in the autochthonous productionhid estuary. This finding has major
implications for trophic transfer between pelagic and benthic organisms, which plays a key role

in the nursery and feeding function of these ecosystems.
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We also showed that EPS are not only linked to primary prodymtamesses but rather
to stress levels (salinity, turbidity, temperature or hydrodynamics), demonstrating that healthy
phytoplankton produce less EPS than stressed or senescent cells. EPS distributions especially
TEP are thus mainly linked to hydrodynanpimcesses such as MTZ formation or sediment
resuspension. Our estimation of the relative contribution of primary producers (phytoplankton
and microphytobenthos) toESPS production show that the mudflats contribute less than 6%
to the SEPS pool in the war column, while phytoplankton produce up to 33%. The origin of
a large proportion of the-BEPS in the water column thus remains unknown and further
investigation is needed into potential secondary production -&8PS by zoobenthos,

zooplankton and hetarophic microbial communities.
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Supplementary material

Figure S5. Temperature (°C; triangles) and salinity (circles) over a tidal cycle athe three sampling sites

3/D &DURVVH" 3)DWRXYLOOH~ 3S7TDQFDUYLOOH" LQ ZL QsufHdd (1eHIW SDQH
values are represented by empty symbols and values measured close to the bottom (1 m above the WSI) by black
symbols.Dotted lines represent the tidal height (1 m above the WSI) in the legend it should be Time (UT)
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Figure S 6. Nutrient dynamics (umol/L) with the dissolved inorganic nitrogen (DIN=NO3s+NOy+NH,*;
circles),phosphate(PQ:*; squarespnd silicate (Si(OH),; triangles)measured over a tidal cycle at the three
VDPSOLQJ/DL&HMVVH " 3)DWR XY L O GidwinEn @ft pameddnd d ¥un®rdrHright

panel). Suksurface values (1 m below the surface) emresented by open symbols and values measured close to
the bottom (1 m above the WSI) by black symbols. Dotted lines represent the tidal height (i.e.1 m above the WSI).
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Figure S7. Suspended Particle Matter (SPM: g/L) measured over a tidal cycle at the three sampling sites
(La Carosse, Fatouville and Tancarville) winter (left panel)and in summer (right panel). Values recorded 1
m below the surface are represented by empty symbols and values measured closettorti@ boabove the

water sediment interface) by black symbols. The dashed lines represent the tidal height (m).
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Figure S8. TEP:chl aratios (mgXGeg/mgchla; mean + standard errayer a tidal cycle at the three sampling

sites shown in logarithmic scale (logl0)a Carosse, Fatouville & Tancarvilley winter (left panel)and in

summer (right panel). Values recorded 1 m below the surface are represented by empty symbols and values
measured 1 m above the WSI by black symbols. The dashed lines represent the tidal height (m).
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Figure S9. Variations in S-EPS:chl aratios (mgGeg/mgchl a; mean + standard errogyer a tidal cycle at the

three sampling sitesLa Carosse, Fatouville & Tancarvillm winter (left panel)and in summer (right panel).

Values recorded 1 m below the surface are represented by empty symbols and values measured 1 m above the WSI
by blacksymbols. The dashed lines represent tidal height measured 1 m above the WSI.
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Dynamics of TEP and EPS pools and phytoplankton
community structure along the salinity gradient of a

temperate estuary (Seine, France)

This article has been submitted ¥8stuarine Coastal and Shelf Science

Jérbme MorelleMathilde SchapiraSylvaineFrancoise GaélleCourtay& Pascal Claquin

Abstract

In parallel to phytoplankton communitiynamics transparent exopolymerparticles (TEP)

and exopolymeric substances (ER@)e investigatedlong the salinity gradient of a temperate
estuary (Seine estuary, Normandy, Franoedr the course of a yeafhe phytoplankton
community was mainly dominated bymarine diatom species (especiathkeletonemasp,
Nitzschiasp, andParalia sulcatg asso@ted with a spring bloom of pieeukaryotes and the
development o€ryptophyceaén summerThe decreases in species richness and salinity were
correlated along the estuary and a significant exponential relationship between species richness
and primary production was identified. Concentrations of TEP and EPS (soluble and bound)
are highly dynamic in this estuary and can reach respectivehg69L, and 33ngC.LL. TEP
distribution was mainly related to physical factors (hydrodynamics, Mdarghdtion and
sediment resuspension) probably produced by stressed or dying phytoplankton, while EPS
appeared to be excreted during the phytoplankton spring blanuobl& andoourd EPSappear

to be related toSkeletonemap. and CryptophyceaeoccurrencesThis paper presents the
dynamic pattern of these carbon pools, which play an important role in the trophic network and

influence the flocculation processes involved in the fate of both organic and inorganic matter.
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1. Introduction

Estuaries ar¢ransitional zongbetween two aquatic biomes freshwaterbiome in a
river anda marine biome along a coast or in a.bawnsitional zones between two biomes are
often characterizedby pronounced changes in community composition and diveesity,as
such,can bedefinedasecotones or ecoclind¥an Der Maarel 1990)An ecotones defined as
a dynamic zone wherepid environmental changeccur and is chacserized by unique
communities that dfier from the communities inhabiting tio adjacent biomedn contrast,
an eocline is defined as a zone with gradual changes in environmental conditions and where
continuumof assemblages is observed alongdtaeliens. While estuaries have traditionally
been defined as ecotonefmce the beginning of the 2tenturyseveral studies have defined
them as ecocling@ttrill and Rundle 2002; Cortelezat al. 2007; Muylaeret al. 2009) The
stronggradientoccurringin estuariegmainly in salinity, turbidity and nutrients) aselective
forces of species andirive temporal and spatial successimigphytoplankton These factors
are known to influenceoth phytoplankton biomass and community struct{iregueros and
Orive 2000; Lionarekt al. 2008; Muylaeret al 2009 Vigil et al 2009) These types of changes
could have a strong impact on the marine system and on the stoichiometry, carbon storage and
biogeochemistryMarinov et al 2010)

The carbon pool in estuariesnainly originates from phytoplanktoic and
microphytobenthigrimary production(Cloern et al 2014)and is available in the form of
cellular biomass and exopolymeric substances (EPS). Excretion of EPS by phytoplankton
(Decho 1990; Alldredget al. 1993; Passow and Alldredge 19@#gates a great carbon reserve
and is an important component of the carbon budget. These fibrillary polymers may coagulate
to form larger particlescalled transparent exopolymeric substances (TEP). The abiotic
formation of TEP from colloidal precursors depends on environmental conditions such as
turbulence, ion density, and the concentration of inorganic colloids, as well as on the types and
concentréons of the precursors pres¢Rassow 2002)5ome of these substancesdegraed
by microbial and bacterialespiration, resulting ithe release of carbom the form of CQ
(Passow 2002)he other part migrateés deep layeras aggregatesnd,if not re-suspended
is involved in carbon sequestratidregendre and Rivki2002) Annaneet al (2015)suggest
thatthe carbon available from phytoplankton biomass BBE are major contributors to the
carbon poolin the Lower St Laurent estuary. EPS thus play a major raleaggregation
processes, particle sedimentation and carbon fluxes in aquatic ecosfestpnassovet al.

2001; Bhaskar & Bhosle 2005)The production of EPSenables the creation of
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microenvironments in which cells are protected from rapidly changing environmental
conditions, toxins, grazg, and even digestiofpecho 200p In estuarine systems, EPS have
been shown to account for a large proportion of the colloidal organic carbon pool in the water
column(Annaneet al 2015)and high concentrations of TEP have been found in the maximum
turbidity zone (MTZ) of estuaries where suspended particle matter (SPM) accumulates
(Malpezziet al. 2013) However, #hough estuaries may present very high concentration of
TEP, it is regularly reportedthat no direct correlation can be found with the phytoplankton
dynamicssuchas theconcentratiorof chlorophylla (chl a) or primary productivity (Garcia

2002; Corzeet al. 2005; Kleinet al. 2011; Chowdhunet al 2016)

As in addition to primary productionseiariesareimportantecosystemsn termsof
carbon sequestration and exp{@ai 2011) a greater knowledgef EPS dynamics is an
absolute prerequisite for a better understanding of carbon fluxes in these transitional zones
However, most research on EPS in estuatgeslate has focused on their production by
microphytobenthic communities and only a few authage studied EPS and TEP dynamics
in the estuarine water columfwWetz et al 2009; Annaneet al. 2015) As the different
phytoplankton groups and species do not have the same rates of polysaccharide production, chl
a concentration, sinking rate or photosynthetic efficierspatial and temporal variations in
phytoplankton size and community structure could explaiptéeously describedbsence of
correlation between EPS and phytoplankton dynax@escia 2002Corzoet al 2005; Klein
et al. 2011; Chowdhuryet al 2016) It is thusimportant to consider thifluence ofthe
succession of differenphytoplankton communities in relationwith the TEP and EPS
distributionin estuaries.

In this context, the ainof this study wago investigate theseasonaldynamics of
exopolysaccharides (EPS and TEBhytoplankton community structure and size class
distributionin atemperate estuary (Seine, Normandy, Fraiteyder to study, in addition to
physical and chemat variability, how spatial and temporal changes in phytoplankton

communities could trigger EPS and TEP dynamics along the salinity gradient.

2. Methods

2.1Study site
The Seine River and its estuary drains a watershed covering 76,260fken Paris,
the river flows northwest and drains into the English Channel 86)gLocated 202 km from

Paris (the kilometric scale of the Seine River is set at 0 km in the center of Paris), the weir at
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Poses (Fig36) represents the upper limit of tiieal propagation in the Seine estuary. The
annual average river discharge at Poses is 436 miith a flood period extending from
December to April when the discharge reach@9@2 500 n?.s* and a lowflow period with

a discharge around 250°m' (Data GIP Seiné\val, 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,atinity is above 30. The Seine estuary

is a maootidal estuary, with a tidal amplitude ranging frorY 3n at Honfleur and-2 m at

Poses (Fig36). The mean residence time in the estuary varies betwed® Hays for a
discharge of 200 fs* at Poses and betweer/Says for a discharge ofaD0 nts! (Brenon

and Hir 1999; Evemrt al. 2007) Thetide 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 deptirenon and Hir 1999; Wangt 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 longjibal profile and a weak vertical gradient (Data
GIP SeineAval, 2008; 2011). The turbidity maximum zone (TMZ), containing up to 2 gfL

SPM, is most often located between Honfleur and Tancarville, but can move upstream
depending on the intensity ofehide andon river discharge. During winter flood events, the
MTZ can be flushed out into the Seine R&ychebeet al. 2007;Garnieret al 2010)

Figure 36. Map of the Seine estuary (Longitude: 0.2327, latitude: 49.4328VGS84)- Normandy, France)
showing the study areaPoses is the upper limit of tidal propagation. The sampling transect from site 1 to site 8
followed the salinity gradient from the euhaline zone (Site: D.1116, I: 49.4335) to the oligohaline zone (site 8
-L:0.5149, |: 49.4841). The sites were saaapinonthly throughout 2015.
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2.2Sampling strategy

Sampling was conducted monthly from January to December 2015 onboard the Ifremer
VKLS 3'HOSK\" DW HLJKW VDPSOLQJ VLWHV G3icvanuth&E X WHG L
euhaline zone (site 1) to théigmhaline zone (site 8). In order to sample a steady waterbody
along the estuary, sampling was performed every month in spring tide conditions (tidal
coefficient 90) during daylight and during flattening of the high tide, which, in these conditions,
lastsup to three hoursAt each sampling site, water was samphath a pumpfrom the sub
surface (i.eat a depth ol m)and with a Niskin bottle ahe watersediment interface (WSI)
(i,e. 1 m abovg for analysis of the physicahemical (SPM, nutrients)and biological
parameters (chd, exopolysaccharides amtbmmunity structure Vertical salinity profiles
(measured using thgracticalsalinity unit; PSU), turbidity (measured using thephelometric
turbidity unit; NTU) and temperature (°C) were recorded at each site with a SPRISLYD
CTD (Seabird) from the sukurface down to 1 m above the wasediment interface (WSI).
The physicakchemicalparametersredescribed and interpreted in a previous p&parelle
et al submited).

2.3 Phytoplankton biomass

Phytoplankton biomass was asseskaded orchlorophyll a (chl a) concentrations.
Samples(33-500 m) were filtered in triplicate through gla$iber filters (Whatman, GF/F,
0.7um) to determine the total chlconcentration and through polycarbonate filters (Millipore,
10 um) to determine the phytoplankton biomass of the >10 um size fraction. The phytoplankton
biomass of the <10 um size fraction was calculated as the difference between the total and >10
pm ch a concentrations. Filters wenenmediately frozen -0 °C) until analys. In the
laboratory, pigments were extracted in 10 mL of 90% (v/v) acetone atct 12 h in the dark.
After centrifugationat 2000 g at 4 °C forlO minutes the concentrationof chl a with
acidification (HCI 0.1 M)was measured on extractsllowing the fluorometric method of
Lorenzen (1966ysing a Turner Trilogy fluorometer (Turner Dgss, Sunnyvale, California,
USA).

2.4 Phytoplankton identification and enumeration
2.4.1. Micro -phytoplankton
At sites 1, 3, 5, and 250 mlof subsurface water were samplqateserved in Lugol
iodine solution (2% f.c.) and eted at 4°C in the dark untiidentification andenumeratiorof

micro-phytoplankton species according to the Utermdhl metbodd et al. 1958) Briefly, 10
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ml of sample weréeft to settle in counting cells for 24 hours. Identification and quantification
were then carried out undeninverted microscop®ith contrast phase opticklentification

wasdoneto the lowest possible taxonomic level.

2.4.2. Pico- and nano-phytoplankton

Wate samples (1 ml) were collected in triplicate, fixed with 0.25%.)(fof
glutaraldehyde, maintained at@ for 15 minutesn the dark before being deémzen in liquid
nitrogen(Vaulotet al. 1989; Olsoret al. 1993) Back in he laboratorysamples were stored at
-80°C for less than 6 months before analysis by flow cytometry (FBNBlyses were carried
out on aGallios flow cytometer (Beckman Coulter@}j the FCM facilities othe structure
fédérativel CORE 146.After beingquick thawed, picoand nanephytoplankton cells were
distinguishedand enumerated by FCM according to their specific-Hutivescence and light
scatter propertiefMarie et al 1999; Paret al. 2005) The brwardangle light scatter (FSC),
right-angle light scatter (SSC), and both rex/ @i orange )/ QP
fluorescenceof each samplavere recorded. Fluorescent begdmameterl m) (Molecular
Probes, Eugene, Oregon) were added as internal standdrdamplesThe concentrationsf
beads were estimated after each FCM session under epifluorescence microscopy to ensure
reliability of this concentration and all FCM parameters were normalized itcand to
fluorescenceSynechococcusp, autotrophic piceeukaryotic cells andryptophyceaeavere
distinguishedy side-angle light scatter (SSC) versus orange fluorescence (from phycoerythrin)
and red fluoresa'e (from chlorophyll), according to standard protodMsarie et al 1999;
Pan et al 2005) The pico- and nanephytoplanktonwas identifiedand abundance was
measured dhe differentsitesfrom January to September 2015. Due to conservation problems,
samples collected from October to December could noigbeously exploitedThe different
subpopulations werdistinguished basedn their fluorescence and siZeo our knowledge,

these ar¢he first observations gdfico- and nanephytoplankton cellén the Seineestuary.

2.5Exopolysaccharide analysis
2.5.1. Exopolysaccharides (EPS)

Carbohydrateontents were measurémllowing ' X E R L V fidd (Bubuiset al 1956;
Orvainet al 2014) with glucose as the standard. Briefly, 10 to 50 ml of each sample were
filtered onto Whatman GF/F glass frfilters. The filtrateswere considered as colloidal EPS
(S-EPS) andstored at20 °C In addition toS-EPS, bound EP@-EPS)wereextracted from

thefilters. For that purpose, the filters wgpkaced in 15 mcentrifugation tubes with2 ml of
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P ¢:OWHUHG DQG RPLWIBUVY B D] ABINHIM aftvated cationic resin
(Dowex Marathon C, Na SigmaAldrich). The ubes were agitategently for 1 hour at 4 °C
in thedark and then centrifuged 3000 gat 4 °C for 10 minThe supernatants were collected
andstoredat-20 °C for further analysis of-BPS.After the supernatants wetteawedat room
temperaturghigh and low molecular weight EPS was extracted by incub&ing of each
samplein 7 ml HWKDQRO | For 1® Mdurs.Theg @mples were centrifugeat
3000 gat 4 °C for 30 min andthe supernatastcontaininglow molecular weight EPS eve
discarded. The pellet containing high molecular weight EPS was dried at 50 °C overnight. The
dried samples were+gispended iB ml distilled water To estimate carbohydrate conte5,
ML of 5% phenol and 250 pL sulfuric acid were added to 50 pL of the extract, and vortexed.
After 30 min absorption was read with a FlexStation plate reader (Molecular Devices) at 485
nm, using glucose as stiard for the calibration curve. EPS centrations were estimated for
each site and are expressed in pgGéqrhese concentrationserethenconvertednto carbon
using a coefficient of 0.4 corresponding to the carbon mass coefficiemteimolecule of

glucose.

2.5.2. Transparent exopolymeric particles (TEP)

The concentration of TEP was determined using the colorimetric method described by
Claquin et al (2008)and adapted fromPassow and Alldredge (199%riefly, 15 to 50 ml
samples were filtered onto 0.4 um polycaratanlsopore membrane filters (Millipore) and
stored at20 °C until analysisParticles retained on the filters were stained with 5 ml of 0.02 %
Alcian blue (Sigma) in 0.06% acetic acid (pH 2.5). After centrifugation at 3500 g for 30 min,
thesupernatant asremoved anthefilter wasrinsed with 5 ml of MilliQ water and centrifuged
several times until all excess dye was completely removed from the pellet. After one night of
drying in a sterilizer at 50 °C, 6 ml of 80%%{: were added and 2 hours later #iisobance
of the supernatant was measured at 787simg a spectrometer. Alcidolue absdbancewas
calibrated using a solution of Xanthan Gum (XG). TEP concentrations are expressed in
ngXGed/L. The concentrationsvere then convertedinto carbon using a coefficient of 0.7
(Engel and Passow 2001; Clageinal 2008)

2.6.Data analysis

The plotswere performed for each parametardiedby taking the spatial and temporal

dynamicsinto accountusing SigmaPlot software (v.12.5). Correlations between EPS and the
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RWKHU SDUDPHWHUY VWXGLHG ZHUH WHVWHG E\ FDOFXOD)
SigmaPIlot software (v.12.5).

3. Results
3.1.Dynamics of the size fractionated phytoplankton biomass
Thetotal chl a concentrationg the subsurface layeranged from 0.2 t45.9ug.L™. A
decreasindgrend was observeidtom downstream to upstredinmom April to October(Fig. 37).
Close to the WSI, values ranged between 0.4 to 2.8 and aspitethe surprisinty high
values recorded in winter (> 10 ugtLin the oligohaline zonghe same gradiemtas observed

asin thesubsurfacdayer (Fig. 3).

Figure 37.Variations in the parameters in the subsurface layer (1 munder the surface) of the Seine estuary
from January to December, 2015With total, small cell and large cealhl a concentrations (ughl a.Lt); SEPS,
B-EPS (mgG.t}) and TEP concentrations (mgXGed)L Synechococcus, Pieeukaryotes, Cryptophyceae,
diatom and dinoflagellate abundance (celf3.The dinoflagellate:diatom abundance ratio is also given. Values
were previously smoothed using the Loess-parametric regression method.
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Figure 38. Variations in the parameters close to the water/sediment interface (1 m above the sediment) in
the Seine estuary from January to December, 2018Vith total, small cell and large ceathl a concentrations
(ugehl a.LY); SEPS, BEPS (mgG.tY) and TEP concdrations (mgXGeg.t); and Synechococcus, Pico
eukaryotes, and Cryptophyceae abundances (cé&llsMalues were previously smoothed using the Loess non
parametric regression method.

High concentrations afmall cells (<10 um) were recorded from Jun&eptember in
the downstream part, the highest value (9.6 ipheing recorded at site 2 in JuGlose to the
WSI, hgh concentrationsvere recorded from May to September with the highest value (5.05
ug.L 1) recorded at site 4 in June. In winter, thighest value (6.9 pg:t) was recorded in the
oligohaline zone (site 8) in December.

High concentrations of large cells (> 10 pm) were recorded from April to October, the
highest value (7.63 pg:1) being recorded at the limit of the bay at site 1 iry.J8lose to the
WSI, high concentrations were observed from March to Septemitiethe highest value (6.34
ug.L 1) recorded at site 8 in July. In winter, the highest value (16.5gvias recorded in the
oligohaline zone (site 8) in October.

Micro -phytoplankton assemblages
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Over the course dhe year39 distincttaxonomic unsg of diatomswere observedl3
distincttaxonomic unis ofdinoflagellatesand six othetaxonomic uni$ of algaerepresenting
a species richness of E&onomic ungidentified in the Seine estuafyost were identified at

the downstream sites (1 & 3) in spring and summer (Tale 1

Table 15. Presence and absencef the diatoms, dinoflagellates and other algal group taxa observed by optic
microscopy from January to December 2015 in the-suface layer at sites 1, 3, 5 and 7. XXX represent
unidentified taxonomic units.
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The high turbidity and the high SPM concentrations in the sanppé&ntedmore precise
exploitation of this method. The mean species richness per site was 5.56 for diatoms, 1.58 for
dinoflagellates, 0.44 for eukaryotes and 7.58 for all taxonomic units taken together. The most
frequent diatoms in the 48 samples wilitzschiasp, observedin 32 samplesSkeletonema
sp, observed in 25 sampleBaralia sulcatg observed in 23 samples; aRthizosoleniasp,
observed in 22 sampleBhe most frequent dinoflagellates w&eripsiellasp, observed in 14
samples andProrocentrumsp, obsered in 11 sample¢Tabe 15). Despite being the most
frequently observedver the course dhe yeaythe four diatoms specieged earliewerealso
predominanin somesamplegnot enumeratedyith in winter a majority ofParalia sulcata
andAsterionelopsis glacialisn spring and summeag, majority ofSkeletonemap, Nitzschia
sp, and Chaetocerossp, and in October a majority of Rhizsolenia imbricata Some
indeterminate centric diatoms were also frequently observed (in 20 samples)p&prto
December in the oligohaline part of the estu@hegradient inspeciesichness wagpositively
correlaedwith the salinity gradient (p < 0.00djith an averagef 11 differenttaxonomic units
per month observedt site 1, nine at site 3, six at site 5, andfour at site 7 (Table B). Thus,
diatoms dominated the community with a mea8%#o of diatoncellsper sample

Persample, between 400 and 14®0 cells.L* were estimated for diatoms, up to480
cells.L! for dinoflagellates, and up to ®0 cells.L* for the other eukaryote taxonomic units.
Both the lowest and the highest values for diatoms were observed in May, at sites 1 and 7,
respectively. The absence of dinoflagellates was often observed in the oligohaline part (sites 5
and 7) while Igh dinoflagellate abundance wadbservedin spring and summein the
polyhaline part with the highest value at site 5September Dinoflagellates were more
abundant than diatoms in spring and sum¢fray. 37).

3.2.Pico- and nano-phytoplankton communities

Two different populations of Cyanobacteria belonging to the géypnschococcusere
observed. These two populations, Syn_1 and Sytolld bedistinguishedrom one another
by their orangefluorescencewhich is linked to their phycoerythrin conteptipulation Syn_1
had higher phycoerythrin contenthan population Syn_2 (Fig39-A). While Syn_1 was
observed over the entire study period, Syn_2 was only observed in April and from July to
September (data not shown). These 8yaechococcuigke populatiors were only observed in
the downstream part of the estuary (Biy.& Fig. 38) with the highest abundance
(1.5x10% cells.t in the subsurfacdayerand 2.5 x16cells.L! close to theVSI) observedn

Januaryat site 1.  While two subpopulations ofpico-eukaryoteswvere distinguished, the
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difference in SSC and FL4 was not significant and consequently only one population-of pico
eukaryotes corresponding to the sum offRuk 1 and Picduk_2 abundances is discussed
hereafteFig. 39-B). Picoeukaryotecells were present throughout the year, except in July, and
all along the salinity gradient. The highest padkaryoteabundance (3.4 x@ells.L! at both
depths) was observed downstream (at sites 1 & 2) in April close to the WSI and in May in the
subsurface layer (Fig. 37 & 38). Piemukaryote abundances decreased from downstream to

upstream over the course of the year.

Figure 39. Cytometric signatures of the different populations observed in 2015 along the Seine estuary. A

P V-filOréscent latex marble was added to each sample as a size and fluorescence reference. The graphs
show the FL3 median (phycoerythrin), FL4 mediamlgoophyll) and SSC median (size). With the two
Synechococcus populations (A), the two pa&dkaryote populations that were not significantly differentigBd
and the six Cryptophyceae populations (C).

Regarding nanghytoplankton, i different populéions of Cryptophyceaewere
identified These six different populations were distinguished based on their specific
fluorescence in the FLA and FL4 channésg. 39-C). The subpopulation crypto_3 was

present in the Seine estudinyoughout the yeaxcept in May. The five other sygmpulations
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of Cryptophyceaevere recorded sporadically along the salinity gradient in spring and summer.
Abundances decreased from downstream to upstream over the course of the year. The highest
values(3.0 x1d cells.L:* in the subsurface layer and 2.6 xA6ells.L! close to the WSlwere

measured downstream at site 2 in June and July3Fi§.38).

3.3.EPS concentratiors

As a function of the different EPS, theEPS inthe subsurfacelayer, ranged between
0 and39.54 mgGeq. which represest~73% of the total EPS pool witihe highest value
recorded at site 5 in Junehile B-EPS values ranged between 0.24 and 14.18 mgGeq.L
represenhg ~27% of the total EPS pool withehighest value recorded at site 3 umé. High
values were recorded from March to July wiitie highest valuesecorded in the polyhaline
zone (site 2 to 7) while low values were recordat all the sites durinthe est of the year
(Fig. 37). SEPS and BEPS were significantly correlated twithe phytoplankton dynamics
(Tade 16. Close to the WSIS-EPSvalues ranged between 0 and 74.32 mgGéahd
represerdgd ~ 67.75% of the total EPS pool withe highest value recorded at site 2 in May
while B-EPS valuesangedbetween 0.23 and 17.hgGeq.t andrepreserdéd~32.25% of the
total EPS pool withthe highest value recorded at site 4 in Jubistributionwas similar with
high values recorded from March to July in the downstream zone while low values were
recordedat all the sitesluring he rest of the yealF(g. 38). The carbon pool available from
EPS in the Seine estuary was between 0.1 and 5.7 mgtCthesubsurfacdayerand between
0.1 and 33.2 mgC:t.close to the WSI.

3.4. TEP concentrations

TEP concentrations ([TEP]) showed higpatial and temporal variability at both depth
(Fig. 37). In the subsurfacelayer, values ranged between 2.21 and 16.48 mgXGegith a
mean of 6.32 mgXGeq:t The highest valuesarerecorded in February at sit@adthe lowest
value was recorded May at site 1. High values were recorded from January to April and from
Octoberto Decemberwhile low values wereecorded from April to OctobdFig. 37). Close
to the WSI, values ranged between 3.11 and 98.20 mgXGegith a mean of 15.93
mgXGeq.L* (Fig. 38). The highest value was recorded in December at site 8 and the lowest in
May at site 2Distributionwasmore variable with some patchesghivalues (> 20 mgXGeq.L
1y were recorded in the low salinity zorat §ites 6 & 8) from September to Decdxer and at
site 8 in July and Augusaindlow values in summeAt both depths[TEP] werepositively

correlated with turbidity and SPM values and negatively correlated with biological parameters

176



Partie 4 : Dynamique de exopolysaccharides en estuaire

(Table16). Theavailable carbon podtom TEPIn the Seine estuamangedbetween 1.55 and
11.5 mgC.L! in the subsurface layer and between 2.2 &8d7 mgC.L* close to the WSI

Table 16. Spearman correlation coefficientobtained between the exopolysaccharides (THERSand BEPS)
and the biological, physical and chemical parameters (n=96 in theusfslte layer, and n=48 close to the WSI),
the pico/nano abundances (Synechococcus;®ikaryotes and Cryptophyceae; n=72 in theswface layer and
n=48 close to the W¥knd the diatom and dinoflagellate abundances (n=48 in theustdre layer only). The

coefficients were considered significant when th¥ D O XH ZDV LI QRW LW ZDV QRWHG 31
Sub-surface layer Water sediment interface
Parameters TEP S-EPS B-EPS TEP SEPS B-EPS
Temperature -0.69 0.46 0.24 -0.35 0.35 NS
Salinity -0.22 NS NS -0.46 NS NS
Irradiance -0.60 0.52 0.62 - - -
Turbidity 0.81 -0.46 -0.35 0.67 NS NS
SPM 0.50 -0.51 -0.56 0.77 -0.58 -0.56
DIN 0.36 -0.20 NS 0.54 NS NS
P NS NS -0.21 0.61 -0.32 -0.35
Si 0.42 -0.38 -0.19 0.54 NS NS
Fv/Fum NS NS NS -0.53 NS NS
Large Chl a -0.36 0.29 0.23 0.33 NS NS
Small Chla -0.50 0.29 0.25 NS NS NS
Total Chl a -0.52 0.34 0.28 NS NS NS
TEP - -0.57 -0.40 - -0.60 -0.54
S-EPS -0.57 - 0.81 -0.60 - 0.93
B-EPS -0.40 0.81 - -0.54 0.93 -
Synechococcus Ab. NS NS NS NS NS NS
Pico-eukaryote Ab. -0.42 NS NS NS NS NS
Cryptophyceae Ab. NS 0.23 NS -0.43 0.33 NS
Diatom Ab. -0.31 0.28 0.28 - - -
Dinoflagellate Ab. -0.36 0.28 NS - - -

4. Discussion
4.1 Phytoplankton taxonomic composition and spatial and temporal dynamics

The stable hydrographical featurésat prevailed in spring andsummer (higher
temperatures, higher light availability, lower flow, and lower turbidity than in wingsglted
in dense phytoplanktonbiomass The high flow and resulting currents and the reduciion
salinity, low light availability with high turbidity in winter drastically reduced population
densityand productionin this way, the annual cycle of phytoplankton in the Seine estuary is
typical of temperate ecosystems.

The high density of phytoplankton in terms of algloincideswith high species richness
and high primary production (PP) and productivity valuesréMeet al. submitted). The Seine
estuary thus seems to have a high PP with high species richness in the phytoplankton
community (p < 0.001; Figt0).
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Figure 40. Primary production as a function of the species richness of the Seine estuaf}l the spatial (sites

1, 3,5 & 7) and temporal (from January to December) data were used in this plot. Species richness was calculated
as a function of the microscopic obsatiens made in this study (tablg)land expressed in leg-1. The primary
production data (gC.thd?') are detailed in Morelleet al (submitted). The dynamic fit was performed on
SigmaPlot 12.5 after 200 iterations of fits and the final equation wasePPSR(p < 0.001; R=0.35).

The richness and the abundance of phytoplankton decreased from downstream to upstream,
possibly due to the decrease in salinity. Indeed, in the Seine estuary, most of the spatial structure
of phytoplankton abundance, coastion, or production can easily be linked with the dynamics

of the environmental variables, particularly salinity. This hypothesis is in accordance with the
large number of phytoplanktasriginate fromhigh salinity wate identified during this study.

The Seine estuary thus appears to be mainly inhabited by marine phytoplahkssspecies
richnessand abundance decreasdth the salinity gradientThis distribution pattern appears

to be closely linked to the ecocline concept proposedttill & Rundle (2002)and already
reported in the Schelde eaty (Muylaertet al. 2009) The low frequency of freshwater species

can be linked to the limits of our sampling strategy, Whicas applied along the salinity
gradient up to the MTZ. It is widely accepted that freshwater species, which are mainly of
riverine origin, cannot survive in the MTZ. Thus, a succession of phytoplankton species
acclimated to low light are observed in tM&Z. These species are able to grow in highly turbid
environments by reducing dark respiration rates, and increasing accessory pigments and
chlorophyll a cell content to increase the efficiency of their light harvesting corfijiepaert

et al 2000a) Moreover, in the Seine estuary, the copefpod/temora affinigPoppe, 880)is

widely distributed in the oligohaline part of the estuary (up to 2 iDnr3) andmainly feeds

on phytoplankton of river origiCailleaudet al. 2007) Thus, if the estuary is represented by

atwo-ecocline model, the marine ecocline was observed, and the freshwater ecdatiaes
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further upstreanbeyondthe MTZ. This supports the viewxpressedy Cloern & Dufford
(2005)that the pelagic exsystem of an estuary is an open system in which immigration and
dispersal sustain community diversity

The dinoflagellate assemblage®re characterized by a few species: a spring peak
(April-May) was dominated bgonyaulaxsp. and a summer peak (July to September) by
Scripsiellasp, andProrocentrumsp. Apart from these two peaks, dinoflagellatesre sparse
in the water columnin the present study, diatoms formed thmain component ofthe
phytoplankton population, which clabedueto their tolerancef the dynamic environmental
conditions and euryhaline natulong the estuarine salinity gradient and over the course of
the year, pytoplanktonin both zonegdownstream and upstream) were mainly dominated by
Skeletonemap, Nitzschiasp, andParalia sulcata These estuarine assemblages have already
been described in the Pearl River estugtyanget al. 2004) Indeed,Skeletonema sand
Nitzschia spare eurfaline and eurythermal specitsat can growrapidly under eutrophic
conditions(Huanget al 2004) Neither was it not surprising to firfel sulcataas a dominant
species because this diatomniglely distribuied and isoften found in temperate brash to
marine planktonic and benthic watelin botHittoral and sublittoral zong#cQuoid and
Nordberg 2003)Thehigh vertical mixing and resuspension in estuaries creates conditions that
favor the occurrence &. sulcata,especially because this species dasmpetitive advantage
in low light conditions(Hobson and McQuoid 1997Fome other species were often observed
in the downstream zone likgytilum sp Rhizoslenia spandChaetoceros spvhich are known
to be typical species of clear coastal or estuarine witkrglaertet al 2000a, 2009)It thus
appears that the tygal estuarine gradients (salinity, turbidity) play a fundamental role in the
phytoplankton species communitgvbring the most competitive speciesder changes in
salinity and light availability.

Because of their high surface to volume ratio, smalsagbw much more efficiently
than large cellen low light conditiongKiorboe 1993)and are thus expected to be frequent in
turbid systems like estuaries. In our study, no clear differences were found between-the size
fractionated measurements, althoughservations of micrphytoplankton revealedthe
predominane of largechainformingdiatoms However, this study also provided observations
of pico-nano phytoplankton in the Seine estuary and revealed high abundances of up®o 50.10
cells.Ltwith a mean of 13.fxells.L* overthe course of the year. Such high abundances could
have a strong impact on the knowledge of the trophic network and on the carbon flow in
estuarine systems. Spatially, abundances of -p&cm phytoplankton decreased from

downstream to upstream probably doi¢he decrease in salinity and in light availability, evhi
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createconditions that areot optimal for the growth ophotosynthetic organism#\ clear
seasonal succession was observed for -pawm phytoplankton with dominance of
Synechococcum winter (January to March), then dominance of peukaryotes in spring
(April to June), and dominance @fryptophyceaen summer (July to September). The low
abundance o$ynechococcusould be explained by the fact that this cyanobacteexetbps
preferentiallyin the upper part of welit euphotic zones, which is not the cas@n ecosystem

as dynamic and turbid as an estu@srtenskyet al 1999) The dominance of pieeukaryotes

in spring is in acordance with the results of previous studies that demonstrated the halotolerant
capacities of these organisif®&chapiraet al 2010) The dominance ofryptophyceaés not
surprising in an estuary given its competitive abilities. Ind€eghtophyeaethrive in all kinds

of marine, brackish, freshwater habitékdaveness 1988and due to an eitheed or blue
phycobiliprotein as a light harvesting complex for photosynth&digptophyceaecan
acclimatize to low intengjtlight (Hammeret al 2002) The presence of pieand nance
phytoplankton in the Seine estuary highlighted the significant contribution of these small cells
to the biomassandhence to estuarir@imary productiorand should thus be further explored.

4.2 TEP dynamicsand distribution in relation with biological, physical and
chemical processes

The seasonal and spatial distribution of TiE accordance with our previous results
at daily scale in the Seine estugMorelle et al. 2017) which showed that the TEP were
inversely correlated with phytoplankton dynamics, and clodilked to resuspension
processs In this study, the TEP concentratiaras higher close to the WSI (meaf 16
mgXGeq.LY) than inthe subsurfacelayer (meanof 6.4 mgXGeq.t%), and in winter (from
October to April: mearof 20 mgXGeq.t! close to the WSI and 8 mgXGectin the sub
surface layer) than in summer (from May to September: meamt.2 mgXGeq.t! at both
deptls). It is assumed that diatoms are tim@in source of TEP precursors and that their
production ability depends on tkempositionof thecommunity(Passow and Alldredge 1994;
Passow 2002)However our results differ from those obtained Apnaneet al (2015) who
showed tharSkeletonemap, Thalassiosirasp, andChaetocerosp.were the main source of
TEP in the St. Lawrence estuary. e thresenstudy, these three genera were observed in the
Seine estuarthroughouthe yearTable B) but their occurrence was not correlated with TEP
concentrations. Our resulshowedthat the speciesiost present at high TEP concentrations
wereParalia sulcata Rhizosolenia imbricatandNitzschiasp. However, these species were

also present during pedswith lower TEP concentrationg/hich allows us to hypothesize that
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the occurrence of species known to be large producers of TEP is not sufficient to explain the
TEP dynamics in an ecosystem as dynamic as an esfumsyhypothesis is reinforced blyet
positive relationship we found between [TEP] and [Si] and the negative relationship with
diatom abundance (Tabl®). In this studypurresults rather confirm that, in the Seine estuary,
healthy phytoplankton produce less than stressed or dying pagkbph as already
demonstrated in both field and laboratory studis#s and Buskey 2000; Ramaia al 2001,

Klein et al 2011; Chowdhuret al 2016) confirmed by thenegative relationship between
[TEP] and k/Fv (Tabe 16). This studyalso confirms the previously demonstrated strong
relationship between TEP, SPM and turbulefB®auvaiset al 2006; Malpezzet al. 2013)

In addition to confirnng that TEP was inversely correlatedith phytoplankton
dynamics (chla biomass, production, productivity, amdmmunity structuteand positively
correlated with SPM and turbiditgt a smaller spatial and seasonal scale,stioidy showed
than the TEP dynamics cannot be related to the- gind nanephytoplankton populations
identified in the Seine estuary. The high TEP concentrations in relation with the sediment
resuspension confirm thlamportant role played in the sedimatbn processes and thegh
proportionof the carbon pool availabia the form of TEP which, in this study, represented
between 1.5 and 69 mgCiL

4.3EPS dynamicsand distribution in relation with biological, physical and
chemical processes

In contrast ® the distribution of TEP, EPS distribution enabled us to make additional
observationgomparedvith our previous results at daily scale in the Seine es{ivoyelle et
al. 2017) Indeed, the daily scale used in the winter and summer season showed values lower
than 10 mgGeq.t but in this study, an increase in EPS concentrations in the Seine estuary
from April to July with values higher than 10 mgGed.(up to 51.5 mgGeq:Lin the sub
surface layer and 83 mgGed.tlose to the WSI, PS and BEPS taken together) was
observd. Our results revealed a significant negative relationship between [TEP]-&RS]JS
or [B-EPS] (Tablel16) suggesting that different factors influence their production. The
production ofcarbohydrates by phytoplankton is known to be highly variabtetodependn
the species, growtstage and environmental conditiqAdldredge 1999; Pennet al 1999)
Phosphorumitation (Alcoverroet al 2000; Staatst al 2000)and, for some specigstrogen
limitation (Granumet al. 2002)cancausean increase photosymhetic extracellular releask
this study, the most frequent species observed during the increase in EREelet@nema sp

present from February to August, aNizschia sppresent throughout the year. Therefore,
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Skeletonema spvhich is known to produce large quantities of EB®aniet al 2005)could

be responsible for the spring increase in EPS. Moreover, previous studies showed that a
redwction in inorganic phosphorus content triggers the production of polysaccharides by
different species, particularlykeletonema sfshniukova and Zolotareva 2019)his result is

in agreement with a decrease in P concentration from April to July in the downstream zone of
the Seine estuary (Morellet al submitted) reinforced by the negative relationship with P
concentration and the positive relationship with di@goobserved for EEPS or BEPS
concentrations (Tablel6). However, the positive relationship betweerERS and
Cryptophycea@bundance observed at both depths also suggests a contribution of pico/nano
phytoplankton to the pools of soluble carbohydratessomea . This hypothesishould be tested

by anin vitro studyon the possible production and excretion of EPSChbyptophyceaeThe
concentrationsf EPS measured in this studlgoconfirmedthelarge proportiorof the carbon

pool availablén the form ofEPSwhichrepresentedp to30 mgC.L* from S-EPS and up to 7
mgC.L! from B-EPS

5. Conclusion
This is thefirst description ofthe structureof the phytoplankton communiglong the salinity
gradient ofthe Seine estuarynd revealed the notable contribution of marine spethes,
confirming the ecocline concepiloreover, the pico/nanphytoplankton analysis suggested a
potential contribution of this compartment to primary production. Our results confirm the
importanceof the TEP and EPS forms in the carbon pool available for the trophic network,
since upto 69 mgC.L* from TEP, up to 3 mgC.L?! from S-EPS, and up to ihgC.L* from B-
EPSwere measuredDifferent dynamics between carbon excreted podEH EPS were
idertified: TEP distribution was mainly related to physical factors (hydrodynamics, MTZ
formation and sediment resuspension) and appears to be produced by stressed or dying
phytoplankton, while EPS appears to be excreted during the phytoplankton spring bloom.
Soluble andbourd EPSappearsto be related to the occurrence $keletonema spnd
CryptophyceaeA significant relationship between primary production and species richness
was observed in this work, but further investigations are required to proposeyemaal

concepts regarding the relationship between community structure and carbon fluxes.
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Improvement of PAM fluorescence data analysis for
microphytobenthos by integrating light attenuation
Induced by sediment grainsize and vertical

distribution of microalgal biomass
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Abstract

The intertidal mudflats are among the most productive ecosystems and the microphytobenthic
(MPB) biofilms play the main role in primary production rates. However, the primary
production of MPB biofilms inhabiting intertidal sediments varies at short spatitemporal
scales. Thereby, accurate measurements require rapid amttnusive methods as the PAM
fluorescence method. However, the effect of light attenuation on irradiance and fluorescence
signal in the photic layer of the sediment should be takeraccount by using measurements

of granulometry and sediment cld concentration, in order to obtain the inherent
photobiological parameters of MPB, whatever their vertical position in the photic layer. We
propose a correction model in order to readjpBotosynthetic parameters after "depth
resolving” and "deptiintegrating” both irradiance and fluorescence from PAM measurements.
This paper is using the previous models developd€iiby & Jargensen (1992); Serddio (2004)

and Forster & Kromkamp (2008y integrathg the chla distribution profiles and the sediment
granulometry (from pure sand to pure mud) in order to provide a new tool (proposed-as an e
document) to apply this model on further field measurements and improve adjustments of the
inherent photosynthetiparameters (fETRx . D @4d5 The sensitivity of the model to the
variable sediment granulometry and the shape of tha pidfile was evaluated in theoretical
study cases using a typical fluorescence data set from PAM measurements. Our results
confirmed that the chd profile play a prime key role on the significance of the light attenuation
with depth but also that it is important to take into account the variability in sediment
granulometry when a light attenuation coefficient is estimated. Indeedave shown that,
depending on the specific attenuation coefficient of the sediment particles considered, the
underestimation of the photosynthetic parameters, even with the saayarafile, is higher in

muddy environment than in sandy environmerthwin our study case, differences reaching

3.42 % for rETRhax IRU . DQG opt Thud,Radiment granulometry analysis
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and chla profile measurements could be systematically quantified in future studies and put in
relationship with théight attenuation coefficient in order to apply more robust "depsiolved"

and "depthintegrated” corrections in a wide range of situations. This study should be helpful
for future studies to estimate the inherent photosynthetic parameters by avoiding th

systematic underestimation, especially in environments containing fine particles.

1. Introduction

The littoral areas dbkes and coastal seas form one of the most productive ecosystems
in the world, and their production far exceeds that of open o¢€aideret al 2001) One of
the main primary producers is the microalgae which colonizes all sorts of substrates within the
euphotic zones of these aquatic systéthsderwood and Kromkamp 1999; Abeialzahn
2004) Microphytobenthic communities that include assemblages of diatoms, green algae, and
cyanobacterigAdmiraalet al 1985)hawe great ecological implications in coastal and estuarine
ecosystems: as ecosystem enginégusherlancet al 1998; Tolhurset al. 2006; Lubarskyet
al. 2010) as trophic support for benthic fauna localyermanet al 2000) but also after
exports to adjacent habitats of intertidal mudflatbertini et al 2012; Kanget al. 2015) The
importance of microphytobenthic primary production (PP) is similar to that of phytoplankton
(Underwood and Kromkamp 199@here most production (~90%) isrsumed or recycled to
maintain local heterotrophic metabolig@loernet al 2014) Moreover, many authors consider
that productivity and biomass of microphytobenthos (MPB) are higher than those of
phytoplankton on intertidal mudfla{®e Jonge and Van Beuselom 1992; Lucas and Holligan
1999; Guariniet al 2000; Kanget al. 2015)

However, the primary production and rstiing stocks of MPB biofilms inhabiting
intertidal sediments vary at several spatial and temporal q&lsexhardet al 2001; Orvain
et al 2012) Changes can vary at time scales from the order of the hour but also with tidal
rhythm and daylight photoperiod, spring/neap cycles and seasonal ¢yel@sr 1964;
Pinckney and Zingmark 199Bjanchardet al 2001) Primary production also exhibits a high
degree of spatial variability from (i) higlesolution patchy distribution related to the intrinsic
autoecology of biofiimgWeermaret al. 2011)and benthic fluxes regulated by the macrofauna
of the biogeochemical components affecting organic mattethenelease of nutrienfEhrush
et al. 2013)to (ii) mesoscale patterns related to the morphodynamics of estuarine landscapes

and tidal bars and fla{fagherazzet al 2014)and (iii)) widescale changes related to sediment
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composition, salinity, nutrient inputs related to river flofBgnyoucefet al 2014)and shear
stresqFagherazzet al 2014)

The light is the prime factor influencing primary producti@dnderwood and
Kromkamp 1999)There are major spatial and temporal gradients iathéability of light in
MPB habitats controlling primary production. Steep gradients of irradiance occur across the
sediment surface bed, depending on the egaa(Kuhl et al 1994)but also the proportion of
silt and sand. Intertidal sites are subject to varying patterns of diel lightning periods mediated
by periods of tidal immersiofUnderwood and Kromkamm999; Jesugt al. 2006) Such
changes are accompanied by a variation in the spectral quality of light in sediiigritand
Jargensen 1992rradiance is further modified by an increased attenuation of light at depth due
to the presence of microalgal biofilms in the surface layers of the sedi(fémtigiet al 1993;
Kahl and Jgrgensen 1994 owever, the majority of epipelic microphytobenthos are mobile
and have a vertical rhythmic migration linked to both the diel and tidal c{/Eéador 1964;
Baillie and Welsh 1980; Edgar and Pickiitaps 1984; Mitbavkar and Anil 20040 intertidal
sediments, this motility is a strategy developed by MPB biofilms to colonize the illuminated
surface, when light is available (by using upward migration). Byrastjtthe downward MPB
migration often occurs during exposure period (tidal diurnal emersion), which is a strategy that
could be used to avoid photoinhibition rapidly due to high light exposure and potential
saturation of photosystenfddmiraal 1984; Jesust al 2005)and to capture remineralized
nutrients concentrated in deeper layers of sedif@mnainet al. 2003) Compared to the range
of light imposed at the surface of intertidal mudflats that is very much higher than the level of
light that could occur in phytoplanktonic photic layerthe water column, the migratory
strategy could be the strongest adaptation compared to the other physiological adaptation of
diatom cells to limit the impairment due to excessive light, corresponding to modifications in
internal chla concentration, pigient composition, active reactional centers number, light
harvesting cross section size or to the activation of the xanthophyll @gdaset al 2005;
Serddioet al. 2012; Cartaxanat al. 2013) In diatoms, this mobility is aesiated with the
excretion of extracellular polymeric substan@scho 2000)primarily glycoproteins, which
can also be used by bacteria, meiofauna and macrofauna as carbon (ddddeiburget al
2000)and reinforce the importance of microphytobenthos as food web support.

Because of this large variability at short spatial and temporal scales, accurate measurements

of primary productivity require rapidly repeated spatially and temporally closed measurements
while avoiding disturbances in the microscopic gradient of the @lzaine under the air

sediment interface(Kuhl and Jgrgensen 1994However, traditional photosynthesis
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measurements using labelddC carbon canot be applied without disturbing natural
assemblage and resuspending them in incubdtorexperimentslonger than one hour
(Blanchardet al 1996; Underwood and Smith 1998he urbidity and shading effectd algae
makethe control of light and its availability for algal cells difficult to accurately estimate in
incubators. Moreover, the typical higlesolution variability of benthic primary producers and
processes undehe influence of natural micsropicgradiens in the photic zone cannot be
surveyedy such techniques. For this rationale, there has been ansedna@searcbn rapid

and nonintrusive methods using oxygen electrod&erodio 2003)and Pulse Amplitude
Modulated (PAM) fluorescend&romkampet al 1998; Serédio 2003; Forster and Kromkamp
2004; Jesust al 2006) which enploys the optical properties of anbphylla pigments (chh)

to enablerapid and remotaletectionof the MPB photosynthetic activityin these fragile
environmentgJesuset al 2006) In fact, this techniqubeassubstantial advantagesjch aghe
rapidity and norintrusive nature of measements, whicliacilitates adaptation tine degree of
temporal and spatial variabiligf the MPBcommunitiegSerddio 2004)PAM techniques are
easily deployed in the field, explaining where is extensive literature using PAM
fluorometers(Walz, Germany)n studiesof MPB communities(Serédioet al 1997, 2007;
Kromkampet al 1998; Underwood and Kromkamp 1999; Barranguet and Kromkamp 2000;
Serédio and Catarino 2000; Perketsal 2001, 2011; Forstest al. 2006; Vieiraet al 2013,
Juneatet al 2015) After a period of darknesmposed to the MPB samp{between 5 and 10
min according to the study), the minimum level of fluorescencés Fecorded. Then, in
response to a satting pulse of actiwmi light (1), (i.e. ambient light or light provided bthe
fluorometer), the fr level isrecordedand the first steadgtate fluorescence (after a relaxation
time) is also recorded after the light saturating flasd). (Rfter a time &g (e.g. lasting 30
seconds),he PAM fluorescence method measueeseries of &I) and Fu'(l) for increasing
light pulses (see Table 1 for definition af&nd k«'). From these values, the Electraraiisport
Rate (ETR) inphotosystem Il (PSIl), which egls the product of apparent effective
photochemical efficiencys calculated(Fv'(l) - Fs(I)) / Fm {I), multiplied by the incident
Photosynthetically Active Radiation (I) and a ETR fac®fR(l) =[(Fv'(l) - Fs(D)/ Fm T , @ 1
| x ETR factor.Since thepercentage of absorbed photons by active Photosystem 1l (PSII) is
debatable and can change between species accordihghtsen & Sakshaug (2007) and
Schreiberet al (2011) the ETR factor is1ot considered aa constant valueburing the first
steps of data treatment of PAM result§;REcan be previouslyexpressed imelative form:
rETR(l) = [(Fv'(1) - Fs(1)) / Fm )] % I. Photosynthetic parameten€TRnax . D @dGare
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therefore estimated by adjusting the light response of ETR to photosynthelicgammodels:
theWebbet al (1974)model, when there is no decrease of ETR at high levels of ETR achieving
to a plateau (rETRmax) and tliglers & Peeterg1988) model, when there is an apparent
decrease of rETR after the plateau rETRmax at the highest irradiances.

Although fluorescence measurementsidoallow direct access to primary productiomny
studies have shown that it is possible to usdltil@escence approadh accurately estimate
the primary production as withther traditionaincubation such asarbon incorporation or
oxygenreleasemeasurementgHartig et al 1998; Barranguet and Kromkamp 2000; Serédio
2003; Morris and Kromkamp 2003; Seroeioal. 2007)

However, PAM measuremesghouldbe caefully interpretedas indicated byieira et

al. (2013)for the imagingPAM. This technique is increasingly used, but imaging fluorometry
poses additional problems with the interpretation of the measurenespeially because of
the micreheterogeneity of the benthic habitat, inducing strong effects on light attenuation
between sand and mud partic{&sihl and Jgrgensen 199dind vertical profiles of the MPB
biomasg(Vieira et al. 2013) but also because ofeéhmicratopography affecting the incident
light to the surfacePAM measurementare actually affected by light attenuationyhich is
mainly dependent on theertical profile ofchl a concentration(selfshading by the MPB
positioned in the upper layersheir migrationbehavior, the graksize (Kihl and Jgrgensen
1994; Forster and Kromkamp 2004; Serddio 20@t also more minor factors like the
diversity of pigment composition of the MPB species assemblage (diatoms, cyanobacteria,
euglenoids) on spectral radiation, the presendeedkdown products of clal (pheopigment
as shown bylesuset al (2006) and the presence of water, with differences between wet and
dry sand(Kuhl and Jgrgensen 1994erkinset al (2011) argued that the application of
chlorophyll fluorescence tMPB biofilms is complex as a result of the signal emanating from
subsurface cells, verticalell migration in the sediment matrikigh regulation capacity,
chlororespiration in the darnd the effects of the physical structure of the sediment/biofilm
matrix (light attenuation by the sediment matrixideed, PAM sergldifferent intensities of
actinicirradiance to the photosynthetic cells and meathedownwellingfluorescence signal
producel by the cells allowing a user to estimate the photosynthetic parameters like the
photosynthetic efficiency or the ETR (for more details\&k&bbet al. 1974; Eilers & Peeters
1988; Gaty et al 1989; Van Kooten & Snel 1990; Kolber & Falkowski 1993ye to thdight
attenuationn the sedimenighelevel of actinic irradiancesceived by the photosynthetic cells
at their vertical position in the sediment photic lageattenuateavith respect tahe irradiance

received at the exposed surfacelhis light attenuationalso affectsthe downwelling
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fluorescenceeceived at the surfacd the sedimenwill be lowerthan thathe true one emitted
by the photosynthetic celkst the vertial position where they are positionddsually, what
researcher measuaee theunderestimatedlépthintegratedmeasurementsom PAM device
and may want to estimate the inherent photophysiological properhés could be done by
using numerical estimations of depthesolved and deptimtegrated light as well as
fluorescenceSerddio(2004)andForster & Kromkamg2004)demonstrate that it is possible
to use 'depthresolved'and 'depthintegrated’ equationso calculate the eft#s of light
attenuation on PAM measurement$ese 2 studiesgreed with the fact that 40% of error in
photosynthetic parametemsstimation was found between tmeeasuring valuesand the
correctedones These modek were applied in study cases by simuiggi various vertical
migratory patterns with the microscopic profileatfl a biomass However,the granulometry
of the sedimentan alsanodify the light availabilityfor diatoms in the subsurfa¢kihl and
Jargensen 1994; Kukt al 1994; Jesust al 2005) butthewide range of natural situations
encompassing all types of samiid mixture (from pre mud to pure sandias never been

taking into account in the model

In order to better evaluaie situmicrophytobenthic inherent photosynthetic parameters
in on the field, we started afresh thaepthresolved"'model developed bgerddio (2004and
Forster & Kromkamp (2004p provide a data processing tool for field measurerpeoposed
as a "correction” for irradiance/fluorescenc)ePAM fluorescencelatawere depthresolved
in various types of microalgal repartition (ewertical profile) and in addition to the sediment
granulometry from pure mud pure sand condition€onclusions about the importance of this
modification in depthresolved model for accurate estimation of microphytobenthos
photosynthetic parameters aregtput forwardThe modehas beemesumed in order to build
a practical numerical tool, whose theorydtaikedin this paper and can be used to readjust
photosynthetic parameters (proposed as a correction madigbrithms of the model were
performed oreExcel (see edocumentiandMatlab (availableon requestjor future corrections

of in situmeasurement®r routine applications
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2. Materials and methods

2.1Step-by-step details of attenuation of irradiance/fluorescence isediment biofilm
(depth-resolution and depthintegration method)
2.1.1. Light attenuation coefficient
The term of light (as well as irradiance) in the subsequent paragraphs refers to the
ambient photosynthetically active radiation (PAR). To estimate thedttgriuation with depth
in the foreshore sediment, a light attenuation coefficient (taljlé&d mm?) was calculated
using the equation provided Bprster & Kromkamp (2004)lhis equation takes into account
the amount of sediment dry weight (PSed) in each depth interval, their specific attenuation value
K" dsedy the proportion of chi content (PChé) and their specific attenuation coefficient

a), as:

*bixg L @ :t-&gHJJb:qchE @ gZgFl.f)b:afj(‘),'b‘ (1)

PChla was calculated at each section from cumulatiea concentration (mg rf)
from the surface to the depth)(af the considered section following the equation:

YkckbWj_2pb:p;

S&Z L P 2)

6&

with z the depth of the sectian um, assuming an arehl a concentration value of 29 mgm
2 for a depth of 10 uniForster and Kromkamp 2004nd then 2.9 mg ¥ifor a depth of 1 pm.
The reference value of 29 mg? (for alayer intervalof 10 pm)represents a maximum
theoretical value when the volume of the 10 um layer if Redlimaximal (=1). It was decided
to use the same value Bsrster & Kromkamg2004) which is a little bit higher than the 25
mg mi? of areal chla concentration estimated I&uariniet al (2000)in their dynamic model
of MPB primary productionpy counting a number of cells per uaitea- using scanning
electronmicroscopy picturesThe cumulative chh (mg n?) was directly calculated from the
chl a content of each interval from vertical profiles (et ug.gDW?). These value®f chla
canbe obtained by taking minicores on the field which will be directly froEanh sectiorcan
besliced using @ryotometo measue the dry mass and ttodl a content.The conversion from
ug gDW?! to mg m? was based on the dry bulk density (g9rand the depth of the section

(mm).The fractions PSedeq. 1) were calculated following the relation: PSed. +Pchb,.
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The reference value fazhl a specific attenuation coefficient of 0.02 m2 mgeh
(Forster and Kromkamp 2004)as used to estimate the dep#isolved attenuation coefficient,
K'dchia) (€0. 1), and a value of 58 mnwasobtained (kichia) = 2.9 mgchlam? pm™? x 0.02
m2 mg chl a! = 58 mmt). The reference value of specific attenuation coefficient of 0.02 m2 mg
chlalwas initiallybased on the table of values pdanktonic diatom cells given iirk (1983)
and confirmed for microphytobenthic diatomsHyster & Kromkamg2004)

Similarly, the reference value for sediment specific attenuation coefficient of 0.011 m?
mgDW allowed to obtain a value of 2 mhfior K’ yseq) (€QUation 2) in absence dfl a (Forster
and Kromlkamp 2004) However, in a context of a santlid mixture, the value of #seq) can
change with the graisize composition of sedimentg&uhl ard Jgrgensen 1994)nd induce
changes inkvaluesIn the same wathat the chlorophyll variation has to be taken into acgount
it seemaecessary to take into account the variatmogsediment compositio(Gee Method. 2.

Model sensitivity to sediment granulometry).

Table 17. Explanations of the photophysiological parameters and notations used in this study.

Parameters unit Explanation

I, lo pumol photons nt st - Irradiance submitat the surface (Photosynthetically Act

Izi Radiation)

l opt - lrradiance at the depth @hotosynthetically Active Radiation)

loptc - Optimal Irradiance for photosynthesis obtained with rETR/I ct
(Eilers and Peeters 198Bgfore and after correction (c) by us
the depthresolved profile of fluorescence.

Fo No units - Minimum fluorescence emitted by a dealaptedsample(l=0)

F - Maximum fluorescence emitted by a dattapted sampl@=0)

Fs No units - Steadystate fluorescence emitted by a liglitapted sampl@)

Fw 1 - Maximum fluorescence emitted by a liggddapted samplg)

Fse No units - Fs emitted.€) by microphytobenthos pigments

Fsr - Fsreceived.g) by the PAM sensor after attenuation gt F

Fue - Fwemitted (g) by microphytobenthos pigments

Fumr - Fmreceived ) by the PAM sensor after attenuation @&F

F(l;2) No units - Fluorescence for an irradiance | andepth z

Fuver No units ~  Total hye from all interval of depth

Fser . Total Fsefrom all interval of depth

FvrT . Total hyr from all interval of depth

Fsrr - Total Fsrfrom all interval of depth

Kqd mn?! - Light attenuation coefficient

K" d(seq) - specificattenuation coefficient of the sediment particles

K" d(chia) - specific attenuation coefficient of the ehpigment

rETR(I) umol electrons nd s - Relative electron transport rate obtained with PAM measuren

rETRmax - Maximal rETR(I) measured with rETR/I curvéBilers and Peete

rETR(maxC 1988) before and after correction (c) by using the deptolve
profile of fluorescence.

zi Mm - Depth of an sediment layer interval (i)

Zmax - Maximum depth where fluorescence is detected

. pmol electrons (umol - Maximum light efficiency measured with rETR/I cury&slers an

. photons) Peeters 1988hefore and after correction (by using the dept
resolved profile of fluorescence

% - Percentage of correction after model application
NPQ(I) Fluorescence Ratio - Non-photochemical quenching
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2.1.2. lIrradiance correction
The irradiance from ambient photosynthetically active radiation (R&Ryell as light
emitted by the PAM fluorometer and discerned by the microphytobenthos can be considered as
attenuated beam from above due to the successive layers of sediment and by the superficial
biofilms according to the attenuation coefficient(Eq. 1). The actual irradiance, which is
detected by deep MPB cells can be expressed at each distance from the surface using the Beer
Lambert equation as:

| H &8 A
xgl 4 H $Pipihx and so G@L %‘Jx\ﬁ (3)

With lo the irradiance submitted at the surface in umol photofAs ki) the light attenuation
coefficient in mmt (eq. 1) and iZmm) the depth of the considered section.

2.1.3. Fluorescence correction

For an irradiance (1) sent by a PAM device (PAR) andivedeby the MPB pigments,
the photosynthetic apparatyserforms fluorescenceemission (the suffix f£ for Emitted
fluorescence will be used to express this stepichis measured bthe PAM device. However,
the measured value (the suffixxFor Receivedfluorescence will be used to express this step)
is attenuated for the same reason as the irradibat&pm a signal coming from the depth this
time.
It can be recalled that PAM sendstaeasduing light " to estimate the minimum fluorescence
(Fo), different intensity pulses @&faturating lighto estimate maximum fluorescencaues (m
or Fu ¥ and actinic lights to estimateestdystatefluorescence (Fs) (Van Kooten and Snel
1990) Usng the measured fluorescence, the PAM method makes it possible to estimate a
relative electron transport rate (rETR; umol electrorfssit) for each level of actinic irradiance

(I: umol photons rif s1) calculated as follows:

N I AL ToiL 4)
J) AM

In the same way as the irradiance, in order to obtain the actual rETR(I) profile on the depth,
these fluorescence values must be corrected as a function of the real irragliéege )
received by the MPB cells, by regarding the attenuatiofluofescence along the sediment

layers.
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The nonlinear relationship between irradiance and fluorescence is required, in order to evaluate
the actual values of steadtate fluorescence emitteds@rfor each irradiance subjected to each
depth (k). Thusthe plynomialtrend lineof theFsversus | curveneasured by the PAM device

at surfacewas plotted and fitted to extract the coefficief@sh ¢ and d)of the polynomial

regression (fig4l).

Figure 41. Plot of the stable & black circles) and maximum gf-empty circles) fluorescence values as a function

of the different irradiance values sent by the PAM device (ordinates). Values were chosen as a function of the
curve profile and obtained from PAMeasurement performed on MPB biofilm from an intertidal mudflat (Baie

des Veys, France). The relations were fitted using a polynomial trend §#=ba&+ cx + d) in order to estimate

the Fseand ke values using the real irradiance received by the @ells

Then, for each | and for each z, the stesidye fluorescence emitted twe microphytobenthos,
Fse(lzi; z), was calculatedwith the polynomial coefficients and the values of the actual

irradiance receivedil

A HGfjOx ;
Wi xg@G L Kf H (§ B, H y§ E .H E tont2Bx (5)

Where t was, for an initial irradiance,lthe sum of the new irradiances calculatejirgceived

and used by thehl a content (mgchh m™) for each interval (di) calculated as follows:
x L Ag ygH ... SZg Ht3 (6)

Next, the steadgtate fluorescence measured by the PANk)(Eorresponds to the
integration of these deafter an attenuation by sediment layers and biofiliigs 42). So, the

Fse(lzi; z) values were used to estimate the & each depth as follows:

wv xgdg L ok fog H #Pe (7)
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Figure 42 lllustration of terms used in equations 3 and 7. The irradiance received at each; flepthyzthe
microphytobenthic cells is an attenuated value from the ireadiance at the surfaceo)lIfollowing a light
attenuation coefficient ¢k which can differs with light, biomass repartition and sediment type. In the same way,
the level of fluorescencesKlzi; z), at the surface is an attenuated values from tHdluveaescence emitted by
undisturbed microphytobenthos biofilmseffzi; z) from depth following the same attenuation coefficient (figure
directly taken and modified frof@erddio (2004)

The ks value, measured by the PAM device represents the integration over depth of the
actual emitted steaelstate fluorescence §B, and these are attenuated when the beam returns

from the depth to the surfacesfFas follows:

« XeWn

wvio Loi, " wy xfog T < (8)

, Wherezmaxis the maximum depth at which the microphytobenthos can detect the downwelling
beam under the surface adlidhe interval of depth where the fluorescence was emitted by chl
a pigments.

In the dark (I = 0), the fluorescence valuegb,z) cannot be evaluated by this method,
relying on irradiance. These initial values were therefore extrapolated from theottieze
polynomialtrend linesof Fsg(z) versus Ji curves(from equations 3 & 5)Thus, the polynomial
equation was used to esate the initial e of the depthconsideredn the dark(I=0) equal to
the coefficiend from the polynomial trendy(= ax®+ bx?+ cx + d) (fig. 43).
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Figure 43. Plot of the steady state fluorescence:(Black circlesemitted as a function of the different irradiance
values sent by the PAM device (ordinates) for a defined depth@2=-mm on top and z .4 mm on down).
The relations were fitted using a polynomial trend (y =4akx2 + cx + d) in order to estimate thedvalues for
I=0 considered as equal to the coefficient d from the polynomial trend.

Due to the effectof the attenuation of light, the valuesdr is greater than the
fluorescence actually measured at the surfactan®yAM (Fs). Thus, for each §g(l ; z), a

FRHIILFLHQW & , ZDV FDOFXODWHHE ; #)Bnd riQ B) WK SURII
corrected (equation 10 & 11) :

X: : LARA 9)
CACA

Wi xgdQ§ L wi xgd0g HX: ; (20)

wv xgd L wi xdog..H $Pp (11)

The same steps (eq. 5 tot 11) were applied to calculate the maximal fluoresgence, F

The actual minimal (#, the steadsgtate (kg and the maximum (&) fluorescences
emitted by the MPB before thetenuation were thus used to calculate the "deggblved"”

corrected rETRC , jaqg at each depth interval and each PAR irradiance level:
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Jia M éX;a?JoAM ax ;a

T AL T H g (11)

For each irradiance level of PAR, the new coied s and kv (Fser and Fuet) were

used to estimate the actual 'depttegrated’ rETRc(I) of the sample:

Jia PZMa?Jo,%ZMa
Jia p-Ma

"oLL H (12)

After consideration of the spectral quality @f khe fluorescence attenuation is higher
than the PAR attenuation, as showrKiyl et al. (1994) Serédio(2004)considered separated
values of attemation coefficients for irradiance and fluorescence. Following the approach by
Forster & Kromkam@2004) it was decided not to use separated values of fluorescence and
PAR attenuation, because the value of fluorescence in depth is estimated as function of
irradiance ly using a polynomial equationidfires42 & 43) that actually accounts for these

spectral differences.

2.1.4. Pvs. E curves
EachrETR(]) initially measured andETRc(l) estimated after correction (i.e. depth
resolved and deptimtegrated)were plottedas a function othe level of irradiance (I) To
estimatethe photosynthetic parameters, the mechanistic modgllefs & Peeters (1988yas

applied to thesexperimental data
M M

" L _M>—M>a, and " .ot L m (13)
Thereby the maximum photosynthetic capacity (r&ER and the low maximum light
XWLOL]I]DWLRQ HIILFL HrRAe valudsthefdie Bridl @ffeixtie Rwréti@n (with the

subscript cps follows:

” 5

K v LT¥_—6 and kK _va Lm (14)

UL —?j and WL — (15)

mnrl— §_?_| and mn7a L §—?_| (16)
_ Y Py
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2.1.5. Non-photochemical quenching
The corresponding heat dissipation of the excess absorbed light energy can be estimated from
the nonphotochemical quenching BQ) of chla fluorescencgSerédio and Lavaud 2011,
Chukhutsinaet al 2014) which were adjusted at each depth and for each irradiance as follows:

. A Jia M@ & ;a?ia iy & a
D xgd0g..L ey aia (17)

And, so on, the NPQ at each irradiance level as:

Jia P:l\@l;a?J|A P:N’Ia
Jia P:M_;a

S (18)

2.2Model sensitivity to sedimentgranulometry

The sensitivity of the model to thégkeq)variability and the shape of tiuhl a profile
was evaluated in theoretical study cagesypical fluorescence datet exhibitingan apparent
decrease at high irradiance lewgls usedtablel18). The polynomial trends of this fluorescence
dataset (& + bx>+cx+d; fig. 41) used in eq. 5 were estimated fe(&=-3.9%10%, b =-2.8%10
6, ¢ =-0.13; d = 301.04; R= 0.997) and & (a= 1.4 10"; b =-0.0003; ¢ = 0.11; d = 209.56;
R2=0.910).

Table 18. Reference data set from PAM measurements exhibiting an apparent decrease at high irradiance level (>
400 pmol photons i s'). Values were choose as a function of the curve profile and obtained from PAM
measurement piarmed on MPB biofilms from an intertidal mudflat (Baie des Veys, Frathds)the irradiance
submitted to the sampl&s the steadystate fluorescence arte the maximal fluorescence measured at each
irradiance

I 0 73 107 154 235 346 491 683 1131
Fs 207 218 220 222 223 220 215 209 202
Fwm 301 289 288 283 271 255 239 223 205

To consider the sensitivity of the model to typical profilestdof content, 3 study cases
were proposed: a linear profile (fig4-1), a profile with a peak afhl a at subsurface (2 mm;
fig. 44-2), and a profile with an established MPB biofilm (fig-3).
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Figure 44. Profiles of the vertical repartition of chlorophyll a used in the theoretical simulation of the fluorescence
correction wih a linear profile (1), a profile with a peak of @#t-2 mm of the surface (2), and a profile with an
established MPB biofilm in surface (3).

To account for the cta specific "selfshading” of the light attenuatiofngknia), we tested
different types of chh depth profiles (fig44). Chl a depth profiles can change on intertidal
flats from a uniform vertical distribution typical of sandier sites, to alideing strongly
accumulated in the uppermost layer of 500 pm in mudsites(Kuhl and Jagrgensen 1992;
Barranguet and Kromkamp 2000; Jestisl 2006) At the beginning of immersion periods
(the first 30 minutes), it has been shown in muddy sediments that MPB ishimore
concentragd in subsurface layers (with a peak-&rhm) and this situation is also encountered
at the end of immersion period, before the flow return (the last 30 minutes). The typical scheme
of MPB migration is clearly responsible for these succeeding stepsatettical distribution
(Serbdioet al 1997; Blancharet al 2001; Orvairetal. 2003) In nature, MPB biofilm can
also tend to migrate downward very rapidly during immersion periods, when rain occurs
(Perkinset al. 2003) The proposed scenarios of ehdistribution are thus representative of
these typical situations with : (i) homogeneous profile representative of sandy sediments (but
also, the case of recently deposited fluid layers of mud); (ii) MPR ehlues concentrating in
the uppermost layer ithe middle of immersion diurnal period in sunny conditiidapuy et
al. 2014) (iii) MPB chla accumulating in subsurface with a peak at 1 mm of depth, a situation
representative of the 30 first minutes and the 30 last minutes of immersion period, but also the
middle of immersion periods, in case of rainfdlblhurstet al. 2003)

To account forthe influence ofthe sediment specific attenuatidgseq)variation in
numerical simuations, we useda minimum value of 1 mm? representative othe low
attenuation in sandy sedimerdad a maximalvalue of4 mm? representative of the high
attenuation in muddy sedimeniBhese values were closed from the values found iy &
Jargenser(1994)for dry sand and diatom$he values of light attenuation coeffintfor non

colonized sediments were measuredliml & Jargensen(1994)with varioussediments from
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wet sand to pure mud. The estimated values were of 3.46, 1.64, 1.60 and 0.8 dlifferent
particle size of > 63, 6325, 125250 and 25600 um, respectively. We have chosen 2 extreme
values of the range of sediment grain size, by simgpa value of 1 mrh typical of muddy
sediments and 4 nik typical of fine sand. Compaction degree can also make change the
attenuation coefficient, in relation to water content rapid variation due to consolidation during
immersion period¢Jesuset al. 2006) Six theoretical scenarios werettgbs by crossing the 2

factors: Kqseg and the shape of the chprofile (table19).

Table 19. Characterization of the six different scenarios used in the sensitivity exercises on the correction model.
With potential minimal (1 mn) and maximal (4 mrd) values for the sediment specific attenuation coefficient
(K aseq) @nd three typical profilesf chl a content (fig.44).

Scenario  Value of K d(sed) Typical chl a profile
1 1 Homogeneous (figd4-1)
2 4 Homogeneous
3 1 Subsurface peak (figi4-2)
4 4 Subsurface peak
5 1 EstablishedVPB biofilm (fig. 44-3)
6 4 EstablishedVIPB biofilm

3. Results

In all study cases, corrected rETR values (rETRc) wersistentlyhigher tharthose
measurednitially, showing an underestimation of this parameter without application of the
correction modelln addition, the corrected NPQ was not affectedHt®y correction, with a
typical saturation effect in response to excessive light by following a sigmoidal pattern (fig.

45).

YRU WKH SKRW R V\Q Winhdl\&ldcEondrhPIst (M@ photonsm? s1) 1),
the highestorrection was estimated wightofile 2 corresponding to a biomass peak under the
sediment layer at 2 mm in subsurface and for baigd(39.04% in sand: scenario 2 and 53.11

LQ PXG VFHQDULR WDEOH 7KH ORZHVW FRUUHFWLR
MPB biofilm, which colonized the top layer of 1000 um with a stekpa gradient (Scenario
3 in the sand with 19.09% and scenario 6 in the mud with 39.13%). Theidigggtated model
VKRZHG D VLIJQLILFDQW FRUUHFWLRQ IRU . ZLWdferioe€) DYHUTL
DIWHU FRUUHFWLRQ 7KH FRUUHFWHG . ZHUH DOZD\V KLJK
underestimation of photosynthetic efficiency without correction. Consideratiorygf) kvas
YHU\ LPSRUWDQW IRU WKH FRUUHFWUeRQ@NMR13.90Z2&KA0MK %/ KR Z H C
higher in the mud than in the sand (table 21).

201



Partie 5: Dynamique de la production primaire microphytobenthique

Figure 45. Comparison of the general effects of depth integration model orréghbnse curves of rETR (circle;

umol electrons nd st) and NPQ(square; fluorescence yield) curves between 6 scenarios. The 6 scenarios were
organized to compare the effect of the type of sediment (scenarios 1, 2, and 3 with sdnch(k!), and scenarios

4, 5, and 6 with mud ¢k= 4 mm?) and the type of vertical profile of chlbiomass with a homogeneous profile
(scenarios 1&4), a vertical profile with calpeaking at subsurface layers (scenarios 2&5) and a constituted MPB
biofilm peaking at the surface (scenario 3&6). The curves boited to show the difference before (empty
symbols) and after (filled symbols) correction by the hfihorescence attenuation model.

Table 20. Values of the photosynthetic parameters extract usingitéies & Peeters (1988t with photosynthetic
HITLFLHQF\ . U H O Bctkbin Yahspant Fat® (B Rrhé@x) and the optimal light for photosynthesis (lopt;
umol photons.ni.s') before and after application of our corrective model. Variation coefficierits%) of each
parameter are given to evaluate the difference before terdcafrection and their average values (= SD).

Before correction After correction
Scenarios . rETRmax lopt . : rET Rmax rETRMax l opt lopt

1 0.27 34.79 63.35 27.08 602.01 69.87

2 0.28 39.04 67.64 35.69 683.00 92.72

3 0.24 19.09 55.95 12.23 454,38 28.21

4 0.20 49.85 354.40 0.30 48.69 62.72 25.82 723.46 104.14

5 0.30 53.11 69.35 39.11 935.10 163.85

6 0.28 39.13 57.02 14.39 558.39 57.56
Mean * 38.98 + 25.72 + 86.06 +

SD 10.86 9.92 42 .51

Table 21. Percentage of difference between the corrected values in send)land the corrected values in mud
(ks=4). The percentages were calculated by subtraction of the variation coefficient in mu&) to the one in
sand (table 4).

Differences between k=1 and ki = 4

Typical chl a profile scenarios

rET Rmax lopt
Homogeneous (fig. 21) 1&4 +13.90 -1.25 +34.27
Subsurface peak (fig. 22) 2&5 +14.06 +3.42 +71.14
Established biofilm (fig. 2-3) 3&6 +20.05 +2.16 +29.35
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For the maximum relativelectron transport rate (rET&; pmol electronsn? s?), the
smallest correction (tab. 2A2.23 %) was observed for the sandy environment with an
established biofilm (scenario 3). The highest correction (39.11 %) for a muddy environment
associated with a profile with a biomass peak at the subsurface, which may occur during upward
or downwardmigration (Scenario 5). Although the 2 factors @lpkrofile and Kqesed) played a
significant role in estimating the relative maximum electron transport rate, the fluorescence
correction for this parameter was more sensitive to the vertical pattemhaofompared to the
K dseq) effect. In our simulation, the variation ofgkegjinduced a correction percentage as a
function of the considered deeg, Which differed from1.25t0 3.42 % (tabl®1).

For the optimum irradiance for photosynthesigy)(l the correction percentage was
highest with mean correction percentage values of 86.06 + 42.51 % greater than the estimated
values of the fluorescence measured. The highest correction (163.85 %) was recorded in muddy
sediment with a profile of biomassiminating in tke subsurface (profile 5; table)2@hile the
lowest (28.21 %) was recorded in sandy sediment for an establidPBdiofilm (profile 3;
table 20. The difference between the corrections for the same profile with differgnt)
varied from 29.35 % for profile 3 to 71.13 % for profile 2 always higlhera muddy

environment (Table 91

For all the scenarios, apparent photoinhibition (at saturating irradiances) was reduced to
some extent, and sometimes totally disappeared4figscenaio 5). In the first part of the
rETR-, FXUYHYV 2sP RI@ sk sifulations (either with or without correction)

were very similar and the differences were highest with increasing irradiance values.

The model detailed in this paper also allowed usestimatethe photosynthetic
parameters on each depth layer. Because the trends were the same for each scenario, this step
was carried out, by way of illustration, on the reference curve with an intetmediae of
K aseqy= 2 mmt and with a typical structured MPB biofilm, which is the most similar situation
to those encountered in tidal fl@orster and Kromkamp 2004; Jesetsal 2006) After
correction by thentegrated deptimodel, eachilepthintervalshowed a different trend (Fig6).
Theinfluence of light can be observed at each distance from the surface down toetbé bas
the photic layeof sedimentg4 mm in our simulations, where tests weegried outup to 2

cm).
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Figure 46. Fine scale vertical pattewf light curves of rETR curves for an established biofilm and a moderate
attenuation coefficient {lgseqy= 2 mm?). Values of rETR (relative units) were plotted against the irradiance (umol
photons.it.s?) at different depths intervals from£0.2 mmto 2.0 +4.0 mm (see legend).

As expected, the layer with the highest photosyritHet HITLFLHQF\ . ) WDE
was located at the surface layer2@um) and this parameter decreased with depth to zero at
4 mm. A dramatic decrease in this paramé&teddQ EH REVHUYHG DIWHU WKH GL\
0.002) from the sediment surface. A significant changeppgnalso appeared between the
different layer positions. This parameter was minimal for the first surficial layer (312.51 pmol
photons.nt.s?) and ncreased with depth. In deep layers (> 0.6 mm), this parameter was higher
than the maximal light tested (1200 umol photonést) and though all fitted curves were well
adjusted (R > 0.98), the parameter cannot be estimated accurately. ThensEWRS dso
affected by the attenuation of light in the first layers and decreased with depth. Photoinhibition

was observed only in the first 2 upper 200 um sections, but to a lesser extent in the second layer.

Table 22. Values of the photosynthetic parameters extract usingithes& Peeters (1988)t with photosynthetic

HIITLFLHQF\ . UHODWLYH PD[LPXPndj @nd fhe/dpr@l \yht iDr@ho®sybtvesisi D WH U (75
umol photons.nf.s?) after application of our corrective model on each interval of depth (mm).

Depth interval (mm) 0.0-0.2 0.2-04 04-06 06-08 08+1.0 1.0+20 2.0-4.0
. 0.117 0.072 0.043 0.027 0.017 0.002 0.000
rETR max 22.11 20.55 23.63 17.93 11.21 1.52 0.02
l opt 312.51 639.87 2142.36 2775.17 2239.77 2278.58 2181.73

In proportion of the light received at each position, the-plootochemical quenching
(NPQ) followed the same tendency as the photosynthetic efficiency with a gradual decrease

from the upper layer to the depth of 4 mm where the NPQ values were minimal.
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4. Discussion

Forster & Kromkamp (2004%¥tressed that variable fluorescence measurements are
reliable for quantifying photosynthesisadiance curves in order to estimateinary
production rates in microphytobenthic biofiims from tidal flats, when caution is taken to
consider the finescale of the depth distribution of microalgae. The advantage of the
fluorescence method is to estimate the rates of photosynthesis fotinfdots in a vertical
structure of natural sediment and by giving the opportunity to multiply measurements to explore
frequent temporal and spatial variability in response to environmental factors, as the response
to biochemical fluxes of nutrient uptaked interaction with other ecosystem engineers like
macrofaunal bioturbatorsPerkins et al (2011) reviewed the issues and difficulties in
interpreting fluorescence yields in biofilm where cells are capable of rapid and sometimes deep
migratory rhythms. Indeed, light is clearly established as than nstimulus that
microphytobenthic cells can manage through behavioral responses (migration) and
physiological strategies implying the NPQ induct{dfitbavkar and Anil 2004; Perkinst al
2011;Lavialeet al. 2016) In this work, we focused on the dependence of light attenuation to
decipher the factors responsible for changes in the light attenuation coeffig)ent (k

Our results confirm thathe chl a profile that can differ in many formsat depth
(homogeneous or establishillPB biofilm, peak of biomass in stdurface and many others)
play a key role in mitigating light attenuation with depth and therefore correction of the ETR/I
curves. Indeed, we shown that, depending on the profile aresid the uncorrected
XQGHUHVWLPDWLRQ ZDV EHWZHHQ DQG obRU . EH)
and between 12.23 and 39.11 % on average for #&J Rvhich is in line withSerddics
assertion(2004)and were also confirmed yorster & Kromkamp (2004)The situation with
maximum chla in subsurface layers, being the most subject to a high bias, while the lowest
correction values were always recorded for the profile with an established MPB biofilm. The
homogeneous profile alwayas intermediary valuds. addition to raffirming the importance
of correcting the initially measuredatg confirmed by very high minimum corrections
percentages, this woneinforcesthe importance of taking into account variationscii a
distribuion with depth.This confirms other workgKuhl and Jagrgensen 1992; Forster and
Kromkamp 2004; Serbédio 2004; Forstdral 2006; Jesugt al 2006) demonstrating that
measuring the vertical profile of chlis one of the rain variables responsible for vertical

stratification of primary production rates. Although the refined vertical profile may be difficult
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to measure in routine surveys, we recommend systematic measurements to couple fluorescence
data with the concentratimf chla LQ WKH SKRWLF OD\HU XVLQU XIQRAHLQ V'
techniqugLavialeet al 2015)or cryolanding techniqug®e Brouwe and Stal 2001; Kelbt
al. 2001) The "créme brulée" technique was developed to measure theahtentration in
the 3200 umdepth layer. Combined with the value eL@m chla concentration, it should be
possible to imagine the shape of a ahtoncentration profile, even if the level of vertical
resolution is minimum in such case.

Apart for the importance of chlorophyll drdbution in correctingthe fluorescence
measurements alreadiemonstratedthis work shows that it is also important to take into
accountthe variability in sediment structure when a light attenuation coefficient is estimate.
Indeed, we have shown thatpegeding on thepecific attenuation coefficient of the sediment
particlesconsidered (kiseayof 1 mmt for the sand and 4 nikfor the mud), the underestimation
without correction can differ for the same profile of abletween1.25 and 3.42 % for rETR,
EHWZHHQ DQG IRU . DQG EHWZ%H HIQs, with tHeQ G
exception of the rETRax in a sandy environment with a homogeneous profile, the correction
were always higher in a muddy environment for each parameter. Those @sfirm a
significant role of the variability of lyseq)in light attenuation with depth and underline the error
that can be made by taking a constant value of this parameter in the calculation of the coefficient
of light attenuation (¥ (equation 1)Indeed, thentertidal ecosystems are often characterized
by heterogeneities armdixed sedimentwith sand and mu@rvainet al 2012; Ubertiniet al
2012)and the variation of lyseg can quickly change with the sanad mixture (Kihl and
Jargensen 1994Although thesedimenstructure and the distribution of chlorophyith depth
can be relate@Jesuset al 2006)the correction cannot be applieangly by evaluating the
concentrationof chl a in the upperlayers and generalizatiosolely according totype of
sedimentannot be made eithérhus, sediment size particle analysis should also be quantified
and put in relationship with thédgea)to apply more robust corrections of light penetration and
avoid systematic underestimatiomdaespecially in environments containing fine particles
where the correction will bgreater. This paper mainly proposes algorithms available for
readers to applthese calculations easily and for large data sets (geewment in Excel; a
Matlab version can be also provided on request).

The present results have several implications for the interpretation of microphytobenthic
photosynthetic response to varialyildf light. Beyond the confirmation that the photosynthetic
parameters (fETRx . DQGDUH XQGHUHVWLPDWHG XS WRnd IRU

165% for bpy), our study underlines the role played by nature of sediment. In accordance with
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previousstudies(Forster and Kromkamp 20Q4light curves derived from deeptegrated
measurements showed a true ecophysiological response with fewer photoinhibition
mechanisms than apparent raw fluorescence Ghtadecrease &TR under high light may

be due to fasteversed dowamegulation (qQE, xanthophyll cycle)Photosystem Il and
xanthophyll cycle pigments are the main physiological mechanisms that are involved in the
photoprotection of epipelic benthic diatoms subjectedexoessive saturating irradiance
(Cartaxanaet al 2013) This study reveals that PAM measurements, when not corrected by
light attenuation at depth, can cause artificial reduction of ETR at saturating light, generally
interpreted as evidence of photoinhibitiondéed, this reduction no longer appears after
correction of the raw fluorescence data. This result reinforces the role played by migratory
behavior by avoiding excessive light saturation and the remarkable adaptation fitness of these
diatoms to sediment nrat environmeniBarnettet al 2015) Physiological photoprotection is

a complementary process that can be deployed by benthic diatoms to better withstand high
doses of light. Migration, however, must the most efficient process and probably the best
strategy to avoid surpassing energy costs such as activation of the xanthophyGasgtebeana

et al (2011)showed the prevalence of migration for benthic diatoms to protect against high
light, for epipelic diatoms inhabiting muddyediments, while physiological protection
strategies are exclusive in sandy sediments. Our study emphasizes the different penetration of
light between mud and sand and it appears in this study that correction (i.eredebied and
depthintegrated fluorecence) could be applied for readjusting photosynthetic parameters in
both environments because distortion can be observed, whatever the granulometry.

This paper strengthens the applicability of the fundamental scientific findings of the past
decades othe importance ofccounting accurately for irradiancghen the role of light in
photobiological processes in sedintsis investigatedThe proposed corrections in this study

as function of chh depth profiling and granulometry are the most relevant faaéfecting

light penetration, but this model can still be refined in perspectives for future studies. For
instancePerkinset al (2011)clearly stated thaAM is intrusive in terms of rapidlgxposing

cells to darkness during some minutes ancXxyosing cells to drastic irradiance exposures
which couldartificially initiate migrations due to photoinhibition or phetmesis For instance,
Serbédicet al (1997)employed a PAM fluorescence survey to demonstrate the chrondbailog
migration of MPB. The measurement of uorescence in darkness) could be surveyed in
parallel to better detect the potential artificial migratory provoked by the exposition to darkness.

Similarly, as biofilms are very static and patchy, a subsanspke in nearby area mighot be
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accurate for chh profiling acress depths for the actual samplasawith the PAM. We
recommend taking samples in the very close vicinity of the experimented area with the PAM.
The estimation of light attenuation exeltey sediment composition could also be improved by
new measurements of light attenuation in a range of-samd mixture and various
mineralogical composition. Similarly, the distance crossed by the photons in air can be affected
by a specific attenuatidmefore reaching the sediment surface. This is very relevant the distance
between the optic fiber and the-agdiment interface to be controlled, but also the angle of
actinic light at the sediment surface could inte@&srkinset al 2011) This specific issue
could contribute to the difficulties in using the imagirgM fluorometer, sinc&D micro
topography can modify the 3D field of distances crossed by photons in the air. New numerical
equations could thus be developed to account for the light attenuation in the air, ¥ micro
topography is measured in parallel.

The role of chia depth pofiling is the major process controlling the light attenuation in
the sediment euphotic layer. However, the presence of breakdown products (i-@xpthiatxl
chl a after grazing by deposieeders, for instance) can also induce the accumulation of
pheopgments that could be also implied ig &hanges. The amount of EPS produced by
diatoms during MPB migration, even if these substances are generally considered as transparent
(Decho 1990)could also induce specific light attenuation. The presefh accessory pigments
(carotenoids, phycobiliproteins), depending on the composition of the multispecific assemblage
of the biofilm, could also be taken into account, by using fegleictreradiometer sensasr
extraction of the pigments, then analyzégth HPLC (Jesuset al 2006) Once againall these
factors could bring new modification in the estimation ©f k
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Microphytobenthic primary production estimation
In heterogeneous mudflats of an anthropized estuary

(Seine estuary, France).

7KLY DUWLFOH LV 3LQ SUH SViain@EnvironQedtaEfMfodresEFeidd WHG WR

Jérdme Morellefrancis Orvai& Pascal Claquin

Abstract

Spatial and temporal dynamics of primary productimiintertidal microphytobenthoss
fundamentategardingidal flat ecology Thegoalof this study was to estimate the contribution
of the microphytobenthoso the autochthonous primary productionamighly anthropzed
estuary (Seine estuajlyand to explore the relationship between the primary production
dynamics and various benthic paretersPAM fluorescence method wasedto quantifythe
primary productivityon several intertidal zoneguring the two main productive periods of
microphytobenthosSeptember and April)WWeak photosynthetic performances were measured
in sandy zones anduring fluid mud depositBy using a biofilm vertical structuration index,
this study highlights the strong influence thie biofilm structuratioron the production rates
dynamics A strongnegative relationshipgasobserved between phaeopigment percentage and
chlabiomassvhich confirmedtheinfluence ofgrazers omiofilm. However, thgphaeopigment
percentagalo not influence primarproduction. At last, this studgllowed to estimate the
contribution of the micrdpytobenthic compartment in the whodeitochthonous primary
productionof the estuary. This contribution do not exceed 18% due teethetion of mudflat

areadnduce bythe intense hydrodynamics and anthropic disturbahtes estuary.
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1. Introduction

The microphytobenthogMPB) is represented by photosynthetic microalgae and
cyanobacteria which form biofilms on intertidal and subtidal zgAdsiraalet al 1985) In
estuaries, @hesivesediments are known to be colonized by epipelic diatthasniraal et al
1994) On the contrary, inegions characterized by higheydrodynamic stress, epipsammic
species live attached to sedimgmiins with lower levels of primary production, because of
fast nutrient limitation in sand matrix, where drainage of interstitial water prevents MPB from
aceessing to stocks of nutrienfglbertini et al. 2015) MPB have great ecological weight as
sediment biestabilizers by secreting high amounts of EPS, a process especially developed in
mud and sandhud mixtureqTolhurstet al 2006; Ubertiniet al. 2015) MPB is considereds
key foodsourcedor local deposifeeders that can sustain the upper levels of the trophic web
such as birds and fishg&ang et al 2015) but also for local suspensideeders after
resuspensionLefebvre et al 2009; Hochardet al 2010; Ubertiniet al 2012) The
understandingf the spatl andtemporal dynamics ofmtertidal MPB in terms of primary
production/consumption, nutrient cycling (including bioturbation) and resgspe is of
fundamentatoncern in tidal flat ecology.
While the distributiorof MPB has often been studied in macroscale environni€uisriniet
al. 1998; Méléderet al 2005; Orvainet al. 2012) primary production has rarely been
investigated at macroscale. The studies investigating MPB primary production clearly shows
that MPB primary production is comparable to that of phytogtamKUnderwood and
Kromkamp 1999Where most (~90%) production is consumed or decomposed to support local
grazing (Cloern et al 2014) Local variations aremportant and annual production varied
ecosystems, between 30 and 250m¢€ year! (Pinckney and Zingmark 1993a; De Jong and
De Jonge 19955enerally speaking, MPB can account for more than 50% of the whole primary
production of coastal areéSahoon 1999)\fter waveinduced resuspensioklPB contributes
significantly to primary production in tidal flat and water coluproductionvia resuspension,
particularly in turbid shallow watesystems such as intertidal fla(e Jonge and Van
Beuselom 1992; De Jong and De Jonge 19B&vious reports indicated thatsespended
MPB in tide or wind-dominated regions cdai account for betweeB0 and 85% of total
planktonic biomass in the water colurfi®e Jong and De Jonge 1995; Uberéhal 2012)

At large scale, several generalizations on MPB dynamics can be made. The MPB

biomass is generally higher in muddy habitats than in sandy habitats and peak in spring and
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summer, even if some studies domnted another bloom in the félee review oMacintyre

et al 1996)and may exceed the phytoplankton biomass on a giverfMesdntyre and Cullen
1996; Underwood and Kromkamp 1999hereby MPB are present in largproportionsin

most of the shallovwater habitats and constitute a large pool of photosynthetically competent
organismavhich contribute significantly to primary production in shallow waf@essbyet al

1993; Macintyre and Cullen 1995; Cloeet al 2014) The dynamics of MPB primary
production seems followed thensa trend with peak in spring and summer and with usually
higher level in muddy than in sandy habitats in terms of primary produ@tiacintyreet al

1996) In relation with environmental variables, primary production seems principally limited
by light availability reaching the MPB cells whose distribution is determined by disturbance,
grazing pressure and vertical migration. However, there are major spatatemporal
gradients in light availability in MPB habitats which drive primary production. Steep gradients
of irradiance occur within the sediment from fine silt and mud to ésli®t al 2006)and
intertidal sites are subject to varying patterns of diel illumination periods mediated bysperio
of tidal immersion(Underwood and Kromkamp 1999t the scale of MPB biofilmsthe
euphotic zone is confined tbe upper few millimetergKihl and Jargensen 1994; Kigtl al

1994; Maclintyreet al 1996) This is the only portion of the sediment in which the MPB are
able to photosynthesize when the surface of the sediment is illuminated. ThusamglPB
typically concentrated in thepper few millimeters of the sedimefiRinckney and Zingmark
1993b) However, n order to optimize photosynthesimost of the MPB cells are able to
performed migration in surface when the sediment is exposed, or in depth when it is flooded
(Palmer and Round 1965; Mitdear and Anil 2004) This motility which requires production

of extracellular polymeric substances (EPS) (primarily polysaccharides) is a strategy developed
to rapidly avoid photoinhibition due to high light exposure and potential saturation and
alteraton of photosystemgHay et al 1993; Cartaxanat al 2013) Given the range of light
imposed at the surface of intertidal mudflats in comparison with the light exposed in the water
column, this strategy is more efficient in comparison with other physi@bgimtoacclimation
processes of the photosynthetic appar@tasust al. 2005; Serddiet al. 2012; Cartaxanat

al. 2013) Consequently, migratiomas to be carefully considered in order to estimate properly
microalgal abundance ammtoductivity (Pinckney and Zingmark 1993an addition,depth
distributionalsodepends on theedimengranulometryhydrodynamic mixingndbioturbation
(Dupuy et al 2014)which induce different vertad organization of the MPB distribution
Moreover, spatial pattern of biofilms repartition on intertidal flats are also observed, resulting

from interaction between diatom growth and sedimentary processes. |ideeananet al
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(2010) showed the scaldependent interaction between sedimentation, diatoms growth and
water redistribution which explain the observed patchinessobinbs in intertidal flats. This
interaction between biological and physiological processes is important and could be strongly
affected by anthropic exploitation of the natural ecosystems especially asipogential
threshold in the relationship betwessdiment mud content and benthic chloropaylas been
showed Below this threshold, the interaction network invohdtferent variables and fewer
feedbacks than aboy&hrushet al 2012)

If the variability of MPB primary productions mainly due to differeres in the
availability of light (Guarini et al 2000) there is also a major role of geomorphology of
sedimat related to the biogeochemical cyc{ekchardet al 2010) The primary production
actually directly depends on the sediment composition, and especiallymsahdnixture
(Ubertiniet al. 2015) The role of biologicatlrivers such as grazing effects seems particularly
relevant, to explain the tegpown processes regulating microphytaiémbiomass and primary
production, but this process seems underestimated in many skni@s et al 2016)

In this context, the main objective of this study was to estimate the contribution of the
benthic compartment to the autochthonous primary production in the Seine estuary, a highly
dynamic and anthropizesstuary and to interpret by comparing them to sediment and benthic
variables. PAM fluorescence method was applied to quantify benthic primary productivity
along several spatial gradients of the estuary (sediment granulometry, foreshore position,
upstreandownstream gradient). The benthic primary production and the influence of human
activities on the estuarine mudflats was then discusdbdh an ecosystem conteat patch

(m?) and estuargcales (krf).

2. Materials and methods

2.1.Study site and sampling

The Seine River consists of the largest riverine discharge into the English Channel. This
discharge results in creating a macrotidal estuary of 120 km under a dualmamimefluence
for a watershed surface of 78.000 km and a mean flow discharge af*4J0 The sampling
survey was conducted on the different intertidal zones of the Seine estuary in September 2014
and in April 2015. 15 sites were sampled in 3 different habitats in terms of substratum (i.e. a
sandy zone: the southern mudflat, a mudds: she environmental channel and a samdl

mixture zone: the Northern mudflat), foreshore position (per 3 sitestfronmppeto the lower
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limit of the foreshorg downstrearupstream distance and human influences (2Bl&g. 47).
Each site was sartga during emersion time (more than 1 hour after the beginning of exposure
period and more than 1 hour before the flow return) and three replicated squares (1 x 1 m) were

chosen randomly on each site.

Table 23. GPS coordinates (WGS84) of the 15 sampling sites. The three different zone were differentiate in terms
of substratum with a sandy zone (the southern mudflat), a muddy site (the environmental channel) amdid sand
mixture zone (the Northern mudflat). fhe Northern mudflat, the sampling sites could be regrouped per 3 from
their position from downstream to upstream of the estuary and from the upper to the lower limit of the foreshore.

Zone label Site label Longitude Latitude
Northern mudflat A 0.2004 49.4516
B 0.2004 49.4506
C 0.2004 49,4482
D 0.2174 49.4491
E 0.2174 49,4483
F 0.2172 49.4462
G 0.267 49,4436
H 0.2668 49.4408
I 0.2668 49.4412
Environmental K 0.2836 49.4416
channel L 0.2836 49.4401
M 0.3003 49.4391
Southern mudflat N 0.1672 49.4162
O 0.2001 49.4267
P 0.2003 49.4235

For each sampled site, three cores (20 cm diameter x 1 cm deep) were taken for
sedimentary parameterise( grain size, water content, volumetric mass, dry bulk density, and
the sediment specific attenuation of light coefficient) and chloroghgtntent.After being
cautiously homogenized, the volume of substratum was determined by using cut syringes.
Thereafer, this mixture was split into flasks and conservee?@tC before further analysis.

The photosynthetic parameters of each site were measured using PAM measurements at three
different positios chosen randomly on each sifeo study the distribution ofhdorophyll at
depth,three minicores (top 2 cm of surface sediment and 1.2 cm in diameterdamepéed in

the very close vicinity of PAM measuremengsd immediately frozen using liquid nitrogen
KDJH RQ WKH ¢HOG 2QFH | UrmRthel i@uidWabbitle Z2ktibiduGhObdc ddH G
WKH ODE ZKHUH WKH\ ZHUH SUHVHUYHG DW i f&
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Figure 47. Location of the Seine estuary (Normandy, English Chanel, France) with the 15 sampling sites in the
three respective zones: (1) the Northern mudflat (three radials: A; B, €, F- G, H, 1), (ii) the Environmental
channel (K, L, & M) (iii) the Southermudflat (N, O, & P).

2.2.Sedimentary parameters

The fresh sediment was weighed to calculate the volumetric mass of sediment(in kg.L
h, 7KH ZDWHU FRQWHQW & ZDV GHWHUPLQHG DV D SHUFU!
sediment. The samples weattdged at 60 ° C during 3 days in an oven and the weight of the
water was calculated by the difference in weight before and after the drying. The organic
content was then obtained as loss by calcination of the dry sample at 450 ° C for 4 h. The dry
bulk dersity (Cseq kg.m® ZDV HVWLPDWHG IURP & DFFRUGLQJ WR WKH

0 . bH544%
/QEGXL_—H b>5444 (1)

, where (Js the assumed grain density (2650 k§)m

To determine the particle grain size, sediments were digested lyd%gen peroxide
for 48h to remove organic matter. The grain size distribution was measured with an LS Coulter
particle size analyzer on subsamples. The mud sediment fraceormud content) was
estimated as the percentage of silt particles < 63 unthendhedian grain size diameter was

estimated from cumulative percentage histogram.
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In order to estimate the depifitegrated attenuation coefficient” {keq)in mm?) of
samples, absorbance was read on multiwell plates (96) for the same wavelengtfiberth
330 IOXRURPHWHU QP XVLQJ D )OH[6WDWM&eQUEr IOXRUH
Devices, Sunnyvale, CA, USAFor each of the 15 stations samples in September 2014, 9 wells
with 200 pl of milliQ water were filled with the dry sediment of katiplicate to obtain
different sediment thicknesses (respectively 25, 50, 75, 100, 125, 150, 200 and 400 pm). The
weight (mg) was determined with the volume of the welfjassuming a density of 1.33 g.cm
3, The thicknesses was refine later using tleéght and the measured dry density (gXof
the each samples. Therefor&lkqwas represented by the coefficiarfrom the curve of the

absorbed light as a function of the thickness of the sample following equation 2:
uL oe @)

2.3.Biological parameters
2.3.1. Chlorophyll a content

In order to calculate the chlorophylcontent (chla) of the samples]l.5 ml offresh
sedimenfrom the cores (201 cm) werehomogenized and immedéy frozen €20 ° Q. These
samples were lyophilized and a fraction of about 1 g of sediment was weighed for each replicate.
Photopigments were extracted into 10 ml of 90% acefton&8 h in the dé&rat 4 T by being
continuously mixed by automatic rotatioAfter centrifugation (4 °C 2000 g, 5 min)the
fluorescence of the supernatant was measured using a Tur@@0ruorimeter bedre and
after acidification (10 | of HCI, 0.3 M per inl of acetone). Thecld YDOXHV L% J J':
and phaeopigmentsere then caldated using théorenzenmetthod(1966)and converted to
mg.m? usingthe dy density of the sediment by considermngample depth df cm totake into
account the chlorophyll dilution effects associated with compaction during exposure at low tide
(Perkinset al 2003) The phaeopigments content were expressed as a percentage of total

Photopigments.

2.3.2. Biomass vertical profiles

In order to access the viedl distribution of biomass, the minicores (directly transferred
from N2 nitrogen to a80°C freezer) were sliced using a freezing microto/28°C) during the
two subsequent weeks after sampling. Each sliced section (200 um) of the sediment was placed
in preweighed Eppendorf tube and freehged. The depth intervals were200, 200400, 400
600, 606800, 8061000, 18062000, 280683000, 38084000, 58086000, 78068000 and 9800
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10000 um. The dry mass was measured befora anbklysis.Chl a analyses were performed
accordingWelschmeyer (1994)

A biofilm structuration index (BSI) was calletied bydividing themean valuef chl a
in the first toplayers (0 £1 mm) by the mean value in the underlying layets{10 mm).
Globally, it appears that a BSI > 1.5 was characteristic of an established biofilm (significant
higher chla concentrationin the top layers) and BSI < 1.5 characteristic of a homogeneous

profile.

2.3.3. Photosynthetic parameters
Fluorescence measurement
7KH AXRUHVFHQFH RI EHQWKLF PLFURDOJDH ZDV PHD
Aiorometer including a PAMontrol unit and a WATEREDF-universal emitter detector unit
(Walz, Effeltrich, Germany). The distance between the fiber optic probe tip and the sidirface
the sediment was kept constant at 2 mm for all measurements. Moreover, a 4 cm diameter ring
was used to isolate the sample from natural light and to control dark adaptation and the
irradiance level imposed during the light curve measurement. Thiswsatumaintained using
D EXUHWWH KROGHU ¢[HG RQ D EDVH EXULHG LQ VHGLPHQW
The PAM fluorescence method estimate an initial fluorescence yreléh\) which
corresponds to the maximal quantum yield efficiency of the ®&H Kooten and Snel 1990)
After a dark adaptation of 5 min the sample was excited by a low frequency measuring light (1
umol photons 1t s, 460 nm, frequency 0.6 kHz) to access the initial level of fluorescence
yield, Fo. The maximum fluorescencenrwas obtained during a saturating light pulse (0.6 s,
> 10 000 umol photons ¥s?, 460nm), allowing the quinone A £ quinone B (@) and part
of plastoquinone (PQ) pools to be reduced. Subsequently, each samples were texposed
actinic light (I: 0 to 929 umol photons:fist in September 2014 and 0 to 2309 pmol photons.m
2.stin April 2015) for 30 seconds at each step. For each light exposure levels, a steady state
fluorescence (§ and a new maximum fluorescenceu(fFwere measured and a variable
fluorescence yield {F/Fo 9 calculated. Then, relative electron transport rate (relative unit) were
calculated by using the following equation: rETR = Yield x I. Non photochemical quenching

of fluorescence was also estimatedhvhe equation NPQ =(~Fu 1 wm)T
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Fluorescence correction

According toForster & Kromkamg2004 andSerddio(2003) the fluorescence values
were corrected using a degtitegraed model by taking into account both the attenuation of
light from the biomass distribution and the particles grain size in the estimation of the

attenuation coefficient of light following the equation :
sbxgL k ThgH Ut qcpoEk SZ HYt 10 ©)

, where Kqiseqywascalculatedor each samplas describe before, atfie proportion of diatoms
pigment conten(PChl) calculated using the biomass distribution from the minigorée
amount of sediment dry weight (PSedjculated following the relatto PSed= 1 +PChl and
assuming a deptimtegratedchl a specific attenuation coefficient (k*d(chl)) of 58 mim

(detailed inMorelle et al, under review.

2.3.4. Primary production estimation

After correction of the rETR valuesach rETRc series were plotted against light (I). To
estimate photosynthetic parameters, the mechanistic modgleo$ & Peeters (1988)as
applied to these plsin presence of an apparent photoinhibition at high lights or usiniy ¢
et al (1974)model The parameters adjustment were performed using a sirppdeedure by
minimizing a leassquares criterior{Nelder and Mead 1965p obtain the photosynthetic
efficiency . pmol electrons.m.s.(umol photons.m.s1)™?) and the relative maximum
electron transport rate (rETR; pmol electon rif s1).
In order to estimate the potentlPB primary productionthe maximum electron transport
rate (ETRwax, mmol electronsngchla™® h'l) was calculated as follow:

c vl v HPHY pwuk 4)

According toKromkampet al. (1998), a is a chlorophyHspecific absorption crossection,
which for diatoms is 0.008 hfmgchla)?, fAQesi is the fraction of the photons absorbed by
the PSII. We assume that 75.7% of thetpns absorbed have been attributed to photoreactions
in the PSll(Johnsen and Sakshaug 2007; Népoet al. 2013a)
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In order to estimate the maximum carbon incorporatiamfPthe factor 0.114 molC.mol
electront (Barranguet and Kromkamp @0; Morris and Kromkamp 2003; Claquéhal 2008)

was used to convert the ERRin Pmax (expressed in mg@gchla?® hh).

The parameter Ewvas calculated askE rETRmax/ . DQG XVHG WRThe ValdsRD W H
Pmax D Q Gwere then used to estineathe primary production for each hour of daylight (1)
during the two sampling periods, using the Webb m@delbbet al. 1974)integrated with the

different layers of the photic zone as follow:

B

Ly P
& UHFsF {7 "wnGt ce (5)

L Ix__@l k_v
For each interval dz (200um) from the first millimeter (1% of light).#s expressed in mgC
m2 h! using the chh content (mg.rf) which is calculate using the chlconcentration (ug
gDW1) for each interval from thainicores the dry bulk density (kgr3), and the thickness of
the interval (um). Moreover;lrepresents the irradiance (umol photomés?), calculated for

each interval dz using the Belemmbert law as follow:

«L ~ H 2x_Hi 7 (6)
, Where Eois the incident light at the surface obtained from the nearest national weather station

and ki is the coefficient of light attenuation in the photic zone calculate in eq. 3.

2.4, Statistical analyses

All the fluorescence correction and the rEXRurves were performed using MATLAB
program and were fitted using tiiglers & Peeters (1988)r Webb et al (1974) models.
Multiple regressions were performed in order to estimétech parameters influenced the
dynamics of the biological parameters on R Software. The correlations between parameters
were tested using Pearson correlation tests on SigmaPlot Software. Some ANOVA and
KruskalWallis tests were performed in order to estte the significant spatial differences

between sites.
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