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Résumeé

Echanges de CQ@ atmosphérique dans la lagune d’Arcachon et relatiss avec le
métabolisme intertidal

Résumé

Les zones cotiéres ne sont prises en compteleahsidgets globaux de G@mosphérique
que depuis peu. Il s'avere que bien qu’elles neéssmtent globalement que de faibles
superficies, les flux de carbone et de nutrimerdent trés significatifs a I’échelle globale. On
sait peu de chose sur le comportement des écosssiagunaires vis-a-vis du G@t, encore
moins des zones intertidales ou les échanges atswEphéere ont lieu alternativement avec
I'eau et le sédiment.

Les objectifs de cette étude ont été d’'une plagtablir le bilan de carbone échangé entre la
lagune d’Arcachon, I'atmosphére et le milieu teineset d’autre part de mettre en relation ces
flux avec la production nette de I'écosysteme (NEBR) de mieux caractériser le statut
métabolique de celle-ci ainsi que les facteursrenviementaux clés. Pour cela, nous avons
mis en place pour la premiére fois et a différesgisons et stations, des mesures directes de
flux de CQ par Eddy Covariance, une meéthode fonctionnanietirau pendant I'immersion
et 'émersion. En paralléle, les apports de carlierrestre sous ses différentes formes ont été
quantifiés par un suivi annuel sur 9 rivieres ahita@t la lagune.

L’export total de carbone par le bassin versatmters les eaux de surface des rivieres est
estimé & 116 t C kihan® dont 39% est exporté a la lagune sous forme cyganiissoute
(DOC) du fait de la prédominance de podzols darnmsatesin versant. La forte minéralisation
de la matiere organique terrestre dans les sotm@t souterraines sursature largement les
eaux en CQ@et I'export sous forme de carbone inorganiqueadites (DIC) représente environ
21%. La formulation d’un modele mathématique, I8treamCQ@-DEGAS », basé sur les
mesures de pCQO de concentrations et de compositions isotopiceredDIC a permis de
montrer que 43% de I'export total de carbone é@eagazé sous forme de g@epuis les
rivieres vers I'atmosphére, réduisant alors le fiex entrant dans la lagune & 66 t C3ami.

Concernant la mesure de flux verticaux, I'analysspectrale ainsi que les résultats obtenus
en adéquation avec les contréles physiques etdiples aux différentes échelles tidale,
diurne et saisonniere, ont permis de valider lahow# de I'Eddy Covariance en zone
intertidale. Sur 'ensemble de la période de mesues flux de C@étaient faibles, variant
entre -13 et 19 pmol Ts™. Des puits de COatmosphérique & marée basse le jour ont été
systématiquement observés. Au contraire, pendaminirsion et a marée basse la nuit, des
flux positifs ou négatifs ou proche de zéro ont @bdervés suivant la saison et la station
étudiées. L'analyse concomitante des flux de; €0des images satellites du platier a marée
basse le jour a clairement permis de discrimingngortance relative des deux cycles
métaboliques distincts des principaux producteuragrres avec (1) les herbiers destera
noltii & cycle annuel long, dominant la NEP en été edldomne a la station la plus centrale
et (2) les communautés microphytobenthiques, damhilzaproduction primaire brute (PPB)
au printemps a la méme station et en automne audorbassin. Un recyclage rapide de cette
production durant 'immersion et 'émersion a audairement été mis évidence. Au vue des
différents résultats, la technique d’Eddy Covareandilisée en zone intertidale laisse
envisager d’intéressantes perspectives en termesmh@issances sur les budgets de carbone
et les processus écologiques et biogéochimiquesldazone cétiere.

Mots Clés: carbone,CO,, pC(O, export, bassin versant, flux, dégazage, échamgjeda
I'écosystéeme, production nette de I'écosystemeduymtion primaire brute, respiration de
I'écosystéme, métabolisme, puits, source, zon@mtzone intertidale, lagunégstera noltij
microphytobenthos, Eddy Covariance, image satellite



Résumeé

Atmospheric CO, exchange in the Arcachon lagoon and relationshipsith the intertidal
metabolism

Abstract

The coastal zone is only taken into account siacently in global carbon budgeting efforts.
Although covering globally modest surface areasbaa and nutrient fluxes in the coastal
zone appear significant at the global scale. Howdite is known about the C{behaviour
in lagoons and even less in intertidal zones whe@hanges with the atmosphere occur
alternatively with the water and the sediment.

The purposes of this work are, on one hand, tabésh the carbon budget between the
Arcachon lagoon, the atmosphere and the terrestatdrshed and on the other hand, to link
these fluxes with the net ecosystem production (N&# better characterize its metabolic
status along with the relevant environmental factoFor the first time, CO flux
measurements by Eddy Correlation have been cawtiedt different seasons and stations in
the tidal flat. In parallel, the total terrestriaarbon export from river waters has been
quantified throughout a complete hydrological cyrienine watercourses flowing into the
lagoon.

The total carbon export from the watershed thincgwgface river waters is estimated at 116 t
C km? yr* on which 39% is exported to the lagoon as dissbbrganic carbon (DOC) owing
to the predominance of podzols in the watershenge organic matter mineralization in
soils and groundwaters largely over-saturate nvaters in CQ on which export accounts for
21% as dissolved inorganic carbon (DIC). The matteral “StreamC@DEGAS” model
formulation based on water pGO DIC concentrations and isotopic composition
measurements permits to show that 43% of the ¢atdlon export was degassed as @Om
the riverine surface waters to the atmosphere, fiogehen this latter to 66 t C Kfryr™.

With respect to the CCflux measurements in the lagoon, cospectral arsabysd the well
accordance of results with physical and biologmaitrols at the tidal, diurnal and seasonal
time scales permit to validate the Eddy Correlatiechnique over tidal coastal zone. £O
fluxes with the atmosphere, during each period evgemerally weak and ranged between -13
and 19 pmol i s*. Low tide and daytime conditions were always chigndzed by an uptake
of atmospheric C® In contrast, during the immersion and during logle at night, CQ
fluxes where either positive or negative, or clesezero, depending on the season and the
site. The concomitant analysis of €@uxes with satellite images of the lagoon at lbee
during the day clearly discriminate the relativeportance of the two distinct metabolic
carbon cycling involving the main primary producere. (1) theZostera noltiiseagrass
meadow predominance on the NEP in autumn and sumnnige more central station, with an
annual cycling and (2) the microphytobenthos comigypredominance on the gross primary
production (GPP) in spring at the same station iandutumn in the inner part of the bay
where a rapid carbon cycling during the immersiod the emersion was clearly highlighted.
The different results obtained with the Eddy Catieh technique over tidal flats opens
interesting perspectives on the knowledge of thbarabudget and the biogeochemical and
ecological processes within the coastal zone.

Key words: carbon,CO,, pCG, export, watershed, degassing, net ecosystem mgehaet
ecosystem production, gross primary productionsgstem respiration, metabolism, sink,
source, coastal zone, intertidal zone, lagodonstera noltij microphytobenthos, Eddy
Correlation, satellite image.

Adresse:UMR 5805 CNRS/ Université Bordeaux 1, Avenue dasuftés, 33405 Talence Cedex, France.
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|. INTRODUCTION GENERALE
[.1. LE CYCLE GLOBAL DU CARBONE

“Yes, the increases in atmospheric carbon diok@®,) and other greenhouse gases during the

industrial era are caused by human activities” (Dan et al., 2007 (IPCC 2007)).
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Figure 1.1.Evolutions de la concentration en £dans I'atmosphére au cours des derniers siecles
(Prentice et al., 2001 (IPCC 2001)). L'enregistramedans le passé est donné par I'étude de
différentes carottes Antarctiques (Siegenthalealgt1988; Neftel et al., 1994; Barnola et al.,
1995; Etheridge et al., 1996) ; depuis les ann®&§,lles concentrations en £8ont mesurées
par I'Observatoire de Mauna Loa a Hawaii (Keeling &/horf, 2000).

En effet, au cours des derniers siécles, I'Homangrofondément modifié I'équilibre naturel
biogéochimique de la planéte en émettant de laggastités de gaz a effet de serre (GES) vers
'atmosphére. Comme le montre la Figure 1.1, laceatration en C@®dans I'atmosphére est
passée de 280 ppmv en 1800 a une valeur de 367 @pri®99 pour atteindre aujourd’hui plus de
379 ppmv (valeur mesurée par I'Observatoire de Mauma, Hawaii en 2007). L'accélération
récente de ce phénomeéne est sans précédent ; desemations en COdans l'atmosphére
n'avaient encore jamais dépassé 30 ppmv en 1008larssqu’aujourd’hui, le Cos’est éleve de
30 ppmv en seulement 17 ans. L'augmentation desecdrations en GES dans I'atmosphere
s’accompagne de ce que l'on appelle le « changemlebal » caractérisé entre autre par le
réchauffement de I'atmosphére (sensible depuis gilluse quarantaine d’année) mais aussi de la
surface des océans, par la montée (de 0.7 mm pananoyenne) du niveau de la mer par
dilatation et fonte des glaces, ou encore par ldiiication des milieux aquatiques et terrestres

avec une intensification des événements extrémest{fe et al., 2001 (IPCC 2001)).
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Figure 1.2. Synthese des connaissances actuelles sur leglgblal du carbone (construit a partir
des rapports IPCC 2001 et 2007). Stocks en GtQueten GtC aft. Les flux naturels sont
représentés par les fleches épaisses et les flilmogigues par les fleches fines. Les signes +
représentent des flux depuis les réservoirs vatmbsphere (source de @@t les signes — au
contraire des puits de GOGCqq.: carbone organique, HGQ ions bicarbonates, GO: ions
carbonates. L'ensemble de ces chiffres est donng |z période 2000-2005 par le Fourth
Assessment Report AR4 (IPCC 2007).

Cette augmentation des concentrations atmosplesrign C@ne révele cependant pas la totalité
des émissions anthropiques depuis 1959. En effelt 55% de ces émissions sont conservées dans
'atmospheére, le reste ayant été pompé par ledgdasur terre et par les océans. La Figure 1.2
montre le cycle global du carbone avec a la foss gencipaux flux « naturels » avant I'eére
industrielle mais aussi « anthropiques » entre déf@rents réservoirs. A I'Holocéne, par les
processus de photosyntheése, respiration, dégradatidaransfert gazeux, la biosphére terrestre
échangeait annuellement avec I'atmosphére envi26nGtC (un GtC équivaut & Togrammes de
carbone, i.e. un billion de tonnes) alors que latén échangeait 90 GtC. Une émission de 7.2 +
0.3 GtC aft de CQ vers I'atmosphére est venue s’ajouter a ces faiurels par la combustion de

3
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matieres fossiles et la production de ciment. Céttéssion anthropique est responsable de 75%
de l'augmentation des concentrations en,Q@@ans I'atmosphere depuis I'ére préindustrielle.
Aussi, entre 0.5 et 2.7 GtC ‘arde CQ sont rejetées vers I'atmosphére par la déforestati
principalement en région tropicale et par l'utitisa agricole des écosystémes terrestres. Ces flux
montrent cependant une importante variabilité erdee différentes méthodes utilisées et sont
actuellement les moins bien évalués. Sur I'enserdblees émissions anthropiques d’environ 9
GtC an', 2.2 + 0.5 sont pompées par les océans et 2.66t(.9 - 4.3) sont re-captées par les
ecosystemes terrestres du fait de la reforestatioencore de 'augmentation du €€ de l'azote
atmosphériques fertilisant la production primagedstre.

Les systéemes aquatiques continentaux tels queviéges ou les fleuves transportent de larges
guantités de carbone terrestre depuis le contijusigiu’a 'océan représentant le principal lien
entre ces deux réservoirs. Chaque année, envi®rGEC sont transportées par les rivieres
jusqu’aux océans, environ 40% I'étant sous formgaoique et 60% sous forme inorganique
(Meybeck, 1982 ; Meybeck, 1993). Sur la totalité @k transport horizontal, prés de 75%
proviennent de I'atmosphere représentés par leonarlmrganique issu des sols et le carbone
inorganique dissous issu de I'altération des rocllgmtées et carbonatées. Le reste provient de la
lithosphére en particulier de l'altération des mxltarbonatées (Figure 2). Cependant le réle des
eaux aquatiques terrestres et cotieres ne se lipaseseulement au transport passif latéral de
carbone vers les océans. En effet une partie daooarqui est transférée depuis les systemes
terrestres vers les systemes aquatiques, est s@dengans les lacs et estuaires ou dégazée sous
forme de CQ vers I'atmosphere depuis la surface des eauxrmmttles et cotieres, et n'atteint
jamais les océans (Cole et al., 2007 ; Ciais et2808). De récentes compilations montrent que
globalement, ce dégazage de G€présenterait 40 a 48% de I'export total de caebeers 'océan
(Cole et al., 2007 ; Tranvik et al., 2009). Le sport latéral global de 0.9 GtC abasé sur la
mesure de concentrations et de deébits a I'exutdes fleuves ne correspond donc pas a
I'exportation totale de carbone depuis le domaereettre vers le milieu aquatique. Celui-ci est
certainement beaucoup plus élevé du fait de lams&tation au niveau des eaux aquatiques
continentales mais aussi et surtout du dégazage l\amosphére non pris en compte ou mal
evalué par les méthodes de mesure actuelles (WanclLandcaster, 2005 ; Worrall et al., 2007 ;
Wallin et al., 2010).

Il s’aveére donc nécessaire afin de préciser cgbiuglobal, de mieux quantifier les échanges de
carbone par les eaux aquatiques continentalestiére En particulier le transport latéral et
'exportation de carbone vers les eaux marinesi ajoe les flux verticaux de COavec

'atmosphére doivent étre mesurés a un pas de tamifisamment resserré pour prendre en
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compte leur dynamique et leur hétérogénéité. Levaitraprésenté ici s'intéresse tout
particulierement a ces échanges existant au sela dene cotiere. Celle-ci est tres sensible au
changement climatique (Prentice et al., 2001 (IPZD01)) et actuellement I'un des objectifs
majeurs dans la compréhension du fonctionnememedecosystemes est d’évaluer de maniere

précise le budget de carbone (Yan et al., 2008).

[.2. METABOLISME DU CARBONE ET FLUX DE CO ,: DE LA ZONE
COTIERE AUX LAGUNES INTERTIDALES

[.2.1. Le « systeme C®» et les échanges atmosphériques en milieu aquate

Dans les eaux naturelles, le dioxyde de carboxistee sous trois formes inorganiques
différentes :
- le dioxyde de carbone libre, G(aq) = dioxyde de carbone dissous,
- les ions bicarbonates, HG@t
- les ions carbonates, GO
Une quatrieme forme existe, i.e. I'acide carbonigg€0; méme si sa concentration est trés faible
par rapport a celle du GQaq) (< 0.3%). On peut alors définir par le term@,Gou HCO; ou
COg,7) la somme de ces deux formes (Eq. I.1) (Zeeba/miéiGladrow, 2001).
[CO;] = [CO: (aq)] + [HLCO;] (1.1)
Les crochets représentent les concentrations sosédechiométriques.
En raison des échanges avec l'atmosphere, lg €Den équilibre thermodynamique avec le

dioxyde de carbone gazeux €@) (Eqg. 1.2).

co, (@) & CO, (1.2)
La concentration en CQest donnée par la Loi de Henry aves; k& coefficient de solubilité du
CO, dans l'eau (Eq. 1.3).

[COZ] = Ko(T, S).pCQ (1.3)
Ou la pression partielle du G@tmosphérique pCQest exprimée en atm, la solubilité molairg K
(dépendante de la température T et la salinité Bede) en mol [* atm?, et la concentration en
CO, [CO,] en mol kg' d’eau.
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Les especes carbonatées sont reliées entre ellééaqalibre suivant (Eq. 1.4) :

CO; (ag)+ H0 & H,CO; & HCO; +H' & CO& +2H" (1.4)
En utilisant le CQa la place de ¥ O; et CQ (aq) dans I'Equation 1.4, on obtient 'EquatioB I.
simplifiée :

K1 K2
CO; + H,0 & HCO; +H" & COs% +2H" (1.5)

Ou K; et K, sont les constants d’équilibre, souvent considerg@mme respectivement les
premiere et seconde constantes de dissociatioriadield carbonique. Pour la description du
systeme carbonate dans les eaux naturelles, lestaobes d’équilibre stoechiométrique sont
utilisées (1.6 et 1.7).

. _ [HCOs].[H]

Ky = W (1.6)
. [COZ1IH]
Ky = W (1.7)

Les constantes d’équilibre stoechiométrique dépdriela température T, de la pression P et de
la salinité S, et sont notées par convention anec.u

La somme de la forme dissoute SEICO; et CQ* définit alors le carbone inorganique dissous
(DIC ouY CO,) présent dans les eaux naturelles (Eq. 1.8).

DIC =¥ CO, = [CO] + [HCO;] + [CO57] (1.8)
Une derniere quantité essentielle dans la desmniglu systeme carbonate est I'alcalinité de I'eau
qui est intimement liée a la balance des charges tieau. Elle est définie comme I'excédent de
bases libres présentes dans un kilo d'eau et egprien équivalents protons par kilo d’eau (meq
kg?) (Eq. 1.9).

TA = [HCO5] + 2[COs*] + [OH] = [H] + [B] (1.9)
Ou [B] représente I'ensemble des bases faibles auteegeguons carbonate et bicarbonate, soit
les ions borate, sulfate, fluorure...

L’équation simplifiée de l'alcalinité totale estlieede I'alcalinité carbonatée (CA) définie par
I'équation suivante (Eg. 1.10).

CA = [HCO;5] + 2[COs] (1.10)

Ou l'ion carbonate est compté deux fois du faisdelouble charge négative.

Au cours de cette étude, la p£@e l'eau a été mesurée directement par la méthdele
I'équilibrateur (Frankignoulle et al., 2001), de mé que l'alcalinité (TA) de I'eau, calculée par
linéarisation de la fonction de Gran (1952). La centration en DIC (la somme de chaque forme)

a ensuite été calculée a partir de la p£€& de la TA mesurées, en résolvant les équatians d
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systeme des carbonates, a partir des constantaefisgeciation de Mehrbach et al. (1973f.(
Chapitre Il, Partie I1).

L'utilisation des isotopes stables du carbonesdas eaux naturelles, permet de distinguer les
différentes sources et les processus qui contré@erdrbone inorganique dissous (Mook and Tan,
1991 ; Yang et al., 1996). Par exemple, la comjwsisotopique du CO(g) (en %), déterminée
par spectrometre de masse, est notée comme (E}: 1.1

[P°CO, ()]
/ /[12002 ()]

$13C-C0O, (g) = Stand. -1 | x10° (1.11)
/L[letand.]

ou [*C0, (g)] et [°CO; (g)] correspondent respectivement aux concentratites isotopes lourd

et Iéger du CeXg) et °Stand.] et }*Stand.] celles du standard de référence choisi.

Le passage essentiel 3tfC du DIC aux3™*C des différentes espéces du systéme des carbonates
et inversement, ne peut se faire sans connaithkitaie de celui-ci ainsi que les fractionnements
isotopiques existant entre les différentes formesydteme. Le bilan de masse peut alors étre écrit
comme (Eq. 1.12) :

§C-DIC [DIC] = §°C-CO;, [CO] + 613C-HCOs- [HCO5] + §1°C-COs* [CO57] (1.12)

Le §*C-DIC refléte donc les contributions du DIC provenae ses différentes sources qui
présentent une composition isotopique bien digin@/achniew, 2006). Le&C du CQ
atmosphérique est d’environ -7.5%. alors que ceks tbches carbonatées est proche de 0%o
(Mook et al., 1983). L&™*C du CQ du sol dépend de la voix métabolique utiliséelpgslante

lors de la photosynthese et des sources de mabigyanique alimentant les respirations
microbienne et végétale (Vogel, 1993). Par exengdes un systeme ou le €@u sol provient

de la décomposition de la matiére organique d’umete en G, le CQ produit a uns**C-CO,
proche du substrat initial (i.e. -30 a -24%o) ; lespiration de la matiere organique terrestre dans
les sols et les eaux va produire un DIC avec umeposition isotopique similaire au substrat
organique. La production primaire au contraireaéeiment augmenter &°C-DIC, de méme que

la présence de roches carbonatées dans le sysRarieer( et al., 2005 ; Amiotte-Suchet et al.,
1999). Enfin, les échanges gazeux générent undilégtion isotopique avec I'atmospheére et
rendent 165**C-DIC moins négatifs.L’ensemble de ces considérations sont précisémeitées
dans leChapitre Il, Partie |I.
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Les flux verticaux de CfQentre I'atmosphere et un systeme aquatique pe@enibbtenus par
différentes méthodes. Notamment, a partir de mesdee pCQ dans I'eau de surface par la
technique de I'équilibrateur (Frankignoulle et &Q03) ou calculés indirectement a partir des
constantes d’équilibre du systeme des carbonatés etesures de température, salinité, pH et de
concentrations en DIC (Cai and wang, 1998). Les fle CQ peuvent alors étre calculés en
utilisant 'Eq. 1.13 :

Fe = Ko K [pCO, (W) — pCQ (a)] 1.18)

Ou Ky est le coefficient de solubilité du G@ans 'eau, K, le coefficient d’échange ou la sée

de transfert de gaz a linterface air/eau et pG@®) et pCQ (a) les pressions partielles
respectivement dans I'eau et l'air.

Les échanges de G@tmosphérique peuvent également étre calculégia g mesures réalisées
lors d’incubations de courte durée, soit par chasbiflottantes a [linterface air/eau
(Frankignoulle, 1988) soit par chambres benthiquiisterface air/sédiment (Migné et al., 2002).
Ces méthodes, qui fournissent de précieux renseignis sur les processus qui contrlent les
echanges de CQaux différentes interfaces, décrivent plus ou mmdiien les grandes variabilités
spatiales et temporelles de certains systemesexeanple, les flux de CQOpeuvent étre sujets a
d’'importantes incertitudes du fait des imprécisiodans la quantification du coefficient
d’échanges (Raymond and Cole, 2001). Depuis quelgoneées, de nouvelles techniques micro-
meétéeorologiques comme celle de 'Eddy Covarianagaipsent particulierement appropriées dans
la mesure des flux de G@dans des systemes aquatiques hétérogenes etemgamme les zones
cétiéres (Kathilankal et al., 2008 ; Zemmelink &€t 2009). En effet, cette technique permet
d’obtenir a trés haute fréquence des chroniquepdegties de flux de COen continu aux deux
interfaces, de maniére non intrusive et a I'échelée I'écosysteme (Aubinet et al., 2000 ;
Baldocchi, 2003). Le flux vertical moyen de £(;) peut alors étre calculé comme la covariance
entre les fluctuations de la vitesse verticale ent\(w’) et celles de la concentration enQfans
lair (pc) (EQ. 1.14).

Fo= Wpe (114)

Ou la barre représente la moyenne réalisée suéliade d’intégration des flux et les * les

fluctuations turbulentes instantanées par rappoeti@ moyenne.
Cette techniqgue a notamment été utilisée au coearsette étude et précisément décrite dans le
Chapitre 1l (Parties | et Il + Annexe9 en plus des considérations portant sur le coieffic

d’échanges et les autres techniquébdpitres Il etlll ).
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1.2.2. Métabolisme et flux en zone cétiere : défitions, problématiques et synthése
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Figure 1.3.Schéma de la morphologie générale de la zoneredtie

La zone cétiere est la surface de transitioneeletrcontinent et 'océan ouvert. Sa morphologie
générale ainsi que les différents termes assooidisreprésentés en Figure 1.3. Elle est définie
comme l'aire océanique située sur le plateau centai, avec une profondeur inférieure a 200 m
(en moyenne), incluant toute la surface estuarigumsgu’a la limite amont de la zone d’influence
des marées. A l'intérieur de la zone cétiére peetdifférenciée la bande littorale comprenant par
exemple les lagunes et les estuaires (« near-sigstems », Figure 1.3). Pritchard (1967) a défini
un estuaire comme une baie semi-fermée ayant westare sur 'océan ouvert et a l'intérieur de
laquelle I'eau salée se mélange a I'eau douce pentade son bassin versant.

Cette zone recoit des quantités considérablesittenents et de matiere organique provenant du
milieu terrestre, échange de grandes quantitésaliéna et d’énergie avec le milieu océanique et
constitue ainsi un des environnements les plusfsacke la biosphere d'un point de vue
biogéochimique (Gattuso et al., 1998; Borges et28l05). Néanmoins, elle n’est prise en compte
dans les budgets globaux du carbone que depuisEpeetfet, méme si les flux de nutriments et
de carbone y sont significatifs, elle ne représepfune faible surface, i.e. environ 7% de I'océan
global (Smith and Hollibaugh, 1993; Borges, 20@5).conséquence, d’intenses échanges de CO
entre I'atmosphere et les environnements cotiens m@surés, ceux-ci étant significatifs pour les

budgets globaux du carbone (Borges et al., 20@6udlle et al., 2010).
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Le métabolisme ou plus précisément la productiette d’'un écosysteme (net ecosystem
production, NEP) est un concept central dans lelserehes menées sur le cycle du carbone. Ce
terme décrit la capacité d’'un écosystéme aquabguerrestre a consommer du ££D a produire
de la matiere organique. Woodwell et Whittaker @96nt été les premiers a définir la NEP
comme (1) la différence entre l'assimilation de C@ar I'activité photosynthétigue de
I'écosystéme (production primaire brute ou grossary production, GPP) et les pertes de,CO
par la respiration de la communauté de I'écosyst@ommunity respiration, CR) et (2) comme
'accumulation nette de carbone au sein de I'édesys. La GPP représente la fixation brute de
carbone par les tissus et/ou organismes autotrpghda CR la respiration de I'ensemble des
organismes d’'un écosysteme, par unité de surfade t#mps. La CR regroupe la respiration des
autotrophes (autotrophic respiration, AR) et dageroérophes (heterotrophic respiration, HR). La
production primaire nette (net primary productiddPP) est finalement définie comme la
différence entre la GPP et la AR. En général, wsystéeme accumule du carbone lorsque la GPP
excede la CR (NEP positive) ou lorsque le rapp®P&R est plus grand que un ; on parle alors
d’'un systéme autotrophe. Au contraire, un écosyst@erd du carbone lorsque GPP/CR est
inférieur a 1 (NEP négative) ; on parle dans ceddas systeme hétérotrophe (Odum, 1956).

Dans les environnements cotiers, un systémeraptw stocke nécessairement ou exporte du
carbone organique vers le domaine océanique ouvert.contraire, dans un écosysteme
hétérotrophe, il se produit une perte nette deararganique (Gattuso et al., 1998 ; Borges et
al., 2006). Dans ce cas, son métabolisme est aémpar des apports externes de matiere
organique, majoritairement en provenance du contipeur ce qui est de la zone littorale. La CR
inclut ici la respiration totale des organismes thigjues et pélagiques, autotrophes et
hétérotrophes de la colonne d’eau et du sédinsemtdes échelles de temps relativement courtes,
la GPP et la CR sont les processus qui respectiviecoeasomment et produisent la majeure partie
du carbone inorganique dans I'écosysteme. Typigaenpendant la journée, la GPP prédomine
sur la CR donnant une NEP positive ; il se prodog baisse de la concentration en,@@ns les
eaux générant un gradient qui peut conduire a umppge de C@atmosphérigue. Au contraire,
pendant la nuit, la CR excede la GPP et la NERéstive ; la CR génére un enrichissement des
eaux en C@et conduit alors a une réduction du puits de 6®a un dégazage vers I'atmosphere.
Ainsi, I'échange net de I'écosystéme (net ecosysteahange, NEE) définit comme I'échange
vertical de CQ avec I'atmosphére, est en principe égal a la NBRsda plupart de ces
ecosystemes terrestres (Chapin Il et al., 2008pe@dant, comme l'ont souligné Gattuso et al.
(1998) et Borges et al. (2006), dans les enviroramsncotiers, la relation entre la NEP et les

échanges de CQavec I'atmosphére n’est pas toujours directe. fiat,des flux de CQ@en zone
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cétiere peuvent étre influencés par un certain mendtautres processus comme : la dissolution
des carbonates et la calcification, I'advectionQi8, avec les masses d’eau en provenance de
zones adjacentes, ainsi que le découplage entdeigiron et dégradation de matiere organique en
relation avec les propriétés physiques des masesas.cEn effet, dans les milieux stratifiés, la
GPP a lieu en surface mais la CR a lieu en pantigrefondeur, dans des couches d’eau isolées de
I'atmosphére, ce qui favorise le pompage de @osphérique (Borges et al., 2006). Enfin, dans
le cas particulier de la zone intertidale, la NE® @niquement benthique durant I'émersion et
strictement égale au NEE, tandis que durant I'insioer, I'advection de carbone avec la marée
peut générer de grandes différences entre la Ntak t(pélagique et benthique) et le NEE. Ainsi,
Gazeau et al. (2005a) ont pu observer dans uniestagrotidal, le Randers fjord au Danemark
une NEP négative (hétérotrophie) des masses d’eangomitante avec un pompage de,CO
depuis 'atmosphére. Ce résultat d’'un point de qualitatif s’explique par le fait que les flux de
CQO, sont en partie gouvernés par les processus migaésldans la couche d’eau de mélange. La
NEP mesurée rend compte au contraire de la stettdn haline permanente des masses d'eau
(Borges et al., 2006).

Aujourd’hui, les flux nets de CCentre I'océan global et I'atmosphere tendent a é& mieux
en mieux connus méme si de larges incertitudesspans dans les estimations. Takahashi et al.
(2009) ont récemment calculé un puits de -1.6 + ®t€ an* en compilant des mesures de
pressions partielles de GQCQO,) dans les eaux de surface des océans globauxn@aeye ces
incertitudes restent mineures si I'on s’intéresge #ux dans la zone cétiére. En effet, la zone
cétiere couvre un large ensemble d’écosystemedlivessifiés ou le comportement du carbone
est tres différent, ce qui la rend fortement h@éne. Cette hétérogénéité spatio-temporelle, le
manque relatif de données en zone cétiere ainsiegom@anque de précision dans I'évaluation des
surfaces, s’accompagne d’'une grande variabilités dies flux mesurés, i.e. en termes de puits ou
de source de CO(Borges, 2005 ; Borges et al., 2005 ; Chen andy@nr2009). Les plateaux
continentaux faisant partie intégrante de la zat@e représentent une exception. En effet, Chen
and Borges (2009) ont montré qu'ils absorbaientee®t33 et 0.36 GtC dnce qui correspond &
un puits additionnel d’environ 30% du pompage de, @ar I'océan global (Chen and Borges,
2009). La derniére étude réalisée par Laruelld.€2810) évalue a la baisse ce puits a -0.21 £
0.36 GtC ai en utilisant une typologie des estuaires et platezontinentaux basée sur un
systeme d’information géographique a haute réswiyDurr et al, 2011).
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Toute une série d’écosystemes existent au seifadeone cotiere comme les plateaux
continentaux, déja cités, mais aussi les estudasgnarais, les lagunes, les systemes intertidaux
ou encore les fjords, les mangroves, les récifallbens. Une classification estuarienne simplifiée
par typologies a été proposée par Durr et al. (ROlL& Tableau 1.1 donne les principales

caractéristiques influencant la dynamique du, @&hs chacun de ces types de systemes cotiers.

Type Length (km) Depth (m) Residence Total Stratification 0O, Sensivity to
time (yr) suspended river flow
solids (TSS)
Delta 1-100 <10 10° - 107 medium limited high @ high
Lagoon 1-100 <10 16-10" low/medium limited variable @  medium
Macrotidal/ria 10 — 100 <10 10%-10" ETM none low Q at medium
ETM
Fjord 10 > 100 > 100 10- 10 very low high high @in  very low
surface,
anoxic l:*)ptom
layer
Fjard 1-10 >10 107 low medium medium © low

* estuarine turbidity maximum: TSS> 100 to 10 000Liglepending on depth
** in fjords with sills.

Tableau 1.1. Principales caractéristiques influencant la dympmi du CQ@ dans les
environnements estuariens (Borges et Abril, 2012).

L’hétérogénéité et la complexité des écosystériiers se traduisent par une grande variabilité
en termes d’écophysiologie de I'ensemble des osgaes autotrophes et hétérotrophes via les
facteurs environnementaux, physiques et biologigdesl’écosysteme considéré. Un certain
nombre de facteurs vont fortement contréler la G®Ra CR des différents organismes, se
répercutant sur le métabolisme de I'écosysteme JNEERur I'intensité et direction des flux de
CO;, (NEE).

- La lumiere : elle agit sur les organismes autotespét hétérotrophes de différentes manieres
(1) quantitativement en contrdlant I'équilibre GER/ de la colonne d’'eau dans le cas du
compartiment planctonique des écosystemes cotigrpénétrant dans la colonne d’eau, 5 a
40% de I'énergie lumineuse est perdue et on ddfimét profondeur de compensation, c'est-a-
dire I'éclairement pour lequel le bilan GPP/CR égal a 1 (NEP nulle). Au-dessus de cette
limite, c’est la couche euphotique ou la NEP esitp@ ; sa profondeur varie entre 150 m dans
les lagons tropicaux a 5 m dans les eaux turbides Amo, communication personnelle). En
dessous de cette zone, c'est la zone oligophotiquéa CR prédomine sur la GPP (NEP

négative) et encore plus en profondeur se trouzie aphotique ou la photosynthése n’est
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plus possible et (2) qualitativement sur les d#fés pigments photosynthétiques des
organismes autotrophes, ceux-ci ayant des absosppicéférentielles en ce qui concerne les
longueurs d’'ondes du spectre lumineux. La lumiester le moteur de la photosynthése ; elle
stimule la GPP comme c’est le cas dans les essuairein maximum de GPP survient dans les
parties amont durant I'été suite au développemamt bloom phytoplanctonique (Borges and
Abril, 2012). Aussi, différentes courbes P/l (pteytathése-irradiance) peuvent étre mesurées
dans les compartiments pélagique (Curl and McLd®®B1) et benthique comme chez les
phanérogames marines (Vermaat and Verhagen, 1PR& ;et al., 2005) ou les communautés
microphytobenthiques. Migné et al. (2007) y ontamminent montré différentes courbes
GPP/PAR (photosynthetically active radiation) encliton des saisons et des sites choisis le
long des cotes francaises (Manche). Des mécanidagshotoinhibition ou photoadaptation
peuvent enfin exister chez ces organismes sous foddiance diminuant généralement la
NEP. Certaines phanérogames marines (i.e. hergeestera nolti) sont en effet capables de
dissiper I'excés d’énergie lumineuse sous formetadeur (régulation de la photosynthese par
le bas (Silva et al., 2005)) ; aussi les commursaatiErophytobenthiques vont se protéger en
impliquant les pigments caroténoides dans le ajetexanthophylles ou encore en réalisant des
migrations verticales a l'intérieur du sédimentg@thard et al., 2004 ; Hubas et al., 2006 ;
Serddio et al., 2008).

La température et la salinité : ces deux facteers/@nt agir de maniere conjointe ou séparée
sur I'équilibre GPP/CR. La température influencen reeulement I'activité photosynthétique
(GPP) des organismes autotrophes pélagique (Cutl MacLeod, 1961) ou benthique
(Admiraal, 1984) mais surtout la CR des communab&ghiques (Hubas, 2006) ou de la
colonne d’eau comme I'ont montré Wang and Cai (2@xhs des eaux de marais (Géorgie,
U.S). La température agit également sur I'actieib@ymatique des organismes. Il a été montré
par exemple que I'activité de la nitrate réductetsez les diatomées était plus élevée que celles
des dinoflagellés pour une méme gamme de températasse (Del Amo, communication
personnelle). C’est pourquoi il est souvent obsermve efflorescence précoce de diatomées au
printemps dans les eaux cétiéres, celles-ci étaatmadaptées aux intensités lumineuses et
températures basses. La salinité peut égalemenvémiir en particulier dans les estuaires ou
les baies en contrélant la répartition des orgaesssuivant la tolérance des espéeces a résister
au stress halin. Cependant, celle-ci agit plutGcala température formant des barrieres
physiques séparant différentes masses d’eau et apanimportance en termes de NEP. En

effet dans le domaine pélagique, les populationggpiianctoniques ne vont pouvoir s’en
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affranchir et se déplacer uniguement dans une eoddle de mélange. En fonction de sa
position par rapport a la profondeur de compensatioNEP pélagique va soit augmenter dans
le cas ou la couche de mélange est plus profonddagcouche euphotique soit diminuer dans

le cas inverse.

- Les nutriments : ils vont principalement contrdkecroissance des organismes autotrophes. Si
le CO, n'est généralement pas limitant pour les produstpumaires, les nutriments majeurs
peuvent présenter un caractére limitant et vohenicer la dynamique de ces populations. En
effet, Larsen et al. (2004) ont montré que, dass&ix cétieres norvégiennes, une floraison de
diatomées survenait au début du printemps aprémentgtion des concentrations en silice et
nitrate dans la colonne d’eau, et qu'avant et apeie-ci, les cyanobactéries et pico-eucaryotes
dominaient le compartiment pélagigue, mieux adaptésfaibles teneurs en sels nutritifs. La
formation de Particules Exopolymériques TranspaefTEP), a partir de I'exsudation de
DOC par le phytoplancton, permet également de cosgydes rapports de Redfield en cas de
limitation par les nutriments inorganiques (DIC) m#riode oligotrophe (Beauvais, 2003). En
milieu marin, certains groupes (i.e. coccolithoptiés) peuvent enfin utiliser de I'azote ou du
phosphore sous forme organique et se développsquerces deux éléments sous forme
inorganique sont limitants pour d’autres groupesr{i@s, communication personnelle). D’autre
part, il a été montré que certaines microalgueghigunes (diatomées) ont la capacité de
découpler I'absorption de sels nutritifs et leuiigdtion lors de la production; en zone
intertidale, le microphytobenthos pourrait absoresréléments nutritifs pendant 'immersion
profitant du flux a l'interface et produire ensuierant 'émersion de jour en utilisant ces

réserves lorsque les conditions deviennent limeg{Guarini, 1998).

- Les interactions entre les populations : les mtetitrophiques vont influencer la NEP et les
flux de matieres au sein d'un écosysteme. Brussataral. (1995) ont notamment mis en
evidence les effets du broutage, de la sédimentatiale la mort cellulaire dans la structure
d’'un systeme cotier pélagique de la Mer du Nond.autre exemple concerne le compartiment
benthiqgue avec les herbiers de phanérogames maguies/ont favoriser l'activité des
organismes hétérotrophes (épiphytes et bactériesirades racines) et vont supporter une CR
importante (Middelburg et al., 2005)Enfin d’autres communautés microphytobenthiques

peuvent étre contrélées par les consommateurs ipeisnsuspensivores de la colonne d’eau ou

! Les herbiers semblent faire exception a l'idé&dsth and Hollibaugh (1993) quant au métabolismiad®ne
cétiére, i.e. « plus un systéme est oligotrophaies il sera hétérotrophe » (cf. Duarte et al.,(01
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bien déposivores des sédiments de surface etiésieti@nsférées aux échelons supérieurs du

réseau trophique (Guarini, 1998).

- L’hydrodynamique : c’est un paramétre englobant large gamme de processus allant de
I'action de la houle (i.e. distribution des macopeds en fonction du mode d’exposition abrité,
semi-abrité ou battu) a la turbulence en généradc des formations de gradients de densité
dans la colonne d’eau ou encore avec la straiificahélange des masses d’eau. Prenons
'exemple du rythme tidal en zone cétiére présemnté&igure 1.4. En fonction de I'amplitude de
la marée le rythme tidal va plus ou moins influer@ectivité biologique des organismes ainsi

gue les flux de C®

CO, FLUXES ~ METABOLIC

/ STATE
Macrotidal MIXED

WATERS \+> STRONG CO, SOURCES

CO, FLUXES # METABOLIC
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Microtidal ~STRATIFIED

WATER N CO, SINKS OR WEAK CO,

— SOURCES
TIDAL Weak

RHYTHM - CO, FLUXES influence
I SHORT /
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%+ BIOLOGICAL
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Figure 1.4.Influence du rythme tidal sur les propriétés poyss de la colonne d’eau et sur les
flux de CQ a l'interface air/eau en relation avec le statétaholique dans le cadre des systemes
céOtiers. Des systemes macrotidal et microtidal szavbctérisés par des amplitudes de marée
supérieure a 4 m et inférieure & 2 m respectivelfizmties, 1964).

Dans un systeme macrotidal de type estuaire pamgle, les eaux sont en général bien
meélangées et souvent turbides et dans ce cas la @ddERégative. Ceci est di a lintense
dégradation de la matiére organique labile en pranee des rivieres qui favorise la CR alors que
la GPP est limitée par la disponibilité en lumiéltee aux forts taux de matiéres en suspension
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(Smith and Hollibaugh, 1993 ; Gattuso et al., 1988ns ce cas, les flux verticaux de £50nt
relativement proches de la NEP. Au contraire damssystéeme stratifié de type microtidal,
I'activité biologique est favorisée. Koné et al0o(®) ont par exemple montré une forte production
phytoplanctonique en relation avec une stratifaratialine permanente dans deux lagunes de Céte
d’lvoire. Ce type de systeme stratifié est génénalet puits ou faible source de g@es flux ne
rendant pas toujours compte de la NEP puisque eesets intégrent toute la couche d’eau de
meélange et non la stratification des masses d'8augés et al., 2006). Aussi, le rythme de la
marée favorise ou au contraire diminue l'activitéldgique d’'un systeme en contrélant le temps
de résidence de ses masses d’eau ceci se répemutdimtensité des flux de GQFigure 1.4).
Gazeau et al. (2005b) ont par exemple montré qoe dabaie de Palma (Méditerranée), du fait
du mouvement tres rapide des masses d’eau, I'ctiwologique des herbiers de Posidonie avait

un impact limité sur les pCt les flux de C@a l'interface air/eau.

La NEP (GPP et CR) ainsi que les flux de;QREE) en zone cbtiere vont donc montrer une tres
grande variabilité de maniére qualitative et quattie. La Figure 1.5 représente les flux de,CO
entre les environnements estuariens et I'atmosphiéie que le nombre d’études réalisées sur
chacun de ces types estuariens et la surfaceveelgi'ils représentent selon la classification de
Durr et al. (2011).
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Figure 1.5. Flux de CQ entre les différents types d’environnements esnaret 'atmosphére
(barres blanches) repris de Laruelle et al. (2@bapport avec le nombre d’études correspondant
a chacun des types (barres noires) et la surféatveequ’ils représentent (barres grises). Type |
deltas et estuaires ; Type Il : systemes tidawpgTIl : lagons et Type IV : fjords et fjards.
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Au total, I'émission globale de GQrers I'atmosphére par les environnements estumnsh
estimée & +0.27 + 0.23 GtC hfFigure 1.5). Il apparait que la majorité d’ertex se comporte
comme des sources de ©@rs I'atmosphére couplées & une NEP négativér@tédphie netté)
C’est le cas en particulier des Type | et || avespectivement 27.5 + 15.8 et 28.5 + 24.9 mol& m
an’. Les systémes Ill et IV représentent aussi uneceate CQ équivalente proche de 17.5 + 16
molC mi? an’ ainsi qu’une surface relative significative dee2413% respectivement (Figure 1.5).
Cependant certaines parties de ces systemes esjgreu profondes avec une forte proportion
de producteurs primaires (i.e., la composante npagte d’'un estuaire), peuvent agir au contraire
comme un puits net de G@t étre caractérisées par une NEP positive (ayioie nette). Duarte
et al. (2010) dans une synthése sur le métabolggaecommunautés d’herbiers ont reporté des
rapports GPP/CR en moyenne supérieurs a 1 aveGRRezt NEP estimées a 224.9 £ 11.1 et 27.2

+ 5.8 mmolC nf jr* respectivement.

Les échanges de G@n zone cétiere malgré leur forte variabilité Epggmporelle sont donc de
mieux en mieux connus (Laruelle et al., 2010 ; Bsrgnd Abril, 2012). Cependant a une échelle
encore plus petite, si les systéemes tidaux encodidr les estuaires (Type Il) ainsi que les petits
deltas (Type 1) sont relativement bien caractéyisautres systemes tels que les fjords et fjards
(Type IV) et les lagunes (Type lll) le sont beayzmooins, représentant pourtant une forte surface
relative au sein des systemes estuariens (FigbjeHn effet, tres peu d’études se sont focalisées
sur la dynamique des flux de g@ntre les milieux lagunaires et I'atmosphere contéteide
menée par Koné et al. (2009) dans cing lagunesgimst de Cote d’lvoire, en Afrique (Figure
1.5). De ce fait, I'étude des flux de €@t de carbone dans ce type d'écosystéeme, systeme
ubiquiste que I'on retrouve a toutes les latituaggsjui plus est, soumis a un rythme des marées,
parait tout a fait justifiée. Avant de présentesite de ce travail de thése, le bassin d’Arcachon,
voyons d’abord les spécificités d’'une lagune indafe d’'un point de vue échanges de G

métabolisme du carbone.

2 |l est & noter que les flux verticaux de O@rs I'atmosphére et le statut hétérotrophe dedifé&ents systémes
estuariens étudiés correspondent dans ce cas @angeAbril, 2012).
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1.2.3. Spécificités des lagunes (intertidales) d’'upoint de vue du carbone

Les lagunes font partie intégrante de la zongten tant que systéme littoral, occupant 13%
du trait de cote mondial (Kjerfve, 1985). Kjerfv&994) définit les lagunes comme étant des
masses d'eau peu profondes séparées de I'oceamnpadbarre, connectées au moins de facon
intermittente & I'océan par un ou plusieurs chenatugénéralement orientées parallelement a la
cOte. Cependant, il n’en reste pas moins diffidien donner une définition précise puisqu’aucun
critére ne permet de les distinguer des autregmsgst comme les baies, les estuaires ou encore les
marais, d’autant plus lorsque celles-ci sont soami I'influence des marées. Les principales
caractéristiques physico-chimiques des lagunes rammielées dans le Tableau 1.1. Ces milieux
saumatres présentent en général une longueur delQ0akm pour une profondeur faible
(inférieure a 10 m). Les concentrations en oxygsang variables et les concentrations en matieres
en suspension sont modérées. Lorsque la marémgsttante, le temps de résidence des masses
deau y est court et les phénoménes de stratificatsont limités. Les lagunes sont
particulierement sensibles aux phénomeénes d’euBafibn liés aux pressions anthropiques.
Ceux-ci se traduisent par des apports de nutringetdscolonne d’eau et aux sédiments liés aux
activités dans le bassin versant et amenés paiviéses jusqu’a la laguriells peuvent alors
favoriser le développement de micro- et macroalgygmrtunistes au détriment des macroalgues
et phanérogames autochtones (Duarte, 1995).

Le rythme de la marée va fortement influencerdpécificités de la lagune tant en termes de
NEE, ou que de NEP, que d’échanges latéraux demarvec les systemes adjacents. Le forcage
tidal va contrbler ces différents termes qui camasent le métabolisme de la lagune de facon
concomitante avec d’autres échelles de temps éaistjues comme les rythmes nycthéméral,
saisonnier et annuel. Une caractéristique impaetalgs lagunes en lien avec les marées est
l'alternance de périodes d’émersion a marée basskinemersion a marée haute ayant pour
conséquence (1) une GPP pélagique qui peut étie domarée haute du fait de la pénétration
significative de la lumiére dans la colonne d'edfaible profondeur (Gazeau et al., 2004) (2) la
possibilité d’'une GPP benthique forte a marée blssgar exemple a l'activité photosynthétique
du microphytobenthos qui n’est effective que pehdas périodes d’exondation le jour (Guarini,
1998 ; Hubas et al., 2006 ; Migné et al., 2007)3tI'existence d'un fort couplage entre les
compartiments benthiques et pélagiques. Par exei@plarini (1998) a montré, dans le bassin de
Marennes-Oléron, que la GPP microphytobenthiqualyt® a marée basse tenait une place

% Deborde et al. (2008) ont également mis en éviglémaotion de pompage tidal, c'est-a-dire I'apjgionnement en
nutriments des chenaux de marée a marée bassdiradeatinfiltration d’eaux poreuses riches en mmients au
travers des sédiments.
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prépondérante dans les flux de biomasse microeldalcet écosystéme. En effet, une grande
partie du microphytobenthos peut étre remis eneaspn lors de la marée haute et contribuer
fortement a la GPP pélagique phytoplanctonique déirsoutenir les taux élevés de production
secondaire observés dans ce bassin. A l'inversen&p et al. (2005) ont observé sur une plage
sableuse exposée (de la Manche) que le taux deigirod primaire benthique en général faible
sur ce site pouvait montrer de fortes valeurs &tion apres le dépot sur le sédiment de certaines
especes phytoplanctoniques.

Une autre caractéristique des lagunes intergsdedacerne le transfert de la production primaire
synthétisée a marée basse vers les maillons supgda réseau trophique. Par exemple dans les
lagunes cétieres dominées par les phanérogameseasaitia été montré que la matiére organigue
synthétisée par ces herbiers en majorité en péribémersion était tres peu ou lentement
dégradée et était surtout stockée dans les sédirdenta lagune sur plusieurs milliers d’années.
Ainsi, une fraction significative de la GPP de dexbiers n’est alors pas utilisée par les
hétérotrophes, ce qui tend a rendre ce type d’'étasye autotrophe et puits de Duarte et al.,
2010). Au contraire, Middleburg et al. (2000) obkervé que dans deux stations intertidales de
I'estuaire de I'Escaut (Belgique), la productiorcrephytobenthique réalisée au cours de la marée
basse était rapidement et significativement tragsfé&ers I'ensemble des organismes benthiques
hétérotrophes, i.e. bactéries, méiofaune et maanefeen fonction de la distribution de leur
biomasse respective.

Enfin, nous pouvons mettre en relation 'ensend#eces caractéristiques concernant la NEP
benthique et pélagique des lagunes intertidales aeles des flux verticaux de G@t des
mouvements horizontaux des masses d’eau avecd&Enms adjacents. La Figure 1.6. synthétise
les relations entre ces différentes caractérissigi@ particulier, en fonction du rythme tidal, les
interfaces d’échanges, en termes de NEE avec |sghwe, vont changer ainsi que la
contribution des différents producteurs primairesthiques et pélagiques en termes de NEP. A
marée basse, la NEE va se produire a l'interfacséiment mettant en jeu uniquement la NEP
benthique qui va assurer une forte production duegjour. A ce moment, l'influence des rivieres
est restreinte aux chenaux et les échanges hagizomn particulier avec I'océan restent faibles
(Figure 1.6.A). A marées montante et haute, laémairganique synthétisée durant 'émersion va
étre transférée aux compartiments benthiques egiogles soit en contribuant a la production
primaire planctonique soit & la production secomdaienthique ou pélagique via les différents
couplages (Figure 1.6.B). Par conséquence, a peétiede, la NEE va étre le résultat de la NEP
planctonique et de la NEP benthique mais aussitrdesports horizontaux de carbone entre la

lagune et les eaux douces continentales d’'uneepfes eaux océaniques d’autre part.
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Figure 1.6.Relation NEE, NEP et échanges horizontaux dandagnume intertidale. A : marée basse : NEE ou flesivaux de C@a l'interface
air/sédiment (NEP benthique), influence des riviggeédominantes et échanges latéraux faiblesm&ée haute : flux a I'interface air/eau (NEP
totale, planctonique et benthique), influence otan prédominante et échanges latéraux faiblesitdrisité des flux varie en fonction de

I'épaisseur des fleches ; couplage entre les caimpants benthiques et pélagiques (voir texte).
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Voyons maintenant les principales caractérisgqda site adopté pour ce travail, le bassin

d’Arcachon.

[.3. PRESENTATION DU SITE D’ETUDE : LA LAGUNE D’ARC ACHON

Le bassin d’Arcachon est une lagune intertidalees sur la cote Atlantique (France) a I'ouest de
'Europe par 44°40’ de latitude Nord et 01°10’ dagitude Ouest (Figure 1.7.A). Elle est soumise
a la fois aux influences marines de I'Océan Atlqui et continentales par un ensemble de cours

d’eau de son bassin versant (Figure 1.7.B).

1.3.1. Caractéristiques du bassin versant
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Figure 1.7.Le bassin versant de la lagune d’Arcachon; A :gypaux cours d’eau alimentant la
lagune ; B : délimitation de chaque sous-bassin.

Le basin versant total affluent a la lagune da&twon couvre une surface de basse altitude de
4138 knf ol les pentes ne dépassent généralement pas 25B&s6in est relativement homogéne
d’un point de vue topographique, climatique (destgoéanique, isohyetes entre 900 et 2000 mm)
et géologique (Auby et al., 1994). Le bassin versahconstitué de 1136 Krde bassins de type
indirect via les lacs (le systeme Hourtin-Carcahd.acanau au Nord et le systeme Cazaux-
Sanguinet au Sud) et 3000 ke bassins de type direct via les cours d’eaw(Eid..7.B). 84%
du bassin est occupé par une forét de pin mariti(R@us pinaster)couvrant un sol sableux

d’'origine Pléistocéne appelé «le Sables des Lamd@sichet et al., 1997). Ces sols appelés
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podzols se sont formés a partir d'un matériau rgésssier pauvre et siliceux (i.e. dépbts sableux
périglaciaires) sous des climats tempérés humidasdétrom et al., 2000). Ces sols sont acides
(pH 4-5), pauvres en minéraux mais aussi richesagmone dont la teneur peut atteindre 50 g par
kg de sol (Jolivet et al., 2007). Principalemetitaié, quelques affleurements carbonatés peuvent
s’observer localement dans le bassin versant eticylger le long de la Leyre (Folliot et al.,
1993). De méme, au niveau du sous-bassin du Parteitentre d’enfouissement de déchets de la
ville d’Audenge a utilisé pendant de nombreusestasrde la chaux qui a enrichi les sols en
carbonates (Canton et al., 2010).

Au niveau du Sables des Landes se trouve uneendippu libre et continue, couvrant plus de
4000 knf & proximité de la lagune d’ArcachbrCelle-ci, avec une épaisseur qui varie entret10 e
130 m, est localisée trés prés de la surface. gene2de cette nappe détermine trois types de
Landes (Righi and Wilbert, 1984). La lande hydrépluui occupe la majeure partie du bassin
avec une nappe d’eau inférieure a 1 m de profondedande mésophile présente dans les parties
basses et au milieu du bassin dont I'amplitudeadadppe supérieure a 2 m créé des périodes
humides et séches ; et enfin la lande xérophildgcedure de ruisseaux, avec une nappe profonde
a plus de 3 m. Le bassin versant a été massivedr@n par la plantation de la forét de pins suite
a un décret impérial de 1857. Méme si la forét exstore tres largement majoritaire, une
agriculture intensive de mais est maintenant bigésgnte couvrant une surface totale de 130 a
280 knf au détriment de I'agriculture traditionnelle etlddorét (Auby et al., 1994 : Canton et al.,
2010).

Concernant le réseau hydrographique, le basgircachon recoit les eaux douces de plusieurs
cours d'eau (Figures 1.7, 1.8 ; Tableau 1.2). Les pinportante en termes de débit et de surface
(70% de la surface totale) est la Leyre, localdies la partie sud-est du bassin (Figure 1.8.A). En
plus, 17 ruisseaux caractérisés par de tres faildlbes (Tableau 1.2) sont répartis tout autour du
bassin comme par exemple le Tagon (Figure 1.8.8)nEdeux canaux, celui du Porge au nord et
celui des Landes au sud, transportent les eauladesespectivement de Lacanau et de Cazaux-
Sanguinet (Manaud et al., 1997 ; De Wit et al.,30Annuellement, la lagune recoit en moyenne
1.25 16 m® d’eau douce dont 8% par les eaux-souterraines, g8%es précipitations et 79% par

les cours d’eau (Rimmelin, 1998).

* En comptant & la fois les bassins versants djeestron 3000 krf) et indirect via les lacs (environ 1100 $m
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Watershed  Runoff Drainage Population density  Inhabitants/

Surface (m3s?h) (L s*km?) (inhab kn?) runoff (inhab n?'s)

(km?)
Porge (Ares) 221.6 3.63 18 310 17263
Cires (Andernos) 48.7 0.63 13 445 34402
Renet (Lanton) 17.9 0.61 34 43 1283
Lanton (Lanton) 36.1 0.28 8 43 5562
Milieu (Audenge) 21.3 0.63 19 63 3313
Ponteils (Audenge) 23.3 0.23 10 63 6414
Tagon (Biganos) 29.6 0.67 23 113 4939
Leyre (Biganos) 2141.4 18.16 8 113 13360
Landes (Gujan-Mestras) 116.6 0.52 4 315 70703
Total 2656.5 25.34 137 1510 157239

Tableau 1.2.Caractéristiques générales des principaux coe@udiu bassin versant de la lagune
d’Arcachon. La Leyre et le canal du Porge représgntespectivement 73% et 24% du total des
apports d’eaux douces par les cours d’eau. Lessdébi été moyennés sur les années 1989-1993.

Figure 1.8. Photographies de cours d’eau du bassin versamd tegune d’Arcachon; A: la
riviere Leyre, B : le ruisseau Tagon.
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1.3.2. Caractéristiques de la lagune d’Arcachon

I.3.2.a. Morphologie et physico-chimie de la lagune

|:| Concessions ostréicoles
- herbier & Zostera noltii
- herbier & Zostera marina

- Schorres

Kilométres

Figure 1.9. La lagune d’Arcachon : cartographie obtenue dirpde photographies aériennes et
de mesuresn situ, d'aprés Gilles Trut, Ifremer; concessions ostigiso(données de 2009),
herbiers (données de 2008) et schorres (donnéekO@@). La zone subtidale (chenaux) est
représentée en bleu. L’herbier destera noltiicolonise 60% du platier intertidal.

Cette lagune intertidale de 174 %em forme de triangle équilatéral s'insére darpldine cétiére
des Landes de Gascogne et communique avec I'Octamntigue via un réseau de chenaux et de
barres sableuses appelées « passes », de lagg8lm et de longueur : 12 km (Figure 1.9). Avec
une profondeur moyenne de 4.6 m, cette lagune meskes marées de type semi-diurne dont
'amplitude varie de 0.8 a 4.6 m (Plus et al., 200&n fonction du coefficient de marée, le bassin
est donc considéré comme une lagune meésotidaleceotiokale. Le volume d’eau contenue dans
la lagune évolue de prés de 264 i} (coefficient de 45) & prés de 492°16° (coefficient de
95) (Plus et al., 2008). Pendant un cycle de mémdagune échange avec I'océan entre 130 et 200
10° m® et entre 370 et 400 4@n° d’eau pendant des marées moyennes de morte-euvite-
eau, respectivement. Le bassin recoit aussi pemaantrée de chaque cycle de marée, de 1.2 a 1.8
10° m® d’eau douce provenant de son bassin versant (Magiaal., 1997). Le nombre de Canter
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Cremer est donc de 110-170 ce qui classe le bassmachon dans une catégorie d’estuaire
relativement bien mélangé a forte influence ma¢iPritchard, 1967). En comparaison, ce nombre
dans I'estuaire de la Gironde est de 30-40 (Altrdle 2002). Du fait de la faible profondeur des
passes (5 m a marée basse et 9 m a marée haute)laspartie superficielle de la tranche d’eau
du large peut pénétrer dans le bassin créant amesistratification horizontale des masses d’eau
(Figure 1.9.). Des passes vers lintérieur du Imassiles sont classées selon trois catégories
distinctes par leurs variations annuelles de teatpgs et salinité (Boucher, 1968) :

- Les eaux néritiques externes (T = 9.5-21°C ; Salig4-35)

- Les eaux néritiques moyennes (T = 6-22°C ; SalRiit83)

- Les eaux néritiques internes (T = 1-25°C ; SaliBR€32)

En plus de la marée, le vent est le second mdtgdrodynamique de la lagune. Les vents
dominants soufflent de I'ouest avec une dominaotel A la belle saison et un partage nord-sud a
la mauvaise saison (Manaud et al., 1997). Le tedgsenouvellement des eaux du bassin est
relativement court variant entre 13 jours en hizel6 jours en été. Les vents de nord et d’ouest
favorisent nettement plus ce renouvellement quex @Best ou de sud. Néanmoins, les eaux
expulsées lors du jusant sont en grande partiessespdurant le flot suivant, ceci ne favorisant pas
le renouvellement. Enfin, une arrivée d’'eau extdgelocalisée dans le fond de la baie par les
rivieres diminue le confinement et favorise aussidnouvellement de fagon importante (Plus et
al., 2008).

La surface du bassin d’Arcachon se divise en dewes principales (Figures 1.9 et 1.10) :

- la zone subtidale, immergée en permanence avesurfece de 57 kfreprésentée par
trois types de chenaux ; les chenaux principawora lydrodynamisme (profondeur
maximale: 25 m et courants supérieurs & 1 ™ ;sles chenaux transversaux,
perpendiculaires a la circulation principale dearaats de marée et caractérisés par une
forte sédimentation vaseuse ; et les chenaux sagesden prolongement des chenaux
principaux de faible profondeur composés de sédisrgableux en majorite.

- La zone intertidale, immergée a marée haute etudécte & marée basse deux fois par jour
alternativement et qui représente 117 Ken période de vive-eaux pour un coefficient de
120) soit les 2/3 de la lagune. La température slgbments de surface a marée basse
fluctue entre -3 et 43°C sur 'année largementigriicée par les conditions atmosphériques
(Blanchet, 2004). Enfin, une large gamme de sédisnea retrouve sur I'estran avec des
sédiments perméables sableux fins dans la part@ntanecouverts par une couche de

sédiments silto-vaseux vers I'aval (Bouchet, 1968).
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A. B.

Figure 1.10. Photographies aériennes du bassin d’Arcachon aemaaése (J.M. Froidefond)
montrant la zone subtidale avec le réseau de ckdrensversaux et secondaires (A, B) et la zone
intertidale avec notamment les herbiers Atestera noltij les sédiments vaseux et les récifs

d’huitres sauvages.
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Annual Primary Production Estimation

tCyr gCm?yrt Contribution (%) [References
Zostera noltiiSeagrass 8880-12709 127-181 20 Auby, 1991
meadows
Zostera marinameadows | 2336 584 5 Auby, 1991
Benthic macroalgae 2508 17 5 Auby et al., 1994
(Monostroma obscurum)
Benthic macroalgae 390-584 97-146 1 Auby, 1991
(épiphytes des herbiers de
Zostera marina)
Schorre halophyte plants | 3045-3639 397-474 7 Sorianno-Sierra, 1992
(above-ground production)
Microphytobenthos 16133-17621 104-114 32 Auby (personal

communication)

Phytoplankton 16068 103 30 Glé et al., 2008
Total 49360-55465 1429-1619

Tableau 1.3. Synthése des estimations concernant la productiomape de la lagune
d’Arcachon. Les estimations en g C’man* ont été obtenues en normalisant les productions
annuelles par les surfaces respectives de chacuoodepartiments. Les productions des herbiers
de Zostera noltij des macroalgues et des plantes halophytes conéspt a des productions
nettes estimées a partir de mesures de biomagsesesaouverture annuelle. Les productions des
herbiers deZostera marinaet de ses épiphytes ont été estimées a partir ldergacalculées a
Roscoff (France). La production du microphytobestborrespond a une production brute estimée
a partir de mesure de concentrations en &hdur une couverture temporelle limitée. Enfin, la
production du phytoplancton se situe entre uneywrtboh brute et nette obtenue par incubations
au'“C pendant une certaine année (2003) (cf. référemitéess).
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Figure 1.11. Photographies des principaux producteurs primaibesithiques du bassin
d’Arcachon ; A : 'angiosperme marir#stera noltij B : le microphytobenthos (ici en exsudation
au début de I'immersion), C : le schorre.

27



Chapitre 1. Introduction générale

L’ensemble de ces spécificités, qui caractérisget zone cétiere en général, font de la lagune
d’Arcachon une zone trés active des points de wledique et de son métabolisme. Celui-ci est
initié par un ensemble diversifié¢ de producteurgmpaires benthiques et pélagiques dont
limportance varie spatialement et selon les cydiesne, tidal et saisonnier. Dans la lagune, cette

production primaire totale est dominée au 2/3 pgrbduction primaire benthique par :

- Les herbiers d&ostera noltiiqui assurent une production annuelle variant et2i@181 g C
m, so0it8880-12709 t C (Auby, 1991 ; Tableau 1.3). En 8684 (i.e. 70 krhen 1989) de la
zone intertidale est colonisée par cette angiospenarine ce qui fait du bassin le plus grand
herbier d’Europe (Figures 1.9, 1.10.A et 1.11.A)ett€ phanérogame de petite taille
(maximum 30 cm de long pour quelques mm de largeparticulierement bien développée
sur le platier entre -1.9 et +0.8 m en particulens les substrats silto-argileux des zones
intertidales basses. Dans les sédiments sablewpalareté en nutriments entraine le
développement d’'un important systeme racinaire dfassurer le bon approvisionnement en
nutriments et de résister aux agents dynamiquebyAand Labourg, 1996). La croissance de
I’herbier montre d'importantes variations saisoneseen densité et biomasse et suit un schéma
unimodal avec des maxima en été (juin-septembreegtminima en hiver, seul le systéme
racinaire (rhizome) persistant tout au long de H&a (Duarte, 1989 ; Auby and Labourg,
1996 ; Vermaat and Verhagen, 1996). Cependantrbitre de Zostera noltii régresse de
maniére importante depuis les vingt dernieres as)néetamment établi par I'utilisation de
photographies aériennes (Plus et al., 2010). Utinddon homogene de 33% entre 1988 et
2008 a éteé observé dans la lagune, avec une aat@hésurtout depuis 2005, en particulier
dans le secteur Est de la lagune alors que la domgede I'herbier dans la partie Ouest et le
Nord du bassin se maintient (Auby et al., 2009uysPét al., 2010). L’herbier couvre
aujourd’hui une surface de 45.7 ken 2007) soit 39% de la zone intertidale. Cettgession
se traduit notamment par une augmentation des obtAatiens en ammonium aux

embouchures des principaux cours d’eau (Leyre ige¢Plus et al., 2010).

- Les communautés microphytobentiques (Figure 1.1&4V8f une production comprise entre
104 et 114 g C h an®, soit 16133-17621 t C dn(Auby, communication personnelle,
Tableau 1.3). Avec les herbiers desteranoltii, elles assurent ensemble plus de la mo#ié d
la production primaire totale de la lagune. Pré&setaut au long de I'année dans le bassin, ces
cellules forment de denses tapis bruns a la sutfacs®diment durant la saison printaniére ou

les maximums de biomasse sont généralement at{@ulyy, communication personnelle).
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- Les herbiers d€ostera maringrésents en bordure de chenaux, en permanencegésnee
contribuent que faiblement & la production prim&itale (2336 t C ahsoit 5%, Tableau 1.3)
couvrant un espace réduit de 4’%kdans la lagune, en forte régression aussi (i@indde
74% observé entre 1988 et 2008, Plus et al., 2010)

- Les macroalgues benthiques, de tygenostroma obscurumou épiphytes des herbiers de
Zostera marina représentent respectivement 25@8 390-584 t C ahsoit 5 et 1% de la

production primaire totale de la lagune (Table&).1.

- Enfin en bordure interne du bassin, une végétdtaaophyte représentée notamment par les
espéeces du genfgpartinaconstituant les pré-salés ou schorre de la lagkigeire 1.11.C),
contribue & la production totale & hauteur de 7%ren avec 3045-3639 t C ar(Soriano-
Sierra, 1992 ; Tableau 1.3).

La production primaire pélagique de la lagunenmieste pas moins significative, dominée par les
communautés phytoplanctoniques a raison de 103ng*Gni’ (30% environ de la production
totale, Tableau 1.3), placant la lagune parmiystesnes de faiblement a moyennement productifs
(Glé et al., 2008). Des efflorescences phytoplanqgtes précoces provenant de l‘océan et
dominés par de grandes diatomésstérionellopsis glacialisentrainent de tres fortes productions
en période hivernale et au début du printemps. @edant alors place a des efflorescences
printaniére et estivale de petites diatomées massiade cellules non siliceuses de petite taille

(flagellés) adaptées aux faibles concentrationsugmments (Glé et al., 2007).

® Ces herbiers représentent un habitat trés seretiiiés riche en termes de diversité et d’aborelalte forment un
habitat permanent et un site de nourricerie et efoduction pour un grand nombre d'espéces (hipppes,
épiphytes, seiches...) (Blanchet et al., 2004).

® Cette estimation ne prend en compte que la ptimudeMonostroma obscururet pas celle des autres
macroalgues, nombreuses dans la lagune.
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1.3.2.c. Les pressions anthropiques

Le bassin d’Arcachon comme grand nombre de zodigdres est sujet a d’'importantes pressions
humaines notamment agricole, touristique, et adeacba population autour du bassin a
augmenté de 60% sur les quarante derniéres anrtsignant plus de 100 000 habitants
aujourd’hui. En période estivale, ce chiffre est Itipié par trois (de Montaudouin,
communication personnelle). 12 000 embarcationstadont 76% motorisées, sont basées sur le
bassin avec la moitié dans les ports et l'autretitn@u mouillage (Rapport GEOMER 2010).
D’autre part, le bassin d’Arcachon supporte une artgnte activité conchylicole produisant
chaque année environ 18 000 tonnes d’huitres. ®iyar deux depuis 1960, elle occupe
actuellement une surface de 900 ha (18)idont seulement 60% est exploité. D’importantsfséc
d’huitres sauvages laissés a I'abandon se sontogdés transformant de maniere profonde le
milieu (Figure 1.10). L’agriculture dans le bassersant de la lagune est responsable de prés de
66% des apports annuels d’azote inorganique, quétgn multipliés par deux entre 1980 et 1993
provoquant des phénomenes d’eutrophisation (Aul@l. 1994 ; Blanchet, 2004). En particulier,
le bassin a vu au début des années 1990, un d@¢eehgmt massif d’algues vertdddnostroma
obscurum, Enteromorpha clathrataCependant, ces phénoménes ont régressé depastent
aujourd’hui limités, ceci étant en partie expligpar I'hydrodynamisme et le temps de
renouvellement des eaux de la lagune. Les eaus uk#mestiques et industrielles sont rejetées
apres traitement directement a 'océan au sud dsimace qui limite les apports en azote et
phosphore (De Wit et al.,, 2005). Enfin, un certmiombre d’espéces ont été introduites
volontairement dans la lagunBuditapes philipinarumCrassostrea giggsou involontairement
(Crepidula fornicata Spartina anglica..) (Blanchet, 2004). Cependant, leur impact suiclaesse
biologique et la diversité spécifique du bassinerésible, a I'exception des spartines qui créent u
envasement en zone amont et entrent en compétpiainile avec les herbiers de zosteres naines
(Cottet et al., 2007).

La lagune bénéficie d'un grand nombre de mesiegzrotection et de classement : Natura 2000,
ZNIEFF 1 et Il (zone naturelle d’intérét écologiquaunistique ou floristique), ZICO (zone
d’'importance pour la conservation des oiseaux), Z#Be de protection spéciale), sites classés,
inscrits, propriétés du Conservatoire du Littoralautres réserves naturelles). Malheureusement,
cette protection reste encore trop fragmentaire ntente montre par exemple l'absence de

|égislation stricte au sein de la mesure ZNIEFF.
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I.4. OBJECTIF ET ORGANISATION DE L'ETUDE

1.4.1. Les objectifs de cette étude et les opérati® mises en ceuvre

Ce travail de these porte sur les échanges gea@isphérique dans la lagune d’Arcachon et les

relations existant avec le métabolisme intertidal.

PART II

Eddy Covariance

| NEE- VERTICAL CO, FLUXES
(measurements, variations and

relations with NEP,,..)
PART 1 \

LAGOON WATER MASSES RIVERS
(dynamics and exchanges) (dynamics and inputs)
River Monitoring

—_—

Intertidal Ecosystem Metabolism

Figure 1.12.Les principaux axes de I'étude des échanges deali@osphérique dans la lagune
d’Arcachon.

Les objectifs de la présente étude se sont ti@utour de deux parties principales en relation

avec le métabolisme intertidal de la lagune comenmdntre la Figure 1.12 (revoir la partie 1.2.

avec la Figure 1.6 pour les explications).

Une premiére grande partie a concerné I'étude diydamique du carbone dans les eaux de
rivieres entrant dans la lagune. En particulies, Jariations saisonniéres de I'ensemble des
formes du carbone dans ces eaux douces ont éé&raées. Egalement, les exports de ces
différentes formes de carbone vers la lagune @ngeéantifies en estimant la part de QfDi

a dégazé vers I'atmosphere depuis ces eaux deegyig’atteignant jamais la lagune (parties
1.1 etl.2).
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- Une deuxiéme grande partie de ce travail a condarmgise en place dans la lagune d’'un
systeme de mesure de flux turbulents par Eddy Gaowee (EC). Cette technique permet de
mesurer les flux de CGOaux deux interfaces air/eau et air/sédiment deiémarcontinue.
L’objectif principal était de réussir a appliqueetie méthode largement utilisée dans les
écosystemes terrestres a la zone cotiére en pemtiada zone intertidale et d’obtenir des flux
gualitatifs et quantitatifs. Ceci permit de carasgr les variations de ces flux aux échelles
diurne, tidale, saisonniere, en relation avec deseurs environnementaux, le métabolisme de
'écosystéme et la distribution des producteursnpnies de la lagune. Il était également
intéressant de savoir comment le bassin se conipartééchelle annuelle vis-a-vis du

carbone en termes de puits ou de sources dg@® I'atmosphére.

Afin de mener a bien ces différents objectifs,important travail sur le terrain (Figure 1.13) a
été réalisé faisant suite & un grand nombre d’aealgn laboratoire. Concernant la dynamique et
les apports de carbone en provenance du bassenveus suivi annuel de Février 2008 a Février
2009 a été effectué a raison d’'une sortie touteddeix semaines sur quatre rivieres et d’une sortie
tous les mois sur cing autres cours d’eau (voiuradL.7 et Tableau 1.2). Par rapport a la mesure
de flux de CQ entre la lagune et I'atmosphere, six déploiementsté réalisés. Tout d’abord, en
septembre-octobre 2007 & la Station 2 (Figure dugant le chantier PNEC 2007 (Programme
National Environnement Cétier) ou quatre jours darges ont été obtenus avec un systeme EC
prété par le Laboratoire d’Aérologie de Toulouse $erca). Suite au financement par la Région
Aquitaine de notre propre systeme EC en avril 20@85 autres déploiements ont été menés dans
la lagune, a la Station 1 (Figure 1.9) a proxirditén herbier tres dense d®stera noltii Ces trois
déploiements se sont déroulés en juillet 2008 ({rs)o septembre-octobre 2008 (20 jours) et avril
2009 (13 jours)

" Six déploiements ont été réalisés dans le baksitachon au total. Cependant, ceux de décembd8 20 juillet
2009 n'ont pas permis d'obtenir de données sasafies de flux de GOsuite a des problemes techniques rencontrés
sur le terrain.
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EC EC EC EC
(52) (s1) (s1) (s1)
30/09/07 01 to 25 to 01 to
to 07/07/08 17/10/08 13/04/09
03/10/07

River monitoring
(14/02/08 to 18/02/09)

Figure 1.13.Chronologie des différentes expérimentations meséaele terrain ; voiFigure 1.9
pour la localisation des deux stations étudiées.

1.4.2. Organisation et présentation du mémoire

Ce mémoire s’organise ensuite en deux granddagep (chapitres 2 et 3). Dans le chapitre 2
seront abordés la dynamique du carbone dans Isserux et rivieres du bassin versant de la
lagune d’Arcachon ainsi que les apports a la laggm@renant aussi en compte le dégazage de
CO, de la surface de ces cours d’eau vers I'atmosphergremiére sous-partie du chapitre 2
présente la formulation d’'un modele totalement indalj appelé « StreamGODEGAS »,
permettant d’estimer la part de €@su du sol et qui dégaze vers I'atmosphére dieritée dans
la lagune a partir de mesures isotopiques. Cette-partie fait I'objet d’'une soumission au journal
Geochimica et Cosmochimica Aatapuis décembre 2010. Dans une deuxiéme sous-gartint
abordeés les variations spatio-temporelles de carllans neuf rivieres du bassin versant ainsi que
'export de carbone a la lagune en intégrant desdégazage de G@btenu a I'aide du modele.
Cette sous-partie fait I'objet d’'une soumissionaarévueLimnology and Oceanographyepuis
décembre 2010.

Dans un troisieme chapitre, nous verrons la needes flux de C®par EC entre la lagune et
'atmosphére ainsi que leurs variations en fonctea différents forcages environnementaux et les
relations avec le métabolisme de I'écosystémetidtdr Ce chapitre se présente en deux sous-
parties, la premiere présentant la méthode EC eélgdation en zone intertidale en se basant sur
les variations de flux turbulents de ¢@e chaleur et d’énergie obtenus durant I'expémiaieon
de Juillet 2008. La deuxieme, en intégrant I'endenaes quatre expérimentations, discutera les

variations spatio-temporelles des flux de (@ relation tout particulierement avec la prodarcti
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primaire de la lagune. En effet, une analyse dé&ail'images satellites montrant la dynamique
saisonniere des herbiers de Zostéres a été estragdin de mettre en relation cette dynamique
avec celle observée dans les échanges den3urés dans la lagune. Ces deux sous-parties
viennent tout juste d’étre soumises respectiveragrtrevueslournal of Geophysical researe

Biogeosciences.

Enfin dans une synthése générale, nous replacésmésultats de ce travail dans le contexte des
connaissances antérieures sur les flux de carbanes & bassin d’Arcachon. Un schéma de
synthése du budget de carbone de la lagune sesanpééet discuté en détail dans ses différents
compartiments, afin de proposer des perspectivégadail pour I'améliorer. Dans celles-ci, nous
discuterons notamment l'intérét d’'un outil comnted’ pour étudier des problématiques telles que

la récession de I'herbier de zosteére.
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CHAPITRE I

DYNAMIQUE, EXPORT ET
DEGAZAGE DE CARBONE
TERRESTREVERS LA LAGUNE
D'’ARCACHONDEPUIS LES EAUX
DE SURFACEDE SON BASSIN
VERSANT

PARTIE 1l.1. MODELLING CO , DEGASSING FROM
SMALL ACIDIC RIVERS USING pCO ,, DICAND &%C-
DIC DATA ¢

PARTIE [l.2. EXPORT AND DEGASSING OF
TERRESTRIAL CARBON FROM SMALL RIVERS AND
STREAMS DRAINING A TEMPERATE  SANDY
PODSOLISED CATCHMENT

8 Cette partie fait I'objet d’'une soumission : Modtell CO, degassing from small acidic rivers using pCDIC and
3"°C-DIC data, Polsenaere P. and G. Abril, SubmiteGeochimica Et Cosmochimica Actéanglais corrigé par
American Journal Experts).

% Cette partie fait I'objet d'une soumission : Expand degassing of terrestrial carbon from smedirs and streams
draining a temperate sandy podsolised catchmenéeRaere P., Savoye N., Etcheber H., Canton MrigpPdD.,
Bouillon S. and G. Abril, Submitted taimnology and Oceanographyanglais corrigé par American Journal
Experts).
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. DYNAMIQUE, EXPORT ET DEGAZAGE DE CARBONE
TERRESTRE VERS LA LAGUNE D'ARCACHON DEPUIS LES
EAUX DE SURFACE DE SON BASSIN VERSANT

[I.L1. MODELLING CO , DEGASSING FROM SMALL ACIDIC RIVERS
USING pCO,, DIC AND §'*C-DIC DATA

Résumé

Le dégazage de dioxyde de carbone, issu de paragsn terrestre, depuis les ruisseaux et les
petites rivieres vers l'atmosphére, apparait comune composante majeure des budgets de
carbone des bassins versants. Ici, nous proposmenapproche originale afin de quantifier ce flux
a partir de données de pressions partielles de (GQ,), de concentrations en carbone
inorganique dissous (DIC) (ou d’alcalinité totale#y) et de compositions isotopiques du carbone
inorganique dissous{*C-DIC) dans les cours d’eaux. Le modéle s’appligue eaux acides, non
tamponnées (de type humique) et repose sur lesthgg®Es qui incluent essentiellement la
composition isotopique du DIGC-DIC) dans les eaux souterraines s’écoulant wsrgaux de
surface (CQ@issu du carbone organique respiré et les ions HB6u du lessivage) et sur le fait
que l'isotope 12 léger du dioxyde de carbolf€(,) dégaze vers I'atmosphére plus rapidement
que lisotope lourd }fCO,). Nous évaluons d’abord la composition isotopiglee la matiére
organique du sol et le fractionnement isotopiqueCdl dans un sol afin d’obtenir BC-CO;
dans ce sol et ces eaux souterraines. A particalesentrations en HGO(TA), nous estimons la
contribution relative de I'érosion des roches ailées et carbonatées (ces derniéres étant mineures
dans ces eaux) a la concentration en ions H@0Da sa composition isotopique associée. Les
calculs relatifs au modéle commencent & partiradealeur de5**C-DIC déduite de la méthode
citée précédemment et consistent en deux itéragomsoitées. La premiére itération mime la
diminution de pC® et l'augmentation d&**C-DIC qui surviennent le long du cours d’eau
pendant le dégazage, en commencant avec une pt@le du sol qui est supposeée, et en
terminant avec les valeurs de pCét ded™*C-DIC mesuréesn situ dans le cours d’eau. La
deuxiéme itération consiste & ajuster la p@®@sol initiale jusqu’a ce que la pgéx les**C-DIC
atteignent en méme temps les valeurs mesuméat. Suite a I'obtention de cette convergence, le
modele calcule une concentration théorique en IHQDIC]e, qui a été perdue sous forme de
CO, vers I'atmospheére depuis la source jusqu’ au pentnesure dans la riviere. Le [Digpeut
ensuite étre multiplié par le débit de la riviefenal’en déduire la quantité de carbone dégazée

depuis les eaux de surface de la riviere. Le moaéi testé sur un jeu de données, obtenu a la
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suite d’'un échantillonnage saisonnier sur le termé trois petites rivieres drainant des sols
sableux (podzols) dans le sud ouest de la Fraice permis d’obtenir des dégazages annuels
comparables a ceux reportés dans les autres étidasgu’un peu supérieurs (borne supérieure
des rangs pour deux cours d’eau et dix fois la moggoour un cours d’eau). Une partie de cette
différence peut avoir été causée par un dégazagesima proximité des eaux souterraines arrivant
en surface, qui a été pris en compte par notre odétlintégrative mais pas par les méthodes
classiques basées sur la pQfes eaux de riviere et la vitesse de transfegadu La sensibilité du
modele résulte de I'hypothése faite sur I'importame I'érosion de roches carbonatées, ce qui
peut également expliquer ce fort dégazage. Le madgroduit de maniére cohérente les valeurs
et les tendances saisonnieres des pdHDs les sols (maximales en été) et des vitesstanksfert

de gaz (maximales durant les forts débits). Nossutions la sensibilité du modeéle a différents
parametres et hypothéses et nous proposons quelqé®rations afin de mieux contraindre le
[DIC]ex calculé pour une validation définitive du modé@Wous concluons que notre approche
intégrative présente un potentiel intéressant commutieutilisé dans la quantification du dégazage
de CQ depuis les petits cours d’eaux en amont, dépassatitficulté de mesurer ou de choisir

une vitesse adéquate de transfert de gaz.

Abstract

Degassing of terrestrially-respired £€ftom streams and small rivers appears to be afisignt
component in watershed carbon budgets. Here weopeogn original approach to quantifying this
flux using data of pC§ DIC (or Total Alkalinity, TA) and3**C-DIC in stream waters. The model
applies to acidic, non-buffered (humic-type) watargl basically relies on some assumptions,
including the stable isotopic composition of DICgroundwater seeping to surface water §CO
from respired soil organic carbon and HC®om weathering) and on the fact th&£0, degases
to the atmosphere more rapidly tHd80,. We first consider both the soil organic mattetdpic
composition and the isotopic fractionation of OB a soil to derive thé**C-CO, in that soil and
groundwater. From the HGO (TA) concentrations in streams, we estimate thiative
contribution of silicate and carbonate weatheritige (atter being minor in these waters) to the
HCOs; and its associated isotopic composition. Modetwdations start from th&"*C-DIC value
computed by the aforementioned method and conktstminterlocked iterative procedures. The
first procedure mimics the decrease in pG@d the increase i>C-DIC that occur along the
stream watercourse during degassing, starting &orassumed initial soil pG@nd ending at the

in situ pCQ, or 8*C-DIC. The second iteration procedure consistsdjfisting the initial soil
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pCQO, until pCQ and §*C-DIC simultaneously reach thim situ measured values. After
convergence is obtained, the model computes adhearconcentration of DIC, [DIG], that has
been lost as C£xo the atmosphere from the headwater to the sagpbint in the river. [DICGk

can be multiplied by the river discharge to detive quantity of carbon degassed from the river
surface. The model was tested on seasonal fiemselst from three small rivers draining sandy
podsols in southern France and gave annual argakdgieg rates comparable to those reported in
other studies, though somewhat larger (upper laa§e in two rivers, ~10 times the average in
one stream). Part of this discrepancy might havenbsaused by an intense degassing in the
vicinity of groundwater seeps, which was accounted our integrative method but not by
classical methods based on stream water p&@ gas transfer velocity. The sensitivity of the
model results on the assumption of the importaf@aonate weathering might also explain this
high degassing rate. The model reproduced consigtdnes and seasonal trends of soil pCO
(maximal in summer) and gas transfer velocity (meati at high water flow). We discuss the
sensitivity of the model to the different paramsteand assumptions and propose some
improvements for better constraining the compuf@]e, for definitive validation. We conclude
that our integrative approach has great potensi@raefficient tool for quantifying GQilegassing

in small headwater bodies, overcoming the diffigudf measuring or choosing a gas transfer

velocity.
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1. Introduction

Laterally transporting a total flux of about 0& C yr', rivers represent the main linkage
between the land and the ocean (Meybeck, 1982; Kesh@l., 1991). This flux is composed of
~20% patrticulate organic carbon (POC), ~25% dissblerganic carbon (DOC), ~45% dissolved
inorganic carbon (DIC) and ~10% particulate inoigararbon (PIC) (Meybeck, 1987; Ludwig et
al., 1996; Meybeck and Vorosmarty, 1999). Excepteutrophic rivers, where phytoplankton
production can produce autochthonous POC, the iamirPOC is allochthonous and originates
from soil erosion in most rivers (Meybeck, 19930 in non-polluted rivers primarily originates
from leachable organic carbon in soils and frometdrial vegetation (Kempe et al., 1991; Sobek
et al., 2007). DIC in freshwater can be differeteghinto two fractions with distinct origins and
behaviours: carbonate alkalinity, primarily in tHEO;™ form, which comes from soil and bedrock
weathering, and dissolved GOwhich results from respiration in soils, groundsva, river
sediments and waters (Meybeck, 1987; Amiotte-Sueimek Probst, 1995; Abril et al., 2000).
Riverine DIC is thus an open dynamic system thatlesely related to the lithology of the
drainage basin as well as soil and river respinatod is also affected by atmospheric ,CO
exchange. Rivers not only transport carbon latgtallthe ocean, but also process carbon through
biological activity and transfer it vertically agganic carbon burial in sediments and as,CO
exchanges with the atmosphere (Cole et al., 20@/s €t al., 2008). Freshwaters are generally net
heterotrophic, where a significant part of POC B@IC is mineralised to C{and degassed to the
atmosphere (Duarte and Prairie, 2005; Battin et 20108). Recent works have revealed that
despite their small contribution to earth’s covexaa freshwaters emit a significant amount o,CO
to the atmosphere (Cole and Caraco, 2001; Colke,&0®7). To achieve a precise carbon budget
of the continental biosphere, it is necessary &ntjty not only the carbon export to the ocean, but
also the carbon burial in lake sediment and the G@gassing to the atmosphere all along the
watershed. This C{degassing is the result of instream processess l@al$o regulated by riparian
and hyporheic/groundwater G@puts to waters (Jones and Mulholland, 1998; |Addral., 2000;
Cole and Caraco, 2001; Billet et al., 2004). Paléidy supersaturated GDeadwaters show very
high areal degassing rates (Hope et al., 2001; stoheet al., 2008; Billett and Moore, 2008;
Davidson et al., 2010). The gas transfer velocitgoKhat, together with the water-air pgO
gradient drives the degassing intensity is cordtblby several physical factors and subjected to
large uncertainties in rivers (Raymond and Cole€Q130Furthermore, COdegassing might be
underestimated because of a rapid decrease of, flo® headwaters to downstream rivers
(Worrall and Lancaster, 2005; Johnson et al., 20@8&;dson et al., 2010).
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The stable isotopic composition of DIG{C-DIC) varies over a large range in freshwaters.
Carbon reservoirs that act as a source of rivefi€ (soil, groundwater, bedrocks and
atmosphere) have distinct isotopic signatures (Yetrg., 1996; Clark and Fritz, 1997). TétéC
of atmospheric C@is about -7.5%o, whereas carbonates rocks havéCaof about 0% (Mook et
al., 1983). Thes™*C of soil CQ depends on the plant pathways used for photossistiaad the
organic matter sources fuelling plant and microbégipiration (Vogel, 1993). In a system where
soil CG is primarily derived from decomposition of @lant organic matter, the G@roduced
has a5'°C-CO, value close to the initial substrate (i.e. -30-2d%.). Respiration of terrestrial
organic matter in soils and waters will produce DWEh an isotopic composition similar to the
organic substrate. Primary production, in contrastds to increas& C-DIC and generate strong
diel variations (Parker et al., 2005). Finally, gaschange along river courses generates an
isotopic equilibration with the atmosphere and nsakes'*C-DIC less negative. In this paper, we

use the latter property of isotopic air-water eiqudtion to estimate C{degassing rates.

We present here a model called “stream@OBGAS” that uses water-air isotopic equilibration
processes to compute €@egassing in streams and small rivers. The mosketin situ data of
pCQ,, Total Alkalinity (TA) (or DIC concentration) antt*C-DIC and applies to small acidic and
unproductive rivers and streams. The model firstuages several hypotheses concerning the
isotopic composition of the DIC initially releastmsurface waters. It then computes a theoretical
DIC concentration that has evaded to the atmosplyesgeam of the sampling point in order to
reach the observed pG@nd&*C-DIC values due to gas isotopic equilibration.ehftlescribing
the principles in detail, we test the sensitivifyttee model to thén situ pCQ,, TA andd**C-DIC.

We then apply the model to a dataset obtainedrgethivers of the Arcachon lagoon catchment
with known lithology and morphologies. Finally, wkscuss the potential of our model and

improvement measures for application in other fnegtr systems.
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2. Material and Methods

2.1 Study site

* N RN
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Legend "’ © R B
Farming area

B35 Newly deforested area

I Housing area

Catchment boundaries
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% Waste Disposal
1-Renet
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3-Leyre
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Figure 1. Map of the Arcachomagoon and its direct catchment basin showing hineet sample
rivers (the Renet and Milieu streams and the L&er) and the catchment boundaries with
occupation.

The study site for this model development and waih was located in the Archon lagoon
catchment and concerns three of its d-flowing rivers, the Renet and the Milieu streamd #re
Leyre River (Figure 1). Located in Southwest Frarnie catchment, with a surface of 3001%,
is lowland (slopes below 0.25%) and relativelomogeneous topographically, climatice
(isohyets between 900 and 1000 mm) and geologidaiyplana et al., 1993). The soils
composed of sandy podsols of Pleistocene origiimasily covered by maritime pine fore
(Trichet et al., 1997). The soidse crossed by a shallow, m-layered, permeable aquifer, whi
is not deeper than 3 m, has a maximum thicknesghes 25 m and is highly connected to sur
waters (Rimmelin et al., 1998). Soils are charaxer by high acidity (pH -5), low inorganic
nutriment availability, organic matter reaching 1%36livet et al., 2007) and a near absenc
carbonate rocks, except a few Miocene carbonatemtaps in the Leyre catchment (Folliot et
1993).
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Renet Milieu Leyre

Catchment Surface (K 17.9 21.3 2141.4

Runoff (nts?) 0.6 0.6 18.2

Drainage (L 8km?) 33 28 8

Water temperature (°C) 129+2.4 6.6~16.6 12.70+ 3.5 4.2~17.5 12.74 £ 4.2 3.8~18.6
Conductivity (pScrﬁ) 202 £27.9 178~277 270 £ 34 215~321 170 £ 15 151~195
pH 6.29 + 0.07 6.23~6.40 6.24 +0.08 6.17~6.33 6.96 + 0.03 6.92~7.03
Chl a (ugLh) 0.6+0.5 0.1~2.2 0.4+0.3 0.1~1.2 1.0+£0.8 0.1~3.8
POC (mgl;l) 1.7+2.8 0.1~13.4 15+1.2 0.1~4.6 1.3+0.9 0.1~4.2
DOC (mgL?) 55+1.1 4.1~9.8 42+1.1 2.4~58 55+1.8 2.7~10.1
§8c-PoC (%0) -28.6 £ 0.4 -29.4~-28 -28.1+0.9 -28.9~-26.5 -28.7+0.5 -29.5~-27.7
pCG; (ppmv) 5479 £ 1279 1437~7653 2554 £ 949 1529~5460 1604 + 338 1046~2453
TA (mmolL™) 0.247 + 0.052 0.154~0.370  0.104 £ 0.022 0.078~0.153 0.325+0.114 0.12~0.52
DIC (mmoIL'l) 0.513 £0.081 0.317~0.674 0.229 £ 0.055 0.17~0.39 0.403 £0.104 0.255~0.612
83C-DIC (%o) -20.3+0.4 -21.2~-19.6 -19.7+1.7 -24.6~-17.9 -15.6+2.6 -21.6~-12.5

Table 1. General characteristics and carbon concentra{ererage + standard deviation; min~maxk}the three studied rivers. Data from a one-
year monitoring between February 2008 and Febr2@@@ (Polsenaere et al., submitted).
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The three studied rivers have contrasting si#es,Leyre River being much larger than the
Milieu and Renet streams (Table 1). They are wadinnelized, with little or no floodplains; on
the Leyre and Renet rivers, numerous trees trumkghe edges and across the river create
substantial turbulence during high discharge. Qarboncentrations and associated parameters
were monitored over a one-year sampling period s@taere et al., submitted) and are
summarised in Table 1. POC concentrations are matgldvetween 0.1 and 4.6 mg throughout
the year, reflecting weak erosion in the lowlanddsacatchment. Throughout the year, there is an
almost constans**C-POC value of -28%. in the three rivers, which esean origin from
terrestrial G plant and soil detritus consistent with soil ocatign by pine forest. Autochthonous
POC is minor, as attested by Chlconcentrations below 4 pg'L(Table 1). In contrast, the
dominance of podsols leads to high concentratiéi3QC (between 2.4 to 10.1 mg'). Waters
of the three rivers are supersaturated in, Q@G between 1000 and 8000 ppmv) as a result of
large inputs from soils and groundwater. The shestdence time relative to that of the aquifer
and the fact that maximum pG@ccurs in summer, when groundwater inflows are imam
(Polsenaere et al., submitted), suggest that ed8pir in the rivers themselves is modest in
comparison to groundwater and soil £i@puts as is also the case in other headwatelet(Bt
al., 2004; Johnson et al., 2008; Davidson et &102 TA values are low, typical for sandy
catchments where silicate weathering dominates,irmuease in the Leyre River where some
carbonate rocks are present. In these acidic walérss almost entirely composed of Hg@nd
represents only half of the DIC in the Milieu andrigt rivers and 2/3 in the Leyre; the remaining
TA is composed of carbonic acid and dissolved, 3&C-DIC values are more negative in the
Renet and Milieu streams throughout the year (208 and -19.7+£1.7%o, respectively) than in
the Leyre River (-15.6+2.6%0). In the Leyr&>C-DIC is positively correlated with the TA and
DIC concentrations (Figure 2), reflectifdC-enriched DIC inputs from carbonate rocks that
increase in summer, when groundwater runoff doremgiPolsenaere et al., submitted). In
contrast,8"*C-DIC is negatively correlated with pGan the three rivers (Figure 2b) due to the
predominance of two antagonistic processes: (1)mbgt of CQ from groundwater of terrestrial
Cs material, which increases pé@nd decrease8™*C-DIC, and (2) C@ degassing to the

atmosphere, which has the opposite effect on bathnpeters (Polsenaere et al., submitted).
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Figure 2. Isotope DIC composition (%0) variations versus a.OpGralues (ppmv), b. TA
concentrations (mmol 1) and c. DIC concentrations (mmotLin the three studied rivers of the
Arcachon lagoon catchment.

2.2 The stream CQ-DEGAS model formulation

2.2.1. Initial hypothesis, general principle and vidity domain

Our model that computes integrated . C@egassing from rivers is based on two initial
hypotheses: first, the river waters must be acalic] second, they must be unproductive. Figure 3
shows the Bjerrun diagram of typical river wateiththe CQ" form (the sum of carbonic acid
H,CO; and dissolved C§) dominating at low pH and the HGGorm dominating at higher pH.
Panels b and ¢ show the relative changes in @8d HCQ concentrations that occurred when
each species was introduced in the water, respégtithe buffer factors dCOdDIC and
dHCQO;/dDIC were computed, as in Abril (2009), using taebonic acid constant sets proposed
by Mehrbach et al. (1973) and the £&blubility coefficient of Weiss (1974). When ¢@om
respiration was introduced in the water, and winenwaters were acidic, most of the DIC change
occurred in the C® pool, and the HC® was not affected: dCOdDIC was close to 1 and
dHCGO;/dDIC was zero (Figure 3b). In contrast, at high pl the case of seawater, Q@puts
generate significant changes in the HC&ncentration (Abril, 2009). Conversely, when HCO
inputs occurred after silicate or carbonate roclativering, the C® concentration was affected
(decreased due to increasing buffering capacitly) when the pH was lower than 4.7 (Figure 3c).
At a pH higher than 4.7, DIC inputs in the HE@rm conservatively generated an increase in the
HCO; concentration (dHCEdDIC is close to 1 in figure 3c). As a consequerce, inputs
from respiration conservatively affected the £@ool when water had a pH between 4.7 and 7.2,
as in the case of our study sites and many rivedsakes worldwide. Additionally, HCOinputs
from rock weathering conservatively affected the®4Qthe Total Alkalinity) pool. Thus, the two
dominant forms of DIC can be formulated indepenigantour model and still remain in dynamic

chemical and isotopic equilibrium.
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Figure 3. The carbonate system in freshwaters: a. the Bjediagram (modified) of a typical
river water showing molar fraction of aqueous- G0O,, black lines) and bicarbonates (HEO
dotted lines) as a function of pH; b. ratio betwélea change in C© or HCQ™ concentrations
(dCO, and dHCQ , respectively) and the change in DIC concentra(@bIC) induced by an
input of CQ ; and c. by an input of HGO For pH between 4.6 to 7.2 units, there are noghs
in CO, and HCQ@ concentrations with inputs of both species.
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The second assumption is the application of the ahadly in unproductive waters, where
photosynthesis by phytoplankton, microphytobentlao&l submerged vegetation is limited.
Primary production in rivers can generate impor@ranges in pCOand'*C-DIC, particularly

at the diurnal time scale (Parker et al., 2005)falet, aquatic photoautotrophs USEO, as a
carbon source at a faster rate th¥0O,. Consequently, the remaining DIC becomes isotdigica
heavier (Clark and Fritz, 1997). In our model, v8swaned insignificant primary production in the
three studied rivers, where Calconcentrations were below 4 pg (Table 1). This low Cha
concentration is also the case in many acidic hatete worldwide (e.g., Johnson et al., 2008;
Billet and Moore, 2008)

The streamC@DEGAS model is based on the fact that the isotsmoature of DIC in river
water is controlled by the signature of its souraed the intensity of C£degassing, which tends
to equilibrate dissolved CQwith atmospheric CO(Degens, 1969; Mook et al., 1974). Knowing
some basic information about the nature of the rshezl, a theoretical isotopic composition and
relative proportion of DIC released from terredtoarbon respiration and rock weathering can be
computed. Then, as G@ontinuously evades from the river waters to ttmoaphere, the rate of
isotopic equilibration with the atmosphere can bleuwated. This allows at the end to compute a
theoretical quantity of CQthat has escaped to the atmosphere in order ¢b tha pCQ@ and DIC
isotopic composition observed situ in the rivers. The model takes into account tHeWng
parameters: the isotopic composition of the,@&3pired in the soils, groundwater and, eventually
the rivers; the quantity and isotopic compositidrH&Os released from rock weathering (with
the relative proportion of silicate and carbonaieks); and the isotopic equilibration occurring
between water C© and atmospheric COat the water-air interface. The stream<@EGAS
model calculates a theoretical DIC concentratidme tDIC exchanged” ([DIGk), which
corresponds to a quantity of @@hat has been degassed from the water to the phas
throughout the river course upstream of the samgppoint. When multiplied by the water
discharge, the [DIG} gives a quantity of C&xhat has degassed between the river headwaters and
the sampling point. The model formulation is degicin Figure 4, and the variables are listed in
Table 2. The scheme presents five boxes inter-adedeby carbon isotope and concentration
mass-balances. Each box is assimilated to a speoifnpartment, where sinks and sources of DIC
occur, that is characterised by an isotope (%o)andncentration (mmolt) value.
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Figure 4. Schematic representation of the strearpg©OBGAS model in acidic and unproductive rivers.|Fand dashed lines refer to carbon
concentrations and isotopic composition, respelstivEhe dotted line refer to the isotopic fractitioa factorse between C@ and HCQ@. The
size of each box as well as the length/directiommobws has been drawn for understanding of thermseh [DIC] is calculated as the sum of
[CO,] and [HCQ], 8**C-DIC is computed with the mass-balance equatiah [B#CO;] is assumed as constant and equals TA. Box A: DIC
source in the form of dissolved GQCO, ) from the respiration of terrestrial organic maitesoils and groundwater. Box B: DIC source ie th
form of HCQ resulting from carbonate and silicate rock weatigerBox C: initial state; the initial [C£)] value is assumed, and the initial
[HCO3] is fixed at thein situ TA value. Initial [DIC] is the sum of initial [C&)] and [HCQT; the initial $*C-DIC values is computed with the
[CO,] and [HCQ concentration and their respective isotopic cosiim from Boxes A and B. Notice that in the mqd®&IB and C boxes are
only isotopically linked (dashed lines). Box D:riagions;*?CO, and™*CO, fluxes across the interface are calculated bytfins resulting in a
[CO, ] losses to the atmosphere; only the ,C@®rm is affected by air/water fluxes. At each aon, new [DIC] ands**C-DIC valuesare
calculated. Box Ein situ data of [DIC] and**C-DIC are compared to the iterative values; ifiteeative [DIC] >in situ [DIC] and iteratives'3C
<in situd™C, iterations are continued within box D; if itévat[DIC] > in situ [DIC] or iterative [DIC] <in situ[DIC] and iterative5**C =in situ
83C, the initial state in box A is modified with awénitial CO,™ (that is, a new soil pC{pand iterations begin again; whinsitu and iterative
[DIC] and 8*°C are equal at + I8 the model computes the €@egassing ([DIGk) as the sum of the GOlosses at each iteration. Throughout
the modelling process, HGGstays at a constant concentration, but is affelstesotopic changes. Knowing tlve situ water temperature, TA,
pCQO, and'C-DIC in the river, assuming a percentage of cbation of carbonate to chemical weathering and rassy a5*°C value in soils
(5"3C-SOM), the model allows the estimation of DIC deeespiration of soil organic carbon [Dle]before the air/water exchange, the DIC due
to weathering [DICJ; and [DICL,, and the fraction of DIC that has degassed tathmsphere [DIG)
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Variables Definitions Equations and ref.
8°C-COs0i Isotope composition of soil carbon dioxide @) (1)
§°C-SOM Isotope composition of soil organic matter) (%o (1)
8°C-COratm Isotope composition of atmospheric £(o) (1) -7.5 (Mook et al., 1983)
PCatm Partial pressure of atmospheric @um of each isotopepCOsam and**pCOam) (PpMV) (1) 387 (IPCC, 2001)
PCOss0il Partial pressure of soil GQppmv) (1) 400-130 000 (Amundson

[DIC] org. [COZ*]init.

Ko
PCOyinit.

€dg

T
8°C-DICog
[HCOs]/ITA
[DIC]si.
[DIC] ca
5°C-DICq;.
§°C-DIC¢,
s°C-cacQ

[DIC] init.
8"°C-DICin,
Sbg

Edk

[lECOz*] it
[12002 ]init.

Theoretical Dissolved Inorganic Carbon DIC (otialidissolved CQ) due to in- and out-

and Davidson, 1990)
(4)

stream respiration before gas exchanges (sum akeotrations of each isotope in the dissolved

CO, form) (mmolL?Y)
Apparent solubility constant (mmolKgtmi*)

Partial pressure of initial Gefore gas exchanges (sum of each isotqE@Oyini:. and

pCOyint) (PPMV)

Fractionation between dissolved and gaseous(%&)
River water temperature (°C)

Isotope composition of DIC due to respiration

River water alkalinity or bicarbonate ions (roth™)

DIC due to silicate rock weathering (mmdjL

DIC due to carbonate rock weathering (mmbIL

Isotope composition of DIC due to silicate weaittgK%o)
Isotope composition of DIC due to carbonate weatge%o)
Isotope composition of carbonate rocks (%o)

DIC at the initial state of river water before gashanges (mmot)
Isotope composition of initial DIC (%o)

Fractionation between bicarbonates and gaseoyug%s{D
Fractionation between dissolved £&hd bicarbonates (%o)
Isotope composition of initial dissolved €O

Partial pressure of initidfCO, (ppmv)

Partial pressure of initidfCO, (ppmv)

Concentration of isotope 13 in the dissolved,@®m (mmolL™)
Concentration of isotope 12 in the dissolved, @®m (mmolL™)

(4) (Weiss, 1974)
(4)

(5) (Zhang et al., 1995)

(5)

(6)

(7)

(7)

(7)

(8)

)

(9) 0 (Zeebe and Wolf-

Gladrow, 2001)

(10)

(11)

(12) (Zhang et al., 1995)
(13) (Zhang et al., 1995)

(14)

(15)

(16)

17)
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[13C02:]Ioss
[1200*2 ]Ioss
[COZ ]Ioss
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Ap13C02
Ap12C02
ApCQz
[COZ ]n
[DIC]n

87°C-CO, (n)
8 °C-HCO; (n)

8°C-DIC(n)
[DIC] ex.
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Partial pressure of atmosphefi€0, (ppmv) (18)
Partial pressure of atmosphef€0, (ppmv) (19)
Fluxes of-“CO;, at the air/water interface (mmofin*) (20)

Total fluxes of*“CO, at the air/water interface (mmofin*)

Fluxes (sum of each isotope) of £& the air/water interface (mmofin™)

Losses of dissolvetiCO; at the interface (mmolt) (21)
Losses of dissolvefCO; at the interface (mmolt)

Total losses of dissolved G@t the interface (mmolt)

Normalised gas transfer velocity (fhh (20) (21)
River height (m) (21)
Time constant (h) (21)
Difference between water and &pCO, (ppmv) (21)

Difference between water and &pCQO, (ppmv)

Difference between water and air pO@pmv)

Dissolved CQ@after n iterations (gas exchanges occuihaitu dissolved C@(mmolL™?) (22)
In situ DIC (mmolL™Y) (23)
In situisotope composition of dissolved €(%o)

In situisotope composition of HC{(%o)

In situisotope composition of DI(%o)

concentration of DIC that has been degassed fnemiter water to the atmosphere upstream(@#)
the sampling point (mmolt)

Table 2. List of the variables used in the formulation lod streamC@DEGAS model; see Figure 4 as well as equatiotisariext.
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2.2.2. Isotopic signatures of DIC from terrestrialorganic matter respiration and rock
weathering

Respiration of terrestrial organic matter in soigroundwaters and rivers liberates ;C3at
reaches the waters in the form of £@box A in Figure 4). The isotopic composition biist
carbon that contributes to the riverine DIC depeondghe signature of its main source, the soil
organic matterd-*C-SOM), which is directly related to the type ofye¢ation cover. In the case of
C; plant organic matter, as in our study sites, thikerespired CQ produced has the same isotope
composition value as the initial substrate, .80 40 -24%. (Vogel, 1993). Little or no
fractionation occurs during respiratory conversabsoil organic matter to respired-GVariotti,
1991; Amiotte-Suchet et al., 1999). However, duesétective molecular diffusion of the gas
through the soil pores, the isotopic compositiosaif CO, can become enriched fC relative to
the soil organic matter by up to 4-5%. (Craig, 1968yling et al., 1991). This fractionation value
is variable and greatly depends on where the r&smir occurs. If respiration primarily occurs in
unsaturated soils, the fractionation is maximalyBson, 1995; Amundson et al., 1998). When
respiration occurs in waterlogged soils, groundvgatend river waters and sediments, the
molecular diffusion, and thus the isotopic frac&tan of CQ in soil become much less important
(near 1%, O’Leary, 1984). Due to the sandy natdirta® soils in the three rivers studied here, we
assumed that the majority of the £@at escaped from the rivers came from respiraiion
unsaturated soils. Later, the sensitivity of thedelaesults to this hypothesis will be tested. The
isotopic composition of soil COs thus computed from the isotopic compositiorsai organic
matter (assumed to be the same as measured iivéhé*©OC) based on Cerling et al. (1991) and
Davidson (1995):

813C-COzs0il = 0.0044813C-SOM + B2 (§13C.COz00m, — 1.0044813C-SOM — 4.4) + 4.4 +

pCO2s0i

8C-SOM (1)

whered'3C-COsi, §°C-SOM ands**C-CO,4m are carbon isotope ratios of soil €®oil organic
matter and atmospheric GQespectively; in accordance with the literataegrage values of 400
and 30 000 ppmv were chosen for pa® and pCQs., the partial pressures of GOn
atmosphere and soil, respectively (IPCC, 2001; Atson and Davidson, 1990). Withd&C-
SOM of approximately -28%o, which corresponds to &f#%€-POC measured in the rivers year-
round, we obtained &3C-COysil near -24%o.

In soils and groundwaters, weathering of carboraatéd silicate rocks by soil GOproduces
bicarbonates (HC$), which contribute to the river DIC (Figure 4, Bd). For silicate
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weathering, such as albite hydrolysis (Egn. 2), HGQ@iginates solely from soil CQAmiotte-
Suchet et al., 1999).

2NaAlSi30g + 2C02 + 3H20 — AlzSi205(0H)4 + 2Na + +2HCO3" + 4Si0: (2)
In this case, the HCOproduced and released to the water has the satois composition as
the soil CQ, i.e., -24%o at our study sites.

For carbonate dissolution by soil @@Eqn. 3), one-half of the HGOoriginates from the mineral
itself and the other half from soil GO

CaCO3 + COz + H20 — Ca2+ + 2HCO3 (3)
In the case of carbonate dissolution alone, thpso composition of the HCreleased to the
water is the average of the isotopic compositidnthe soil CQ (-24%.) and the carbonate rock
(about 0%o) (i.e., -12%o in the case of our studgsit

2.2.3. Theoretical initial state of river DIC

In our model, we define a theoretical initialtstaf river DIC before any CQOdegassing has
occurred (Figure 4, Box C). At a pH between 4.7 @] this DIC is simply the sum of GO
from respiration of terrestrial organic matter &h@O3;” from rock weathering. First, an initial soil
pCQO, value is assumed, which allows for the calculatidrthe CQ™ concentration from the
terrestrial soil organic matter respiration (namj@dCl].g) using the apparent GGsolubility
constant K (mmol L atm?) of Weiss (1974) for freshwater and Henry’s lawgE4).

[DIC]org. = [CO2"]init. = KopCO2init. 4)
where [DIC],q is the DIC originating from the respiration of Isorganic matter and is equal to
[CO, Tinit (Mmol LY); pCOuinit (PpmV) is the corresponding assumed partial pressiCQ at the
initial river water state before any degassing o€cCQ-supersaturated groundwater discharges
first at a single point at the stream’s spring dhdn as diffusive discharge throughout the
watercourse, where it joins stream water that hr@ady been substantially degassed (Johnson et
al., 2008; Davidson et al., 2010). Consequentlg, [DIC]oq term defined in our model is a
theoretical concentration that integrates all @& thspiration sources occurring at distinct places
(soil, groundwater, sediments and waters), bubésdnot represent any measurable quantity in
groundwater or river water. Because we assumedath#te respiration occurred in soils for the
model application for our study site, [Dlg] was the average GO concentration in

groundwaters.
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The isotope composition GOfrom soil organic matter respiration (g was then computed
from the one of the soil gaseous £sing the fractionation between both forms, defiy
Zhang et al. (1995) (Egn. 5 and 6).
gdg = 0.0049T — 1.31 (5)
wheregqg represents the fractionation (%o) between dissobvatl gaseous Gand T is the water
temperature (°C).
813C-DICorg. = 613C-CO2s0il + €dg (6)
where 8"°C-DIC,q. and 8"°C-COysi are the respective isotope compositions of DI@ioating
from organic matter respiration and from soil gaseGQ.

Conversely, the HC®concentration results entirely from rock weathgramd, at the selected pH
range, is not affected by degassing to the atmos@ra equal to the alkalinity. Consequently, the
HCO;™ concentration at the initial state in groundwagethe same as measutiadsitu in rivers. In
the model, we took into account the contributionsdicate and carbonate rock weathering to
alkalinity according to Eqn. 7:

[HCO5| = TA = [DIC]si. + [DIC]ca. (7)
The relative contribution of both weathering patlhgecan be estimated by comparing the
measured alkalinity (or HCS) values with those reported by Meybeck (1987) ionoiithic
watersheds; in rivers draining only carbonate rotjsical alkalinity is 3.195 mmol t, whereas

in rivers draining only silicate rocks, alkalinity 0.125 mmol [}. Based on this principle, the
measured TA values at our study sites (Table 1¢ gaone-year average contribution of carbonate
rock weathering to alkalinity of 4 and 7% in then@e and Leyre rivers, respectively, with
alkalinity in the Milieu stream coming from sili@atock weathering alone.

In the case of silicate rock weathering alone,isloéopic signature of the DIC equals the isotopic
signature of the initial dissolved GQAmiotte-Suchet et al., 1999) (Eqgn. 8).
813C-DICsi:=5813C-DICorg, (8)

In contrast, the DIC originating from carbonatek@eeathering has an isotopic signature of an
equal mixture of soil dissolved G@nd CaC@(Reaction (3) (Egn. 9).

813C-DICca= (813C-DICorg + 813C-CaC03)/2 (9)
Although in acidic rivers, such as those studiecehearbonate weathering is generally minor; it
might significantly affect the isotopic signaturktbe DIC inputs in the form of HC This was
illustrated by the positive relationship betweerCind5'*C-DIC in the Leyre River (Figure 2a),
a trend induced by deeper groundwater flow at loatew stage; this groundwater is more
influenced by carbonate rock weathering than saerfaooff (Polsenaere et al. submitted).
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From the initial C@ and HCQ pools, the theoretical initial river DIC isotopiomposition can
be computed as (Eqn. 10 and 11):
[DIC]init. = TA + [DIC]org (10)
813C-DICinit=(8'3C-DICorg, X [DIC]org + 813C-DICsi. X [DIC]si. + 813C-DICca. X [DICca)/
[DIC ]init.

1§1

In river water, dissolved CQand HCQ are in isotopic equilibrium as defined by Zhangakt
(1995). Thus, the isotopic composition of dissol¥&0d, at the initial state can be obtained from
the isotopic composition of DIC (Eqn. 12, 13 ang. 14
ebg = -0.1141T + 10.78 (12)
wheregyg represents the fractionation between,@@d HCQ'.
Edb = Edg — Ebg (13)
where g4, represents the fractionation between ,C@nd HCQ, and edg represents the
fractionation between CGand CQ' (Egn. 5).
S13C-C07"init. = 613C-DICinit. + (€ab X TA)/[DIC]init. (14)
where 5°C-CO; ini. and §**C-DIC;,i. are the isotope compositions of dissolved initi&®,Gnd
initial DIC, respectively. In summary, the initigtate of DIC (concentrations and isotopic
composition) in the model is calculated from the T#easured in the river for the HGO
concentration, from an assumed pd6r the CQ" concentration, from the isotopic composition
of soil organic matter that determines %€C of soil CQ and from a relative proportion of
carbonate and silicate weathering deduced frommteasured TA. Finally, HC and CQ" are
assumed at the isotopic equilibrium, and,C€an escape to the atmosphere, although H&0

assumed to be conservative.

2.2.4. Iterative computation of CQ degassing

From the initial state defined above, the evohltof river DIC with degassing consists of a
decrease of the GOconcentration (and the pGand an increase i1°C-DIC due to the more
rapid evasion of’CO; relative t0**CO, (figure 4, Box D). The initial partial pressuretemch

stable isotope can be calculated from their respetitial partial pressures of GQEqn. 15).
P1COzni. = 813C-PDB X pCOzni. X ((%) * 1)/ 1 + 813C-PDB x <(—6B§}f§f‘"“’) + 1)

(15)
where g°COynit is the initial partial pressure iCO,in water (ppmv), and**C-PDB refers to the

Pee-Dee Belemnite standard stable isotope, eq@ad1d.237.
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Then, the partial pressure GEQ; in river water and the concentration'd€ isotope in the CO
form are deduced (Eqn. 16 and 17).

pCO2init. = p13CO2init. + p12CO2init. (16)
where pCOuini. and g?COuini. are the partial pressures of each isotope.

[13CO2"]init. = Kop3CO2init. (17)
where [3CO; Jini. is the concentration of isotope 13 in the G@m (mmol LY.

The same calculation is done &GO, Jinit

The partial pressures of each £Z€btope in the atmosphere are given by (Egn. Hi81&).

p13COzatm_=813C-PDB X pCOZatm_ X <(M) + 1)/1 + 813C-PDB X ((513C-C02*3tm,) n 1)

1000 1000

(18)
where P°COsam. is the partial pressure ofCO, in the atmosphere (ppmv); the isotope
composition of atmospheric G@quates to -7.5%. (Mook et al., 1983).
pCO2atm. = p13CO2atm. + Pp12CO2atm. (19)
where g°COuaim. and g°COuam. are the partial pressures BE€0, and**CO, in the atmosphere,
respectively.
The streamC@DEGAS model then computes @@uxes of each isotope from the following
equations (Eqn. 20 and 21).
F13CO2 = KeooKo Ap13CO; (20)
where B°CO, represents th€CO, fluxes at the interface in mmolfin; Ko is the apparent GO
solubility constant of Weiss (1974) in mol Kgtmi'; Kego is an arbitrary normalised gas transfer
speed (for a Schmidt number of 600 in ci),landAp**CO; is the difference between the initial
water and the atmospheritg0; in ppmv.
[13C02"10ss = (Ksoot/10-3H) Ko Ap13CO; = BKo Ap13CO; (21)
where [3CO; Ji0ss €xpresses the losses BEQ, to the atmosphere in mmol'Lt is a time
constant (h) and H is the depth of the river (mjthbt and H are arbitrarily fixed. The same
calculations are made fofCO, fluxes and dissolvetfCO; losses. In equation 21, the tefiris
dimensionless and proportional to the ratio betwiéengas transfer velocity and water height.
This parameter can be arbitrary fixed and defihessize of the iterations. The same valug of
applied to both isotopes. In the model, GlDxes and resulting C{Odegassing are independent of
the gas transfer velocity and river depth, two pesiers subject to large variations and

uncertainties.
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At each iteration, an amount of g@egasses to the atmosphere, which results inr@akerin
water pCQ (and thus DIC, but HCQremains conservative) and an increas&i6-DIC. Due to
pCO; gradients at the river water-air interfat& 0, diffuses faster tha’CO, and the isotope
composition of water COapproaches the equilibrium value of the atmosph€®, isotope
composition of -7.5%0 (Mook, 1970; Yang et al., 1R9%hus, at each iteration a new DIC
concentration and™C-DIC can be calculated. Figure 5 shows the vaniatiof water pC®and
83C-DIC according to the iteration steps, startinghaee initial conditions that correspond to
three different assumed initial pGQalues (see 2.2.3). pGGand 5°C-DIC evolve toward
equilibrium values, with atmospheric pg@pproaching 400 ppmv ari*C-DIC approaching
+1%o, corresponding to the isotopic equilibrium wakmospheric C®of +9%. (Mook et al.,
1974).

To calculate the COdegassing to the atmosphere from rivers, the modeipares the new
computed water pCLands**C-DIC values at each iteration to those measuredeirfield (Table
1; Figure 4, Box E). After a certain number of @#ons, three different cases can occur as shown
in Figure 5. In case 1, when the initial river pCi® fixed at a high value (20 000 ppmv), the
iterative3™*C-DIC reaches thim situ value (-15%o in this example) before the pG€aches thin
situ value (1000 ppmv in this example). In this cadeesé rates indicate that the isotopic
equilibration with the air occurs before the neaeggjuantity of C@ has degassed. In contrast,
when the initial water pCQis fixed at a lower value (2000 ppmv), as in casthe pCQ reaches
thein situvalue before thé**C-DIC. Finally, in case 3, the initial pG@vas fixed to the adequate
value (3563 ppmv) so that the pg@nd §*C-DIC reachedin situ values at the same time
iteration. In this last case, GQlegassing can be computed. To summarise, becal€y ks
conservative, the convergence criteria of the si@@-DEGAS model are expressed as follows
(figure 4):
- If the iterative DIC is higher than thie situ DIC concentration, and tH&3C-DIC is lower than
thein situ8*3C-DIC, then iterations are continued.
- If the iterative DIC is different (higher or lowerom thein situ DIC, and the iterativé**C-DIC
is equal to then situ §'3C-DIC, then the initial pC®is modified: either diminished when the
iterative DIC is higher tham situ, or increased when the iterative DIC is lower tharsitu.
Then iterations begin again from this new initid@@. Calculated from the measured soil
organic matter isotope composition and the contioiouof silicate and carbonate rock to

alkalinity, the isotope composition of initial Di€ unchanged.

56



Chapitre Il. Export de carbone par les rivieres

- If the iterative DIC concentration and tBEC-DIC values converge with thia situ measured
values (at +1 pmol.L for DIC and +0.01%. fos**C-DIC), a “DIC exchanged” concentration

[DIC] ex can be computed by the model as described below.

[case 1: nitial pco , = 20 000 ppmv |

Number of iterations
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Figure 5. The convergence criteria of the stream@EGAS model. Each graph represents
iterations within box D in Figure 4. Bold and dadhmirves represent iterative pg@nd&-C-
DIC, respectively. Full and dotted lines repredangitu pCQ, and&*C-DIC, respectively. pCO

is in ppmv and"*C-DIC is in %o. In case 1, the initial pGQvas fixed at a too high value, so
8*3C-DIC reached thin situ value before pC® In case 2, the initial pCQwas fixed at a too low
value, so3"*C-DIC reached thén situ value after pC@ In case 3, the initial pGQwas fixed at
the correct value, s&C-DIC and pCQ reached thén situ value at the same iteration. In this
latter case, [DICGk can be computed.
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2.2.5. The CQ degassing calculation

The CQ degassing from rivers is calculated from the DHZameters obtained after n iterations
leading to the exact data measuredsitu. Knowing the amount of dissolved G@bst to the
atmosphere, the final water concentrations of GOcalculated by the following (Eqn. 22).

[CO2"]n = [CO2"Tinit. — j=1[CO2"10ssci) (22)
where [CQ], and [CQ]ss are the total concentration and losses of dissol@€y for n
iterations, respectively.

Alkalinity being conservative, the DIC concentratfor n iterations, [DIC] is given by (Eqgn. 23).
[DIC]n = [CO2"]n + TA (23)
where TA represents river alkalinity in mmof.L

Finally, the DIC exchanged, or the g@egassing from the rivers of the Arcachon lagoon
catchment is obtained as follows (Eqn. 24).

[DIC]ex. = [DIC]init. — [DIC]n = ¥, [CO2 ossci) (24)
where [DIC]y represents the integrated £@egassing from river waters to the atmosphere in
mmol L.

Knowing thein situ water temperature, alkalinity, pG@nds**C-DIC measured in the river, and
assuming a percentage of contribution of carbotmtine weathering and the value 8fC in
soils, the model thus permits the estimation offtllewing chemical conditions as found in our
three studied rivers: the DIC due to respiratiofoteethe air-water exchange ([Dlg]), the DIC
due to silicate and carbonate weathering ([Bl@hd [DICL.,, respectively) and the percentage of
river DIC that has degassed into the atmospher€{[L).

[DIC]insitu = [DIC]org. + TA — [DIC]ex (25)

3. Results

3.1. CO, degassing assuming silicate weathering alone

We started in a first step assuming only silicaéathering, as was the case in the Milieu River,
where TA is lower than 0.125 mmot'LConsequently, the isotopic composition of thé&ahDIC
(Box B in Figure 4) was equal to the isotopic cosipon of the initial soil CQthat is close to -
24%0 assuming an average isotopic composition df @@anic matter equal to the isotopic
composition of POC (-28%o) observed in the studgnsvEqn. 1).
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a.|T=15C 3'°C-SOM = -28%. TA =0.1 mmol L * b.|T=15C &'%C-SOM = -28% TA =0.5mmolL*
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Figure 6. Influence ofin situ pCQ; (a. and b.)3*C-DIC (c. and d.) and TA (e. and f.) on
modelled [DICL,. Input parameters: T=15°G>C-SOM=-28%o; a. and c. TA=0.1 mmol*tb.

and d. TA=0.5 mmol t; e. pCQ=1000 ppmv and f. pC£5000 ppmv. Cases 1 and 2 are used as
examples in the Discussion.
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3.1.1. Influence of the in situ river pCQ, $'3C-DIC and TA

[DIC]ex. Was computed using three DIC parameters, inesjtu water pCQ, §**C-DIC and TA.
The influence of the three DIC parameters on the @gassing is shown in Figure 6 using ranges
of variations observed at our study sites (Tabllthough it was assumed here that only silicate
weathering occurred, the sensitivity of [DiClo in situ pCQ, and8**C-DIC was tested for both
non buffered water (TA=0.1 mmol™. Figures 6a, c) and moderately buffered waters=0I.8
mmol L?, Fig. 6.b., d.). The sensitivity to TA was tesfed low and highin situ water pCQ
(1000 and 5000 ppmv in Figures 6e and 6f respdgjive

Modelled [DICL,. concentrations increased with situ pCQ, at given TA and**C-DIC values
(Figures 6a, b). This means that when high p8@bserved in rivers, strong degassing must have
occurred upstream in order to explain the obsei/é8-DIC values. Note also that [DIg]
increased extremely quickly with pG@t less negativé'*C-DIC values. To reach such heavy
8*3C-DIC in rivers, assuming a majority of silicateckoweathering, a very large quantity of £0
must have degassed. For the same reasons, conjpuddx concentrations increased with the
observedin situ 5**C-DIC at given alkalinity and pCQvalues (Figures 6c, d). The model was
consistent within situ observations in the studied rivers, where veryatieg 5°C-DIC values
were associated with high G@nd inversely (Figure 2). Situations with high pQ@000-6000
ppmv) and less negativi#*C-DIC (around -12%.) are generally not encounterecdidic and
unproductive rivers, as they would require an ewaly high CQ degassing rate and [DI&]

concentrations.

In non-buffered to moderately buffered waters,deiled [DICLyx concentrations decrease at
given in situ water pCQ and 5'3C-DIC values (Figures 6.a, b, ¢, d). When TA inse=a
computed [DIC}x concentrations first rapidly decrease and thewlglancrease (Figures 6e, f),
due to two antagonist effects in the model formaratThis initial decrease is due to the fact that,
at the initial state in Eq. 14, the difference $otbpic composition of CO and DIC becomes
larger when TA increases. An increase in TA makesdritial 5°C-CO,” more negative and, thus,
the difference in isotopic composition between,C&nd atmospheric G{becomes larger. As a
result, the rate of isotopic equilibration becorfeester for the same quantity of €@egassed, and
8"3C-DIC tends to reach ttia situ value before pC@®(case 1 in Figure 5). As a result, the model
reduces the initial pC£for the two parameters so that they simultaneocshywerge at then situ
state, and [DIGk is lowered. This kinetic isotopic equilibratiorfesdt is particularly important at

low TA. The second and antagonist effect is dua touffering effect on thé*C-DIC of the
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HCOs; pool, which is not affected by degassing durirgaitions. Thus, to make tl3é°C-DIC
increase for a given value, it is necessary toasgdemore C@to the atmosphere when TA is
higher. This makes pGQeach then situ value befores**C-DIC (case 2 in figure 5). Then, the
model increases the initial pG@or the two parameters so that they simultaneoasihwerge at

thein situstate, and [DIGk is thus increased.

3.1.2. Sensitivity of the stream C@DEGAS model to temperature and isotopic compositio
of soil carbon

Temperature affects the isotopic fractionationatipns between DIC species (Zhang et al. 1995)
and the apparent GGolubility constant; thus, it also affects the aleging rate (Weiss 1974).
However, water temperature has a minor influencenmalelled [DIC}« concentrations. In the
case of the three rivers, the modelled [RiGlecreased and then increased by less than 10% for
temperatures varying from 5 to 25°C (not shown)cdntrast, the influence of the assund&ic-
SOM on [DICLy concentrations is much more important, particulathighin situ pCG; (Figure
7). At highin situ pCQ,, the §'*C-DIC value is much closer to the assum&iC-SOM, and its
convergence to thén situ value during iterations is faster and largely deiees the final
calculated [DIC) In fact, the more negative th&*C-SOM, the larger the difference between the
initial and thein situ §*C-DIC (Figure 5) and thus, the larger the amoun€6§ degassed to the
atmosphere to reach the obserg&iC-DIC values. Here, we postulated that the majasftyhe
CO, degassing from rivers comes from respiration itl wained soils (sandy soils), where the
isotopic fractionation of C®due to selective vertical diffusion is maximaldéo. If in reality, a
significant fraction of respiration occurs in watgiged soils and/or in waters and sediments, then
the respired C®would have an isotopic composition closer to ##%-SOM. Consequently,
computed [DIC}, values would be sensitive to this in the same begause they depend on the

assume®**C-SOM, as shown in Figure 7.
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a.|T=15C TA=0.5mmolL * pCO, = 1000 ppmv| b. |T =15C TA=0.5mmol L * pCO, = 5000 ppmv|
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Figure 7. Influence of the isotopic composition of soil orgamatter3*C-SOM on modelled
[DIC]ex. Input parameters: TA=0.5 mmot'LpCO,=1000 ppmv in a. and pGEGO00 ppmv in b.

3.2. CO, degassing taking into account both silicate and daonate weathering

Even with acidic river waters, both silicate acarbonate rocks occur in many catchments.
Assuming the characteristic TA values proposed laytéck (1987), carbonate rock weathering
at our study site contributes between 0 to 7% efHHCG. Despite this small percentage, the
potential effect of carbonate weathering on théoise signature of the DIC source must be tested.

3.2.1. Sensitivity to changes in the isotopic signhae of the DIC source alone

With [DIC]caranging from 0 to 30% of the TA, we tested théu@hce of carbonate contribution
to alkalinity for a fixed TA of 0.5 mmol £, at a givenin situ pCO, value (Figure 8a) and at a
given in situ 83C-DIC (Figure 8b). Modelled [DIG}. concentrations decreased with carbonate
contribution, particularly for the most extrenre situ values at high pC§{ as previously seen
when testing the sensitivity to TA (Figures 6e,Apr a carbonate weathering contribution to TA
varying from 0 to 30% and &°C-SOM of -28%o, the initiab**C-DIC changed from -24.7 to -
21.2%o. Thus, the difference between initial aindsitu 5*3C-DIC was diminished, and the
modelled [DIC}, was lowered. The dependency of modelled [RIGh the proportion of HCO
from carbonate weathering was much more pronouaté&eghin situ pCQ,. As shown in Figure
8b, an increase in carbonate contribution of 10%egeted a decrease in [DIdf 0.45 mmol [
at a pCQ of 7000 ppmv, but of only 0.020 mmol'lat a pC@ of 2000 ppmv. However, the

relative sensitivity was similar at both pg@alues, about 20% of the modelled [DiQGlalue. Out

62



Chapitre Il. Export de carbone par les rivieres

of the three study sites, very high p£ahly occurred in the Renet stream, where TA wasecto

the reference concentration proposed by Meybec&7)Lfbr 100% silicate weathering, and thus,

carbonate contribution was extremely low.

a. [T=15C 3'°C-SOM = -28% TA =0.5mmolL™ pCO, = 10009pmV| b. |T: 15C 3'*C-SOM = -28%0 TA = 0.5mmolL * &*C-DIC = -19%o
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Figure 8. Influence of carbonate rock weathering contribution TA on modelled [DICk

concentrations.a. and b.: influence of the isotopic signaturetltd source alone; c. and d.
concomitant influence of the isotopic signaturetlod source and also of the TA concentration.
Input parameters: T=15°GC-SOM=-28%o.
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3.2.2. Sensitivity to combined changes in the isqiiz signature of the DIC source and in the
TA

Carbonate weathering influences our model reshittaigh two simultaneous processes: first, by
changing the TA, and second, by changing the isotgmnature of the DIC. Carbonate
weathering releases HGQvith and'°C of one-half that released by silicate weatherigjng the
representative concentrations given by Meybeck 7{L98%om a 0 to 30% contribution of
carbonates to weathering, river TA increases froi2®to 1.040 mmol £. The influence of both
the isotope source signature and the TA on the d&0assing was tested for either a given pCO
value or a given isotope DIC composition (Figures @ respectively). Logically, we obtained a
combined influence of the isotope signature (Figuda, b) and tha situ TA (Figures 6e, f) on
modelled [DIC]. Consequently, modelled [DIg]decreased with increasing carbonate. [RIC]
results were very sensitive to the proportion sboaate weathering, particularly at low carbonate
contribution and at high pGQFigure 8d). In our three studied rivers, high p&@lues occurred
during summer months, when groundwater discharge mvaximal and was associated with
higher TA than during the winter period. Thus, suenrmodelled [DIC]« values must be taken

with caution as they would be very sensitive todesumed carbonate weathering contribution.

3.3. Application of the model to the three rivers bthe Arcachon lagoon catchment

Applying our streamCODEGAS model to the pCQ TA and §**C-DIC measured in rivers
allows an estimation of the G@egassing from waters to the atmosphere. Thisnastn can be
added to the fluxes of other carbon species tratesppdoy rivers to provide the total carbon loss
from terrestrial systems through the hydrologicetiwork. Field data show that HGGrom rock
weathering and C© from respiration are of the same order or mageit{ichble 1). Model results
indicate that, at the three studied rivers, cartomnaathering is a minor contributor to the TA and
DIC fluxes (Table 3). Modelled [DIG] were of the same order of magnitude asihsitu DIC
concentrations. The yearly averaged contributiomAfto DIC was minor in the three rivers, with
a maximum of 27% in the Leyre River, among whicl#c2@as silicate weathering and 7% was
carbonate weathering (Table 3). On a yearly avertigerelative proportions of HGOexport,
CO, export and C@degassing were 10:10:80%, 13:14:73% and 27:7:668eaoutlet of the
Renet, Milieu and Leyre Rivers, respectively. Thpseportions reveal that a large fraction of the
DIC entering the river water rapidly escapes as Gstream of the sampling point, as already
noted in several other studies in headwaterg.(Billett et al., 2004; Johnson et al., 2008;

Davidson et al., 2010). The highest modelled [RI®f more than 3 mmol L occurred in the
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Renet stream in summer, when the measuresitu pCO, values were more than 7000 ppmv
(Table 1 and 3). Seasonality of all DIC concentrati was much more pronounced in the Renet
and Milieu small streams than in the larger LeyreeR in which there was higher observed pCO
and modelled [DIC) during low flow. A similar negative concentratidischarge relationship
was observed in a peatland stream, as deep sodranddwater were the major source of aquatic
CO, (Dinsmore and Billett, 2008). Modelled soil pg@aried from 2400 ppmv in the Milieu
River at high discharge to more than 77 000 ppmtheéRenet stream at low discharge. When
multiplied by the river discharge, modelled [DiCprovided a quantity of C{xthat had degassed
from the river water surface to the atmosphere I@ 8 After dividing this quantity by the river
surface area, we obtained ©®ater-air fluxes ranging from 20 mmolfu™ in the Milieu stream

in winter to more than 6000 mmolfd™ in the Renet stream in summer (Table 3). To cateul
the corresponding gas transfer velocitiesofk we attempt to account for the downstream
decrease in pC{along small streams (Dawson et al., 1995; Johesah, 2008) by assuming the
water pCQ as the average of the modelled soil pCind the observed water pe@t the
downstream sampling point. Gas transfer velocitregmalised to a Schmidt number of 600
according to Wanninkhof (1992), varied between 1hhin the Milieu River in summer and 30

cm htin the Renet River in winter.
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Renet Milieu Leyre
DIC concentrations (mmol1)
HCOs from carbonate weathering 0.010 +0.002 0.007~0.015 0.000 0.022 +£0.008 0.008~0.035
HCOs from silicate weathering 0.251 £ 0.041 0.178~0.355 0.104 £0.019 0.082~0.153 0.296 £ 0.103 0.112~0.458
CO, dissolved in water 0.263 £ 0.056 0.075~0.334 0.110+£0.018 0.076~0.139 0.079£0.019 0.057~0.135
[DIC] e 2.112 £0.822 0.063~3.401 0.592 £0.425 0.015~1.402 0.800 = 0.693 0.0290~2.540
Total DIC exported from land 2.637 £0.873 0.38~3.94 0.806 £0.436 0.222~1.626 1.197 +0.766 0.358~3.025
Modelled soil pCQ (pCQuini) (PPMV) 49 280 + 18 700 2630~77860 14 100+8 400 2460~32330 18630 +16 400 2 120~63 670
DIC fluxes (t C day)
HCOs from carbonate weathering 0.005+£0.002  0.002~0.010 0.000 0.328£0.094  0.19~0.548
HCOs from silicate weathering 0.113 £ 0.049 0.052~0.25 0.050 £0.024 0.017~0.095 4.364 +1.251 2.518~7.278
CO, dissolved in water 0.120 £ 0.059 0.034~0.273 0.056 £0.036  0.019~0.148 1.661+1.784 0.333~8.241
CO, degassed to the atmosphere 0.952 +0.542 0.028~2.243 0.258 £0.199 0.009~0.631 10.671 £ 7.421 0.680~29.075
Total DIC exported from land 1.189 £ 0.627 0.169~2.704 0.364 £ 0.233 0.107~0.808 17.024 £9.063 7.012~41.19
River Surface Area (kfh 0.028 0.036 1.77
Water — air CQfluxes (mmaol nf d'l) 2800 £1 600 83~6 600 596 + 459 20~1 460 502 + 349 32~1 368
Keoo (cm RY) * 12+7 5~30 8+6 1~21 7+5 2~22

Table 3.DIC parameters in the three rivers computed withdtreamC@DEGAS model (average * standard deviation; minax)n* Kggo was
computed from the river surface area, the,@delled flux, and assumed a pL&s the average of the modelled soil pGAd the pCQ®
observed at the downstream sampling point.
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4. Discussion

The originality of our modelling approach is imved in the estimation of C{Qdegassing from
streams and rivers without the necessity of assyirminalue for gas transfer velocity and water
surface area, two parameters that are often difftouestimate and that are always a matter of
debate and uncertainty (e.g., Raymond and Col€l)20tstead of using these two parameters, our
CO, degassing rates are computed as a theoretical]{PI®hich mainly depends on initial
assumptions on the carbon sources in soils and@mroperty of?CO, to degas faster to the
atmosphere thaffCO,. This modelled [DIC) can then be multiplied by the river discharge, a
parameter that is relatively easy to access. CugHarts in quantifying global COdegassing
from inland waters (e.g., Cole et al., 2007) arepered by the fractal nature of these fluxes;
throughout the river continuum, the smallest heddinsurface areas are those that show not only
the highest areal degassing rates, but also theestigheterogeneity in pGGand gas transfer
velocity. This is one of the main interests for eleping an integrative method as proposed here
with the streamC@DEGAS model. After first providing some evidencktie validity of our
approach based on its application at the threeystitds, we then critically analysed its principle
and sensitivity to some hypothesis and parameteds pmoposed some guidelines for future

improvements and application elsewhere.

4.1. Validation of the model at the study sites

At our three study sites, modelled soil pG@lues (Table 3) and seasonal trend were consisten
with those observed in organic-rich, acidic sdilsa compilation of data from the upper meters of
soils around the world, Amundson and Davidson (198ported pC@between 400 and 130 000
ppmv. In undisturbed forested watersheds of the Zzmaasin, Johnson et al. (2008) reported a
very constant and consistent p£@f ~52 000 ppmv in deep (8 m) soils and in grouaiw
springs. In Scottish peat soils, Dinsmore and &i{2008) measured pGMetween 20 000 and
30000 ppmv. In a temperate, hardwood-forestedhoaat, Jones and Mulholland (1998)
modelled soil pC@that varied from 907 in winter to 35 313 ppmv umsner. As the result of
enhanced summer soil respiration concomitant witarger contribution of C®enriched deep
groundwater to the stream waters, our highest nextisloil pCQ occurred during low flow, as
reported in other studies (Jones and Mulholland81¥®nsmore and Billett, 2008). Thus, our
model was able to reproduce a logical seasonapatif soil pCQ from only concentrations and
isotopic data in the stream waters. The highes$tpg®D, was found in the Renet stream, which
showed the highe#t situ water pCQ, especially during summer months (Table 1). Actaydo
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the model, the Codegassing from the Renet stream was the highakiwed by the Leyre and
the Milieu watercourses. Even if less negait*-DIC values were observed throughout the year
in the Leyre River, the air/water initial pG@radient was weaker, and thus, £d2gassed in
lower quantity to reachn situ values. Leading to the weakest £@egassing of the three
watercourses, the same phenomenon was obsenvieel Milieu stream, where depletdtfC-DIC
values were measured. The model also showed thaxamum pCQ observed at a sampling
point was always associated with a maximum soil p@@d, thus, a maximum degassing
upstream, as modelled [DI&]increased within situ pCG, (Figure 6a,b). Due to enhanced gas
exchange, lower pCQevels in the river were never caused by strongegassing upstream of the
sampling point, as would be thought intuitively,t bather to lower C@inputs from soils and
groundwaters throughout the watercourse. In thaeMiRiver, water pC@of less than 2000
ppmv occurred in winter and was associated withatieg5**C-DIC values (about -18%o, Figure
2b) and was thus moderately impacted by isotopiglibcation with the atmosphere. In the Leyre
River, pCQ levels of less than 1000 ppmv occurred in winted aummer and were associated
with 8**C-DIC values much less negative (about -12%o), whichld suggest a stronger isotopic
equilibration with the atmosphere and, thus, adaf@Q degassing. However, these lower pCO
values were also associated with higher DIC andwifich were due to a significant contribution
of carbonate weathering, which also raises 3H€-DIC (Figure 2a). Our model suggests that
during these lower pCOperiods in the Leyre River, carbonate weathering & much larger
effect on thes**C-DIC than enhanced degassing upstream of the sagmbint.

Our modelled areal GOdegassing fluxes between 20 and 6600 mmbldh (for instance, a
yearly average of 2800 mmolfrd™ in the Renet stream (Table 3)) appear larger thase
reported in other streams with similar organic-rezhrrounding landscapes (Table 4). Though in
the upper range, yearly averages of 500 mmidkirhin the Leyre River and 600 mmolfa™ in
the Milieu stream are consistent with those presipueported. All previous studies were based
on water pCQ data and a gas transfer velocity deduced fromtrg&®r injections or literature
values. Such approaches do not account for thenfatg high degassing rates in the vicinity of
groundwater seeps in first-order headwaters anery small, temporary streams along the stream
banks, particularly at low-water stage. In four Azoaian streams, Johnson et al. (2008) reported
a 90% degassing of the g@ansported by groundwater less than 50 m dowanstref the spring
emergence points. The fact that our integrative etlimg) approach accounts for these potential
CO, degassing hotspots may explain why we obtain higlegassing rates. When compared to

total carbon export, our modelled degassing rates@l consistent with those reported in some
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other acid- and organic-rich streams. Indeed, theual CQ degassing/total (organic and
inorganic) carbon export ratio was 1.4 for the Restieeam, 0.5 for the Milieu stream and 0.6 for
the Leyre River (Polsenaere et al. submitted). @hvafos were consistent with those reported in
boreal streams by Hope et al. (2001) (0.9), by skam®t al. (2007) (0.8) and by Rantakari et al.
(2010) (between 0.5 and 2.9).

Using a water pCfvalue as the average between the modelled soib ®initial pCQ in the
model) and the observed pgét the downstream sampling point, our calculatgs ¥alues were
between 1 and 22 cmi*h(Table 3); these values were, in contrast to tfe fluxes, consistent
with those reported by Wanninkhof et al. (1990)small rivers and streams using gas tracers
techniques or those given by the O’Connor and Dwbl§i958) equation. Spatial and temporal
variations were consistent with the potential digvef turbulence in the rivers. The lowest value
of 1 cm K in the Milieu stream corresponded to an unususiyatives**C-DIC of -24 %o. At the
three sites, the lowest values occurred at low ma@igeharge. All sites had a sandy bottom with a
moderate roughness, so lowering water current hgdeater potential influence than lowering
water height (O’Connor and Dobbins, 1958; Wannirikétoal., 1990). The Milieu stream had a
straight channel shape, where water flowed withoodrance, water height was reduced to about
10 cm in summer, and thedgwas consistently the lowest; the Renet stream Vgasshallow, but
tree trunks across the river created small watsri@nsistent with higher dgo. In a similar
shallow and turbulent stream, Wanninkhof et al9@)9measured adg of nearly 60 cm 1 using
SFKs injection. Finally, the Leyre River was always mdhan one meter depth, but trunks and

branches near the edges generated turbulence dias goarticularly at high flow.
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Site CO, degassing Method Reference

mmol m? d*!
Temperate humid hardwood forest 146-353 paml Ko from propane injectiof Jones and Mulholland 1998
Lowland temperate peatland 42-290 pCGAd Ko from propane injectioft’ Billet et al. 2004
Boreal deciduous forest 260 p&and Keoyconstant at 16 cmii? Teodoru et al. 2009
Coniferous boreal forests 640 pEand Ko 23 cm R (small streams) and 6.6Jonsson et al. 2007

cm h* (main stream)

Ombrotrophic peat bog 60-980 Chamber and wind spettl Billett and Moore 2008
Amazonian rainforest 260-780 peénd Ksoc 10-25 cm r Davidson et al. 2010
Temperate coniferous forest on sandy02-596-2800 StreamGEDEGAS model (yearly averages in 3rhis study
podzolised soils streams)

Table 4. Comparison of C@degassing areal rates in various streams

(1) Value not specified

(2) Water temperature not specified in the studyK £ould not be normalised to a Schmidt numbegQdy.
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4.2. Critical analysis and further improvements

Although our modelling approach appears to beoasing tool to compute CQlegassing rates
in acidic rivers and streams, a careful analysisnoflel sensitivity to various factors must be
performed to provide guidelines for further improent and application elsewhere. The first
problem that must be addressed is the extremelimesr dependence of modelled [Dicpn in
situ pCQ, and 8**C-DIC, particularly at low TA. [DIC) versus pC@and versu$™C-DIC are
both strongly convex curves (Figure 6a, b, ¢, d.aAconsequence, the sensitivity (and, thus, the
relative error) of [DIC}, due to absolute accuracy in p£&hds**C-DIC measurements increases
with the [DIC]x value itself. In Figure 6a, [DIg] versus pC@curves are close to vertical when
pCO; is low, ands'3C-DIC is less negative. Curves are wider at higf@®, and at more negative
8*3C-DIC. This tendency is more pronounced at low TArt at moderate TA (figures 6a, b), as
the HCQ pool acts as a buffer for t&°C-DIC increase during degassing, while in aciditers
it does not affect the pGQiecrease (Figure 3). Modelled [DIg]s 0.779 mmol ! in case 1 of
figure 6 (absence of carbonate rock weathering=T®1 mmol L*, §*C-DIC = -20%. and pC®
= 3500 ppmv), typical conditions observed in thdid&di stream (Table 1). If pCQOncreases by
10% (from 3500 to 3850 ppmv) and all other paramsedee unchanged, [DIg]increases by 66%
(from 0.779 to 1.293 mmol 1. In case 2 (absence of carbonate rock weathefing= 0.1
mmol.L%, §*C-DIC = -14%. and pC®= 1300 ppmv), modelled [DIG]is 0.786 mmol L. If
pCQ; increases by only 10% (from 1300 to 1430 ppmv) alhdther parameters are unchanged,
[DIC]ex is multiplied by a factor of 5.5 (from 0.786 t0341 mmol LY. This effect can be
explained mathematically; at the high (less negv’C-DIC value of case 2, the contrast in
83C between the soil and the river water downstreagoimes maximal, so an extremely high
initial soil pCQ, is necessary to reach the convergence of 85t-DIC and pCQ at the same
iteration (boxes C and D in figure 4). As a conseme, small changes in the water pd&ad to
large changes in the initial pG@nd, thus, in the calculated [DIE)Figure 6¢). In fact, case 2
conditions probably never occur in nature: firsg @btained such high [DIg]values only when
water pCQ was also high (the maximum [DIg]of 3.4 mmol [* in the Renet stream
corresponded to aim situ pCO, of 7600 ppmv); second, such a higHC-DIC value of -14%o
occurs in natural waters only when some carbonatgtvering occurs and the TA is much higher
than 0.1 mmol.I* (e.g., Jin et al., 2009). As shown in FiguresZC-DIC values in the Leyre
River that were higher than -15%. were associatatl higher DIC but lower pC® thus,5*C-
DIC values corresponded to higher TA due to somborate weathering (Polsenaere et al.,
submitted).
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A second, and in some cases, more difficult gnobbf our modelling approach came from the
sensitivity to TA and carbonate weathering, patéidy at TA values below 0.3 mmolLand at
high pCQ (Figures 6f and 8d). [DIG] was much lower at low pG@1000 ppmv in Figure 6e)
and was weakly affected by the TA value (Figure &eglassicab *C-DIC values of less than -
15%0. In the case of the Milieu stream, which had lbwest TA, the sensitivity of modelled
[DIC]ex On TA was modest, as also p£i©® moderated. In the Leyre River, where TA washhig
and obviously affected by carbonate weathering, p®&s low, so modelled [DIg] was not as
sensitive to the assumptions regarding the quaotibarbonate weathering (Figures 8b, d). In the
Renet Stream, however, where pOfas often higher than 5000 ppmv, TA was exactlyhia
range where modelled [DIg]varied considerably with both the TA value (Fig@® and the
assumed carbonate weathering contribution to TAyuife@ 8d). If the carbonate weathering
contribution in the Renet Stream was higher thanathe predicted using Meybeck’s (1987) end-
members, it could lead to overestimated [RICInd partly explain why, compared to the
literature, the streamCGEDEGAS model gave high CQlegassing rates in this stream.

A third problem is the sensitivity to assumptiars the isotopic composition of the initial soll
pCO,. Here we assumed a year-rolfdC-SOM value of -28 %o, which corresponded to a Yairl
constant5'*C-POC value in the three rivers. According to Edn.we assumed an isotopic
fractionation of**C-CQ, due to molecular diffusion of +4.9%., which was sistent with those
found in the laboratory and in other catchmentgl{@g et al., 1991; Davidson, 1995; Jin et al.,
2009). The basis of this assumption was that thentaof soil respiration occurs in well-drained
conditions. If a significant part of the respiratioccurs in waterlogged soils or in the aquatic
system itself, the respired G@ill not undergo such isotopic fractionation, aslecular diffusion
of CO, in water is weaker than in air (O’Leary, 1984; Atte-Suchet et al., 1999). In fact, we do
not have direct field evidence that all of the restpon primarily occurs in well drained-soil. We
could only expect that in these sandy soils, theeupwell drained organic-rich soil horizon was
the major site of respiration. As shown in Figurembdelled [DIC]x concentrations were very
sensitive to the isotopic composition of the sogamic carbon, so they were also sensitive to the
assumed isotopic fractionation of €@ the soil. If respiration in groundwater andriver waters
and sediments was significant, then the initf@l-CO, would have been more negative, and the
modelled [DIC}x would have been even higher than those we obtéiassl
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It is evident that this work is only a first atipt and needs improvement and stronger validation.
The uncertainties of our approach could be sigaifily reduced by adapting the sampling
strategy to the model needs. First, sampling graater would allow better constraint of the
initial conditions (for both pC® and §*°C-DIC). Then, to validate our approach, we would
conduct a well-designed study in a headwater seetith a simple morphology that included the
following: systematic seasonal groundwater, spriagsl stream water sampling, water and
sediment respiration measurements and, eventuaibyme coupled gas tracer injection
experiments. We could verify some model assumptiamcerning, for instance, isotopic
fractionation of CQ in soils, the contribution of carbonate weatheriagd the impact of TA.
Comparing sites with well known and contrastinghdibgies would also provide helpful

information to better constrain the effect of carbt® weathering on model results

5. Conclusion

Using only pCG, DIC ands**C-DIC, we tested the possibility of estimating £f2gassing from
acidic streams and small rivers draining orgargh soils. To support the field data, we developed
a conceptual and numerical model that calculatésearetical concentration of DIC that must
have degassed to the atmosphere given some reés@samptions about carbon sources and
isotopic composition in soils. The sensitivity dfet model results to measured or assumed
parameters suggests that, in the ranges commaunhglfm nature, the uncertainty in our approach
should not be larger than that of classical methédthough the model was poorly constrained
(with soil or groundwater data, for instance), aimputed CQ degassing values consistent with
the literature at two study sites, but also onaieaklatively larger that the literature values at
another site. It was not possible to fully explaihy our model gave higher fluxes in the latter
stream; on one hand, our method may better acdounntense degassing at the vicinity or
groundwater seeps; on the other hand, assumptioribeosignificance of carbonate weathering
may be critical under the conditions encounterettis stream. Because acidic, humic-rich waters
are probably a significant fraction of global frestter CQ degassing, and because a large
database of pCQ DIC and 5'°C-DIC is already available in some streams worlwidur
integrative method has great potential for applcat Even if more efforts are necessary to
definitively validate the approach, preliminary ults presented here should encourage future

research in this direction.

73



Chapitre Il. Export de carbone par les rivieres

Acknowledgements

This model would not exist without setting up G1&C-DIC method at the EPOC laboratory
thanks to the help of our colleague Nicolas Savaped, the numerous advices of Steven Bouillon
from the Katholieke Universiteit Leuven. We areoadgateful to our colleague Vincent Marieu for
his help in Matlab programming. This paper is atgbation to the ANR PROTIDAL project
coordinated by Pierre Anschutz.

74



Chapitre Il. Export de carbone par les rivieres

[1.2. EXPORT AND DEGASSING OF TERRESTRIAL CARBON FR OM
SMALL RIVERS AND STREAMS DRAINING A TEMPERATE SANDY
PODSOLISED CATCHMENT

Résumé

Les variations spatiales et temporelles des cdrateons et compositions isotopiques du carbone
ont été suivies durant un cycle hydrologique comngéans neuf rivieres et ruisseaux du sud-ouest
de la France, drainant un bassin versant sableuxyple podzol et alimentant la lagune
d’Arcachon. Le bassin correspond a une plaine tmiéoou les formations sableuses, la forét de
pins et les sols enrichis en matiére organiqueZ@sy dominent. Dans ces eaux de rivieres acides
(pH de 5.6-7), le carbone organique particulair@@p représente la plus faible contribution au
carbone total (concentration : 0.138 + 0.05 mmd) Hu fait d’'une érosion mécanique des sols
limitée. Les teneurs importantes de POC dans ld&raa en suspension (20 + 3% des matiéres
particulaires en suspension (SPM)), les faiblescentrations en Chlorophylla et les
compositions isotopiques du POE=C-POC) relativement constantes, proche de -28%. leout
long de I'année, montrent que ce POC est issu aletqs terrestres ens €t des détritus du sol,
avec de faibles niveaux de production autochtomeojiposition, la présence de podzols sur le
bassin versant confere des niveaux d’exportation cdebone organique dissous (DOC;
concentration : 0.55 + 0.2 mmolY).trés forts. Avec une concentration de 0.488 9 Grimol [,
le carbone inorganique dissous (DIC) représentielaxieme contribution a I'export de carbone
vers la lagune ; 35% de ce DIC est sous la form€@een exces alors que le reste est sous forme
d’ions bicarbonates. La composition isotopiqueDd@ (5*°C-DIC) reste négative (environ -20%o)
tout au long de lI'année dans une majorité de caoleau, révélant la prédominance de la
minéralisation de carbone terrestre et de la ditisol des roches silicatées dans les sols, comme
source majeure de DIC dans les rivieres. Dans Udiesarivieres, I'érosion locale de roches
carbonatées augmente de fagcon concomitante lesrsa&lcalinité & 1 mmol t et des**C-DIC
& -7%o. De plus, une valeur 88°C-DIC moins négative, associée & des niveaux fitepCQ
mesurés dans les eaux de la riviere la plus grdadmssin, révélent les quantités significatives de
CO, dégazées en amont du point de mesure. Avec desarsatle pC@situées entre 1000 et
10 000 ppmv, toutes les rivieres se comportent cermme source de GQvers I'atmosphere,
particulierement en période de basses eaux, lorfgqdébit des eaux souterraines domine celui
des eaux de surface. Le dégazage de d&puis les eaux de rivieres de surface vers I'spiere
représente un flux additionnel de carbone quiiesitare ou méme plus grand que I'export latéral
de DOC. Le dégazage et I'export total de carbompeiideces neuf rivieres est estimé a 116t C km
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2 yr, réparti entre le dégazage de G@rs I'atmosphére (43%), I'export de DIC (21%gxiport

de DOC (29%) et I'export de POC (7%).

Abstract

Spatial and temporal carbon concentrations aotpsc compositions were monitored during a
complete hydrological cycle in nine acidic watens®ms draining a lowland forested sandy
podsolised catchment, flowing into the Arcachonolag In river waters, particulate organic
carbon (POC) was the lowest contributor to thel tca@bon (0.138 + 0.05 mmol ™) because of
the limited mechanical soil erosion. The generght?OC content in the suspended matter (20%),
low Chl a concentrations and the relatively consii€-POC value (near -28%o) throughout the
year reveal that this POC originates from terrakit; plant and soil detritus. In contrast, the
presence of podsols leads to large levels of dissabrganic carbon (DOC; 0.55 + 0.2 mmai)L
Dissolved inorganic carbon (DIC) was the secongdst contributor to the export of carbon to the
lagoon (0.488+0.19 mmol1). The§**C-DIC value approximately -20%o throughout the yiar
many small rivers revealed the predominance oésérial carbon mineralisation and silicate rock
dissolution in soils as the major DIC source in tieers. In the other rivers, some local
weathering of carbonate rocks concomitantly inazdase total alkalinity (TA) to 1 mmoltand
the 5**C-DIC to -7%.. With pCQ between 1000 and 10000 ppmv, all of the riverseveesource
of CO, to the atmosphere particularly during the low rigéage. C®@ degassing represents an
additional carbon flux similar to or even greateart the lateral DOC export. Finally, the total

carbon degassing and export from these nine rivassestimated to 116 t C Kmgr.
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1. Introduction

Rivers deliver significant amounts of terrestyiaerived carbon from the land to the sea,
representing the main linkage between these twervess. Approximately 0.9 Gt C yris
discharged by rivers to oceans (Meybeck 1982).H3f total carbon flux value, about 40% is
organic and 60% is inorganic (Meybeck 1993). Néwaddss, the role of rivers in the global
carbon cycle is not limited to the passive transpbrcarbon to the oceans. In fact, a large part of
the carbon that is lost from terrestrial systemgadeses as GOwo the atmosphere from the
surfaces of inland waters and does not reach tbanogCole et al. 2007; Ciais et al. 2008). Recent
data compilations suggest that, globally, the dsiggsof CQ from inland waters could be
occurring at levels that are similar to or largeart the export to the ocean (Cole et al. 2007,
Tranvik et al. 2009).

The concentration and composition of carbon werriwaters is partly a product of instream
processes, but is in its majority regulated by nglaiparian and hyporheic/groundwater processes
that determine solute and gaseous inputs into mgsypdtems (Hynes 1975; Jones and Mulholland
1998). In most rivers, the particulate organic carlfPOC) is allochthonous and originates from
soil erosion; additionally, in some eutrophied rsje phytoplankton can produce highly
autochthonous POC (Etcheber 1983; Abril et al. 2082l et al. 2006). Dissolved organic carbon
(DOC) in unpolluted rivers mostly originates fromathable organic carbon in soils and from
terrestrial vegetation (Meybeck 1993; Sobek et28D7). This DOC is often considered to be
mainly recalcitrant to microbial degradation andaisnost entirely transported to the ocean
(Mantoura and Woodward 1983). However, part of thi®C serves as a substrate for
heterotrophic bacteria and fuels the aquatic toptthain through the microbial loop in
freshwaters (Hollibaugh and Azam 1983; Tranvik 19&&ce et al. 2004). Additionally,
autochthonous labile DOC can be produced withierewby phytoplankton (Bianchi et al. 2004).
Most rivers and lakes are net heterotrophic and earbon dioxide (Cg) to the atmosphere
(Jones et al. 2003; Sobek et al. 2005; Billett Babre 2008). CQis typically supersaturated in
streams and rivers that are connected te-fh groundwater and soils and because of instream
organic matter decomposition, which exceeds prinpaogluction in the river itself (Kling et al.
1991; Jones and Mulholland 1998; Cole and Caradl)0Thus, inland aquatic systems are
almost always supersaturated in £ADd represent net sources of {Oole et al. 1994; Hope et
al. 1994; Jones et al. 2003). The Qhkat is found in freshwater is produced by rootd bacterial
respiration in the soil, groundwaters, wetlandsfensaand sediments. It is also influenced by
silicate and carbonate rock weathering, producerpanate alkalinity rather than dissolved £O
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(Yang et al. 1996; Amiotte-Suchet et al. 1999).tlne presence of carbonate rocks on the
watershed, one half of the total alkalinity (TA)igiates from the rock, with the rest being

atmospheric carbon that has been fixed on landreeytled in the soils; these rivers generally
have a high pH, high dissolved inorganic carbonQ)Dand TA, and a relatively heavy isotopic

composition of DIC (Barth et al. 2003; Wachniew @p0When, in contrast, silicate rock

weathering is dominant, all of the DIC originatesnfi soil organic matter mineralisation; these
rivers are acidic, have low TA and a large fractainthe DIC is present as excess Ofith

respect to the atmospheric equilibrium (Amiotte{gicet al. 1999).

Thus far, several studies on inland water carbgramics and their exportation to oceans have
been carried out; for example, in estuaries (Figmiille et al. 1998; Abril et al. 2002), lakes
(Kling et al. 1991; Cole et al. 1994), large rivékdeybeck 1993; Hope et al. 1994; Gaillardet et
al. 1999) and stream waters (Hynes 1983; Neal alhd #94; Jones and Mulholland 1998). A few
studies have dealt with rivers and streams in daloev acidic catchment with organic matter-
enriched soils and have attempted to estimate niyt carbon lateral export as particles and
solutes but also CQlegassing to the atmosphere along the entire cverse (Billett et al. 2004;
Hope et al. 2001). Here, we present a one-yeareguwl carbon dynamics in rivers and streams
that drain a temperate, lowland, sandy, podsolesgdhment and flow into the Arcachon lagoon
(southwest of France). In this paper, we descrii® dynamics of all of the carbon forms
(particulate, dissolved, organic, inorganic andegas) and we quantify simultaneously the carbon
export to the lagoon and the €@egassing to the atmosphere. Finally, we estakblisbgional
carbon budget that can be compared to the net gswsyproduction upstream inland and

downstream in the lagoon.
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2. Materials and Methods

2.1 Study site
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Figure 1. Map of the Arcachon lagoon and its direct catchnsin, showing A: the sampli
stations for the nine watercourses, i.e., Porg&sCRenet, Lanton, Milieu, Ponteils, Tagon, Le
and Landes and B: the watercourse catchment baesgavith soil occpation and the eleve
stations that were sampled on the Leyre catchmenta, b, c, d, and (La Leyre); f, h, i, and k
(La Grande Leyre) and g, 4 Petite Leyr).

The study area is located in the Arcachon lagoéchoaent in sout-westernFrance. In this area,
urban wastewaters are collected and are directlyeded, after treatment, to the ocean from
lagoon; thus, they have a moderate impact on mxaer composition (De Wit et al. 2005). T
Arcachon lagoon receives freshwater f several rivers (Fig. 1A; Table 1). The largesttarms
of watershed and discharge, is the Leyre Rivegthkxt at the sou-eastern corner. In addition,
streams with very low runoffs are distributed abund the lagoon, and two car, Canal du
Pome in the north and Canal des Landes in the , also bring water from regulated dune lak
the Lacanau Lake in the north, and the Ca-Sanguinet Lake in the south (Manaud et al. 1!
De Wit et al. 2005). The annual freshwater inputs ithe lagooraverage at 1.25 billion 3, of
which 8% is groundwater, 13% is rainfall and 79%asn watercourses (Rimmelin 19¢
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Surface Runoff Drainage Populationdensity Inhabitants/

(km?) (m*sh) (L s*km?) (inhab k) runoff (inhab n¥s)
Porge (Ares) 221.6 3.63 18 310 17263
Cirés (Andernos) 48.7 0.63 13 445 34402
Renet (Lanton) 17.9 0.61 34 43 1283
Lanton (Lanton) 36.1 0.28 8 43 5562
Milieu (Audenge) 21.3 0.63 19 63 3313
Ponteils (Audenge) 23.3 0.23 10 63 6414
Tagon (Biganos) 29.6 0.67 23 113 4939
Leyre (Biganos) 2141.4 18.16 8 113 13360
Landes (Gujan-Mestras) 116.6 0.52 4 315 70703
Total 2656.5 25.34 137 1510 157239

Table 1. General characteristics of the nine studied wateses in the Arcachon lagoon
catchment. The Leyre average runoff was calculdtech daily runoffs that were measured
between the sampling period by the French instafitegional environment (DIREN). The Porge,
Cirés, Lanton, Ponteils and Landes runoffs have lseenputed using the average of the measured
runoffs from 1989 to 1993 (Auby et al., 1994). Gtegeam runoffs have been estimated from
watershed areas, assuming that the surface/ruataffequals that of the Leyre catchment.

In total, the catchment is typical of lowlandsthwa surface area of 4138 krand slopes below
0.25%. It is relatively homogenous topographicatiymatically (isohyets between 900 and 1000
mm) and geologically (Auby et al. 1994). Maritimae forests occupy 84% of the catchment,
with growth on the sandy soil of Pleistocene origamedSable des Landgdrichet et al. 1997).
These soils are typical for podsols that occur oarge, poor, siliceous parent materials (on
periglacial sand deposits) under temperate hunmaatés (Lundstrom et al. 2000). These podsols
are characterised by high acidity (pH typically vbe¢n 4 and 5) low inorganic nutrient
availability, and high carbon content that can hea@ g per kg soil (Jolivet et al. 2007). Although
mainly silicated, some Miocene-carbonated outcrops be observed locally in this sandy
catchment, particularly along the Leyre River (lalet al. 1993). Also, in the Ponteils catchment,
the carbonate precipitates that are used by thdillaof the city of Audenge, closed since 2008,
can be found inside soils (Canton et al. 2010).

The Sables des Landes contains a free and consnuater table covering more than 400G km
close to the Arcachon lagoon. With a variable theds of between 10 and 130 m, the water table
is usually located very close to the surface incwhihe regime determines three main Landes
types (Righi and Wilbert 1984). The hygrophilouada occupies the major part of the Landes
catchment, with a superficial water table below ;ltlme mesophilous lande, present in the middle

and low watercourse valleys, is characterised Isfr@eng water table amplitude of up to 2 m,
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creating flooding and drying periods; and finallyy important water table with a downward pull
occurs on the edge of the streams up to 3 m, tharscterising the xerophilous lande.

The area has been massively drained and forestkegine treesRinus pinastey following the
imperial decree of 1857, and currently pine foreshe major surface cover (84% of the area, Fig.
1B). Intensive farming of corn and other vegetaldesow prevalent in areas from 130 to 280
km?, which have replaced traditional farming area a8 as forest (Auby et al. 1994).

2.2. Sampling strategy

Different watercourse types were sampled in #tigdy, including the Leyre River with the
highest runoff (18.2 ths?, representing 80% of the total freshwater inputs} canals with a
particular water regime and several streams witly small runoffs (annual average below 0.7 m
s1). Nine rivers from the north to the south were gl at their outlet into the lagoon during one
year, from February 2008 to February 2009 (Fig. TAble 1). These nine main watercourses
have been chosen for this carbon study becausectivey an area spanning from the north to the
south, representing about 90% of the total catchrasra and nearly the entire freshwater input
into the lagoon. The streams present the highestatyes--in general above 10 tlen?--due to
their small watershed surface, and the north anthsof the Arcachon catchment show the most
important population densities, above 100 inha’k@onsequently, these watersheds with high
inhabitants to runoff ratios are subjected to nmeorhropogenic pressures, primarily through urban
rainwater discharge, as most of the domestic Isdxing treated.

The Renet, Ponteils and Tagon streams and thee LRiyver were sampled every two weeks,
whereas the Porge and Landes canals and the ®Milg=y and Lanton streams were sampled
every four weeks. In addition, a longitudinal saimglwas carried out in October 2008 along the
Leyre River to study the longitudinal variationsaarbon and its associated parameters in this
watershed (Fig. 1B). During the study, all carbannfs (organic, inorganic, particulate and
dissolved forms, and isotopic ratios) were charegd, along with other parameters, in the nine

rivers of the Arcachon lagoon watershed (Figs.@ &rrables 2 and 3).

2.3. Field techniques

In the field, the conductivity and temperatureted watercourses were measured with a portable
probe, Cond340i, and the pH was measured usingndioed electrode (Metrohm) quickly after
sampling. The subsurface water was sampled andittered back to the laboratory the same day
to measure levels of SPM, POEC-POC, C/N and CHi. The filtered water was then used for a
total alkalinity (TA) analysis.

81



Chapitre Il. Export de carbone par les rivieres

Dissolved organic carbon (DOC) samples were obthiafter a water filtration in the field
through pre-combusted GF/F filters (porosity of m) in decontaminated Pyrex vials (25 ml)
and acidified with HCL 37%. The DOC filtrates westored at 4°C before analysis at the
laboratory.

Water required to measure the stable isotope ositipn of the dissolved inorganic carbon
(8**C-DIC) was obtained by overfilling 100 ml glass Hspace vials, setting the vials and then
poisoning the sample with HgCsolution to avoid bacterial activity. The samplesre stored in
the dark before analysis.

The CQ partial pressure (pGin river waters was directly measured by a honasmaortable
equilibrator system that was used in the fieldl¢lwing Frankignoulle et al. 2001). An Infra Red
Gas Analyzer (LI-COR, LI-820) was used to measure the p@®Odry air that was equilibrated
with freshwater. The LI-8Z0was calibrated at the laboratory one day befoedfigid experiment
using two gas standards of 0 and 2959+59 ppmv.efjudibrator consists of a Plexiglas cylinder
(height: 30 cm, diameter: 8 cm) that is filled witiarbles to increase the exchange surface area.
The system works as a closed system: water, thraymgirtable peristaltic pump (Masterffext L
min™), runs from the top to the bottom of the equiltbraand air is pumped upwards (1 L fMjn
The pCQ of air equilibrates with the pG®f water and is then measured by the LI-CGiter
being dried by a Dierite grain tube. After 7 minetpCQ is constant and the entire equilibration
between the air and water is achieved; then, measnts are recorded with the datalogger LI-
1400,

2.4. Laboratory analyses

The water for SPM and POC measurements wassfiltdrough pre-weighed and pre-combusted
Whatman GF/F glassfibre filters (0.7 um of porgsifihe filters were then dried at 60°C and
stored in the dark; subsequently, the SPM was mé@ted by the weight difference. POC was
measured using the same filter; the filters werndifa@d in crucibles with 2N HCL to remove
carbonates and were then dried at 60°C (Etchelsdr 2007). The POC content was measured by
combustion using a LECO CS 125 analyser. The PO@grL* and POC in % (of SPM) were
then calculated. The uncertainty was * 0.05% of SPM
The DOC concentrations were measured with a SHIMADKPOC 5000 analyser, which in
principle is based on thermal oxidation after a Dé@oval step (Sharp 1993; Cauwet 1994). The

precision is better than 2%.
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The water for Ch measurement was filtered through GF/F filters,clhivere stored in the
dark at -80°C until analysis. Pigments were exg@atith 90% acetone, and the fluorescence was
measured before and after acidification (YentsahMenzel 1963; Strickland and Parsons 1972).

The total alkalinity (TA) was measured by titoatiwith HCI 0.1 N on 100 ml filtered samples
and was calculated by a Gran function linearisaf@ran 1952) between pH 4.2 and pH 3. The
reproducibility between the measures was better & pumol L.

The water for the measurement &fC-POC and the C/N ratio was filtered through pre-
combusted GF/F filters. The filters were dried @taked in pre-cleaned glass vials; prior to the
analysis, the filters were decarbonated using HCNland dried overnight (Lorrain et al. 2003).
The measurements were performed by coupling anegltahanalyser (EA; Carlo Erba NC2500)
to an Isotope Ratio Mass Spectrometer (IRMS; Miassnisoprime). The carbon isotope ratio is
expressed in the delta notatiait*C) relative to Pee Dee Belemnite. TSEC-POC levels were
calibrated against the lab standards of Acetanili@é%.), Glycine (-45.2%o), Caseine (-23.3%o)
and Bassin (-17.55%o0), which were themselves cakldragainst certified standards (IAEA-CH6,
-10.45%o0; IAEA-CH7, -32.15%0; and USGS24, -16.05%neTC/N ratio was calibrated against
certified acetanilide. The reproducibility of ti€C-POC levels and the C/N ratio was better than
+ 0.2%0 and £ 0.2, respectively.

Thes'C-DIC measurements were made following Gillikin @wlillon (2007). In 100 ml vials
that were filled to the top, a headspace was éirsated with Helium gas to obtain a volume of
approximately 20% of the total volume of the vighen, 0.3 ml of warm 85% phosphoric acid
was added to transform the carbonate forms intg. T® ensure gas equilibration, the vials were
shaken and placed upside down for 1.5 h. The samy#ee measured using the above-mentioned
EA-IRMS by injecting 3 mL of the C£gas that was contained in each vial headspacaeghran
injection port that was mounted before the watp tf the EA3*C-DIC was calibrated against a
homemade standard (45 mg of,N&; were dissolved in a vial, flushed with He gas flavith 3
ml of H3PQy) that had been calibrated against a certifieddstah(NBS19, -1.96%o) using a dual-
inlet IRMS (Micromass Isoprime). The isotopic valokethe standard N&O; found was -4.5 +
0.2%0. Finally, the equation of Miyajima et al. (B)9vas applied to correct for the partitioning of
the CQ between the headspace and the water phase andutatathes'C of the total DIC. The
repeatability was approximately + 0.1%. between dasp

The DIC concentration was calculated from the p@@d TA measurements (in addition to the
water temperature) by resolving inorganic carbostesy equations using dissociation constants
from Mehrbach et al. (1973). The excess ,C@efined as the quantity of DIC that was

theoretically transferred as G@ the atmosphere after water-air equilibrations walculated as
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the difference between in situ DIC and a theorefid@ at the atmospheric equilibrium, following
Abril et al. (2000).

The GraphPad Prism 5 and Xlstat softwares weed t@ statistical analysis. The Shapiro-Wilk
test was used to test the normality of the daligvied by the Kruskal-Wallis test (in the case of
nonparametric data) for analysis of variance (ANQ\AAd the Dunn’s multiple comparison test
(post-test).

3. Results

3.1. Organic carbon distribution in the nine rives flowing to the Arcachon lagoon

The average organic carbon and associated paanes well as their seasonal patterns, are
presented in Table 2 and Figure 2 for each rivee Water temperature, with an average of 12.9 +
0.5°C, showed a typical annual trend with valuesgirag from 3.5°C during winter to 19.6°C
during the summer period, with both canals showihg highest temperatures. The water
conductivity varied little in all of the rivers thughout the year (near 205 + 31 pS™nwith the
exception of the Porge canal, where conductivitp ceach 4420 pS ch(salinity of 1.9)
depending on the tidal rhythm during the sampliay;dn fact, the canal links the Lacanau lake to
the lagoon in the North (Fig. 1).

The Leyre runoff (Fig. 2) during the sampling ipdrpresented a hydrological regime that is
typically observed in south-western France (Pa@E6)L It consisted of short flooding periods in
the spring ¢a. 30 n?s?) related to important precipitations, then a loatev flow throughout the
summer period and finally, in the late autumn amctey, river runoff maxima reaching up to 100
m®s™. The SPM (Figs. 2A, B and C) did not show any icksmsonal pattern and was low during
the year, generally below 20 mg'LThe average was 8.4 + 3.4 mg;lthe lowest values were
found in the Landes canal (2.7 + 1.1 mid)Land the highest values were found in the otherk
and the streams (near 10 mg &n average). In addition, some high values weraswed during
flood events (in the Leyre River, day 336 with 1fd L™ Fig. 3C). Similarly, the values of POC
concentrations were weak in these poorly turbidevgaof the lowland regions, from 0.7 + 0.3 mg
L in the Landes canal to only 2.49 + 2.2 mih the Tagon stream (Table 2). Nevertheless, the
POC content (% of SPM) was high throughout the ,yearying from about 16% (in the Leyre
River) to 24% (in the Porge canal), with maximdate autumn/winter and spring (Figs. 2D, E
and F).8C-POC was somewhat constant throughout the yedroutitany clear trend. The
average value of -28.59%o is typical of terrest@glplants (Mook and Tan 1991). Also, the C/N

ratios did not show any clear seasonal pattert watues ranging between 12 + 0.9 in the Landes
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canal and 19.9 £ 2.2 in the Lanton stream (Figs.t@RL; Table 2). Chla was low in the
Arcachon lagoon catchment rivers throughout the,yeith an average of 1.3 + 1.4 ug-LThe
lowest values, below 1 ug*.were found in streams, such as the Cirés or Renégen if higher
values were observed in the other watercoursescparly in the Porge canal, with a bloom of
17.5 pg L* occurring on day 197 (Fig. 2M). As a consequettte mean POC/CH ratios were
always high--ranging from 580 to 4200 in the Landasal and the Milieu stream, respectively--
but exhibited large differences between the seasefiecting the annual pattern of the Ghl

concentration (Table 2).

The DOC in the nine rivers presented an annuadame of 6.6 + 2.2 mgt(Figs. 2P, Q and R;
Table 2), with the highest values of up to 8.0 ngrLthe Porge canal and the Tagon and Ponteils
streams, and the lowest values between 4.2 anuhé 18" in the other watercourses. Furthermore,
the DOC concentration showed a seasonal pattenmgdtine sampling year, with significant
differences (ANOVA, p-value: 0.0074) between thenswer and the winter or spring, where the
highest values were measured (Figs. 2P, Q andi).TDC concentration ranged between 5.7 £
1.1 and 13.3 + 2.1 mgLin the Landes and Porge canals, respectively @rauerage of 8.2 +
2.6 mg L'Y). The DOC/POC ratio ranged between 2 and 8, stwttia predominance of DOC to
POC in these lowland rivers (Table 2).
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T (C) Conductivity  SPM POC DOC TOC DOC/POC POC/Ch 57C-POC (%o) CIN
(uS cnt) (mgL?)  (mgL? (mg L) (mg L)

Porge  13.3 1113 12.0 2.425 10.9 13.29 45 753 28.1 15.3
5.0 1166 7.2 11 17 2.1 578.3 2.0 3.8
(35~19.2) (230~4420)  (2.6~26.6) (1.055~4.191) 3I8IR.98)  (9.583~16.31) (60~2252) (-33.6~-25.9) ~pu)

Cires  12.2 203 5.1 1.158 5.8 6.98 5.0 3438 -28.4 18.9
2.4 27 1.0 0.3 12 1.4 2394 0.2 11
(6.5~16.1) (162~253) (3.8~7.8) (0.622~1.821) (4«8087) (4.653~9.66) (1361~8846)  (-28.6~-28.1) ~om

Renet  12.9 201 10.4 1.728 5.5 7.19 3.2 3825 28.6 19.6
2.4 28 16.9 2.8 11 3.1 3156 0.4 1.9
(6.6~16.6) (178~277) (3~82.9)  (0.137~13.43) (4.WI853) (4.919~18.82) (460~12137)  (-29.4~-28) (TH~2

Lanton 12.5 176 11.2 2.289 5.2 7.51 2.3 4140 -28.7 19.9
2.8 8 7.9 17 15 2.7 2530 0.4 2.2
(5.8~16.7) (161~193) (4.8~35.1) (0.948~7.31) (371#16) (4.591~14.73) (647~8169)  (-29.1~-28.0) ric) 8

Milieu  12.7 270 6.5 1.506 4.2 5.74 3.8 4221 28.1 17.3
3.5 34 4.1 12 11 2.0 4004 0.9 17
(4.2~17.5) (215~321) (1.7~18)  (0.14~4.639)  (2.37985) (2.706~9.639) (685~15218)  (-28.9~-26.5) (B~

Ponteils 12.8 221 6.5 1.328 8.0 9.34 6.0 2244 -28.4 16.2
3.3 69 5.6 12 15 18 1779 0.6 2.4
(5.1~18.6) (138~325) (1.6~26.3) (0.047~6.038) (3-7L.8) (6.386~13.48) (193-6062)  (-29.2~-26.9) ~e)

Tagon  12.6 205 12.8 2.485 8.3 10.78 3.6 2359 -29.0 17.0
3.8 17 9.5 2.2 2.9 5.3 1631 0.5 2.6
(3.8~18.6) (172~258) (35~50.3) (0.114~11.67) (3:02.7) (5.585~24.37) (143~6062)  (-30.2~-28.3) ~e

Leyre  12.7 170 8.7 1.320 5.5 6.82 4.2 1748 -28.7 14.4
4.2 15 5.7 0.9 18 1.9 1146 0.5 13
(3.8~18.6) (151~195) (2.3-26.4) (0.161~4.245) (8-70.13) (4.333~10.65) (109~5121)  (-29.5~-27.7) 2~(T7)

Landes 14.1 195 2.7 0.650 5.0 5.68 7.7 581 29.2 12.0
4.6 21 11 0.3 0.9 11 230 0.4 0.9
(4.6~19.6) (156~233) (1.3~45) (0.126~1.121) (3-28299) (3.408~7.612) (109~894) (-29.8~-28.6) ~3)
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Table 2. Organic carbon and associated physical and chémparameters in the nine rivers
entering the Arcachon lagoon; average (bold), stahdeviation (in italic) and range (between
brackets). T: temperature; SPM: suspended parteuratter; POC: particulate organic carbon;
DOC: dissolved organic carbon; TOC: total orgarécbon; Chla: Chlorophyll a; §**C-POC:

particulate organic carbon isotopic ratio and Cdsdrbon/nitrogen ratio of particulate organic
matter.
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Figure 2. Seasonal variations in the organic matter andastsociated parameters in the nine
studied rivers. A, B, and C: suspended particutadéter (SPM); D, E, and F: particulate organic
carbon (POC, % of SPM); G, H, and I: stable isotopPOC §**C-POC); J, K, and L: C/N ratio
of particulate organic matter; M, N, and O: Chldmgib a (Chl a) and P, Q, and R: dissolved
organic carbon (DOC). Panels show the daily disghaf the Leyre River. Day 0 is Januafy 1
2008.

3.2. Inorganic carbon distribution in the nine rivers flowing to the Arcachon lagoon

The observed inorganic carbon parameters in ithe watercourses are summarised in Table 3,
and their seasonal patterns are shown in Figufé&DIC is the sum of CO (aqueous C®and
carbonic acid KHCOs), bicarbonate (HC§) and carbonate (GO) ions. In this sandy catchment,
the pH that was measured in the nine rivers averégeb + 0.25 and ranged between 6.09 and
7.03 (data not shown). These values are in therlewe of the range that is typical of river values
(6 - 8.4; Meybeck 1983). As a consequence of thidi@a characteristic of the river waters, the
DIC exists mostly in the HCQand CQ" forms (300 + 134 and 189 + 78 pmof,Lrespectively;
Table 3). The part of DIC that is represented by, With a mean of 300 + 135 umol‘Lwas
almost entirely bicarbonate ions; the carbonatecmmcentrations were close to zero for this pH

range.

Overall, the DIC parameters showed a clear sahspattern, with significant differences
between the winter and summer period (ANOVA, p-eaki 0.005) in the nine rivers. In fact, the
river pCQ (Figs. 3A, B and C), with most minimum values dgrthe winter months approaching
1000 - 2000 ppmv, increased in the spring to reaelximum values during the summer and
autumn (up to 10000 ppmv in the Ponteils streanabl@ 3). The TA in the river water also
followed this seasonal trend to a lesser exterih thie lowest values (approximately 100 pumol L
) measured during the winter months and the highaisies reaching close to 1000 umd! io
some watercourses during the summer months (théei®orand Tagon streams). In every
instance, the rivers flowing to the Arcachon lagoaith an average of 3922 + 1645 ppmv, were
always net sources of G@ the atmosphere throughout the sampled yeaa émsequence, the
excess CQ(Figs. 3G, H and I; Table 3) reflected this seas@attern, with minima observed in
the winter (near 100 pmol™Lin the Leyre River) and maxima observed in the renfautumn
periods (nearly 500 pmoliin the Ponteils stream), when the difference betvtbe water pC®

and the atmospheric value was the highest.
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Figure 3. Seasonal variations in the inorganic carbon asd@ssociated parameters in the nine
studied rivers. A, B, and C: partial pressure aboa dioxide (pCQ); D, E, and F: total alkalinity
(TA); G, H, and I: excess of carbon dioxide (Exc€€3); J, K, and L: dissolved inorganic carbon
(DIC) and M, N, and O: stable isotope of DIEC-DIC). Panels show the daily discharge of the
Leyre River. Day 0 is January',12008.
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pCO, TA ExcessC@ DIC 3%C-DIC

(ppmv) (umol LY (umol LY (umol LY (%)
Porge 4364 374.4 181.6 573.9 -13.3

2775 69.5 113.5 148.3 3.8

(1192~8380)  (286~569)  (48~357) (366~924)  (-17.6)-7.
Cires 4212 201.1 191.2 411.3 -19.5

544.7 31.8 26.5 40.0 0.5

(3020~5280)  (151~268)  (133~231)  (347~467) (-20.831
Renet 5479 247.5 247.3 513.2 -20.3

1279 52.4 54.4 80.8 0.4

(1437~7653)  (154~370)  (56~320) (317~674)  (-21.2:6)L9
Lanton 3167 175 136.9 330.8 -18.6

1057 85.6 45.8 95.7 14

(1889~6220)  (83~444)  (73~260) (236~612)  (-21.4-4)6.
Milieu 2554 104.3 106.4 229.5 -19.7

949.8 22.2 42.5 55.1 1.7

(1529~5460)  (78~153)  (57~229) (170~390)  (-24.6917.
Ponteils 6546 550.4 292.4 859.3 -10.6

2742 351.4 121.3 454.9 2.1

(2116~10012) (101~1082) (98~470) (240~1550) (-15.6)
Tagon 5125 394.6 228.1 640.7 -19.0

1425 167.6 54.0 200.7 1.3

(2188~7809)  (128~648) (108~354)  (349~949) (-21.8:9)L
Leyre 1604 325 59.96 403.6 -15.6

338.7 113.9 18.0 104.0 2.6

(1046~2453)  (120~520) (38~114) (255~612)  (-21.6:5)L2
Landes 2250 324.1 87.58 429.4 -13.8

590.6 60.8 23.0 55.2 2.4

(1485~3382)  (279~495)  (48~125) (359~583)  (-16.8)-8.

Table 3. Observed inorganic carbon parameters in the migesrentering the Arcachon lagoon;
average (bold), standard deviation (in italic) aadge (between brackets). p€@artial pressure
of carbon dioxide; TA: total alkalinity; DIC: disk@d inorganic carbon anst*C-DIC: dissolved

inorganic carbon isotopic ratio.

The nine rivers exhibited significant differenaagheir DIC parameters. In particular, the DIC

values of the Milieu, Leyre and Landes rivers wgenerally well below these of the Porge,

Ponteils or Tagon watercourses (Fig. 3; Tabler8)eéd, the pCOand excess C{values in these

three rivers were almost always below 4000 ppmv Es@pmol L*, respectively, throughout the

year. Strong differences (at least twofold) inwWeter TA were also recorded between the Ponteils

and Tagon streams and the Milieu and Lanton stre@ble 3). With regard to the DIC

concentrations, th&'*C-DIC that was measured in the nine rivers shoviguificant differences
between the watercourses (Fig. 3M, N and O; Tahlén3the Cires, Renet, Milieu, Lanton and
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Tagon streamsi™*C-DIC values near -20%o were measured throughouyeiae, and a few clear
seasonal patterns were observed, with more depbetddenriched values measured during the
winter/spring and summer/fall months, respectivebnging from -24.6 to -16.4%. in these
watercourses. In the Ponteils stream, the samerpaitas clearly observed but with much more
3C-enriched values throughout the year, ranging frbBn0 to -7.6%. during the winter/spring and
the summer periods, respectively, with a mean 0f6%. (Table 3). The intermediate situation
was observed in the Leyre River, with values raggfrom -21.6 to -12.5%. during the
winter/spring and summer/fall months, respectivéfynally, an opposite seasonal trend was
recorded in both the canals with mot€-depleted values during the summer and autumnhmont
(values close to -17.0%0) and, to the contrary, merached values measured during the winter

months (values close to -8.0%o).

3.3. Longitudinal carbon variations along the Leye River

Figure 4 presents the longitudinal variations ébathe carbon and associated parameters
along the Leyre River continuum in early Octobe@@0The organic carbon parameters (Figs. 4A,
C, E, G and I) that were measured from the ouflét@river to 65 km upstream were in the range
of those that were measured in the other sampléerecaurses. The SPM and POC concentrations
were between 1.33 and 7.38 mg &nd between 0.27 and 1.31 mg, lrespectively, with no
differences along the river. The POC (% of SPM) waarly constant from the outlet to 40 km
upstream (values close to 16%) and then incregsed 20%, especially in the Petite Leyre (Figs.
1B and 4C). The DOC showed fairly constant valuebaiween 1.7 and 3.1 mg*Lwith the
exception of a high value of 4 mg*ldownstream, close to the outlet of the Leyre. I§inthe
§3C-POC was roughly constant along the Leyre Rivay. @), with values of -28.9 + 0.6%o as in
the other rivers of the Arcachon lagoon catchmé&hé C/N ratios were 12.3 = 1.2, and the &hl
was below 1 pg t (data not shown).

In contrast, the DIC parameters showed more astiig longitudinal variations along the Leyre
River (Figs. 4B, D, F, H and J). Indeed, the wai€0, declined downstream from the sourca.(
4000 ppmv) to the outletd. 1000 ppmv), although a higher water pG@lue €a. 2500 ppmv)
was recorded very close to the river outlet. ThepFésented constant values (near 400 prifl L
from the outlet to 36 km upstream, but local véoiaé were recorded upstream (Fig. 4F).
Consequently, these variations were also fountlertIC concentrations, which ranged from 180
to 722 pumol . Finally, the5'*C-DIC showed a clear spatial trend, with md?€-enriched

values close to the outlet, evolving from -20.4818.17%o.
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Figure 4. Variations in the carbon and its associated paterm@long the Leyre River continuum
on the 2% and & of October, 2008. A: suspended particulate m&88M); B: partial pressure of
carbon dioxide (pCg); C: particulate organic carbon (POC, % of SPM)tdal alkalinity (TA);
E: particulate organic carbon (POC); F: excessarban dioxide (excess G G: dissolved
organic carbon (DOC); H: dissolved inorganic carkbtC); I: stable isotope of POGC-POC)
and J: stable isotope of DIGY{C-DIC). Open squares represent the “Petite Leyeast) and dark
squares the “Grande Leyre” (west) after 42 fm fitbnoutlet (Fig. 1).

4. Discussion

4.1. Similarities and differences among the ninevers

In general, the nine rivers that were sampledraiahe Arcachon lagoon show common carbon
characteristics because of the uniformity of tlacbhment: low SPM and POC concentrations that
were associated with a high contribution of POChimithe SPM, a low Chd concentration, high
POC/SPM and C/N ratios, very negative level$'3€-POC, a high DOC concentration, and a
low TA that was associated with a high pLOhis condition of low SPM and POC
concentrations associated with a high contribuab?OC within the SPM is typical of lowland
regions and is due to weak erosion rates thattieatear waters (low turbidity) (Meybeck 1982;
Meybeck 1993). The POC in the nine rivers is altbohous and originates from soil and
terrestrial G plants. Indeed, C/N values of higher than 12 yoecal of higher plants (Bordovskiy
1965), ands**C-POC values of -27 to -30%. are typical of terie$t€; plants (Mook and Tan
1991). In addition, the overall low Chlconcentration and high POC/Chlatio indicate the low
contribution of phytoplankton to POC. Indeed, pipyamkton generally exhibits a POC/Ghiatio
ranging between 20 and 140, and it is generallg@ted that phytoplankton-dominated POM has
a POC/Chla ratio that is lower than 200 (Savoye et al. 2008 eeferences therein). In the nine
sampled rivers, the mean POC/Ghtatio was 2590 + 1396. Photosynthesis is likatyited by
hydrological factors as shown in the rivers of easEngland by Neal et al. (2006); e.g., the Leyre
River shows the highest runoffs and a low wateidesge time. Additionally, these waters, with
their low pH and low nutrient concentrations (esg phosphate) represent unusual habitats for
phytoplankton growth, as has been shown in peatld@teenwood and Lowe 2006). On the
contrary, the omnipresence of acidic podsols witjin lorganic carbon content (Righi and Wilbert
1984; Trichet et al. 1997; Jolivet et al. 2007)de#o important DOC concentrations in the nine
sampled rivers, as has been found in boreal wetland temperate peatlands (Agren et al. 2007;
Billett et al. 2006). Aitkenhead et al. (1999) hasteown that DOC fluxes appear to strongly
reflect the size of the soil organic carbon poolthe catchment. Although the podsolisation

process typically results in the net retention @@ mature podsols can be a net DOC source to
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rivers (Aitkenhead and McDowell 2000). Furthermdres DOC originates from high molecular
mass (HMM) compounds as humic acids (terrestriantpldetritus), which are much more
recalcitrant and are thus found in river waterssfireet al. 2008). Additionally, streams that drain
lowland (<700 m) catchments have higher DOC coma&ohs than those that drain upland
catchments (Aitkenhead et al. 1999). Furthermorth the predominance of silicate rocks in this
catchment, the nine watercourses are acidic andrgén present low TA values throughout the
year, which is typical of rivers draining sandstevetersheds (Meybeck 1987). The entirety of the
rivers flowing to the Arcachon lagoon is oversatedain CQ throughout the year, thus
representing a source of @@ the atmosphere. In catchments such as the Wocawatershed,
where a preponderance of small streams is fourdchiemistry is more strongly influenced by
aguatic-terrestrial connections (Jones and Mulhdlld998; Jones et al. 2003). Consequently, the
CQO; that is attributable to instream biotic procesiseypically minor in these rivers, indicating
that the major source of GQvriginates from root and bacterial respirationswils and from
groundwater discharge (Castelle and Galloway 19989l and Avila 1992; Kling et al. 1992).
Furthermore, the extremely negati§®C-DIC values and low Ché concentrations generally
confirm that the instream primary production is lowthese types of rivers, as has already been
shown in other watercourses, such as peatlanchsrdaawson et al. 2001).

In spite of the general common characteristichefcarbon parameters, differences between the
nine rivers were investigated by performing a gpatcomponent analysis (PCA; Fig. 5) where
the nine rivers are distributed functions to eightiables. Six of these variables represent the
measured parameters showing the greatest variatisnaghout the year (th&°C-DIC, TA,
DOC, pCQ, POC and C/N ratio), and two represent charatiesisof river watersheds
(inhabitant/runoff ratio and drainage). First, erpbrtant contrast is observed in the very negative
83C-DIC (below -18%0), low TA (in general below 250 phi™) and very high C/N ratios
(above 17 mol mdl) that were measured in the Cirés, Renet, LantdlietMand Tagon streams
as compared to the others. The high C/N ratio atd& that the POM is mainly of higher plant
origin (Bordovskiy 1965).
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Figure 5. Loadings plot of the principal component analyBGA total variance percentage
=76.09%. The graph shows the distribution of threersgampled rivers, nine observations functions
to the eight measured factors (8 variables) as agethe correlations between the variables. Only
eight variables were used here, as the redundahsgweral variables hid the total explained
variance; i.e., the inhabitant/runoff ratio (inha’ s), stable isotop&’C of DIC ¢**C-DIC, %o),
total alkalinity (TA, pmol '), DOC (mg %), pCO; (ppmv), POC (mg L), drainage (L $Km™)

and C/N ratio. Variables that are situated aloregyshme directional axis correlate positively with
each other (TA*C-DIC, POC/Drainage); variables that are situatedpposite ends of the plot
correlate negatively with each other (e.g., POGitant/runoff, C/N3**C-DIC); variables that
are situated in the centre of the plot are pooolyetated and are poor predictors. The horizontal
axis explains 41.36% of the variability and thetieat axis, 34.73%; thus, the representation of
the variables on these two axes is of good quality.
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The low §**C-DIC associated with a low TA indicates that, firege rivers, the Criginating
from soil respiration and terrestrial plant decosipon largely predominates. In fact, in a system
where the soil C®is primarily derived from the decomposition of flant organic matter, the
CO, produced has &3C-CO, value that is close to the initial substrate, witeans of -30 to -
24%0 (Vogel 1993). Furthermore, in these watersh#uds.erosion rates are weak and in general
only silicate rocks are affected because of theradxs of carbonate rocks. This leads to strongly
depleteds'*C-DIC and weak TA values. Indeed, assuming thatdfitic silicate rivers have a
TA of 125 pmol L and monolithic carbonate rivers have a TA of 31980l L, according to
Meybeck (1987), the carbonate contribution to regathering does not exceed 5% in these five
rivers of the Arcachon lagoon catchment. Consedyéot silicate weathering, bicarbonate ions
originate solely from soil CE and the associate*C-DIC value reflects that of the soil GO
close to -20%. (Amiotte-Suchet et al. 1999). On toatrary, in the four other rivers, i.e., the
Porge, Ponteils, Leyre and Landes, 81€C-DIC values are much mor€C-enriched (less
negative), with values that are generally abové&eImnd the TA values are higher than the former
four rivers, with values that are typically abov@3umol L. For example, in the Ponteils stream,
the heavies8™*C-DIC values that were measured in the Arcachoondagcatchment are likely
explained by a greater presence of carbonatessm#itershed, which is attested to by the strong
TA values, as both measured parameters are pdgitteerelated (Fig. 5). For carbonate rock
weathering, one half of the bicarbonates origirieaen the mineral itself and the other from soll
CO,, leading to moré*C-enricheds**C-DIC values (Jin et al. 2009). In addition, in tRerge
canal, the contribution of marine waters from thgdon, with a5**C-DIC value close to 0%o,
could explain these enriché’C-DIC values that were measured in the canal asasehe high
TA values. Indeed, high conductivities were measulging some of the sampling days and were
related to high tide in the lagoon. Furthermores tphytoplankton biomass can develop to
significant concentrations in the Lacanau lakeh® morth and the Sanguinet lake to the south,
which are linked to the Porge and Landes canaspertively, and can then be transported into
canals by dominant flows, as has already been shore rivers of eastern England by Neal et
al. (2006). This could also lead to moté&-enriched DIC in both canals, photosynthesis
modifying thes**C-DIC, and aquatic photoautotroph utilisitf¢ O, as a carbon source at a faster
rate than°CO, (Parker et al. 2005).

Another contrast is observed in the PonteilsgPofagon and Renet watercourses, where DOC
and pCQ are particularly high in comparison to the othdmsfact, high DOC concentrations

particularly here decomposable compounds fountensbil solution and groundwater, constitute
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an appropriate substrate for bacterial minerabsatieading to large amounts of € the rivers

in turn (Sobek 2005). Nevertheless, the highest D@es measured in these rivers (the Porge
canal) may be the result of anthropogenic disturbaand the effect of land use modification on
the DOC concentrations (Aitkenhead et al. 1999)akly, in this ACP, high inhabitant/runoff
ratios and low drainage values, correlated with B@C concentrations, differentiate the Leyre
River and the Landes canal from the other watesssuand explain a soil contribution to POC
concentrations rather than anthropogenic pressagesyas shown by Abril et al. (2002) in the

Zenne River.

4.2. Temporal carbon variations during the hydrologcal cycle

Seasonal variations of carbon parameters in the flowing rivers of the Arcachon lagoon

catchment were investigated. In particular, the milwater runoff was scrutinised.

4.2.1. Organic carbon dynamics

In the Leyre River, where runoff data are avddalthe SPM concentrations, and to a lesser
extent the POC concentrations, roughly increask winoff untilca. 20 n? s* and then decrease
(Figs. 6A and E), whereas th&’C-POC increases until reaching a plateau at thieelsigrunoffs
(Fig. 61). Two processes seem to be involved: wati0 nt s*, an increase in the runoff leads to
an increase in the SPM and POC concentrations beazfugreater soil erosion (e.g., Hope et al.
1997), and then, when the runoff peaks, this maltési exported downstream and replaced by
another one, likely litter that was immersed duriing flood period (e.g., Veyssy et al. 1999) as is
suggested by the shift #°C-POC (Fig. 6l).
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Figure 6. A: suspended particulate matter (SPM); B: pagraksure of carbon dioxide (p@QC:
particulate organic carbon (POC, % of SPM); D: ltatlkalinity (TA); E: particulate organic
carbon (POC); F: excess of carbon dioxide (excé&3g;@: dissolved organic carbon (DOC); H:
dissolved inorganic carbon (DIC); I: stable isot@fePOC §°*C-POC); J: stable isotope of DIC
(8%3C-DIC); K: chlorophylla (Chl a) and L: carbon/nitrogen ratio of organic mattefNGatio)
versus the water runoff in the Leyre River.

DOC concentrations in the Arcachon rivers shogwnificant differences (p-value: 0.0074) with
higher DOC values between the late autumn/wintanigpoeriod, and weaker concentrations in
the summer months. In the Leyre River, this issilated by the significant positive correlation (p-
value: 0.0015) between the DOC concentration aaduhoff (Fig. 6G). This flushing effect has
been verified in many temperate zone studies (Tkaamd Janson 2002; Mulholland 2003).
Indeed, it leads to a dominant soil and plant oigaratter source of riverine DOC (Mantoura and
Woodward 1983; Aitkenhead et al. 1999). The DOGlasived partly from the degradation of
biota and from roots and mycorrhiza exudates ancharacterised by a low molecular mass
(LMM) and is highly decomposable (Lundstrom et 2000; Vann Hees et al. 2005). In the
Arcachon watershed, this LMM DOC, in contrast te thore recalcitrant DOC compounds with
high molecular masses (HMM), is mineralised in #ol within a few days and is thus not
measured in rivers, although it leads to importaugr CO, concentrations. Also, a contribution of
simple DOC from the hyporheic zone, i.e., deposiettitus that was covered with sediments
before it could decompose, represents a primaryceodor stream biota (Schindler and
Krabbenhoft 1998). In the Arcachon lagoon catchmalitof these origins and processes are
involved. The significant positive correlation (phue: 0.0004) found between the pCand DOC
concentrations (Fig. 7A), particularly in the LamtdPonteils and Leyre Rivers, illustrates the
contribution of simple DOC compounds from the hy@c zone to the river DOC. Additionally,
a positive correlation between the C/N ratio arelDI©OC has been found in the Tagon (p-value: <
0.0001) and Milieu (p-value: 0.0233) streams (FiB), suggesting a contribution of refractory
soil to DOC compounds, as HMM compounds have higHirratios (Aitkenhead and McDowell
2000). In any case, the highly terrestrial decoraptes DOC has a weak impact in terms of
organic carbon transport to the lagoon but playseatral role in CQ degassing into the
atmosphere, which refers to the “gas conduit” notizat was formulated by Kling et al. (1991)

for arctic lakes and streams.
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Figure 7. Carbon cross-parameter plots for the nine sampleds. A: the partial pressure of @O
versus the dissolved organic carbon (p@MWC); B: the dissolved organic carbon versus th¢ C
ratio of organic matter (DOC/C/N); C: the stabletige of DIC versus the total alkalinity"{C-
DIC/TA); D: the stable isotope of DIC versus thetjgd pressure of CE(8**C-DIC/pCQ) and E:
the stable isotope of DIC versus the dissolvedganic carbon§-*C-DIC/DIC).
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4.2.2. Inorganic carbon dynamics

Generally, the organic carbon parameters measardte nine rivers show a relative temporal
stability throughout the year due to the predomieaof a constant terrestrial source for the river
waters, leading to slow processes with more “befféreactions. In contrast, the DIC parameters
show clear, strong, seasonal contrasts; this tscpkarly true of those dealing with G@ransfer
through the soil, groundwater, river or atmosph@@0;, Excess CQ DIC, ands'*C-DIC), as
well as of those dealing with chemical alteratidi\). The DIC in river waters has three main
sources: soil C@ bedrock and soil minerals through carbonate ahcate dissolution and
atmospheric C@exchange at the air/water interface (Yang et @6). In the Leyre catchment,
all of the DIC parameters show a clear correlatiatih the water runoff (Fig. 6). Indeed, the TA
decreases with runoff (Fig. 6D). During high flowripds, the streamflow is a mixture of three
different runoffs: surface runoff, subsurface opbgermic runoff and groundwater flow (Probst
1985). The decrease in the TA with high flows milatitable to the dilution of HCions by
surface and subsurface flows, as was shown by P(@B86) in the Girou River (France). In
addition, strong seasonal variations were measiwedimost all rivers, with a higher TA in the
summer, autumn and groundwater discharge perioddusing effluent conditions when
carbonate-enriched groundwater drains river surfaaters (Hynes 1983; Sophocleous 2002).
Also, under low runoff, the groundwater residenoeet is increased and accumulates rock-
weathering products; consequently, during dischargeods, DIC-enriched groundwater fuels
river water with DIC (Jones and Mulholland 1998).the Ponteils stream, strong values are also
explained by better hydraulic permeability of tlgpiderous material (Rimmelin et al. 1998) and
by the presence of carbonate precipitates that weed by the landfill to bury domestic wastes
inside soils which subsequently impacted the aguaifel, in turn, the stream (Canton et al. 2010).
The decrease in DIC concentrations with runofflgo dound in the Leyre River (Fig. 6H). In
contrast, pC@increases with runoff in the Leyre River, with sequently higher values during
winter periods. The CQOin this river is generally weaker than it is iretetreams throughout the
year and is less influenced by terrestrial-aquatinnections. In the case of the Leyre River,
however, the positive correlation between both patars (p-value: 0.0011) may be explained by
this influence. In fact, COcan originate from the increased heterotrophicaly@ism of organic
matter that is transported from terrestrial ecamystin winter; i.e., falling leaves or plant detsit
on the edge of the river that are immersed duliogdf events and then in situ mineralised (Finlay
2003). The negative correlations betw&éfC-DIC and runoff (Fig. 6J) and pGan the Leyre
River (Fig. 7D) strengthen this idea of a highenenalisation rate during flood events, respiration

of the soil and litter that is dominated by lants leading to mor€C-depleteds**C-DIC values.
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In contrast to the Leyre River, in the other streavhere water runoff is not available, the pG©
significantly associated with higher values durthg summer (June—October) than during the fall
and winter (November—February). In small strean®; €ources are different: large g@puts
from the soil and groundwater occur during low-flgeriods, which are also enhanced by a
longer residence time of the water in soils andhe groundwater. Amiotte-Suchet et al. (1999)
suggest that in summer, the rate of soil organitenaxidation is high, inducing high pG@n
soils and preventing atmospheric £i@m penetrating the soil. Additionally, in all tfe streams
except for the Ponteils, tHe>C-DIC values were negatively correlated with theDpQFig. 7D)
because of the higher carbon dioxide productiothbymineralisation of the soil and/or litter of C
plant origin. In contrast, in the winter and easlying, the CQin the river decreases due to the
predominance of superficial flow, a minor contribat of groundwater to surface water (influent
condition) and a lower water residence time ingbis and groundwater. The excess,@&vels
that were measured in the Arcachon catchment sgreeene consistently larger than those that
were measured in larger watercourses (the Leytbeokandes canal). This result is in agreement
with Genereux and Hemond (1992), who showed thatlstreams tend to emit large amounts of
CO, per unit area in turbulent conditions. Neverthglésese values are largely below those that
were found by Abril et al. (2000) concerning rivéiaving into the Scheldt estuary. The excess
CO;, levels found in Arcachon streams could be relatedxygen depletion but also to the root
respiration of superior plants in the soils or anhi& bacterial metabolism in the water, sediments
and soils (Hamilton et al. 1995). This result iported by the seasonal variation parallelism that
exists between the river pG@nd excess C{evels that were observed in the nine rivers (Figs
3A, B, and C and G, H, and I, respectively). Gelhgran all of the Arcachon streams, even if the
8*3C-DIC values decreased significantly with the JQfrtial pressures, during summer periods
when the water pCQOs high, the5'*C-DIC tends to be heavier. The first possible expin for
this observation is that the air/water exchangehiribg enhanced during low flow periods because
of a longer residence time of the water in theastr¢ Amiotte-Suchet et al. 1999). This would in
turn lead to highes**C-DIC values but also to pGQalues that stay high at this period, as the
difference between the air and water pG® initially (before gas exchange) very important
(Polsenaere and Abril, submitted). The second plessexplanation is the contribution of
carbonate-enriched groundwater during the summeaertimsaio the surface water, particularly in
streams showing the strongest TA variations dutiveyyear, as in the Leyre River. Indeed, a
strong positive correlation between 81&C-DIC and TA (p-value: < 0.0001) is always notaible
the nine rivers of the Arcachon catchment (Fig..7k0) a larger extent, in the Ponteils stream, the

greater presence of anthropogenic and natural watbéan the groundwater actually leads to the
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only significant positive correlation (p-value: <0001) between thé'*C-DIC values and the
pCQO,in the Arcachon catchment. This correlation shdwesdtrong influence of carbonate on the
8C-DIC, which in the Ponteils stream prevails on théuence of mineralisation. As a
consequence, the Ponte#fSC-DIC values reflect those that are found in a cadbe-dominated
watershed (Aucour et al. 1999; Barth et al. 2008nd& et al. 2007). The influence of carbonates
on thed™C-DIC is also seen in the longitudinal variationstie DIC parameters along the Leyre
River. In fact, the presence of numerous Miocembaraated outcrops in this watershed (Folliot et
al. 1993) leads to locally high TA arsd*C-DIC values. Finally, in both canals, the mdre-
depleteds'*C-DIC values that were measured during the summitearten periods and the negative
8°C-DIC/pCQ, correlation are likely explained by a higher maliation rate during the low-
flow period. During the winter, the inputs of wateith highers'*C-DIC values from the lakes to
the north and south of both canals could also @xpthe winter trend (Atekwana and
Krishnamurthy 1998).

4.3. Watershed carbon export and degassing

4.3.1. The relative importance of POC, DOC andIC in land carbon export through

rivers

Meybeck (1993) reported a carbon budget that saased to the ocean by temperate rivers of
19.4, 20.3 and 60.3% for DOC, POC and DIC, respelgti and proportions of 37:18:45 for
DOC:POC:DIC in global rivers, representing a tdtak to the oceans that was estimated to be
0.542 Gt C yi. When inland aquatic systems are included in thbay models, it is usually only
for the passive transport of carbon through therme pipe. Nevertheless, a large part of the
carbon that is lost from terrestrial systems degmss CQ@from the inland water surface to the
atmosphere and does not reach the ocean (Cole 22G¥; Ciais et al. 2008). Cole et al. (2007)
suggest that, of the at least 1.9 Pg C that is received by inland waters from land, 4G9 i
returned as CPto the atmosphere, 12% is sequestered in sedimedtshe remaining 48% is
transported to the ocean. The revision of thisiVacpipe” hypothesis, advanced by Cole et al.
(2007) and by Tranvik et al. (2009), increased thiml amount of organic carbon that was
imported to inland waters from the terrestrial @anment to 2.9 Pg C Yr of which 48% is the
degassing of CO(from instream, soil and groundwater respirati@i)% is buried in sediments
and 31% reaches the ocean. Table 4 presents thencexport rates from different catchments in
temperate to boreal zones along with the relativeortance of POC, DOC and DIC exports and
the importance of COdegassing from water to the atmosphere in carhmlgdts. In temperate

catchments, the export of organic carbon (DOC + P@sberally predominates that of inorganic
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carbon; this has been shown in forested riverapad (Kawasaki 2002; Okazaki 2001) with 0.76-
2.61 t C knf yr', in the rivers of England and Wales (Worrall et26107) with 5.3-3.18 t C kth
yr! and in the peatland streams of Scotland (Bille#! €2004; Dawson et al. 2004) with 28.3+5.7
and 12.3-31.2 t C kihyr?, respectively. This same pattern is also obseiwdubreal peatland
streams, where the majority of the DOC is expoded to the large amounts of organic carbon
that is stoked in these soils (Rantakari et al.020/allin et al. 2010; Jonsson et al. 2007). In
boreal lakes, in contrast, the export of DIC caedpminate, as was illustrated by Finlay et al.
(2009) in a eutrophic lake (Canada) with 56% DI@ax, and also by Abril et al. (2000), who
reported 61% DIC export in temperate rivers of 8uheldt estuary due to much heterotrophic
activity and acidification from nitrification, enhaing the CQ@ production. Nevertheless, in many
cases, the portion of the DIC that is exportedibgrrwaters can largely be underestimated if the
CO, degassing to the atmosphere is not taken intouatda the inland carbon budget, as was
shown in the temperate rivers of England and W@lsrrall et al. 2007), in boreal peatland
streams (Rantakari et al. 2010) and in boreal |qsedbek et al. 2006), where @@egassing
represented 40, 73 and 42% of the DIC export, sty (Table 4). Dawson et al. (2004) also
showed the importance of GQlegassing, as was illustrated by a decrease inClhgeC
flux:HCOs-C flux ratio. Similarly, a study by Billett et gl2004) reported a computed total flux of
30.4 + 6.2t C kniyr! in a lowland peatland system, with the £@®gassing representing an

additional 4.6 t C kiiyr™, thus increasing the overall carbon flux from pleatlands.
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Site characteristics | Carbon TOC Export POC Export DOC DIC Excess C@ DIC CcOo, References
Export rates Export Export equilibriur degassing
temperate lowland rivers | 2.01-35.05 0.83-8.54 0.10-1.64 0.73-7.9 0.68-6.21 .1383.13 0.55-3.08 0.49-19.4( This study
(France)
36 7 29 21 8 13 43
temperate rivers (Japan) | 1-3.55 0.76-2.61 | 0.24-0.94 Okazaki (2001);
74 26 Kawasaki (2002)
temperate rivers (England | 9.00-11.97 5.3-7.18 1.93-2.62 3.37-4.56 2.07-2.88 4.19 Worrall et al. (2007)
& Wales)
60 25 35 24 40
temperate groundwaters 1.4-2.9 Worrall and Lancaster
(UK) (2005)
temperate mountain rivers 5.3 Coynel et al. (2005)
(France)
temperate rivers (Belgium) 8.61-38.03 2.84-11.33 2.18-17.44 0.66-3.80 5.7B86. 0.59-1.37 5.16-15.48 Abril et al. (2000)
36 27 9 61 6 55
temperate lowland peatlanf30.4+6.2 28.3+5.7 2.1+0.5 4.6 Billett et al. (2004)
streams (Scotland)
93 7
temperate peatland streang2.6-32.9 12.3-31.2 0.8-9.7 11.5-21.5 0.294-1.73 Dawson et al. (2004)
(NE Scotland)
95 23 72 5
boreal peatland streams | 7.97-64.2 2.3-14.8 0.87-1.4 4.8-48 Rantakari et al. (2010)
(Finland)
24 3 73
boreal peatland streams | 3.68 2.98 0.7+0.09 Wallin et al. (2010)
(nothern Sweden)
81 19
boreal peatland streams | 3.9-5.2 3.14.1 0.8-1.1 Jonsson et al. (2007)
(nothern Sweden)
80 20
boreal peatland streams 2.940.1 Oquist et al. (2009)
(nothern Sweden)
30
boreal lake Frisksjon 34 5 42 Sobek et al. (2006)
(Sweden)
boreal eutrophic Katepwa 14 1 13 56 2 Finlay et al. (2009)
lake (Canada)
equatorial streams (easterp 2.0-4.0 Davidson et al. (1010)

Amazonia)
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Table 4. Synthesis of carbon export rates from differencluaents, with the relative importance
of POC export, DOC export, DIC export (DIC at eduibm and the excess of GOand CQ
degassing to carbon budgets. Values in bold areeesed in t C kifiyr?, and values in italics are
expressed in %.

4.3.2. Carbon export fluxes in the Arcachon lagpn catchment

Adding together the nine studied rivers, the lta@bon export from the Arcachon lagoon
watershed is estimated to be 15871 t €ayrd normalised by the surface area to an expartofat
115.49 t C knif yr?, with the CQ degassing to the atmosphere at 5376 t*tapd 49.83 t C ki
yr'! (43%), respectively (Table 5). Of this total carbexport per year, the Leyre River accounts
for more than 65%, with 10446 t Cy(Table 5). On average, the carbon export ratehisf t
catchment is estimated to be between 2.01 to 35@%m? yr’, which is within the range of
values that have been found for other temperab®al catchments, with proportions of 7:29:21
(8:13) for POC:DOC:DIC (excess GOICequilibium) (Tables 4 And 5). The POC export, due to
the low erosion rates in this lowland watershedgeal between 0.1 and 1.64 t C kg™ (7% of
the total export rate, Table 5). These values lagbtly below the range that was found by Worrall
et al. (2007) in the rivers of England and WalebybDawson et al. (2004) in the peatland streams
of Scotland (Table 4). In any case, the POC expairthe studied watercourses are far below
those that were found by Coynel et al. (2005) & thountainous rivers flowing to the bay of
Biscay (at least 5.3 t C Kfiyr™) because of the higher erosion rates in suchmsgste

The DOC fluxes present a mean of 3.7 t C2km', with the minimum at 0.73 in the Landes
canal and the maximum at 7.9 t C kiyr* in the Tagon stream (Tables 4 and 5), and represen
significant part (29%) of the total carbon expdrtlee Arcachon lagoon catchment (Tables 4 and
5). These fluxes approach the data that was rapdotea forested catchment in central Japan
(0.76-2.61 t C knfyr; Kawasaki et al. 2005) but are below the values were found in streams
draining peatland in temperate or boreal zonesusecaf the larger amounts of organic carbon
that is stocked in these soils (Rantakari et 8l020onsson et al. 2007; Billett et al. 2004; Dawso
et al. 2004). The DIC export rate also represetasge part of the Arcachon Carbon budget (21%
without accounting for the CQlegassing portion, Tables 4 and 5) and ranges @é&to 6.21 t
C km? yr*, which is similar to the values that were reporfed peatland catchment rivers in
temperate and boreal zones (Billett et al. 2004lliwet al. 2010; Jonsson et al. 2007). The excess
CO, for the whole catchment is 8% and is on the sarderamf magnitude as the POC export to
the lagoon and the value reported by Abril et 2000) for rivers flowing to the Scheldt estuary
(Tables 4 and 5). Also, the excess @®ports (0.13-3.13 t C Kfyr™) are within the range of
values that were found by Worrall et al. (2007)ha rivers of England and Wales, by Worrall and
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Lancaster (2005) for groundwater excess @Qhe United Kingdom and by Dawson et al. (2004)

in peatland streams (Table 4).

ORGANIC CARBON INORGANIC CARBON
TOC POC DOC DIC Excess DIC CO, Degassing
Co, equilibrium
C EXPORT C DEGASSING
Porge 1658 306 1352 780 226 554 171
7.48 1.38 6.10 3.52 1.02 250 0.77
Cires 149 25 124 97 47 50 362
3.06 0.51 2.55 1.99 0.97 1.03 7.4
Renet 144 29 115 111 56 55 348
8.06 1.62 6.44 6.21 3.13 3.08 194
Lanton 63 15 48 35 15 20 99
1.74 0.42 1.33 0.97 0.42 055 2.74
Milieu 128 35 93 54 26 28 94
6.00 1.64 4.36 2.53 1.22 131 441
Ponteils 66 9 57 59 23 36 108
2.83 0.39 2.45 2.53 0.99 1.54 4.65
Tagon 275 44 231 143 56 87 242
9.28 1.48 7.79 4.82 1.89 294 8.17
Leyre 4096 667 3429 2455 470 1985 3895
1.91 0.31 1.60 1.15 0.22 0.93 1.8
Landes 97 12 85 85 16 68 57
0.83 0.10 0.73 0.73 0.14 0.58 0.486
TOTAL 6676 1142 5534 3819 935 2883 5376
tcvyrh
TOTAL 41.20 7.86 33.34 24.46 9.99 14.46; 49.83
(t C km?Yr?)
Percentage (%4)36 7 29 21 8 13 43

Table 5. Watershed carbon export, export rates and 6€yassing; carbon export in t Clyr
(bold) and carbon export rates in t Ckgn™* (italic). The CQ degassing was calculated using the
StreamCG-DEGAS model, based on the pgQotal alkalinity ands'*C-DIC (Polsenaere and
Abril, submitted). () CO, Degassing for the Porge, Ponteils and the Landgsreourses were
estimated using o values that were set to 5, 10 and 5 cf tespectively. DIGyuiibrium IS
computed as a theoretical DIC concentration invarrat atmospheric equilibrium (Abril et al.
2000).
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Figure 8. Seasonal variations in the watershed carbon exptes and C®degassing. A: the
monthly river discharges to the lagoon, with thet pepresented by the Leyre River; B: the mean
carbon export rate to the lagoon and,@f@gassing from the rivers to the atmosphere; €: th
relative contribution of degassing (¢@egassing), dissolved inorganic carbon (excess &0
DIC at atmospheric equilibrium), dissolved orgacdécbon (DOC) and particulate organic carbon

(POC) to the carbon export to the lagoon and D: @@ degassing/carbon export ratio
(degassing/export).
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The carbon export budget of the Arcachon lago@terghed has been computed using the
monthly averages for carbon concentrations and riweoffs (Fig. 8A). Daily runoff values were
available solely for the Leyre River; thus, those the other watercourses have been normalised
using the surface/runoff relationship between tlegré and the other catchments. Consequently,
even if each river was sampled every two weeksc#ibon exports could be underestimated. In
fact, very precise flux estimations require suialilydrological monitoring and sampling
frequency, particularly to clearly characteriseotloevents (Meybeck et al. 2001; Coynel et al.
2005). Furthermore, monitoring carbon fluxes, pattrly CQ fluxes, at the outlets of the rivers
does not take into account the processes thanaodved in CQ evasion or production prior to
the measured point and thus leads to significadergstimation of total carbon loss and export to
the ocean (Worrall and Landcaster, 2005; Worradlgt2007; Wallin et al. 2010). This has been
confirmed in the Leyre catchment, where the measurater pCQ levels declined downstream
(Fig. 4B). This suggests that G@egassing occurs along the Arcachon rivers, likkklg to a
reduction in the groundwater inputs downstreamwas shown elsewhere by Dawson et al.
(1995), or to the fact that the degassing of, @@t is loaded in headwaters predominates over the
emission of CQ that is loaded during transit, as was illustrabgdTeodoru et al. (2009) in
Canadian boreal rivers.

In this manner, a model that is based on massibalequations has been developed to assess the
integrated C@losses or degassing (DIC exchange and @&gassing) from the Arcachon rivers
to the atmosphere by using only the water pCDA and §**C-DIC (Polsenaere and Aburil,
submitted). Moreover, the Stream&DEGAS model allows for the calculation of the orated
gas transfer velocity o on the Arcachon rivers where the model is applesathe Koo values
are site-specific and relatively unknown in smaikams, leading to large uncertainties in the
computation of CQ fluxes from the water to the atmosphere (Generaut Hemond 1992;
Wanninkhof et al. 1992). Thus applying an averag@dulated ko, it is possible to estimate the
CO, degassing to the atmosphere from the other Arcachiers (Table 4). The 4§ values that
were derived from the CADEGAS between 7 + 5 and 21 + 9 cil im the Leyre River and the
Tagon stream, respectively (Polsenaere and Aludmstted), are within the range of those that
have been found elsewhere (Wanninkhof et al. 18%&¥mond and Cole 2001), allowing us to
validate the model. In each river of the Arcachagolon, the C® degassing represents a
significant part of the carbon budget, ranging frérs to 19.4 t C kiiyr” (Table 4 and 5). This
estimated C@ degassing range is close to those that have be®mputed in other studies in
temperate, boreal peatlands (Billett et al. 200dntBkari et al. 2010; Oquist et al. 2009) and in
equatorial streams (Davidson et al. 2010), with 4.8 - 48, 2.9 + 0.1 and 2.0 - 4.0 t C kiyr?,
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respectively (Table 4). Adding together the calmdaCQ degassing for the nine rivers flowing to
the Arcachon lagoon, the total carbon export from lowland watershed is increased by a factor
of two (from 65.66 to 115.49 t C kfryr', Table 5). Also, the DIC export is multiplied byator

of three, leading to a total DIC export of 75 t @kyr’ instead of 25 t C kifiyr™. Therefore, for
the total carbon export by the nine rivers, 29%hefDOC, 7% of the POC and 21% of the DIC is
transported to the Arcachon lagoon, with 43% ddggsas CQ to the atmosphere before
reaching the lagoon (on the 64% of DIC export iesthrivers; Table 5). These percentages are
very close to those that were found in the comipitet of Cole et al. (2007) and Tranvik et al.
(2009) (40 and 48%, respectively), and they are @lsse to those found elsewhere in temperate
or boreal catchments (Table 4). Moreover, durirgghmpling year, the G@egassing from the
nine rivers was similar to or larger than the carkaport (POC, DOC and DIC) to the Arcachon
lagoon, as was suggested elsewhere by the recéatcdanpilations named above. This is
particularly true from the late spring to the la@umn, when the river waters have the highest
oversaturation rates (Fig. 8B). In any case, the @€gassing is greater than or equal to the DOC
export rate throughout the year, with the exceptibRebruary, when the DOC concentrations in
the river waters are the largest and the, C@nhcentrations are the lowest, leading to a ldrge

of CO, degassing (Fig. 8B and C). Consequently, the DxaggiExport ratio is high in this
catchment during the year, as shown in Figure 8D.

The total carbon export from the nine rivers ke tlagoon is of great importance in the
understanding of the carbon cycle of the Arcaclagodn, representing a significant carbon input
of 10494 t C yi* to the basin, with 5376 t C Yibeing degassed as €@ the atmosphere before
entering the lagoon. Nevertheless, each carbon &qported has only a weak influence on the
ecological functioning of the lagoon. Indeed, t@Q@export (1142 t C ) is low compared to
the primary production of the eelgra&sstera noltii(17800 t C yi*; Auby and Labourg 1996) and
to the phytoplankton primary production of the lago(17920 t C yt; Glé et al. 2008).
Additionally, Dang et al. (2009) have shown thakrine particulate organic matter contributes
weakly to the diet of primary consumers, such asctams in the Arcachon lagoon (below 15%).
The riverine DOC, which has a higher value thart thand in the lagoon, can fuel the aquatic
trophic chain through microbial degradation, bstimpact is weak due to the dilution of these
riverine inputs by the oceanic waters of the lagddre same result can be stated for DIC export,
where the riverine concentrations are low in congpar to the oceanic water DIC due to higher
TA values. However, the total loss of carbon frone twatershed to the Arcachon lagoon,
estimated to 115.5 g C fyr?, with 50 g C nf yr* as CQ degassing to the atmosphere,

represents a significant part (i.e. 1/3) of théboaruptake by the land. Indeed, the carbon fixation
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by the maritime pine forest of Landes Gascony isneted to be 345 g C fnyr' on average on
the last ten years from 1996 to 2006 (EUROFLUX eftéhe Bray, 44°43'33.24" N, 0°46’33.72”

W) (Loustau, personal communication).

5. Conclusion

During this one-year study, nine rivers drainingp the Arcachon lagoon presented contrasting
characteristics in their carbon dynamics, partidyldetween two canals, streams and a larger
river. These differences could be linked to theaimiage characteristics; i.e., their flow regimes,
location around the lagoon and their physical patans (surface and depth). Nevertheless, due to
the uniformity of the catchment, similar trendsa@@anal variations and carbon speciation) can be
drawn for all of the watercourses. POC represetitecsmallest contribution to the overall carbon
flux in this uniform and flat lowland catchment doe low erosion rates, with the highest
concentrations being reached after flood eventscomtrast, the presence of enriched organic
carbon soils (podsols) led to an important quardgftgllochthonous DOC in the surface waters.
Finally, along with the allochthonous organic matied large C®input from groundwater and
soils, all of the watercourses were found to bersaterated in C®when compared to the
atmosphere throughout the year by a factor ran@iogm 2 to 20, according to the season.
Autochthonous organic matter was found to poorkytgbute to POC composition, as shown by a
generally low Chlorophylla concentration and high POC/Chl ratio and by an isotope
composition of the POC that is characteristic gft€restrial plants. Finally, the presence of the
“Sables des Landes” formation and the nearly cote@bsence of carbonate rocks led to acidic
water and low alkalinity values in the rivers, withe exception of locally enriched carbonate
groundwater discharge or domestic activities. Cquently, a large amount of G@Qvas lost to the
atmosphere by river continuums. Such a flux mugaken into account when dealing with carbon
export budgets at the ecosystem scale because usually subject to large uncertainties.
Additionally, the majority of these rivers (88% amubre than 80% of the total watershed surface
and runoff, respectively) were sampled accuratelgdnstrain at best the carbon exports to the
Arcachon lagoon, although more available data ydsiteam runoffs) and a better sampling
frequency will allow for increased knowledge oflwam exports to the Arcachon lagoon.
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CHAPITRE 1l

ECHANGES DE C®
ATMOSPHERIQUE DANS LA
LAGUNE D'ARCACHON

PARTIE III.1. TURBULENT FLUX MEASUREMENTS
BY EDDY CORRELATION OVER A TEMPERATE
INTERTIDAL FLAT IN SOUTHWESTERN FRANCE *

PARTIE Il1.2. SPATIAL AND TEMPORAL CQ
EXCHANGE MEASURED BY EDDY CORRELATION
OVER A TEMPERATE INTERTIDAL FLAT AND
THEIR RELATIONSHIPS TO NET ECOSYSTEM
PRODUCTION

% Turbulent flux measurements by Eddy Correlatioeroa temperate intertidal flat in southwestern Eean
Polsenaere P., Lamaud E., Bretel P., Bonnefond.J.EMlille B., Detandt G., Loustau D. and G. Abril,
Submitted taJournal of Geophysical Researdtanglais corrigé par American Journal Experts).

1 gpatial and temporal G@xchange measured by eddy correlation over a textgp@ntertidal flat and their
relationships to net ecosystem production, PolgenRe Lamaud E., Bonnefond, J.-M, Lafon V., Bref),
Delille, B., Deborde J., Loustau, D. and G. Ab8lLibmitted toBiogeoscienceganglais corrigé par American
Journal Experts).
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lll. ECHANGES DE CO , ATMOSPHERIQUE DANS LA
LAGUNE D’ARCACHON

I11.1. TURBULENT FLUX  MEASUREMENTS BY EDDY
CORRELATION OVER A TEMPERATE INTERTIDAL FLAT IN
SOUTHWESTERN FRANCE

Résumeé

Des mesures de vitesse de friction, de flux gdethis latentes et sensibles ainsi que de flux
de dioxyde de carbone entre I'atmosphére et uneplattertidal vaseux, situé dans le sud-
ouest de la France, ont été réalisées en utilisatéchniqgue micrométéorologique d’Eddy
Covariance (EC). Cette technique de mesure detitlpulents est encore peu utilisée en zone
intertidale. La méthodologie et les résultats shetutés dans ce travail, en utilisant une série
temporelle d'une semaine obtenue entre®letlle 7 juillet 2008 dans la lagune d’Arcachon.
En particulier, les rythmes diurnes et tidaux, im@arée basse le jour, marée basse la nuit,
marée haute le jour et marée haute la nuit (mesmraontinu sur ces quatre cas différents)
influencent fortement les échanges turbulents.dospectres moyens des flux de chaleurs et
de CQ sont généralement bien définis. Ceci permet etiepde valider la méthodologie
d’EC utilisée dans cette étude, i.e., celle d’Agbiet al. (2000) du projet EUROFLUX,
appliguée a la zone intertidale. Les pics maximdars le domaine des basses fréquences
(BF) observés dans les cospectres montrent qugrdesls tourbillons prédominent dans le
transport des échanges turbulents. Cette conwibudes BF est attribuée aux conditions
atmosphériques instables qui caractérisent la ldarplupart du temps. En effet, sur les
quatre cas mesures, 71% des données correspondesitvaleurs de Z/L, I'index de stabilité
atmosphérique de Monin-Obukhov, inférieures & -OL@dvitesse de friction (Jest mesurée
entre 0.04 et 0.66 m*pendant la semaine. Les régressions linéairesfisaives entre uet
la vitesse du vent ont montré que la rugosité dfase de la lagune est trés faible (les ratios
u'/u sont proches de 0.033) avec aucune différermiea@ntre le cas de marée basse et celui
de marée haute. Les flux de chaleur latente (LB)ident sur les flux de chaleur sensible (H)
avec des rapports de Bowen toujours inférieursli4d flux de H, entre -16.5 et 126.6 Wm
semblent plutét contrélés par les gradients de ézatpres entre l'air et I'eau ou les
sédiments. Les flux de LE, entre 5.5 et 684.7 W sont clairement corrélés au vent durant
les quatre cas, et aux radiations pendant la jeure raison des forts taux d’évaporation de

I'eau et de la vase. Le platier se comporte comnaefaible source de GQers I'atmosphére
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avec des flux verticaux mesurés entre -6 et 12 pmifad*. Néanmoins, & marée basse le jour,
la lagune se comporte comme un puits de, @O fait de I'activité photosynthétique des
communautés benthiques (en majorité des herbieZodiera nolti). Pendant la nuit, en
raison de la respiration des communautés benthigupsglagiques, et quelquefois pendant le
jour, de phénoménes physiques de déstockage, Uadaggmet vers I'atmosphére de grandes
quantités de COvers I'atmosphére. Les contrbles physiques etogiques sur les flux
turbulents, observés pendant la semaine de mesureprécisément discutés dans cet article.
La validation de la technique d’EC et les flux widnts obtenus dans la lagune d’Arcachon
laissent envisager des perspectives intéressantesit qaux connaissances sur le
fonctionnement d’une lagune intertidale de la zodiere d’'un point de vue biogéochimique

et écologique.

Abstract

Measurements of friction velocity, sensible héatient heat and carbon dioxide flux were
performed over a temperate intertidal mud flat fedain southwestern France using the
micrometeorological Eddy Correlation (EC) technigbew studies have addressed turbulent
fluxes using EC over intertidal areas such as thea¢hon lagoon. This paper presents
methods and results for a one-week time seriesrdedobetween July*1and 7, 2008.
Rhythmic tidal and diurnal cases, including lowetidday, low tide / night, high tide / day and
high tide / night, greatly influenced turbulent baoges. Averaged power cospectra of
sensible heat, latent heat and carbon dioxide Wiare generally well shaped, which partly
validates the EC methodology used in this studgcBigally, this study adapted the Aubinet
et al. (2000) method from EUROFLUX to the intertidgaea. Maximum frequency peaks
were observed in the low frequency (LF) domainsagpectra and show that rather large
eddies dominate turbulent exchange transport. Dsereed low frequencies are attributed to
unstable conditions that commonly occur in the Ahma flat. In fact, 71% of Monin-
Obhukov stability parameter (Z/L) values were I -0.04. Friction velocities (uranged
between 0.04 and 0.66 nt sluring the week. The linear regressions computdéden u
and wind speed showed that the roughness of tlwetagas very weak ({u ratio close to
0.033) and that there were no clear differencewdsst low and high tides. The latent heat
flux (LE) clearly dominated over H during the weeakd the Bowen ratio was always below
unity. H fluxes ranged from -16.5 to 126.6 W/rmand were apparently linked to air or water /

sediment temperature gradients in the lagoon. uke8, which ranged from 5.5 to 684.7 W
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m?, were clearly correlated with both wind stress ambtosynthetically active radiation
(PAR) during the day due to intensive evaporatibmod and water. The flat acted as a small
source of CQ to the atmosphere with GQluxes ranging from -6 to 12 pmol ms™.
Nevertheless, at daytime low tide, the tidal flatea as a sink for CQOdue to high rates of
photosynthesis in benthic communities (mostlyZmgtera noltiieelgrass). As a result of both
nighttime respiration by the benthic and pelagiosgstems and occasional daytime
destocking, the lagoon degassed large amounts of t6Qhe atmosphere. This paper
discusses the various physical and biological ctsion turbulent fluxes that were observed
during the week. By validating the EC technique dasdcribing the turbulent fluxes observed
in the Arcachon lagoon, this study provides a mdéansnproving our understanding of tidal

flat ecosystems.
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1. Introduction

The coastal zone is a transition area betweeath d& open ocean. It receives considerable
amounts of nutrients and organic matter from tihe J@&xchanges large amounts of matter and
energy with the open ocean and constitutes onkeofiost biogeochemically active areas of
the biosphere (Gattuso et al., 1998; Gazeau e2@)4; Borges et al., 2005). Despite the fact
that the fluxes of carbon and nutrients are disprtbpnately high in coastal zones relative to
the coastal surface area, which equals approxigna®él of that of the ocean, the coastal zone
has only recently been included in global carboddeting efforts (Smith and Hollibaugh,
1993; Borges, 2005). Intensive exchanges ob G&ween the atmosphere and the coastal
environment are expected, and these fluxes ar&isagt for global carbon budgets (Borges
et al., 2006). Moreover, the coastal zone is higlegsitive to climate change, and one of the
greatest challenges for understanding estuaringyst@m processes is accurately estimating
the carbon budget (Yan et al., 2008).

Various studies show that the present net glosan CQ uptake is 1.5-2.0 Pg C Yr
which corresponds to about 25% of industrial eroissi(Takahashi et al., 2002). Similarly,
Borges et al. (2006) showed that the European memtal shelves are significant sinks for
atmospheric C@and absorb 68.1 Tg C¥rThis sink is equivalent to that reported for the
European terrestrial biosphere (grasslands, crdplgreatlands and forests) of 66.1 Tg € yr
(Janssens et al., 2005). In addition to marginaks¢he coastal zone includes estuaries,
lagoons, salt marshes and tidal mud flats. As aequence of this heterogeneity, combined
with scarce data and unreliable surface area estgmeurrent estimates of the £fux from
near-shore ecosystems are prone to large uncetaifigorges et al., 2006). For example,
estuaries act as sources of 0 the atmosphere due to the degradation of rneeorganic
carbon (Frankignoulle et al., 1998; Abril et al002). Borges et al. (2006), at the European
scale, reported C{release from inner estuaries of about 67.0 Tg€ Fhis emission would
almost fully balance the sink of atmospheric &0Omputed for continental shelves, although
the value is probably an over-estimate due to ype bf estuaries used in its compilation,
which were mostly macrotidal estuaries with highgueous C@concentrations, and due to

discrepancies in estuary surface area estimates.

CQO, fluxes between the atmosphere and coastal syséeensisually computed from the

partial pressure of CQpCQO,) measured in water by equilibrators (Frankignoatial., 2003;
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Borges et al.,, 2006; Takahashi et al., 2009) orcutaled indirectly from carbonate
equilibrium constants based on measurements of rwat@perature, salinity, pH and
dissolved inorganic carbon (DIC) (Weiss, 1974; @ad Wang, 1998). C{fluxes are then
calculated using the equation FaK ApCQO,, wherea is the CQ solubility coefficient, K is
the gas transfer velocity that quantifies the edtevhich the gas crosses the air/water interface
and ApCG; is the difference between aqueous and gaseous. g@® exchanges in coastal
systems are also computed at the air/water interaog floating chambers (Frankignoulle et
al., 1998) or between the air and intertidal sedimegt low tide using benthic chambers
(Migné et al., 2002). From these studies, it appéaat these methods provide insights into
the processes that control €@uxes but sometimes fail to describe the largapgeral and
spatial variability of the system. Also, GQlux computation can be subject to large
uncertainties due to difficulties in accurately emssng gas transfer velocity (Raymond and
Cole, 2001). In the coastal zone, K is potentiabptrolled by wind speed, the size and shape
of the ecosystem, water current velocity and itealion relative to the wind and water depth
and turbidity (Wanninkhof and McGillis, 1999; Zapeh al., 2003; Borges et al., 2004;
Calleja et al., 2008; Abril et al., 2009). Methdds determining K have numerous problems.
The floating chamber method has been suspectetifioialy enhance C@exchange across
the air/water interface (Raymond and Cole, 200Bs tracer injections are scarce and
integrate K values over time scales longer than titlal rhythm; and low-tide benthic
chambers are affected by the heterogeneity andhipas of the intertidal sediment habitat at
various spatial and temporal scales (Migné e28D4). Surface heating during low tide could
also interfere with metabolic processes on tidsbfl

Contrary to pC@based flux calculations and chamber methods, mnwteorological
measurements and especially the Eddy Correlatimmnigue (EC) seem particularly
appropriate for C@flux computations in these heterogeneous and dynaystems (Vesala
et al.,, 2006; Kathilankal et al., 2008; Zemmelinkat, 2009). In recent years, the EC
technigue has emerged as an alternative methodoftinuously assessing G@xchange
rates across the atmosphere-vegetation interfacenbgsuring the covariance between
fluctuations in the vertical wind velocity and g@ixing ratio at very high frequencies and at
the ecosystem scale (Aubinet et al., 2000; Baldo@€i©3). The EC method is non-invasive,
and it provides direct and continuous measuremehtset carbon dioxide exchange for a
whole ecosystem. The area sampled by this technigferred to as the method footprint,
ranges between a hundred meters and several kdosn@épending on measurement height,

surface roughness and atmospheric stability. MaeoEC is capable of measuring
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ecosystem C@exchanges across a spectrum of time scales rarfigong hours to years
(Baldocchi, 1988). Particularly in coastal zone§, &n provide insights into the relationship
between ecosystem gas exchange and environmeptalsfaon time scales that are short
enough to resolve short-term (diurnal and seasoveijpbility in these highly dynamic
systems (Zemmelink et al., 2009). For intertidalaa;, EC facilitates the comparison of fluxes
in the presence and absence of water (HoughtonVémoldwell, 1980; Kathilankal et al.,
2008; Zemmelink et al., 2009). However, the metalsd has limitations; it is applicable only
under certain turbulent conditions that may not agisv occur over flat surfaces with
potentially modest roughness. For this reason Eliemethod requires important qualitative
and quantitative analyses as well as correctiorsedaon the physical and theoretical
backgrounds underlying the method (Baldocchi etl&88).

Few studies have reported EC measurements féineotal and coastal aquatic systems in
general or for C@fluxes at the air/water and air/sediment interéafoe intertidal systems in
particular. Anderson et al. (1999) have used thethod to estimate air/water G@uxes over
a small woodland lake in Minnesota, USA, as didalest al. (2006) over a boreal lake in
southern Finland for a full open-water period. Mon et al. (2000) used EC to characterize
the productivity of G aquatic grass in a tropical Amazonian floodpland Guérin et al.
(2007) similarly assessed a tropical reservoir nenEh Guinea. Eugster et al. (2003)
estimated C@exchanges by the EC method on Arctic Alaskan amtlatitude Swiss lakes.
Rocha and Goulden (2008) have shown large intena&n®Q and energy exchange
variability with the EC technique in a freshwateansh in southern California. Houghton and
Woodwell (1980) and Kathilankal et al. (2008) sadltidal influence on carbon exchanges in
salt marshes in the USA, and Zemmelink et al. (208%lied the EC technique to the

intertidal Wadden Sea estuary in Europe.

In this paper, we present one week of EC measuresnod momentum, latent heat, sensible
heat and carbon dioxide flux over a temperate tidi@rflat in the Arcachon lagoon, which is

located in southwestern France. This paper attemapfgst describe and validate the EC
technique for this specific environment, in whidbxkes occur alternately between air and
sediments as well as between air and water, atldeto analyze the physical and biological
factors that drive these fluxes under both conagio
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2. Materials and Methods

2.1. Experimental Site Description
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Figure 1. View of the Arcachon lagoon showing the subtidahe (channels) and the

intertidal mud flat area. The location of the eddyrelation (EC) system is shown. The black
arrow indicates the prevailing winds measured dutime week (from the west-northwest,
270-315°).

The Arcachon lagoon is a temperate intertidal figh a surface area of 174 krthat is
located on the southwestern Atlantic coast of Fea@el°40’N, 01°10°W). This triangularly
shaped bay is enclosed by the coastal plain of és@@ascony and communicates with the
Atlantic ocean through an 8-km narrow channel (Fegl). Its mean depth is 4.6 m. The
shallow lagoon experiences semi-diurnal tides vaithplitudes varying from 0.8 to 4.6 m
(Plus et al., 2008). During a tidal cycle, it exabas approximately 264 x 1@n® and 492 x
10° m® of water with the ocean for average neap and gpiites, respectively. The lagoon

also receives freshwater, but to a lesser extdw.ahnual input of freshwater is 1.25 X &6
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(1.8 x 16 m® at each tidal cycle), of which 8% is groundwatE8% is rainfall and 79% is
delivered by watercourses (Rimmelin, 1998). The a&hon watershed includes several
watercourses that drain into the lagoon: 17 smedlams, 2 canals running north and south
and one river, the Leyre, in its southeastern aorfibe Leyre represents 73% of the total
freshwater flow to the lagoon, and the Porge (rerthcanal contributes 24% (Manaud et al.,
1997; De Wit et al., 2005; Plus et al., 2008). W#tenperatures in the bay range from 6°C in
the winter to 22.5°C in the summer; water saliv@yies from 22 to 35 PSU as freshwater
inputs vary throughout the year.

The Arcachon lagoon surface can be divided in tm@&n parts: the channels, with a
maximum depth of 25 m and a surface area of 57 &md shallower channels extending from
the main channels, which cover a large intertidalezof 117 kri(Figure 1). Approximately
60% (70 knd) of the intertidal mud flat is colonized by theuatjc angiosperrZostera noltij
which makes the Arcachon lagoon the most important esdgnaeadow in Europe with an
estimated production ranging from 127 to 181 g C mr' (Auby, 1991). The
microphytobenthic communities in the flat also esgnt a significant proportion of benthic
production, which is estimated at between 104 abtld. C nt yr* (Auby, 1991; personal
communication). Together, these two categoriesathic primary production represent more
than half of the total primary production of thgdan (Auby, 1991). Near the channels and
particularly in the subtidal zone, a more limitedemt of Zostera marinaeelgrass meadow
covers 4% of the lagoon surface. About 18,000 tin¥fapanese oyster€rassostrea gigas)
are also produced in this area each year.

An EC system was moored in the central part & #Arcachon flat (44°42'59.15"N,
01°08'36.96"W) in an intertidal area characterizgdZostera noltiieelgrass meadow in July
2008 (Figure 1). Root system growth begins at tick @& the winter and maximum amounts
of biomass are achieved in the spring. The lealvtirgeriod begins in the spring, and leaves
reach maximum biomass in the summer (Auby and LadiP96). During the experiment,
the zone was repeatedly exposed to air for fourdhand submerged for nine hours. Due to
tides, the relative sensor height measurementwf#dich describes the difference between the
fixed sensor height and the water level, rangechf5050 m at low tide to 2.80 m at high tide
(Figure 2).
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Figure 2. The eddy correlation system in the Arcachon lagodnGeneral view of thi
measurement system showing the sensors mountetiecmast and the data acquisiti
systemCampbell CR300@n the inflatable dinghy. B. Sensors: (1) sonicraometetCSAT3
(2) infrared gas analyzéd-750C and (3) quantum sens8KP215 Sensor height was 5.50
above the water surface at low tide and 2.€at high tide.

2.2. Turbulent flux by the EC technique

The atmosphere contains turbulent motions (eddie®) to the buoyancy and shear
vertically moving air (Aubinet et al., 2000) theansport trace gas, such a CO, (Baldocchi,
2003). The EC technique measures turbulent eddiedetermine the net fluxes movi
vertically across the ecosystem/atmosphere inter

The mean turbulent flux of the parameter c in thdiwal direction (;) is expressed as tl
covariance between the fluctuations in the vertical wirglogity (w) and the paramet

density or concentratiopd) as (Moncrieff et al., 1997

Fe=w'pc 1)
where the overbar represents a temporal averagdeffiominutes in this case) and prin
denote the instantaneous tuience fluctuations in contrast to their temporalrage (e.g.
w =w - w andp¢ = pc - p;, Reynolds, 1895

Then, carbon dioxide {J; sensible heat (H) and latent (LE) heat fluxes loa defined a

Fe=w'c' (2)
H == pCpW'T' (3)
LE = Lw'q’ (4)
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where c is C@concentrationp is the density of dry air, (s the specific heat of the air at a
constant pressure, T is the temperature, L isatent heat of vaporization of water, and q is
the HO concentration. C and sensible heat fluxes are directed upward wiaéres of k
and H are positive and downward when these valigesegative.

The friction velocity (U, m s*) can be computed as:

u = \/E (5)

where u is the horizontal component of wind.

Finally, the Monin-Obhukov stability index (Z/L) facharacterizing atmospheric conditions
can be expressed as:

ZKgKHTC\
)

fe 7 (6)

pus
where Z is the relative sensor height measurenteistthe Monin-Obukhov length, K is the

Von-Karman constant and g is the gravitational kcaé&on.

2.3. Turbulent flux measurement system in the Arcawon lagoon

Fluxes of CQ (umol ni? s%), latent heat, sensible heat (watf)nand friction velocity (m9)
were measured in the intertidal flat (Figure 2)westn July 1 and 7, 2008, using an EC
system. The system utilized a sonic anemometer dhO8AT3 Campbell Scientific In¢.
Logan, UT) to measure the three components of wjpeed (m ) and sonic temperature
(°C). An infrared gas analyzer (moddt7500, Licor Inc., Lincoln, NE) measured CGCand
H,O concentrations (mmol M in addition to atmospheric pressure (kPa). Anabogput
signals from these fast-response instruments wargled and digitized at a rate of 20 Hz.
These two main EC sensors were separated by 0.25 fiftered silicon quantum sensor
(SKP215 Skype Instruments Llandrindod Wells, UK) was used to measure
photosynthetically active radiation (PAR, umol®ns') every minute (Figure 2A). The
sensors were mounted on a mast that was drivetthatmud and fixed by three wires to keep
it vertical and minimize vibrations that could biB€ flux measurements (Figure 2B). Data
were transmitted by a waterproof cable to a cerdiuisition system (modeéfR3000
Campbell Scientific In¢.Logan, UT), which was located on an anchoredaiafile dinghy
and protected by a tide pool. The entire system poagered by rechargeable lead batteries
(12 volts, 100 amps by hour), which were replacestyefour days.
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2.4. Data processing: computations and corrections

Raw data were processed following the Aubinealet(2000) method. This method was
originally developed in the context of the EUROFLUpXoject for net carbon and water
exchanges in forests and was modified for appbeatid the intertidal zone. One modification
involved incorporating the variations in relativeasurement height caused by tides. Fluxes
were also computed with a shorter averaging pethiath usual (10 rather than 30 min) to
capture the quick transitions between low and Hiidgs.

TheEdiResoftware from the University of Edinburgh (Scotlanvas selected for this study
because it includes all of the necessary optionpriocessing EC data (Mauder et al., 2008).
Data processing involved nine steps. (1) Spikesewemoved from anemometer and gas
analyzer data using a threshold based on the sthndsviation of the difference between
consecutive data points. After (2) modifying unéisd applying statistical operations, (3)
coordinates were rotated to align with the streaesli of the ten-minute averages. Two
rotations were made around the z- and y-axes.i(#®ak trends were removed from the sonic
temperature, b0 and CQ channels to eliminate low-frequency effects. (&pd-lag values
were determined for theJ® and CQ channels using a cross-correlation procedurefitingdd
the maximum absolute correlation within a time Vgigpgdow of -1< 1t < 1 s for each ten-
minute segment of raw data. (6) Mean values, teriiuluxes and characteristic parameters,
including the Monin-Obhukov stability index (Z/Lyvere computed and (7) high-frequency
corrections were made to account for losses dusetsor time responses, sensor spatial
separation and digital sampling. All of these freoey corrections were applied through
transfer functions based on Kaimal-Moore’s cosp¢ctrodels (Kaimal et al., 1972; Moore,
1986). (8) To account for the effects of fluctuasan temperature and water vapor on the
measured fluctuations in G@nd HO (Webb et al., 1980), data were corrected by tlebiy
Pearman-Leuning method. For €@ux (F) in an open-path infrared gas analyzer, the

relevant equation is:
Fe=w'c' + u%w'q’+ (1+u0)%w'T' (7)
wherep is the ratio of the molecular weights of dry aidavater vapor and is the ratio of

the densities of water vapor and dry air. (9) Hinatatistical tests (steady-state and integral

turbulence characteristics tests) were used toyvie quality of the data.

During the study, the fetch around the mast wdsast 1,000 m at low tide and larger at

high tide in all wind directions (Figure 1). Theve$, we can assume that all measured fluxes
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originated from the intertidal area because thestamtes generally exceed the EC
measurement footprint. It is commonly assumed thatZ:fetch ratio must be lower than
1:100 for unstable atmospheric conditions and lowem 1:300 for stable atmospheric
conditions (Leclerc and Thurtell, 1990; Hsieh et aD00). With Z equal to 5.50 m at low
tide, the system required a minimum fetch of 55@omunstable conditions and 1650 m for
stable conditions. Our fetch distance of at le&@801m fulfils this criterion most of the time

for stable conditions and all of the time for udgaconditions, which are more frequent.

When Z is high (low tide), it is possible thatrdan-minute averaging time fails to capture
low-frequency (LF) contributions to turbulent flixsewhich correspond to large eddies.
Alternatively, when Z is low (high tide), the sensanay not be fast enough to capture high-
frequency (HF) contributions that correspond to lbe@dies. Of course, the position of the
cospectra and consequently the likelihood of mgsihese patterns depend on wind speed.
This effect of wind speed has the opposite effemnhfthat of Z; it shifts toward LF patterns
when the wind speed decreases and vice versa. Howeacause the flat is fairly smooth, the
wind speed gradient between 5.50 and 2.80 m hesglateak, especially during unstable

conditions.

2.5. Cospectral analysis

In parallel with the data processing describedvab cospectral analysis was conducted to
guantify the frequency distribution of the covadganof the raw signals (w-c, w-q, w-T)
(Figure 6).

First, the cospectra of the raw data were compuiigitl the EdiRe software for each of the
ten-minute samples. Power cospectra between thiealernind velocity and carbon dioxide
concentration, water vapor concentration and teatpex were normalized by the product of
the standard deviation of w and carbon dioxide \gter vapor (q) and temperature (T),
respectively. Normalization facilitates quantificat of the efficacy of vertical transfer of the
relevant parameter. Finally, cospectra were presgent semi-log scale according to the
normalized frequency, n, defined as:

n = fZ/u (8)
where f denotes the natural frequency (Hz), Z ésrtative sensor measurement height and u
is the wind speed (m'.

Figure 6A presents the median-averaged cospedtral ten-minute samples from the
daytime low tide sequence for July 5, 2008, 12)Q4:00 GMT. Similarly, Figures 6B and
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6C present median-averaged cospectra for the mghtow tide sequence from July 6, 2008,
23:00 to 01:00 GMT and for the daytime high tidgussnce from July 6, 17:00 to 19:00
GMT. Sufficient continuous data for this analysierev not available for the nighttime high
tide case.

Finally, ideal cospectra from Kaimal and Finniggi994) were plotted to analyze the
position of the cospectra obtained in our experim&his procedure can identify possible
losses at low or high frequencies due to the amameyt of the EC system or meteorological

conditions (see 2.4).

2.6. Data quality control

The removal of errant processed data is importantobtaining reliable turbulent flux
measurements from the eddy correlation techniqoteriial causes of bias or error include
instrument malfunctions, processing/mathematictdfacts, ambient conditions that are not
conducive to the EC method (non-stationary periedswvergence, and divergence), heavy
precipitation (particularly for the open-path gamlgzer) or a measurement footprint larger
than the zone of interest (Burba and Anderson, R0Bteady-state conditions were tested
with coupled signals: (u, w), (v, w), (w, T), (w) end (w, ). Standard deviations and
covariances of the specified signals were compateshort time intervals of one minute, and
these values were compared to those computed frernhtosen time interval of ten minutes.
Only steady-state data (from periods with diffeenof less than 30%) were retained
according to Foken and Wichura (1996). A secontissitzal test (Foken et al., 1991, 1997)
was used to verify EC data quality based on thegnal turbulence characteristics of wind
components and temperature. Valuesopfu  and o/T" were computed (where is the
standard deviation of the specified signals) anthpgared to their parameterized values for
various ranges of stability (Z/L). Only data withlaast a 50% match were retained. Using
these two statistical tests, retained EC data Her Arcachon lagoon study are considered
“high quality data” and have a general flag frono13 following the 2 QA/QC Workshop
for Eddy Covariance Measurements (18-19 Januarg,2€dy; Foken, 2003).

Figure 3 shows the turbulent flux data (H, LE &gdbefore and after quality processing. In
total, 17%, 9% and 8% of GQlatent heat and sensible heat fluxes were diedard

respectively.
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Figure 3. Turbulent fluxes obtained by EC before and aftatadquality processing. A:
Sensible heat flux (H), B: latent heat flux (LE)da@: Carbon dioxide flux . Only 8%, 9%
and 17% of H, LE andata, respectively, were discarded to obtain lggality flux results.
Some of the raw data are not shown in C (abovem6lm? s, day 185) to more clearly
show F variations.
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3. Results and Discussion

Diurnal and tidal rhythms engender distinctive ditions in the Arcachon tidal flat that are
useful for describing ecosystem function. In thikofeing sections, we refer to these cases as
daytime low tide (LT/Day), nighttime low tide (LTitht), daytime high tide (HT/Day) and
nighttime high tide (HT/Night).

3.1. Characteristics of the study period in the Arachon lagoon

3.1.1. Environmental conditions

Table 1 and Figure 4 present meteorological patars measured between July 1 (day 183,
16:40 GMT) and July 7, 2008 (day 189, 04:00 GMTarigble meteorological conditions
were encountered during the week. Water heightegesr 0.93 £ 0.91 m (Table 1) and ranged
from O m at low tide to a maximum of 2.65 m at higle on day 186 (Figure 4). Air exposure
typically lasted four hours and immersion lastedenihours. Sunlight was roughly
synchronized with low tide during the deploymenheTfirst day was heavily clouded, with
PAR values below about 500 pmol*ns® at midday (Figure 4A). Days 185 and 186 were
sunny with intermittent clouds, and PAR values heacapproximately 2000 pmolfs* at
midday. The two last days (187 and 188) were charnzed by intermediate conditions and
had PAR values of approximately 1250 pmdi st at midday.

Air temperatures fluctuated around a mean vafugdB + 1.7°C according to the diurnal
rhythm and ranged between 15.5°C and 25°C (FigBreTéble 1). However, strong, rapid
variations were observed particularly with windedition changes. For instance, during ebb
tide on day 186, the air temperature increased ftbra°C to 24.9°C when the wind direction
shifted from the east-southeast (90-135°) to thatlssouthwest (180-225°) (Figures 4B and
F).

Concentrations of COand HO in the air also showed large diurnal and tidaiatens,
ranging between 349 and 421 ppmv and between Bid34.8 g 11, respectively (Table 1).
Minimum air CQ concentrations of about 350 ppmv were observeihglurT/Day, and
maximum values of up to 410 ppmv were recordedndukiT/Night (Figure 4C). As for air
temperature, dramatic changes igOHconcentration were observed on day 186 with wind
direction changes. During LT/Day,,8 concentration dropped from 11 to 8 ¢®ms the
temperature increased with the change of wind timeaescribed above (Figure 4F). As the
tide rose and air temperature decreased at duskL@ concentration in the air increased and

remained at approximately 12 g*rantil day 187 (Figure 4D).
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Environmental |Low Tide/Day Low Tide/Night High Tide/Day High Tide / Night | Average
parameters

PAR 1102 + 613 562 + 524 425 + 570
(pmol m?s™) | (23~ 21g5) (0 ~ 15) (21 ~ 2020) (0~ 19) (0 ~ 2185
h 15+0.8 1.1+0.7 0.9+0.9
(m) (0.1~ 2.6) (0.1~ 2.5) (0~2.6)
Ta 20.6 +1.9 19.2+1.2 19.8+1.8 19.5+1.7 9.81+1.7
(°C) (17.6 ~ 24.9) (15.7 ~ 21.7) (15.9 ~ 24.6) (15.92-82 (15.5 ~ 24.9)
P, 1014 + 2 1013 +2 1013 +2 1013 + 2 1013 + 2
(hP2) (1009 ~ 1016) (1011 ~ 1018) (1010 ~ 1017) (100918} (1009 ~ 1018)
CO, 376 +7 382 + 10 378 +6 383 + 10 380 +8
(Ppmv) (349 ~ 403) (369 ~ 413) (365 ~ 407) (372 ~ 421) 9(34121)
H,0 10.3+1.2 10.9+1.3 10.5+1.3 106+1.4  [10.6+1.3

(g m”) (7.3~ 13.2) (8.6 ~ 12.8) (8.0 ~ 14.8) (7.1~14.0) |(7.1~14.8)
e 1.4+0.2 1.5+0.2 1.4+0.2 1.4+0.2 1.420.
(kP2) (1.0 ~ 7.8) (1.2 ~1.8) (1.1 ~2.0) (1.0~ 1.9) 0(2.2.0)
Wind speed 53+1.3 3.9+17 48+1.6 42+1.9 4621
(ms?) (1.4 ~ 8.5) (0.6 ~ 7.9) (1.3~8.4) (0.9 ~ 10.0) 6(6 10.0)

Table 1. Environmental parameters in the Arcachon lagodwéen July 1 and 7, 2008 are
classified according tidal and diurnal rhythms (lbge / day, low tide / night, high tide / day
and high tide / night). PAR: photosynthetically iaet radiation; h: water height; ,T air
temperature; P air pressure; COand HO: carbon dioxide and water concentrations in the
atmosphere; e: water vapor pressure in the atmosphe
A threshold PAR value of 20 umolfrs® was used to distinguish day and night; high tide
conditions were defined as having non-zero watethde Four PAR values above 2200 pmol
m? s* were not included in the average PAR calculatibesause they are unrealistic and
attributed to quantum sensor noise.
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Figure 4. Environmental parameters measured in the Arcatdgoon between July 1, 16:40
(GMT) and July 7, 2008, 04:00 (GMT). A: Photosynitaly active radiation (PAR) and
water height (h); B: air temperature,)(TC: carbon dioxide concentration in the air ¢Ld:
water vapor concentration in the air,(®; E: wind speed and F: wind direction. Data fay d
183 (July 1, 2008) are squares, and grey bandesept night periods. A PAR value of 20
umol m? s* was used to distinguish daytime and nighttimequks;j and high tide periods are
defined as having non-zero water depths. In A, AR data points above 2200 pmof st
are off-scale and are attributed to quantum semsise.

Wind speeds underwent large, rapid variationsugpnout the study period, ranging from 0.6
to 10.0 m & (Figure 4E) with a mean value of 4.6 + 1.7 th(Fable 1). Winds most
frequently (40% of the time) flowed from the wesirhwest (270-315°), and other wind
modes flowed from the west-southwest and northkhmeest (225-270° and 315-360°,
respectively) (Figure 4F). In the Arcachon lagothe prevailing winds generally blow from
the west, but northerlies are dominant during {ming and summer (Manaud et al., 1997).
During LT/Day 184, a sudden increase in wind spieech approximately 1.5 to 8.5 m's
occurred concomitant with an upwind direction chafiggm the west-southwest (225-270°)
to the north-northwest (315-360°) (Figures 4E ahd F

3.1.2. Temporal variations in EC turbulent fluxes

Figure 5 presents temporal variations in theulant fluxes between the atmosphere and the
Arcachon lagoon. The friction velocity {ywhich is computed from the momentum flux, was
weak throughout the experiment; its mean value a4 + 0.09 m S (Table 2), and it
generally ranged between 0.1 and 0.3'nfRigure 5B). Values of uwere similar or slightly
higher than those observed over lakes (Vesala,e2@06) and bare soil (Stella et al., 2011).
The lowest Uvalues were generally measured during the nighitNIght and HT/Night), and
the highest values were recorded during LT/Day tnd lesser extent at high tide (Figure
5B). During LT/Day 184, notably high  walues of around 0.6 m*soccurred (Figure 5B)
simultaneously with the same changes in wind speetdirection that are described above
(Figures 4E and F).
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Figure 5. Turbulent fluxes measured by EC in the Arcachgods during July 1-7, 2008. A:
Photosynthetically active radiation (PAR); B: fian velocity (U); C: sensible heat flux (H);
D: latent heat flux (LE) and E: carbon dioxide fl(F¢). Data for day 183 (July 1, 2008) are
squares, and grey bands represent night perio@s: identify periods during which spectral
and cospectral analyses were made (Figure 6): Lade T Day, 12:00 to 14:00 GMT
(05/07/2008), Low Tide / Night, 23:00 to 01:00 GMJ6/07/2008) and High Tide / Day,
17:00 to 19:00 GMT (06/07/2008). A PAR value of 2ol m? s* was used to distinguish
daytime and nighttime periods, and high tide peviagre defined as having non-zero water

depths.
Low Tide / Day Low Tide / Night High Tide / Day Hgh Tide / Night | Average
u 03£0.1 02+0.1 02+ 0.1 0.2+0.1 0.2%0.
-1
(ms) (0.1~0.7) (0.1~0.3) (0.1~ 0.5) (0.0 ~ 0.5) 0(6.0.7)
H 43.8 £22.6 2.5+11.0 28.5+17.6 22.7+18.0 2620.8
2
(Wm™) (6.7 ~ 126.6) (-16.5 ~ 32.7) (-12.1~74.9)  (-14.116.2) (-16.5 ~ 126.6)
LE 235.3 +124.5 62.4 +31.5 148.8 + 64.3 104.3.25 141 + 86.3
2
(Wm™) (44.9 ~ 684.7) (5.5 ~ 184.5) (40.7 ~ 458.2)  (32382.4) (5.5 ~ 684.7)
Fe -0.3+3.3 0.9+0.8 0.2+1.4 0.7+1.9 0.1.9
-2 1
(umol m*s7) | (5.7 ~ 12) (-2.5 ~ 3.1) (-5.0 ~ 7.3) (-2.8~10.6) |[(-5.7~12.0)
ZIL -0.17+0.14 -0.02+0.23 -0.15+0.25 -028.26 -0.15+0.25
(-0.84 ~ -0.01) (-1.5 ~ 0.47) (-(1.76 ~0.56)  (-1:26.08) (-1.76 ~ 0.56)

Table 2. Indices and fluxes measured by EC in the Arcadagaon from July 1-7, 2008 are
classified according tidal and diurnal periods (ltce / day, low tide / night, high tide / day
and high tide / night). ‘u Friction velocity; H: sensible heat flux; LE: éatt heat flux; E
carbon dioxide flux and Z/L: Monin-Obhukov stalylpparameter for the atmosphere. Positive
fluxes are from the basin to the atmosphere andtivegfluxes are from the atmosphere to
the basin. Averages + SD are in bold and rangebetw@een brackets. A PAR value of 20

umol m? s* was used to distinguish daytime and nighttimequts;j and high tide was defined
as having non-zero water depths.
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Fluxes of H and LE averaged 26.0 + 20.8 W and 141.0 + 86.3 W i (Table 2),
respectively. Trends were similar throughout thekv@Figures 5C and D). Heat fluxes were
significantly different during the four cases (p8®).. H and LE exchanges between the
lagoon and the atmosphere followed the diurnal ecyeith, in average, minimum values
measured during nighttime LT and HT (Figures 5C Bpdable 2). Maximum mean values
were reached at midday. Based on meteorologicahpeters, an interesting heat flux pattern
occurred on day 186: a strong LE peak (around 600ty was observed during low tide
(Figure 5D) that corresponded precisely to the oMesk increase in air temperature and
decrease in pD concentration that are associated with the changend direction from the
east-southeast to the south-southwest (Figure igh Blvapotranspiration rates were further
enhanced by a rapid drop in air pressure (from 1@16012 hPa) at this time (temporal
variations not shown, Table 1). As the tide rosenoved cold waters over the warm mud
sediments at the same time that evening air teryerdecreased. As the® concentration
increased, the LE flux was reduced. At the same,tikh fluxes from the atmosphere to the
water became negative because the air became wtrarethe surface water (Figures 4 and
5). Latent heat fluxes were clearly larger tharsgda heat fluxes throughout the experiment.
The Bowen ratio (H/LE) was generally below 0.5 gtaguring HT/Day, when its value was
0.89. This finding is in agreement with results\igsala et al. (2006) over a boreal lake in
Southern Finland. Days 185 and 186 showed contmpsieat flux trends; relative to H, LE
was particularly high on day 186. The opposite ¢ooa occurred on the previous day, when
H fluxes increased to more than 100 W mhile LE remained near 300 W n{Figures 5C
and D).

H flux and friction velocity () define atmospheric stability in the Arcachon lagoThe
tidal flat was generally characterized by unstaideditions (i.e., a negative mean Monin-
Obhukov stability index, Z/L) even at night (Tal®¢. Overall, 71% of the data set was
characterized by Z/L values of less than -0.04th@fremainder, 15% had Z/L values between
-0.04 and zero, indicating neutral conditions, 488 had positive values, indicating stable
conditions (Kader et al., 1990). During unstablenditons, large convective turbulent
structures developed and supported large turbud@ohanges. During LT/Day, unstable
conditions in the lagoon had strongly negative ¥alues of -0.17 + 0.14. These atmospheric
conditions resulted from fairly low walues and strong positive H fluxes (warm air mayi
upward). The strongly positive H fluxes are moraggiostic of this case than the effect.
During HT/Day and HT/Night, Z/L values for unstalgienditions averaged -0.15 + 0.25 and -
0.23 + 0.26 (Table 2). H fluxes were positive batrbnstrated smaller variations than in the
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previous case therefore had a greater influence on atmospheric conditiduming these
cases. In contrast, the LT/Night case experiencedter stability. Its near-neutral conditions
were characterized by significantly (p<0.05) lesgative Z/L values than the others (-0.02 +
0.23, Table 2). The LT/Night case was associatdl weakly positive or even negative H
fluxes (Table 2).

CQO;, fluxes between the lagoon and the atmosphere gamerally weak during the study
period; the values mostly ranged between -4.0 afdp@nol n? s* (Figure 5E). CQ
exchanges at both the air/water and the air/sedinmarfaces responded significantly
(p<0.05) to the tidal and the diurnal cycles andenalso affected by weather conditions
(Figure 5E). A large amount of GQwvas emitted to the atmosphere during the cloudy,
unstable period at the beginning of the experimesgardless of the regular cycles.
Specifically, a peak COflux (12.0 pmol nif s') occurred during low tide on day 184,
concurrent with the previously discussed change$iation velocity and wind direction
(Figures 5E and 4). During subsequent LT/Day ca€¥3; flux values were generally
negative and averaged -0.3 + 3.3 umdi st (Table 2). A CQ sink of approximately 2.0
umol m? s* was observed on days 185 and 186 (Figure 5E)e there no clear differences
between the two days despite their different hieat trends (Figures 5C and D). On the two
following days, slightly larger COsinks (approximately 3.0 pumol#rs®) were measured.
These sinks were balanced by releases of t8@he atmosphere during LT/Night (averaging
0.9 + 0.8 pmol 7 s%). During nights 185/186 and 187/188, gi@gassing was 2.0 pmol‘m
s* (Figure 5E). During incoming and high tides, Qfptake by the lagoon and €@egassing
to the atmosphere were reduced by 35% and 21%ecteply (Table 2). For example, on
night 187/188, C@degassing decreased from 1.1 pmdi s at low tide to 0.8 umol hs*
one hour later, after the tide had risen by onlg®b(Figure 5E).
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A Low Tide / Day (05/07/08, 12:00 - 14:00) B Low Tide / Night (06/07/08, 23:00 - 01:00) C High Tide / Day (06/07/08, 17:00 - 19:00)
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Figure 6. Power cospectra (semi-log graphs) obtained diEi@dlux measurement in the Arcachon lagoon aresilad according diurnal and
tidal rhythms (Low Tide / Day, Low Tide / Night atigh Tide / Day). A: Carbon dioxide (G}) B: latent heat (LE) and C: sensible heat (H)
flux cospectra were median-averaged for the follmaperiods: A: Low Tide / Day, 12:00 to 14:00 GMJ5(07/2008), B: Low Tide / Night,
23:00 to 01:00 GMT (06/07/2008) and C: High Tideay, 17:00 to 19:00 GMT (06/07/2008) (See Figure 5). The High Tide / Night case is
not shown because very few data matched this sequ@wospectra from Kaimal and Finningan (1994)exent according to their Z/L values are
presented for comparison. In the Low Tide / Nigides, the H cospectrum has been separated into éd@maveraged cospectra from 23:00 to
00:00 (positive H cospectrum) and from 00:00 ta01(negative H cospectrum) that correspond to pesand negative H flux values (Figure
5). Positive cospectra represent fluxes from tigeda to the atmosphere and negative cospectraseréiuxes from the atmosphere to the

lagoon.
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3.2. Cospectral analysis

Figure 6 presents the averaged and normalizgaectra obtained during LT/Day, LT/Night
and HT/Day periods (see 2.5.). The shapes andé¢hedd observed in the GQw_c), latent
heat (w_q) and sensible heat (w_T) flux cospectasinteresting patterns. In the three
cases, all cospectra appeared well defined andasimithe HF domain (Figures 6A, B and
C). They close at the characteristic normalizeddency limit of ten and no HF cut-offs were
observed in w_c and w_q compared to w_T. In cehtEeugster et al. (2003), using a closed-
path gas analyzer in their EC set up over a mtdidi Swiss lake, observed HF losses i CO
and HO cospectra. The results obtained in the caseeoAtbachon lagoon, using an open-
path gas analyzer, show for the three cases th&tftomsses occurred in the g¢@nd HO
flux measurements using a sensor response of 2@rmdlzthat EC fluxes in the HF domain
were well quantified. These results show that #lative sensor height Z was adequate to
measure all small eddies even during high tide wharas minimized (see 2.4).

Because unstable conditions dominated durind.TBay and HT/Day cases (Table 2), the
fluxes were dominated by large scale convectivbul@nce structures, which shifted the
cospectra toward lower frequencies than in LT/Niglge as observed elsewhere by Kaimal
and Finnigan (1994) and Sahlée et al. (2008). énLfiYDay and HT/Day cases, the cospectra
matched fairly well with ideal cospectra from Kainaad Finnigan (1994), whose maxima
were centered on normalized frequencies near @O8rfstable conditions. During LT/Day,
the predominance of unstable conditions along @ithaximum measurement height, explain
the slight LF losses observed in Figure 6A. This te an underestimation of all fluxes by
about 10%.

In LT/Night case, less unstable or near-neutralogpheric conditions were recorded (Table
2). In consequence, all cospectra close in the dfain (Figure 6B). They match roughly
with the position of the theoretical cospectra eesd on normalized frequencies close to 0.1
in the case of Z/L values near zero (Kaimal andnigan, 1994). Nevertheless, the w_c
cospectra, which is positive in this case due $piration fluxes, is slightly displaced toward
lower frequencies (Figure 6B) compared to the atlifer g and w_T). This finding may arise
from the spatial heterogeneity that characteribesflat during LT/Night becausgostera
noltii seagrass meadows are distributed patchily overséiaément. In their study on EC
fluxes between the atmosphere and a Swiss lakest&ugt al. (2003) observed LF
contributions from land-based respiration in theirc cospectra. Mahrt et al. (2001) showed
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that spatial variations in the case of moisturdéasar flux induced a shift toward larger scales.
In our study, this LF shift was not encounteredha w_q cospectra for LT/Night due to

homogeneous evaporation from the uniform sedimehts;aquatic plant transpiration was
zero at night due to stomatal closure.

In conclusion, a frequency sensor response di2@nd an averaging time of ten minutes
appear to effectively balance the need to integi@tefrequency signals with the need to
detect the quick flux variations that charactettzse dynamic, heterogeneous systems due to
the effects of tidal rhythms.

3.3. Flux comparison and physical / biological conbls on turbulent exchanges in the
Arcachon lagoon

3.3.1. Comparison with other systems

For the last few years, the EC technique has heed to estimate turbulent exchanges over
aquatic environments ranging from oceans to tigleé$ and marshes. Kondo and Tsukamoto
(2007) measured COluxes over the equatorial Indian Ocean that rdnigem -2.1 to 2.1
umol m? s, Vesala et al. (2006) measured turbulent fluxes avboreal lake for a full open-
water period and found ranges of 0.1 to 0.3'm20 to 40 W rif, 0 to 100 W rifand -1 to 5
umol m? s for the friction velocity (U), sensible heat (H), latent heat (LE) and carbon
dioxide (R) fluxes, respectively. In a freshwater marsh imteern California, Rocha and
Goulden (2008) estimated fluxes of -200 to 600 W fto 450 W rif and -30 to 10 pmol m
2 s for H, LE and E, respectively. For the Amazon floodplain, Morisetnal. (2000) found
CO, and latent heat fluxes ranging from -60 to 20 umdls* and from 0 to 10 mmol s,
respectively. In a tidally influenced environmeatsalt marsh in Virginia (USA), Kathilankal
et al. (2008) estimated turbulent fluxes that rahfyem -50 to 200 W A for H, from 0O to
600 W nm for LE and from -8 to 4 pmol ts® for F.. Zemmelink et al. (2009) found
springtime carbon dioxide fluxes of +/- 10 pmol?rs* over the intertidal Wadden Sea
estuary.

In comparison with these results, the EC deplaynmrethe Arcachon tidal flat found values
of u’, H, LE and Ethat ranged from 0.04 to 0.66 m,drom -16.5 to 126.6 W i) from 5.5 to
684.7 W n¥ and from -5.7 to 12 pmol fs?, respectively. These results are generally higher
than those obtained over oceans or lakes (Eugsatr, 2003), but they are rather low relative
to salt and freshwater marshes (Houghton and Wolhdi/@80; Rocha and Goulden, 2008) as
well as temperate and tropical estuaries (Frankitj@o1998; Morison et al., 2000), with the

exception of LE.
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Figure 7. 1nf|uence of wind speed on EC-measured turbulknes during the four periods in the Arcachon lagod, B, C and D: friction
velocity (u); E, F, G and H: latent heat flux (LE). A PAR valaf 20 umol rif s* was used to distinguish daytime and nighttimequts;j and
high tide periods were defined as having non-zeatemdepths. P values for all of the linear regoessare significant (<0.0001).
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Figure 8. Influence of photosynthetically active radiatid®AR) on EC turbulent fluxes at

low and high tides in the lagoon. A and

B: lateedth(LE); C and D: carbon dioxideJFA

and C: low tides; B and D: high tides; ¥alues at night are presented to demonstrate the
variations in ecosystem respiratiop.Malues obtained during the beginning of the expent
(days 183 and 184) are attributed to destockingerahan biological degassing (respiration)
and were discarded (Figure 5). Also, four PAR daiits (>2200 pmol ihs') have been
excluded from linear regressions qfdhd LE on PAR because they are unrealistic ardylik
represent quantum sensor noise. P values forrbarliregressions are significant (<0.0001).
A PAR value of 20 pmol ths* was used to distinguish daytime and nighttimequks;i and
high tide periods are defined as having non-zeremdepths.
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3.3.2. Physical / biological controls on turbulentluxes in the Arcachon lagoon

The flux characterization of the four lagoon cibinds demonstrates the large effects of both
tidal and diurnal rhythms on turbulent exchangeth whe atmosphere. Significant (p<0.05)
variations were observed in flux parameters amdmg four cases. The physical and
biological controls involved in these differentusitions are depicted in Figures 7 and 8 and

discussed in the following sections.

Physical controls

Friction velocity and surface roughness

Significant linear regressions were computed betwfriction velocity (i) and wind speed
(Figures 7A, B, C and D). Linear regressions witlwere found to be significant for all four
cases, and the best regression models exist fbttinng periods, especially LT/Night periods,
which have only slightly unstable or near-neutr@hditions (Figures 7B and D). The linear
relationship between the friction velocity and thend speed was initially established
theoretically according to the logarithmic wind fie equation under neutral stability
conditions (Sutton, 1953; Elliott, 1958). Smallmtovalues (Uu) were 0.031 and 0.037 at LT
and HT, respectively, and indicate that the surfemgghness of the Arcachon lagoon is
remarkably low (Figure 7). Values of/u were lower than those measured over bare 3ils i
agricultural land (approximately 0.066) (Stella at, 2011). Interestingly, roughness is
slightly higher during high tide, likely due to slreinduced by high waves near the water

surface.

CO, destocking and degassing

During the study period, interesting physicalqgasses were measured by the EC method at
both LT and HT. For instance, for LT/Day on day ,1& major release of GQo the
atmosphere occurred (12 pmofrs’) (Figure 5E). This phenomenon coincided with sidde
increases in friction velocity (Figure 5B) and wispeed and with a change in wind direction
from the west-southwest to the north-northwestyfeg 4E and F), as previously seen. These
EC measurements probably highlight a destockinghtetleat occurred with the onset of
turbulence. In any case, based on the peak inehof the flux values, the event could
correspond to a biological activity like communityspiration (CR). Besides, during both
HT/Night and HT/Day periods on day 184, a large mjina of CO, was emitted to the

atmosphere; flux values were higher than 10 andmiblpm? s* during night and day,
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respectively (Figure 5E). This release could beibatied to a shift in water GO
concentrations resulting from sediment resusperenhthe mixing of C@-enriched bottom
waters with CQ —depleted surface waters. Over Arctic and SwisssaEugster et al. (2003)
found that periods of convective mixing water wassociated with larger GQluxes that

were generally from the water to the atmosphere.

LE fluxes and evaporative effect predominance

LE fluxes result from physical evaporation andldgical transpiration, which are often
difficult to distinguish within an ecosystem. Inighstudy, LE flux showed a significant
relationship with wind speed, especially during Night and HT/Night (Figures 7F and H).
According to the Penman-Monteith equation (Monteitfd Unsworth, 1990), LE fluxes are
controlled by two main factors: net radiation ahé tapor pressure deficit of the air. At
night, LE was controlled only by the second fadiitve air stripping effect) and, logically,
better correlations with wind speed were obtairiaaing the day, the effect of radiation was
dominant and led to weaker linear regressions wittd speed (Figures 7E and G).

Significant regressions between LE fluxes and RdRe found during the day at both low
and high tides (Figures 8A and B). During LT/Ddy imud sediment receives high PAR and
can reach more than 40°C (Blanchet, 2004), espeqist after the “Jusant” flow, when the
intertidal area has emerged but is still wet. Higtes of evaporation occur, enhanced by wind
increases or pressure drops (Figure 5D). DuringXdy/ LE responds to solar radiation; it is
enhanced as the water is warmed under high PARs pienomenon has previously been
quantified in the Amazon floodplain at both low amdh tides (Morison et al., 2000). Water
temperatures in July 2008 were warm: temperatugdgden 21°C and 23.5°C were measured
during a 24-hour cycle on July 2-3, 2008 (datagiatwn).

During the day, it was difficult to evaluate thelative contributions of evaporation and
transpiration. In both cases, carbon dioxide exghanwere weaker than concurrent latent
heat fluxes (Figures 5D and E; Table 2). As a cgueece, evaporation can be assumed to
prevail over transpiration. The water use efficke(/UE) of 0.2 measured in the Arcachon
lagoon was much lower than values reported in fecescosystems or croplands near 5.0 and
10.0 respectively (Stella et al., 2009). Additioagidence of the dominance of evaporation in
the lagoon is the particularly high LE flux measuideiring LT/Day 186 (Figure 5D). On days
185 and 186, the same g@ptake was measured at low tide (Figure 5E), it E flux was
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lower on day 185. Therefore, this result was aitedd to physical evaporation rather than
biological transpiration.

The water column: a diffusive barrier to turbuléiokes

The tide clearly induced decreases in both @ease at night (by approximately 21%) and
CO, uptake during the day (by approximately 35%) (€ahl Figure 5E). Similar results were
found by Houghton and Woodwell (1980) in a salt shaand by Heilman et al. (1999) in a
marsh in Texas (USA). Kathilankal et al. (2008) Hfdua similar level of C® uptake
reduction (46 £ 26%) over a salt marsh. The tidea¢t@act as a barrier to diffusion, reducing
fluxes either from the lagoon to the atmosphere&ioe versa. During high tide, GQrom
benthic and pelagic respiration could be only sjoainitted to the atmosphere through the
water layer; much of the G@ould also be dissolved in seawater and exporitddtie tide.
These pathways for CQrelease from intertidal systems to adjacent crewid bays have
previously been described in tidal wetlands (Cailet2003; Borges et al., 2003).

Biological controls

LT CO;, flux variations

Except on day 184, the first day of the studygatewe CQ fluxes were consistently
observed during LT/Day cases (Figure 5E). Furtheemthe CQ concentrations measured by
the EC system gas analyzer were significantly (pG%) lower than concentrations measured
during the other three cases indicating systenta@e sinks. This CQ@ uptake is probably
explained primarily by photosynthetic activity diet marine angiosper#ostera noltij which
was particularly common around the EC mast. Inldg®oon, seagrass reaches maximum
levels of biomass and density in the summer (Jueetnber) and minimum levels in the
winter (Auby and Labourg, 1996). It has generalieiy shown that rates of photosynthesis by
Zostera noltiiare higher at low tide owing to sediment depressiarhe depressions can
retain sufficient water for leaf hydration and hpir-water CQ diffusion (Silva et al., 2005).
Benthic primary production in the lagoon may als@ Isupported by epiphyte
microphytobenthic communities (Auby, 1991). In agast, during LT/Night cases, positive
CO; fluxes largely corresponded to total ecosystemirason (Figure 8C, data plotted in y
axis).

Figure 8C clearly shows positivg ¥alues at night and negative Falues at day. However,

poor negative correlations were observed betweeané& PAR during LT/Day. This result is
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inconsistent with the significant negative cornelas found by Morison et al. (2000) in the
Amazon floodplain and earlier by Houghton and Woell\{d1980) in a salt marsh near New
York (USA). A clear pattern exists betweep &d PAR as suggested by the regressions
found in Figure 8C and by the temporal variatiohsesved in Figure 5E. However, poor
correlations were observed at LT/Day (Figure 8@ase the strongest GOptake rates did
not coincide with maximum PAR values (e.g., compday 185 to day 187, Figure 5E).
Under particular high PAR (midday)ostera noltiiseagrass may experience water stress
leading to lower rates of photosynthesis (Leuscheterl., 1998). In theZostera noltii
meadows of Ria Formosa, a coastal lagoon in Pdrtigjlva et al. (2005) found that
angiosperms could use photo-inhibitory mechanismsldwn-regulate photosynthesis by
dissipating excess irradiance as heat. Seagragsksthen be expected to protect themselves
by lowering their CQ uptake during periods of maximum PAR. Down-regalatprobably
occurred during LT/Day 185, when reduced ,Captake and enhanced H fluxes were
observed; the inverse situation was observed dWwTiBay 187 (Figures 5C and E).

HT CO, flux variations

To a lesser extent than for the LT/Day case;, 6i6ks were observed during HT/Day (Figure
5E). HT/Day sinks could be attributed to pelagiamary production by blooming
phytoplankton, especially small and non-siliceoefiscthat are well adapted to the low-
nutrient concentrations that characterize the sunsga&son (Glé et al., 2007). As for LT/Day
cases, but to a greater extend, no clear correkatieere found between Bnd PAR values
during HT/Day cases (Figure 8D). This result coplotentially be due to variations in
photosynthetic efficiency and especially to a daseein production activity. Indeed, diffusion
of CO, from the water column to the plant is more diffiaunder HT/Day conditions even if
Zostera noltiieelgrasses continue to photosynthesize at redates! during high tide (Figure

8D). This result was also found by Kathilankal le{2008) forSpartina alternifloraplants.
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4. Summary and conclusion

Few studies have used EC to address turbulergdloxer coastal systems; the current study
of the Arcachon lagoon is one of the first to stuglstems that are influenced by tidal
rhythms and that experience rapid variations inewhaeight that affect turbulent exchanges.
In this paper, the field deployment and data prsiogsmethods detailed for the EC technique
produce high-quality vertical flux data for enerdgyat and C® The measured turbulent
exchanges were evaluated in terms of temporal ti@mg and turbulence analysis and
demonstrate the effective adaptation of the ECrtiecte to the tidal flat environment. Indeed,
averaged cospectra of sensible heat, latent heatabon dioxide flux were generally found
similar and well shaped during each case. Maximeguency peaks were observed in the
low frequency domains of cospectra due to unstatmespheric conditions that occur in the
tidal flat. Moreover, significant linear regresssomere computed betweenand u, LE and u,
and LE and PAR values. It shows that physical ailotb@ical ecosystem processes in the
Arcachon lagoon were found to correspond well toiad@ns in turbulent flux. Other
correlations have been observed betwegnafd PAR values which indorse this fact.
Nevertheless, these latter correlations were weadesiuse Hlux and PAR data were treated
as a whole without taking into account the spatiad temporal heterogeneity of the lagoon.
In this way, a work in progress uses four data gbtained in two contrasted sites and three
different seasons in the lagoon. In particularatadreatment done to the EC £iluxes by
sectors of wind direction using satellite imagestld flat appears very interesting in the
understanding of the ecological functioning of thdighly heterogeneous and dynamic

Zones.
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l11.2. SPATIAL AND TEMPORAL CO , EXCHANGE MEASURED BY
EDDY CORRELATION OVER A TEMPERATE INTERTIDAL FLAT
AND THEIR RELATIONSHIPS TO NET ECOSYSTEM PRODUCTION

Résumeé

Des mesures de flux verticaux de dioxyde de calemtre 'atmosphére et un platier vaseux
intertidal tempéré, localisé dans le sud-ouestad&rhnce, ont été menées en utilisant la
technique d’Eddy Covariance (EC). Des mesuresraigs ont été obtenues dans deux sites
contrastés de la lagune d’Arcachon pendant quatreodes et trois saisons différentes
(automne 2007, été 2008, automne 2008 et print&2@PY). Dans cet article, les variations
spatio-temporelles, observées dans les échangeSQdeaux échelles diurne, tidale et
saisonniere, sont présentées et discutées. Degsnsadellites de la lagune a marée basse le
jour ont été utilisées afin de mettre en relatiGlicHange net de I'écosystéme avec
I'occupation du platier par les producteurs priregjren particulier par les herbiersAtestera
noltii. Les flux de CQ pendant les quatre déploiements montrent d’imptetavariations
spatio-temporelles, la lagune passant rapidemeint statut de puits a celui de source de.CO
Les flux de CQ montrent en général des valeurs négatives (infeixpositives (efflux)
faibles, entre -13 et 19 umolfs! au maximum. Les conditions de marée basse lageurn
sont toujours caractérisées par un pompage dg &@osphérique. Au contraire, pendant
'immersion et durant la marée basse la nuit, les le CQ sont soit positifs ou négatifs ou
proches de zéro, selon la saison et la station nsesuA I'automne 2007, a la station la plus
interne de la lagune, avec un herbier inégafastera noltii(couverture estimée a 22 + 14%
dans les secteurs de vents mesurés), l'influx de €&Dde -1.7 + 1.7 umol Ms* & marée
basse le jour et I'efflux de 2.7 + 3.7 umol’rs® & marée basse la nuit. Une production
primaire brute de 4.4 umol fns* pendant I'émersion peut étre attribuée aux comnmésa
microphytobenthiques en majorité. Pendant I'imnmersia colonne d’eau est source de,CO
vers I'atmosphére, ce qui suggere une hétérotrogthisne importante remise en suspension
du microphytobenthos. A I'été et 'automne 2008a &tation centrale présentant un herbier
dense de Zostére naine (92 + 10%), les assimiatiegnCQ sont de -1.5+ 1.2 et -0.9 + 1.7
pumol mi? s* & marée basse le jour, respectivement. Les efficturnes de COsont de 1.0 +
0.9 et 0.2 + 1.1 pmol ts?, résultant en une production primaire brute pehti@mersion de
2.5 et 1.1 pmol M s* respectivement, que I'on peut attribuer en majaaitx herbiers. A la

méme station en avril 2009, avant dimstera noltiine commence a croitre, le pompage de
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CO, & marée basse le jour est le plus fort (-2.7 2@l m? s) et probablement attribué au
microphytobenthos, dominant la production nettd’@msystéme dans ce cas. Les relations
entre 'échange net de I'écosysteme et les radistiolassées par direction de vent, sont en
général négatives lorsqu&ostera noltiiprédomine, et positives lorsque I'angiosperme est
moins représentée, ces dernieres suggérant degspusc de photoacclimatation par le
microphytobenthos, tels que des migrations vedgal I'intérieur du sédiment. Des influx de
CO, sont aussi observés pendant 'immersion a laost&ientrale au printemps et au début de
'automne, et sont apparemment liés aux bloomsqgpuitghctoniques se développant a I'entrée
de la lagune, faisant suite a I'advection de masddsmu appauvries en GOBien que des
données hivernales soient nécessaires afin deifiglaptécisément le budget de Qe la
lagune d’Arcachon, nos résultats suggerent quéatieptidal contribue faiblement au budget

de CQ de I'océan cbtier.

Abstract

Measurements of carbon dioxide fluxes were peréal over a temperate intertidal mudflat
in southwestern France using the micrometeorolbgiday Correlation (EC) technique. EC
measurements were carried out in two contrastites sif the Arcachon lagoon during four
periods and in three different seasons (autumn 20@vimer 2008, autumn 2008 and spring
2009). In this paper, spatial and temporal vametio vertical CQ exchanges at the diurnal,
tidal and seasonal scales are presented and discussaddition, satellite images of the tidal
flat at low tide were used to link the net ecosysexchange (NEE) with the occupation of
the mudflat by primary producers, particularly bystera noltimeadows. Cfluxes during
the four deployments showed important spatial ardporal variations, with the lagoon
rapidly shifting from a sink to a source of @@O, fluxes showed generally low negative
(influx) and positive (efflux) values and rangedrfr -13 to 19 umol fAs*at maximum. Low
tide and daytime conditions were always charaadrlsy an uptake of atmospheric £
contrast, during immersion and during low tide @ty CQ, fluxes where positive, negative
or close to zero, depending on the season andittheDsiring the autumn of 2007, at the
innermost station with a patcl@pstera noltiibed (cover of 22 + 14% in the wind direction of
measurements), GOnflux was -1.7 + 1.7 umol ihs’ at low tide during the day, and the
efflux was 2.7 + 3.7 umol ts? at low tide during the night. A gross primary pucton
(GPP) of 4.4 umol ms® during emersion could be attributed mostly to ptrytobenthic
communities. During immersion, the water was a@@woif CQ to the atmosphere, suggesting
strong heterotrophy or resuspension of microphyitibe cells. During the summer and
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autumn of 2008, at the central station with a dezedgrass bed (92 + 10%), €0Optakes at
low tide during the day were -1.5 + 1.2 and -0.9.% pmol nf s*, respectively. Nighttime
effluxes of CQ were 1.0 + 0.9 and 0.2 + 1.1 pumol®ns® in summer and autumn,
respectively, resulting in a GPP during emersior2.6f and 1.1 pmol ihs?, respectively,
attributed primarily to the seagrass community.ti¢ same station in April 2009, before
Zostera noltiistarted to grow, the GQuptake at low tide during the day was the higke&s?

+ 2.0 umol nf s*) and could be attributed to microphytobenthos damce on NEP in this
case. NEE versus PAR relationships for data rarikedvind directions were generally
negative where and whetostera noltiwas dominant and positive when this community was
minor. The latter relationship suggests importamicpsses of photo-acclimatisation by the
microphytobenthos, such as migration through thdinsent. Influxes of C@ were also
observed during immersion at the central stationspning and early autumn and were
apparently related to phytoplankton blooms occgrahthe mouth of the lagoon, followed by
the advection of C@depleted water with the tide. Although winter datauld be necessary
to determine a precise GOudget for the lagoon, our results suggest tdat flat ecosystems

are a modest contributor to the £liudget of the coastal ocean.
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1. Introduction

The coastal zone is defined as the ocean ard¢heooontinental shelf with a depth of less
than 200 m, including all estuarine areas to th&trepm limit of tidal influence. The coastal
zone receives considerable amounts of nutrientsoegahic matter from the land, exchanges
matter and energy with the open ocean (Borges,)280% thus constitutes one of the most
biogeochemically active areas of the biospheret(Gatet al., 1998; Borges et al., 2005). In
the coastal ocean, shallow depth favours light patien in a large part of the water column
and allows for a strong coupling between pelagit laenthic processes. These characteristics
make the coastal zone very active in terms op €&hange, with atmosphere, benthic and
pelagic primary production and respiration (Gazetaal., 2004; Borges et al., 2006). The
coastal zone covers approximately 7% of the surdt¢le global ocean; despite its relatively
modest surface area, this zone accounts for 14-€808# oceanic primary production, 80%
of organic matter burial and 90% of sedimentary erafisation (Mantoura et al., 1991,
Pernetta and Milliman, 1995). In addition, contitadérshelves act as a net sink of £& -
0.21 + 0.36 PgC ¥r — i.e., 15% of the open ocean sink — whereas steame estuarine
environments emit +0.27 + 0.23 PgC'yp the atmosphere (Laruelle et al., 2010). Thivec
but heterogeneous region of the ocean has redeagjyn to be taken into account in global
carbon budgeting efforts (Frankignoulle et al.,8;93orges, 2005).

The ability of an ecosystem to consume,@@d produce organic matter is governed to a
large extent by its net ecosystem production (NEE)ned either as the rate of net organic
carbon burial and export or as the difference betwecosystem-level gross primary
production (GPP) and community respiration (CR) itBrand Hollibaugh, 1993; Gattuso et
al. 1998). GPP represents the C fixation by aupdiio organisms, and CR represents the
respiration of all organisms, both autotrophic dreterotrophic. Both GPP and CR are
summed per unit ground or water area over time pghat al., 2006). Autotrophic
ecosystems have GPP greater than their CR andeaqgraducers of organic C that can be
accumulated in the system or exported outside effistem. Heterotrophic ecosystems have
GPP lower than their CR and are net consumersgainic C supplied by an external source
(Odum, 1956). GPP and CR are processes that alsoim® and release, on a short timescale,
inorganic C in an ecosystem. In a terrestrial syst8PP directly consumes atmospheric,CO
and CR releases GQ@lirectly to the atmosphere. Thus, the net ecosysiechange (NEE),

defined as the net vertical G@xchange between the ecosystem and the atmospéere,
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generally approximated by NEP in many terrestriabsystems over short timescales
(Baldocchi, 2003). In contrast, in aquatic syste@BP consumes dissolved inorganic carbon
and reduces the concentration of £i@ the water. This reduction of GQyenerates a
diffusion gradient that causes €@ enter the water from the atmosphere (Chapial.et
2006). CR in aquatic systems releases @Qhe water, where it dissociates into bicarbenat
and carbonate ions, generating a water—air, @Q@dient that tends to emit GQo the
atmosphere. Because water—air diffusion is a slovegss in comparison with GPP and CR
and also compared to lateral water movements, NIEENEP can be very different over short
timescales in aquatic systems (Gattuso et al., ;1B®8ges et al., 2006). For instance, a
system that receives large amounts of,S@&turated water can be autotrophic but also a
source of atmospheric GAn addition, a system that receives large amooinglochthonous
organic matter can be heterotrophic but serve amlaof atmospheric COIif waters are
strongly stratified and if the surface layer in @t with the atmosphere becomes net
autotrophic. Finally, in aquatic systems, carbomaéipitation and dissolution are additional
processes that affect GOoncentration: dissolution raises it, whereas ipietion decreases

it. For instance, a significant release of A@waters as a result of carbonate precipitatipn b
invasive benthic macrofauna has been reportednnF&ancisco Bay (Chauvaud et al., 2003).
Inversely, a significant reduction of G@egassing resulting from carbonate dissolution has

been reported in a turbid, eutrophic and heterbimestuary (Abril et al., 2003).

In the coastal zone, NEP and GPP show importaratons both spatially and temporally,
depending on a large suite of environmental factonly light and nutrient availability and
organic matter loads. Open shelves are net aututr@gmd serve as GBinks (Gazeau et al.,
2004; Borges, 2005). Estuaries are generally hietgrioic and are a C{Osource because of
the large inputs of labile organic matter from rsv¢hat fuel CR, while GPP is limited in
estuaries by light availability (Smith and Hollighy 1993; Frankignoulle et al., 1998;
Borges, 2005). Shallow coastal environments co&shisith seagrass meadows are generally
net autotrophic, with a GPP estimated at 224.9 4 fimol C n? d* (Duarte et al. 2010).
The intertidal area of the coastal zone also hascpkar properties with respect to NEP and
CO; fluxes. First, benthic GPP can be greatly enhamatddw tide because of the increased
availability of light and high temperature (Parsatsal., 1984; Hubas et al., 2006). During
emersion, benthic NEP is equivalent to NEE. Howgderring immersion, planktonic and

benthic NEP do not necessary correspond to NEE sisbstantial advection of metabolic

150



Chapitre lll. Echanges de GQ@vec I'atmosphere

carbon can occur. Indeed, outwelling of L&persaturated waters with the tide have been
described in salt marsh and mangrove ecosystemgégBet al., 2003; Wang and Cai, 2004).
CO, fluxes at the water—air interface can be measuliegctly using floating chambers
(Frankignoulle et al., 1998) or calculated from evapartial pressure of GO(pCQ,)
measurements and a given gas transfer velocity.edery CQ flux computations can be
subject to large uncertainties because of thecditfy in accurately assessing the gas transfer
velocity (Raymond and Cole, 2001; Vachon et al.1®O0 Similarly, the floating chamber
method has been suspected to artificially enhaheeQQ exchange across the air—water
interface (Raymond and Cole, 2001). {Dxes at the air—sediment interface at low tida c
be assessed by deploying benthic chambers (Migak, &002), but this method suffers from
variability of intertidal sediment habitat resuliifrom patchiness at all timescales and from
spatial patchiness, in particular (Migné et alQ4£0 Additionally, surface heating during low
tide can also interfere with metabolic processestidal flats. Micrometeorological
measurements, especially the Eddy Correlation tgabn(EC), show potential, as G@uxes
across heterogeneous intertidal areas can be ebitavith the same technique, at high tide
and low tide (Houghton and Woodwell, 1980; Kathidahet al., 2008; Zemmelink et al.,
2009). In addition, the EC method is non-invasivel grovides direct and continuous
measurements of the net carbon dioxide exchangendfole ecosystem across a spectrum of
time scales from hours to years (Baldocchi, 1988biAet et al., 2000; Baldocchi, 2003).
Applying the EC in the coastal zone appears to berg promising technique, as the method
can provide flux data on timescales short enougtesolve the temporal variability induced
by the tidal, diurnal and seasonal cycles. Howetrer,method can also have limitations and
requires important qualitative and quantitative Igses and corrections because of its
physical and theoretical background (Baldocchiletl®88; Polsenaere et al., submitted). In
intertidal ecosystems, EC measurements presegréiad¢ advantage of providing precise LO
fluxes at the air/water interface during immersemd at the air/sediment interface during
emersion. In salt marshes, the EC technique hasvrstgubstantial changes in fluxes
throughout the tidal cycle (Houghton and Woodwdl§80; Kathilankal et al., 2008).
Likewise, Zemmelink et al. (2009) used the EC tégina over the intertidal Wadden Sea
mudflat in Europe and observed a £Xnk, particularly at low tide and during the day.

On four occasions between 2007 and 2009, we gmplan EC system in a lagoon
dominated by an intertidal mudflat in south-westErance. In a previous paper, (Polsenaere

et al. submitted), we presented the methodologisplects of this work and discussed the
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validity of computed fluxes obtained by EC. In thpsper, we present results on the
continuous CQfluxes obtained during four different periods owep intertidal areas of the
Arcachon lagoon. The main focuses of this paper(&yeo describe and characterise the
temporal and spatial variations of €&xchanges occurring in the lagoon during the daly a
night and during emersion and immersion; (2) toansthnd the COflux dynamic in the
Arcachon lagoon in relation to the components oPNEenthic and planktonic GPP and CR)
— we focus more specifically on the low tide/dayi@@, during which we could relate GO
fluxes to the tidal flat occupation lostera noltiieelgrass meadows; and (3) to evaluate the

CO; budget of the lagoon and compare this budgeuteefl reported in other coastal systems.

2. Materials and Methods

2.1. Study site

The Arcachon lagoon is a temperate intertidal dfal74 knf on the southwestern Atlantic
coast of France (44°40’N, 01°10'W). This triangleaped bay is enclosed by the coastal plain
of Landes, Gascony, and communicates with the Atlacean through a narrow channel 8
km in length (Fig. 1.). With a mean depth of 4.6thms shallow lagoon presents semi-diurnal
tides with amplitudes varying from 0.8 to 4.6 mu#kt al., 2008). During a tidal cycle, the
lagoon exchanges approximately 264 & and 492 1®m® of water with the ocean during
average neap and spring tides, respectively. Theola also receives freshwater, but to a
lesser extent, with an annual input of 1.28m® (1.8 16 m® at each tidal cycle), of which 8%
is from groundwater, 13% is from rainfall and 79% from rivers and small streams
(Rimmelin, 1998). The Leyre River in the southeastrner of the lagoon represents 73%
of the total freshwater flows (Manaud et al., 199@; Wit et al., 2005). Water temperatures in
the bay vary from 6°C in winter to 22.5°C in sumyreerd water salinity varies from 22 to 35

PSU according to freshwater input variations duthreyyear.
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A B

Fig. 1. Localisation and the Eddy Correlation (EC) expemtal sites. A: the Arcachon
lagoon with the subtidal zone (channels, in whatiedl the intertidal mudflat area (in grey); B:
the two EC sites: Station 1 (44°42’59.15"N, 01°@3’'W) and Station 2 (44°42'19.96"N,
01°04'01.35"W). TheZostera noltiiseagrass meadow is derived from the SPOT satellite
image of the 22/06/2005; it represents 60% of tteriidal area (shades of green show the
differences in seagrass density).

The Arcachon lagoon surface is composed of 57 &nshannels, with a maximum depth of
25 m, which drain a large muddy tidal flat of 11m% At two different intertidal sites of the
mudflat (Fig. 1), an EC measurement system wasogtedlon four occasions and during the
spring, summer and autumn seasons. A first deplaymwas made in the inner part of the
lagoon at Station 2 (N 44°42°'19.96”, W 01°04’'01.B587 September—October 2007. The three
other deployments were carried out at the centiaios in the lagoon at Station 1 (N
44°42'59.15”, W 01°08’36.96”) in July 2008, SeptezbOctober 2008 and in April 2009.
During the four experiments, throughout the tidgtle, the tidal flat was emerged for

approximately four hours and immersed for approxatyanine hours.
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2.2. CO, fluxes measured by EC in the Arcachon lagoon

2.2.1. Theory behind the EC technique

The atmosphere contains turbulence (eddies) damgsdéuoyancy and shear (Aubinet et al.,
2000) of upward and downward moving air that tramtp trace gases such as L£O
(Baldocchi, 2003). The EC technique allows for teasurement of these turbulent eddies to
determine the net flux of any scalar movement oallif across the ecosystem/atmosphere
interface.

The mean turbulent flux of the scalar c in thetigal direction (k) is expressed as the
covariance between the fluctuations in the vertigald velocity (w) and the scalar density or

concentrationg.) (Moncrieff et al., 1997) as

Fe=w'pc’ 1)
where the overbar represents a temporal average 10 min were used in the case of the
Arcachon lagoon), and primes denote the instantenagbulent fluctuations relative to their
temporal average (e.gv, =w - w andp. = p. - p, Reynolds, 1895).

Carbon dioxide fluxes drcan be then defined as

Fe=w'c' 2)
where E is expressed in pmol frs?, w is expressed in m*sand ¢ (the C@concentration) in
umol m>. CO; fluxes are directed upward whep \Falues are positive and downward when

corresponding values are negative.

2.2.2. Turbulent flux measurement system in the Am@chon lagoon

Fluxes of CQ were measured using an EC system deployed foastimtwo intertidal flat
sites: from the 30 of September at 11:35 to th& ®f October 2007 at 08:55 (GMT) at
Station 2 (Fig. 1); and from the'at 16:40 to the "7 of July 2008 at 04:00 (GMT), from the
25" of September at 15:10 to the™@f October 2008 at 01:10 (GMT) and from théat
16:30 to the 18 of April 2009 at 22:50 (GMT) at Station 1, foratdl of 4, 7, 20 and 13 days,

respectively.
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EC Sensors

Data System
Acquisition

Fig. 2. The Eddy Correlation system ployed in the Arcachon lagoon in April 2009.
general view of the system measurement showingéhsors mounted on the mast and
data system acquisitio@ampbell CR30C in the lifeboat; B: the sensors: (1) the sc
anemometeCSAT3 (2) the infra rd gas analysetl-7500, (3) the quantum sensSKP215
and (4) the meteorological statioVaisala WXT510 The measurement heights were 4
5.50, 7.0 and 5.0 m in Septem-October 2007, July 2008, Septemisectober 2008 and
April 2009, respectively.

Our EC system (Fig. 2) wefixed to a mast and consisted of a sonic anemongetedel
CSAT3 Campbell Scientific In, Logan, UT) to measure the three wind speed commsr(m
s%), as well as the sonic temperature (°C), and fra-red gas analyser (mocLI-7500, Licor
Inc., Lincoln, NE) that measured (; and HO concentrations (mmol H) and atmospheric
pressure (kPa). Analogue output signals from tlias-response instrumes were sampled
and digitised at the rate of 20 Hz. With these main EC sensors separated by a distant
0.25 m, a filtered silicon quantum sensSKP215 Skype Instrumentd.landrindod Wells
UK) was used to measure photosynthetically actadiaticn (PAR, pumol r? s') every
minute (Fig. 2B). Additionally, a meteorologicahirsmitter (modeWXT510, Vaisala In,
Finland was set up in SeptemOctober 2008 and April 2009. This transmitter pded
additional wind speed and direction measurem¢at could be compared with data from
sonic anemometer and other weather parameter®nagerature, pressure, humidity, and
amount, intensity and duration of rainfall eventfie sensors were mounted on a n
inserted in the mud and secured bree wires to keep it vertical and to limit vibratgthai
could bias EC flux measurements (Fig. 2A). Dataemecorded by a central acquisit
system (modeCR3000 Campbell Scientific In, Logan, UT) (connected to the sensors \

a waterproof cablelocated in an anchored inflatable raft and protédig a tide pool. Th
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entire system was powered by rechargeable leadriestt(12 volts, 100 amperes per hour)
and replaced every four days.

The equipment used was similar for the four dgplents except during September—October
2007, when a different sonic anemometer (matlgildmasterGill Instr., UK) was used, as
well as a different sample frequency for both E@sses, i.e., 10 Hz. Also during this
deployment, the PAR was not directly measured atEI station but at the Cap Ferret
meteorological station (N 44°37'54”, W 01°14'54'%lobal radiation (J cif) hourly data
were first obtained and then converted to V¥ amd to pmol i s, assuming a factor of 2
from W mi? to pmol n¥ s*, to homogenise PAR units between the four deploysaelhe
sensors for the four field setups were mountedatimum heights (during low tide) of 4.20,
5.50, 7.0 and 5.0 m in September—October 2007, 2008, September—October 2008 and
April 2009, respectively.

2.2.3. Data processing and quality control

Raw data were processed following the Aubinetl.e2000) methodology developed in the
context of the EUROFLUX project for net carbon awdter exchanges of forests and
modified to be applied to intertidal areas. Thatfimportant adaptation of the forest-based
methodology to the case of the Arcachon mudflat t@aadjust for variations in the relative
measurement height with the tidal rhythms, whichstrae included in EC data computations
and corrections. Secondly, fluxes were computeth witshorter averaging period (10 min)
than usually used (30 min) to detect the quicksiteons from low tide to high tide and vice
versa. A detailed description of the data processised here is given in Polsenaere et al.
(submitted). To summarise, data were processedguie EdiRe software from the
University of Edinburg (Scotland) by applying thelléwing steps: (1) spike removal in
anemometer or gas analyser data; (2) unit modibicat and statistical operations; (3)
coordinating rotation to align coordinate systerthwie stream lines of the 10 min. averages;
(4) linear de-trending of sonic temperatureOHand CQ channels; (5) determining time lag
values for HO and CQ channels using a cross-correlation proceduregd@)puting mean
values, turbulent fluxes and characteristic paramsete.g., the Monin—Obhukov stability
index Z/L; (7) high-frequency corrections via treersfunctions based on Kaimal-Moore’s
co-spectral models (Kaimal et al., 1972; Moore,@)9&nd (8) performing a Webb—Pearman-—
Leuning correction to account for the effects ofctlations of temperature and water vapour
on measured fluctuations in @énd HO (Webb et al., 1980).
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In parallel to frequency corrections, a cospé@nalysis was carried out for each period to
guantify the distribution by frequency of the camace of the raw measured signals. In
particular, the power cospectra between the vénwad velocity and carbon dioxide were

computed and analysed as detailed in Polsenaate(stibmitted).

According to data quality control protocols, anect processed data must be removed to
obtain reliable C© flux measurements. Several factors can lead te braerrors, i.e.,
instrument malfunctions, processing/mathematidaffacts, ambient conditions not satisfying
the EC methodology (non-stationary periods, conmecg, divergence), heavy precipitation —
particularly for open-path gas analyser — or a mmesent footprint larger than the fetch of
interest (Burba and Anderson, 2005). An adapteatquiore developed for the Arcachon
lagoon study is presented in Polsenaere et aln{gigol). Two main statistical tests were
used: (1) the steady-state test was applied te paispecified signals, particularly to w and ¢
in this study. Standard deviations and covariarmdes and ¢ were computed on short time
intervals of 1 min, and these values were comptord¢ldose computed on the chosen time run
of 10 min, following Foken and Wichura (1996). Ordgta corresponding to a difference
lower than 30% (periods defined as steady-statditons) were retained. (2) The statistical
test was based on the integral turbulence charsttsrof wind components and temperature,
according to Foken et al. (1991, 1997). Baau” ando1/T ratios of the data signals (where
is the standard deviation of the specified signalsje computed and compared to their
parameterised values according to different rargfestability (Z/L parameter). Only data
matching with a difference of less than 50% wetained. Using these two statistical tests,
the retained EC data for the Arcachon lagoon cparded to “high-quality data” with a
general flag from 1 to 3, according to Foken (2003Xhe end, 73%, 83%, 83% and 87% of
CO; flux data were retained for the September—Oct@66i7, July 2008, September—October
2008 and April 2009 periods, respectively.

2.3. Eelgrass retrieval from satellite data

The fetch around the mast always ranged betwelerast 1000 m at Station 1 and 700 m at
Station 2 at low tide in all the wind directionsigF1.). Thus, we can assume that all
measured fluxes were from the intertidal area tdrest, the fetch being generally larger than
the footprint of the measurements. Indeed, theivelanaximum sensor height at low tide

was 4.20 m at Station 2 and ranged between 5 anda¥ Station 1; it is generally accepted
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that the relative height:footprint ratio must beld0 and 1:300 for unstable and stable
atmospheric conditions, respectively (Leclerc amdirfell, 1990; Hsieh et al., 2000). In the

following, we therefore assume that the footprinbr measurement was close to 1 km.

To relate the temporal and spatial variationtheénmeasured for NEE with the distribution of
vegetation on the mudflat, satellite images at tode during the day were analysed. The
occupation of theZostera noltiieelgrass meadows was quantified within a circlel &fm
radius centred on the EC mast for both sites. Eacke was then divided into eight sectors
corresponding to different wind directions: 0—4&trth—northeast, 45-90°: east—northeast,
90-135°: east—southeast, 135-180°: south—southlg:t225°: south—southwest, 225-270°:
west—southwest, 270-315°: west—northwest and 31B=-3®rth—northwest wind directions.
Satellite images from SPOT were processed usingnétb@odology based on the normalised
vegetation index (Barillé et al., 2010). With theception of the very low eelgrass densities
that can be confused with microphytobenthos, tlagrsss meadow surfaces can be assessed
and the associated cover density can be derived fh@se images. This approach has been
applied to the retrieval of the meadows at Arcacheor this purpose, images from the
CNES/Kalideos database were used. Georeferencegesmaere downloaded and calibrated
using field reflectance data. Finally, channel aces, oyster farms, and salt marshes were
masked, before calculating the vegetation indexaguixel basis. The eelgrass position and
density were deduced from the 2D mapped index.tAsgh of 36 GPS observations collected
during autumn 2009 were compared to a SPOT mapratkrirom an image acquired
8/09/2009. The results show that ground-truthingatmrated the map in approximately 90%
of the cases. This test validates this mappingagmbr that was applied to the five satellite
images used in this study.

In all, we analysed five images correspondinghtlagoon at low tide during the day. The
first was recorded on 13/09/2007, precisely matghiith the EC deployment carried out in
autumn 2007 at Station 2 in the back of the lagobme second image, recorded on
17/10/2008, matched the deployment made in autud®® at Station 1 in the centre of the
lagoon. The third image, recorded at the samepstaind at the same season the next year, on
08/09/2009, was solely used to describe the imanal change of the seagrass meadow.
Finally, no image precisely matched the deploynisnh spring 2009 at Station 1, with the
closest matching image recorded on 24/06/2009.ftA fimage, recorded the next year at
Station 1 on 14/04/2010, was also analysed. Therlavo images provided insights on the
possible changes of the meadow during the sprinigghe
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Fe Low Tide/Day Low Tide/Night High Tide/Day High Tide/Night Average k Daily F

(umol m? s

September/October 2007|-1.7 £ 1.70 2.7%3.7 04+1.1 19+24 08+27 0.5+0.4
(Station 2) (-10.0 ~ 0.9) (0.2 ~ 18.6) (-2.4 ~ 3.9) (-0.4 ~3)3. (-10.0 ~ 18.6) (0.1 ~ 1.0)
July 2008 -0.31+3.29 09+0.8 02+14 07+1.9 819 0.1+0.9
(Station 1) (-5.75 ~ 12.00) (-2.5 ~ 3.1) (-5.0 ~ 7.3) (-2.80:6) (-5.7 ~ 12.0) (0.8 ~ 3.1)
September/October 2008[-0.7 + 2.3 02+11 -0.14 + 0.66 027 +1.32 280+ 1.44 -0.23+0.68
(Station 1) (-10.8 ~ 14.3) (-7.1 ~5.3) (-5.91 ~ 3.43) (-7.48.51) (-10.77 ~ 14.30) | (-1.19 ~ 1.20)
April 2009 27%20 13+14 17+14 32%24 24+21 24+09
(Station 1) (-11.7 ~ 0.6) (6.2~ 1.9) (-8.7 ~ 2.6) (-13.1 4)0. (-13.1 ~ 2.6) (-4.2 ~ 0.8)

Table 1.Carbon dioxide fluxes @¢rmeasured in the Arcachon lagoon in Septemberl@ct®007 at Station 2 and July 2008, Septemberfigcto
2008 and April 2009 at Station 1 (see Fig. 1). Niegafluxes represent sinks of G@nd positive fluxes represent sources of, @Othe
atmosphere by convention. A PAR threshold of 20 um@ s* has been chosen to separate day and night cadekigin tide cases
corresponding to zero-water heights (low tide caseblegative k data corresponding to very short periods of latefiight and very fast
changes in C®fluxes in April 2009 (Days 94 and 96, Fig. 6E) wexcluded from the average, as they were potgntiffected by flooded

areas.
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3. Results

Because diurnal and tidal rhythms largely coidbithe CQ fluxes, the following results
refer to the four distinct cases generated by thesecycles: emersion around low tide during
the day (LT/Day), emersion at night (LT/Night), iramsion around high tide during the day
(HT/Day) and immersion at night (HT/Night). The dynics of the NEE in relation to the
environmental parameters are described for eachn&&surement as presented in Table 1 and
Figures 3, 4, 5 and 6.

3.1. Autumn 2007 at Station 2

Over the three days of measurements in Septe@btaber 2007 at Station 2, the Arcachon
lagoon acted as a source of {10 the atmosphere, with an average of 0.8 + 2.8lunf s*
and fluxes ranging from -10.0 to 18.6 pmof " (Table 2, Fig. 3E). However, at low tide
during sunny afternoons with PAR values reachingertban 1000 pmol ths* at midday
(Fig. 3A), strong CQuptakes (C@sinks) were systematically observed, as seen g8 DA3
and 274, with values close to 6 and 10 pm3lgh respectively (Fig. 3E). In contrast, during
nighttime at low tide, the lagoon emitted large rjitees of CQ to the atmosphere, acting as a
CO, source (2.7 + 3.7 umol fns* on average, Table 1), as measured between Dayari2i73
274 and between Days 275 and 276, with valuesliaeg®ve 10 pmol i s* (Fig. 3E). The
CO, uptake observed at LT/Day 275 was weak, reaching dmmol m? s*, compared to
that observed on preceding days (Fig. 3E); thisxgbacorresponded to the occurrence of a
mass of relatively hot air (approaching 24°C, BB) concomitant with a change in wind
direction from the east—southeast (90-135°) torseattuthwest (180-225°) (Fig. 3D) sectors
and with a higher speed, above 5 TBig. 3C).
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Fig. 3. Environmental parameters and carbon dioxide fluremasured during the EC
deployment in the Arcachon lagoon (St. 2) from 308 of September at 11:35 to th& 8f
October 2007 at 08:55 (GMT). A: photosyntheticaltfive radiation (umol ths?) and water
height (m); B: temperature of the air (°C); C: wispgeed (m'Y); D: wind direction (°) and E:
carbon dioxide fluxes (umol fs?). Negative fluxes represent sinks of £@nd positive
fluxes represent sources of €0 the atmosphere by convention. Day 273 squarts thve
30" of September 2007. A PAR threshold of 20 umdl shwas chosen to separate day and
night cases, and high tide cases correspond tovzaer heights (low tide cases). PAR data
have been transformed in pmoFrs* from global radiation data in W fnassuming a factor
of 2 from global radiation to PAR values. A specifange for E(panel E) was chosen for a
better visualisation of C&flux variations.

3.2. Summer 2008 at Station 1

In July 2008, at Station 1, the Arcachon lagobovwed weaker COexchanges than in
autumn 2007 at Station 2, acting on average asadl source of C@to the atmosphere over
the week (0.1 + 1.9 pmol frs?), with CQO, fluxes ranging generally from -5.75 to 2 pmof m
s* (Fig. 4E, Table 1). During summer 2008 at LT/Dhigh CQ uptakes were measured,
reaching values of -5 umolfrs®, as observed during Day 187 (Fig. 4E). These €ifks
occurred particularly during sunny days, with PARues close to 1500 pmol s’ at
midday, and were roughly synchronised with low giieom Days 185 to 188, Fig. 4A). PAR
values measured during this season showed vaiabletense radiations above 2000 pmol
m? s* at midday (Days 185 and 186, Fig. 4A). At LT/NigB0, emissions to the atmosphere
were measured, with GOflux values generally above 2 pmol?ns® (Fig. 4E). At the
beginning of the measurement (Days 183 and 18#),cthssical scheme of GQ@iptake at
LT/Day and CQ degassing at LT/Night was perturbed and replaged btrong C@ source
to the atmosphere, also at LT/Day, reaching 12 pmfos* (Fig. 4E). During this event, PAR
values were below 500 pmolfs* at midday (Fig. 4A), and a particular mass ofcaiming
from the south—southwest wind sector (180-225°hgkd in speed, reaching 8 M &nd in
direction (Figs. 4C and D).
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Fig. 4. Environmental parameters and carbon dioxide fluremasured during the EC
deployment in the Arcachon lagoon (St. 1) from fef July at 16:40 to the™7of July 2008
at 04:00 (GMT). A: photosynthetically active radtiat PAR (umol nf s) and water height
(m); B: temperature of the air (°C); C: wind spdeds?’); D: wind speed (°) and E: carbon
dioxide fluxes (umol M s?). Negative fluxes represent sinks of £@nd positive fluxes
represent sources of G@ the atmosphere by convention. Day 183 squartssthe £ July
2008 and grey bands represent night periods. A BWéshold of 20 pmol is*was chosen
to separate day and night cases, and high tide caseespond to zero-water heights (low tide
cases). Notice that four PAR data above 2200 unbkmare not shown, with the chosen
scale corresponding to non-realistic data due smtgum sensor noise. A specific range fer F
(panel E) was chosen for a better visualisatio@©f flux variations.

3.3. Autumn 2008 at Station 1

Contrary to the previous measurements, in Semerdxrtober 2008 at Station 1, the
Arcachon lagoon was a sink of g@ver the twenty days, with an average uptake 2#Ql.4
pumol m? s* and the C@fluxes ranging generally from -5.0 to 3.0 pmof &' (Table 1).
During this deployment, medium G®inks were measured at LT/Day, with values geheral
close to 5 pmol /M s* (i.e., Days 287 and 289), whereas weak, GGurces were found at
LT/Night below 3 pmol rif s* (i.e., Days 286 and 288) (Fig. 5E). The PAR valuese
typical for the season, with some values close2&0lumol nf s* being measured at midday
during sunny days. The PAR values were slighthharghan those measured during the same
season in 2007 at Station 2, probably becauseegbrtsence of clouds during the three days
of measurement. At Station 1, PAR values obserteahidday decreased over the twenty
days of measurement, from 1500 pmat st to 1300 umol i3 s?, i.e., at a rate of -10 pmol
m? s’ each day (Fig. 5A). As noted in the previous mesrsents, reductions in G@nfluxes
at LT/Day and in C@effluxes at LT/Night with immersion were observéadeed, during
Day 276, the C@flux shifted in less than one hour from -1.5 pmd s* at LT to -0.7 umol
m? s* with 30 cm of water, whereas the PAR remained ligth constant (Fig. 5E). During
flood tide on Night 279/280, GQOdegassing decreased from 1.0 to 0.2 pmdlshin less
than one hour after the tidal flat immersion. Cantto September—October 2007 at Station 2
and July 2008 at Station 1, GBfluxes were measured at HT/Night (-0.3 + 1.3 umdis*
on average, Table 1), as found during Night 282/2@h values reaching -7 umol s’
(Fig. 5E). In addition, a strong G@mission of 14 umol ihs* was observed at LT/Day (Day
279) immediately after a sudden and concomitanease in air temperature and wind speed
(Figs. 5B and C) and a switch in wind directiorthe 180-225° sector (Fig. 5D).
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Fig. 5. Environmental parameters and carbon dioxide fluremasured during the EC
deployment in the Arcachon lagoon (St. 1) from 288 of September at 15:10 to the™af
October 2008 at 01:10 (GMT). A: photosyntheticalbtive radiation PAR (umol ths') and
water height (m); B: temperature of the air (°C):v@nd speed (mY; D: wind direction (°)

and E: carbon dioxide fluxes (umols?). Negative fluxes represent sinks of £@nd
positive fluxes represent sources of ®the atmosphere by convention. Day 269 squares
with the 28" of September 2008, and grey bands represent pijitds. Data between the
30" of September (00:10) and th&’ Dctober 2008 (07:10) could not be measured due to
technical problems during the deployment. A PARshold of 20 pmol fis*was chosen to
separate day and night cases, and high tide casessjgond to zero-water heights (low tide
cases). A specific range for fpanel E) was chosen for a better visualisatiol©G§ flux
variations.

3.4. Spring 2009 at Station 1

In April 2009, the strongest G@ink was measured in the Arcachon lagoon, with pZnol
m? s’ on average and GGluxes ranging from -13 to 3 pmolfis* over the thirteen days of
measurement (Table 1). No clear pattern was obdgerire contrast to the previous
measurements, with the Gdluxes always negative regardless of the diurmathe tidal
phase (Fig. 6E). Nevertheless, the largest sinkdMfalso occurred at LT/Day (i.e., Days 93
and 103), and fluxes were close to zero or posdivesoon as night fell, in particular at low
tide (i.e., Nights 98/99 and 100/101) (Fig. 6E). IAt/Day during Days 95 and 96, weaker
CO; influxes corresponded to cold masses of air dosk3°C with low wind speeds near 1 m
s and wind directions from the south—southeast (188%) (Figs. 6B, C, D and E). In
contrast to the three previous measurement perieds®en LT/Night cases always
corresponded to C{Qeleases to the atmosphere due to benthic raspirat April 2009, CQ
fluxes at LT/Night were either null or negative Pl@ 1 and Fig. 6E). In fact, these negative
fluxes occurred during very short periods of LT/Nigat the end (Day 94) or at the beginning
(Days 94/95 and 95/96) of the night and immediagétgr or before immersion (Fig. 6E). In
conditions of well-established LT/Night conditiof®ays 92, 97, 98, 100 and 101), £0O

fluxes were null.
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Fig. 6. Environmental parameters and carbon dioxide fluremasured during the EC
deployment in the Arcachon lagoon (St. 1) from @& of April at 16:30 to the 13of April
2009 at 22:50 (GMT). A: photosynthetically activadiation PAR (umol i s*) and water
height (m); B: temperature of the air (°C); C: wispgeed (m'Y); D: wind direction (°) and E:
carbon dioxide fluxes (umol fs?). Negative fluxes represent sinks of £@nd positive
fluxes represent sources of 10 the atmosphere by convention. Day 91 squardstiwit 1
April 2009 and grey bands represent night peri@d®AR threshold of 20 pmol fis* was
chosen to separate day and night cases, and digltdses correspond to zero-water heights
(low tide cases). A specific range fay (lpanel E) was chosen for a better visualisatiof ©f

flux variations.

3.5. Wind direction, CO, fluxes andZostera noltiicover
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Fig. 7. The wind directions during the four EC measurementthe Arcachon lagoon by
percentage of occurrence and functions to the adadl diurnal rhythms (low tide/day, low
tide/night, high tide/day and high tide/night). 80/09 to 03/10 2007 (St. 2), B: 25/09 to
17/10 2008 (St. 1), C: 01 to 07/07 2008 (St. 1) Bn@1 to 13/04 2009 (St. 1). NNE: north—
northeast; ENE: east—northeast, ESE: east—south®8&: south—southeast; SSW: south—
southwest; WSW: west—southwest; WNW: west—northwast NNW: north—northwest wind
directions.
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Figure 7 presents the occurrence of prevailing wiper sector for each period. Wind
directions varied temporally according to the seaaad also spatially according to the
station. In September—October 2007 at Station & ptievailing winds blew mostly from the
east—southeast and east—northeast, with 60% andoR otcurrence, respectively (Fig. 7A).
In autumn 2008 at Station 1, no wind direction dieprevailed; the north—northeast (0—45°)
and south—southeast (135-180°) sectors both acmbdot 20% of the wind, and the 180—
315° sector accounted for less than 10% (Fig. TRing July 2008 and April 2009 at
Station 1, wind direction also changed often, bansistent prevailing winds occurred from
the 225-315° and the 270-360° sectors. Consequevitigs from the west—northwest were
mostly observed during both seasons, reaching thare 40% in summer 2008 and 30% of

occurrence in spring 2008 (Figs. 7C, D).

The analyses of satellite images of the lagoonTdDAay in relation to the percentage of EC
measurements for each period are presented in 2Palbbeautumn 2007 at Station 2, seagrass
cover was generally low, ranging between 4% and &b the south—southwest and east—
southeast wind sectors, respectively (Table 2). eMttan 60% of the COflux data
corresponded to the highe&bstera noltiicover (27% from the east—southeast sector) and the
more negative averaged ¢fux (-2.1 + 1.4 pmol rif s*, Table 2). Inversely, more than 20%
of the data matched the lowest seagrass cover r(@¥ the south—southwest sector) and one
of the least negative averaged {fdixes (-0.7 + 0.6 umol ths?, Table 2). In summer 2008
at Station 1, where no satellite image was avalablmost 50% of fdata were measured
from the west—northwest sector, with a flux of -2.0.4 umol nf s* on average (Table 2). In
autumn 2008 at the same station, highestera noltiicovers were measured than during the
same season in 2007 at Station 2, with values mgnigetween 70% (south—southeast) and
99% (west—northwest) (Table 2). A total of 21% d7@6 of flux data (-0.9 + 1.0 and -0.7 £
1.3 umol nf s* on average) corresponded to covers of 70% (sootithsast) and 93% (east—
northeast), respectively. The next year, in autl2909, exactly the same percentage of
Zostera noltiicover was observed (92 + 10% in average), betvé®eand 99% (Table 2).
These results are in particular in accordance thighstudy of Auby and Labourg (1996), who
showed that seagrass generally reaches maximuntidermg biomass in summer—autumn in
the Arcachon lagoon. In spring 2009 at Station iere no images matched precisely with the
EC deployment, approximately 30% of Bata corresponded to the west—northwest and
north—northwest wind sectors, with average fluxes3d + 1.5 and -3.1 + 1.2 pmolfrs?,
respectively (Table 2). The analysis of the imageorded on April 2010 (14/04), the year
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after the EC deployment, showed very low seagraser¢ below 5%, regardless of wind
direction (data not shown). In fact, seagrass leandy begin to grow in spring, showing
rather low above-ground biomass, and the minimulmegaare observed in winter, with a root
system (rhizome) persisting throughout the yearaf®y 1989; Auby and Labourg, 1996;
Vermaat and Verhagen, 1996). The image recorde®4386/2009 at Station 1 showed
slightly lower seagrass cover than in late summeéoran (range: 62—-97%) but higher than
that measured previously, in early spring 2010. e\mv, this image, obtained two months
after the EC deployment carried out in April 2008ay represent the evolution of the
meadow over the spring period in terms of ecoldgicacesses. The image could then be
used to link the C®fluxes and the seagrass cover measured in thigdpat Station 1. In
particular, the more negative G8ux (-4.5 + 2.6 umol /7 s*, in average) measured in April
2009 corresponded to the high&sistera noltiicover (97%) observed in June 2009 from the
west—southwest sector of wind direction (Tablel@yersely, the less negative ¢@uxes (-
1.0 + 1.6 umol rif s, in average) corresponded to the lowest seagm&s (62%) from the

south—southeast wind sector (Table 2).
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NNE ENE ESE SSE SSW WSW WNW NNW
0-45° 45-90° 90-135° 135-180° 180-225° 225-270° 3T 315-360°
Station 2 Zostera noltiicover (13/09/2007) 19% 25% 27% 17% 4% 14% 15% 51%
Autumn 2007 | £ imol m? s?) 09+07  21+14  21+44  -07+06  -@D.7
Percentage of fdata 4% 61% 7% 21% 7%
Station 1 Fe (umol m? s7) -1.1+09  -1.4+03 1.4 £0.6 09+09 -20+1.4 -0.7+0.2
Summer 2008 | b0 ontage of Flata 11% 6% 14% 18% 47% 4%
Station 1 Zostera noltiicover (17/10/2008) 98% 93% 86% 70% 95% 99% 99% 98%
Autumn 2008 | 7tera noltiicover (08/09/2009) | 97% 95% 87% 69% 94% 98% 99% 98%
Fe(umol m?sh) -05+1.5 -0.7+1.3 -0.1+0.9 -09+1.0 -£2.6 -2.2+2.0 -20+1.1 -15+1.2
Percentage of fdata 9% 17% 14% 21% 9% 6% 12% 12%
Station 1 Zostera noltiicover (24/06/2009) 90% 89% 74% 62% 94% 97% 96% 94%
Spring 2009 | £ (1 ymol m? s?) 38+36  -1.0+16  -1.6+1.0 -45+26 015  -31+12
Percentage of flata 6% 19% 8% 7% 32% 28%

Table 2. Relationships between th&ostera noltiicover from the satellite image analyses and thasomed CQ fluxes from the Arcachon
lagoon, at low tide during the day, according totses of wind direction. 0-45°: north—northeast-98°: east—northeast, 90-135°: east—
southeast, 135-180°: south—southeast, 180-225th-smuthwest; 225-270°: west—southwest, 270-318%t-morthwest, 315-360°: north—
northwest wind directions. Notice that Falues obtained in July 2008 during the beginnofighe experiment (Days 183, 184) and in
September—October 2008 (Day 279) have been digtdodecalculations, representing destocking but iotogical degassing by respiration
(Figures 5F and 6F).
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4. Discussion

4.1. Spatial and temporal variations of NEE in reléion to the NEP of the Arcachon lagoon

4.1.1. Relationship between low tide C&¥luxes and the distribution of Zostera noltii
meadows

Zostera noltiHornem. is a common intertidal seagrass of the [i@an and African coasts
distributed from Norway to Mauritania (Den Hartd@70). It constitutes an important and highly
productive component of the benthic environmenthese near-shore soft-bottom ecosystems
(McRoy and McMillan, 1977). In the Arcachon lagoafpstera noltiibeds are particularly
extensive, colonising the major part of the intitiarea (60%, i.e., 70 Kinbetween -1.9 m and
+0.8 m relative to local Mean Sea Level (Amanied67).

With regard to satellite images, a significantatsd difference inZostera noltii cover was
observed at Stations 2 and 1 during the same seasatumn 2007 and 2008 (Table 2). Even if
late summer coincides with maximum Zimstera noltiibiomass, in September—October 2007 in
the inner part of the lagoon, the percentage ofipatton by the seagrass was only 22 + 14% on
average. In contrast, in September—October 200@anmiddle of the lagoon at Station 1, the
cover ofZostera noltiwas much more important, with a mean of 9P0%o (Table 2). This spatial
distribution is in strong agreement with the extehthe Zostera noltiiseagrass beds in 2007 in

the lagoon reported by Plus et al. (2010).
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Zostera noltiicover | NEP CR GPP

(%) (umol m?s? [ (umol m?s?) | (umol m?s?)
September/October 2007 |22 + 14 1.7+1.7 27+£3.7 4.4
(Station 2)
July 2008 15+1.2 1.0+£0.9 2.5
(Station 1)
September/October 2008 |92 £ 10 09+1.7 02+11 1.1
(Station 1)

Table 3. Comparison of NEP components at low tide for thuan season at the two stations
and in summer at Station 1. NEP was assumed as &iH&w tide during daytime, CR was
assumed as NEE at low tide during the night, an® @Bs assumed as the sum of NEP and CR.
Notice that E values obtained in July 2008 during the beginrohghe experiment (Days 183,
184) and in September-October 2008 (Day 279) haea kiscarded for calculations, representing
destocking but not biological degassing by respina{Figures 5F and 6F). The GPP and CR
calculations for the spring 2009 period at Statiborwere not possible because of the slight
negative averaged flux value obtained at low tidgnn

For the low tide conditions, we assumed that ben@iR was equivalent to NEE at night (Rocha
and Goulden, 2008), and benthic NEP was equivateNtEE averaged over the daytime. GPP at
low tide can be calculated as the NEE during thepdias the NEE at night, as presented in Table
3. In autumn 2007 at Station 2 with a |@@stera noltiidensity, a particularly high GPP of 4.4
umol m? s* was calculated, the CR showing the highest vakith 2.7 + 3.7 pmol i§ s?,
resulting in an NEP of 1.7 + 1.7 umol°ns* (Table 3). In contrast, in autumn 2008 at Stafion
with a highZostera noltiidensity, a slightly low GPP of 1.09 umol?ns* was found, the CR
being moderate, equal to 0.2 + 1.1 umdf &1, resulting in an NEP of 0.9 + 1.7 umol’ns’
(Table 3). In parallel, at both stations, rapid rdes in CQ fluxes (NEP) were observed in
relation to wind direction and seagrass cover;mniost negative (the highest NEP) and the least
negative (the lowest NEP) GQluxes matched the highest and the lowest seagrassr,
respectively (Table 2). These results indicate Ziustera noltiiappears to greatly control the NEP
(GPP and CR) in autumn at Station 1 where the csvieigh, but only partly controls the NEP at
Station 2, where the cover is low. In contrast, ropbytobenthos communities appear to
significantly contribute to the GPP at Station 2aitumn, wher&ostera noltimeadow cover is
low. The production of these communities in theolagis estimated to be between 104 and 114 g
C m? yr?, of the same order as the productiorzo$tera noltii(Auby, 1991). Such high GPP by
microphytobenthos at low tide in intertidal mudéldtas already been reported by Guarini (1998)
in the Marennes-Oléron basin (France), by Mignélei{2004) in the Bay of Somme (eastern
English Channel, France), by Spilmont et al. (20066he mudflat of the Seine Estuary (English
Channel, France), and by Hubas et al. (2006) inrtegtidal bay of Roscoff Aber. In addition, in
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September—October 2007 at Station 2, the higheLTRight) is probably accounted for by the
intense grazing of meiofauna and macrofauna onaplgitobenthos, the latter being easily and
rapidly transferred toward superior benthic heteygtic components in intertidal areas
(Middelburg et al., 2000; Spilmont et al., 2006)urCresults suggest the occurrence of two
superimposed metabolic carbon cycles in the laghumttioning at different timescales: a rapid C
cycling (high GPP and CR), ensured by microphyttitiercommunities at Station 2 (tide or week
scales), and a slow C cycle (low GPP and CR), edshy the seagrass meadows at Station 1

(seasonal scale).

GPP and CR calculations could not be performedhi® data obtained in April 2009 (Station 1),
as discussed previously; @@uxes over the mudflat were null or slightly nége at LT/Night
and could not be attributed to benthic CR at lade tiln the unvegetated tidal flat of the Wadden
Sea at the same season, Zemmelink et al. (2008)teepnull and negative GQOluxes with both
EC and chamber techniques. Several processes pairilg explain these fluxes in the Arcachon
mudflat during this season, when thestera noltiicover was low and is generally dominated by
microphytobenthic GPP, as shown by Spilmont e{24l06) in the Seine Estuary (France). First,
microphytobenthic cells can migrate down to dedagers of the sediment at night as protection
against grazing by deposit-feeders (Blanchard .et2801); thus, respiration would not release
CO, to the atmosphere but deeper into the sedimerdgsor, CQ generated by benthic
respiration could be almost entirely involved ie tlissolution of carbonate shells and not released
to the atmosphere, as occurred for instance in ditbteanean seagrass meaddwogidonia
oceanicd in winter (Barron et al. 2006).

Concerning seasonal variations at Station 1pip 2008, the values of GPP (2.5 pmof &)

and CR (1.0 + 0.9 pmol ™s') were similar to those obtained in September—Gmt&D08,
resulting in an NEP of 1.5 + 1.2 pmol’ns* (Table 3). This result suggests that at Station 1
during the summer season, the predominancgostera noltiion the NEP (GPP and CR) was
similar to that noticed during the early autumnhat same station. In spring 2009, a stronger NEP
(-2.7 + 2.0 pmol nf s*, Table 2) was measured at LT/Day in comparisotheo NEP values
measured in summer-autumn 2008. In addition, asitamn 2007 at Station 2, in April 2009 at
Station 1, rapid changes in @@uxes were measured, with wind direction abaostera noltii
cover obtained in June 2009; in particular, theanmmgative (the strongest NEP) and less negative
(lowest NEP) CQ fluxes matched the highest and lowest seagrassr ¢@able 2). This finding
suggests thaZostera noltii partly controls the NEP at Station 1 during theirgp season. In
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contrast, the NEP, and more specifically the GRPprobably driven by microphytobenthos
communities during early spring at Station 1, wh&ostera noltiicover is still low as its growth
period is just starting. During each spring seaslom,mud sediments of the intertidal area of the
Arcachon lagoon are notably the location of strarigrophytobenthic biomasses; they produce a

brown biofilm above the sediment surface and preseimntense photosynthetic activity.

The changes in the relative importance of these main primary producers at Station 1
throughout the year do not indicate clearly siguaifit differences in the benthic production of the
Arcachon lagoon. This result is in opposition te 8tudy of Hubas et al. (2006), who showed in
bare sediments in the bay of Morlaix that only gmamary producer strongly contributed to
community production. In contrast, the present wlisdn agreement with the study of Ouisse et
al. (2010) in the same bay, who observed a changipgrtance of primary producergdstera
noltii, associated epiphytes and benthic microalgae) theercourse of the year, resulting in a
relatively constant rate of production at the comityuscale.

175



F. (umol m 2 s

m

Zostera noltii cover (%)

F. (umol m 2s°%)

July 2008 (St. 1)

Chapitre lll. Echanges de GQvec I'atmosphere

1R?=052"(-) R?®=033() R?=0.29()

—— 180-225° —& 225-270°

—— 90-135°

)
1000 1500
PAR (umol m 2s1)

Ll
500 2000

April 2009 (St. 1)

—&— 225-270° —— 315-360° ©

R2=051"() R?>=0.27"()
v ] v ] v ]

100

1
500 1000 1500 2000

PAR (umol m 2s1)

April 2009 (St. 1)
[l F.- PARslope E=1 Zostera noltii cover

B . September-October 2008 (St. 1)
= ]
F':n
€
5
£
2
u’ ]
-84 —=— 225-270°
1 R?2=048"()
-10 T T T T T
0 500 1000 1500 2000
PAR (umol m 2s1)
D
. April 2009 (St. 1)
4
0_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
I(/) =D
& 2] °~— 90-135°
g - R2=0.67" (+)
E —— 135-180°
= -6 R?= 0.31" (+)
[ J
-8's —— 180-225°
i R*= 0.25" (+)
'10 B v I v I v I v I
0 500 1000 1500 2000
PAR (umol m 2s™)
0.010
-0.005
2
0000 =
7]
o
B
- -0.005
-0.010

Sectors of wind direction (9

176



Chapitre 1ll. Echanges de CGQvec I'atmosphere

Fig. 8. P/l linear regressions obtained at low tide duthngday in the Arcachon lagoon according
to wind directions; A: July 2008 (Station 1)).003x + 3.91(90-135°);-0.0006x — 0.34180—
225°);-0.001x + 0.50(225-270°). B: September—October 2008 (Station(104x + 0.38225—
270°). C and D: April 2009 (Station 1)9.007x + 5.40(225-270°);-0.002x — 1.47315-360°);
0.008x — 7.7390-135°);0.002x — 2.54135-180°);0.001x — 2.4q180-225°). E: FPAR slopes

(C and D) versusZostera noltii covers in April 2009. £ Carbon dioxide fluxes; PAR:
photosynthetically active radiation; 0—45°: nortbrtheast; 45-90°: east—northeast, 90-135°:
east—southeast, 135-180°: south—southeast, 180-Z&hfth—southwest; 225-270°: west—
southwest; 270-315°: west—northwest and 315-3@0th-anorthwest wind directions. Notice that
F. values obtained in July 2008 corresponding to RARies above 2200 pmolfs* have not
been taken into account for correlations, these RAIRes correspond to non-realistic data due to
guantum sensor noise. Additionally, Values obtained in July 2008 during the beginrohghe
experiment (days 183, 184) and in September—Oct@béB (day 279) have been discarded
representing destocking but not biological degasbinrespiration (Figures 5F and 6F). PAR data
in September—October 2007 have been transformgdniol m? s* from global radiation data in
W m* assuming a factor 2 from global radiation to PA®ues.” denotes the significance of the
linear regressions (p values below 0.05).

To clarify and complete our analysis about thatiad of the CQ fluxes in the tidal flat at
LT/Day, P—I relations ranked by wind direction atmktera noltiicover were analysed (Fig. 8). In
September—October 2007 at Station 2, no correlabietween NEE and PAR was found.
Additionally, in July 2008 at Station 1, no cleatierns were observed, as discussed in Polsenaere
et al. (submitted). However, when data were claskiaccording to sectors of wind direction,
negative NEE vs. PAR linear regressions were foyadticularly from the east—southeast wind
direction (90-135°) and two others showing a sinslzape, from the south—southwest (180-225°)
and the west—southwest (225—-270°) wind directiéing. BA). Contrasts iZostera noltiidensities
between the 90-135° and 180-270° sectors in JUl§ a0 Station 1, could explain the differences
observed by the EC technique. In September—Oct2d@8 at the same station, a similar NEE—
PAR relation (Fig. 8B) was observed for the westitlseest direction, matching the strongest
CO, uptake and the most extensive seagrass meadowe (ZakSuch negative correlations have
been observed with EC by Morison et al. (2000)ther C, aquatic grasEchinochloa polystachya
of the Amazon and by Kathilankal et al. (2008) ttoe Spartina alterniflorain a salt marsh on the
eastern coast of Virginia. Using benthic incubatioBilva et al. (2005) obtained the same results
for Zostera noltimeadows in the intertidal flats of the Ria Formésmgoon in Portugal. These
negative correlations between NEE and PAR (or pesdorrelations between GQ@ptake by the
vegetated community and the intensity of availdlgbt) suggest an optimal adaptation of the
plants to environmental conditions, such as tentperahumidity and light.
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In April 2009 at Station 1, negative linear resgiens were measured from the west—southwest
(225-270°) and north—northwest wind directions (30°), matching the highest seagrass cover
observed in June 2009 (Fig. 8C and Table 2). Nbebkyss, positive relations were also obtained
for three continuous wind direction sectors covg@®—-135°, which notably matched the lowest
Zostera noltiicover (Fig. 8D and Table 2). This result is in ogiion to other studies carried out
in intertidal mudflats, which systematically repadtnegative correlations between GlDxes and
irradiance (Guarini, 1998; Migné et al., 2004; 8uht et al., 2006; Migné et al., 2007). During
this spring period, microphytobenthic communitigenerally diatoms in the majority, are known
to dominate benthic GPP in the lagoon, forming demsts on the mudflat (Auby, personal
communication). Even, microphytobenthic cells lyias epiphytes on yourpstera noltilleaves
could represent a significant part of the benthRPPGespecially in winter and early spring, as
shown by Ouisse et al. (2010) in an intertidastera noltiibed (Western English Channel,
France). The lack of correlation between NEE amdesnperature for these three wind directions
suggest that CR is not stimulated by surface hgakhotoinhibition of photosynthesis may also
occur, but this mechanism has been observed ptimiadiaboratory and rarely in field conditions
(Blanchard and Cariou-Le Gall, 1994; Guarini, 200@nally, it has been shown that
microphytobenthic cells can migrate vertically tigb the sediments to protect them in response
to long periods of light exposure at LT/Day as bataral process of photo-acclimatisation
(Blanchard et al., 2004; Serédio et al., 2008)dnsequence, this last hypothesis may explain the
positive NEE—PAR correlations obtained in April 20F-igure 8E presents the processes implied
at this period with negative and positive NEE—-PA&p8s associated with the highest and the
lowestZostera noltiicovers, respectively. These results may confirenpgtevious concept of the
concomitant presence of youdgstera noltiileaves together with microphytobenthic epiphytes

and microphytobenthic mats on sediments in sprd@pat Station 1.

4.1.2. Diurnal and tidal changes in NEE during thelifferent seasons

Throughout the diurnal and tidal cycles, variaian NEE were large, with the lagoon often
rapidly shifting from source to sink. For instanes, Station 1 in July 2008 on Day 184 and
daytime, NEE rapidly dropped from 12.0 pmof @' at low tide to -5.0 pmol s* as soon as
the water submerged the flat. Inversely, at nigktween Days 187 and 188, the Qx was -

0.8 pmol n¥ s at the end of the immersion and rose to 3.0 pnidlsthat the beginning of
emersion (Fig. 4E). There are a number of procaebsg¢<an induce these rapid changes in NEE,

including benthic and planktonic GPP and CR, aderarith water movements and air—water gas
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exchange. Although in the intertidal Wadden Seamidelink et al. (2009) found little
dependency of C£Xluxes on the tide, this was not the case in theaghon lagoon. The effect of
rising tide on CQ@ exchange was first reported by Houghton and Wodd#@80) in a salt marsh.
Kathilankal et al. (2008) reported a 46% reduciirCO, uptake during emersion. In these salt
marsh systems, part of the vegetation remains exdergen at high tide. In intertidal systems like
the Arcachon lagoon or the Wadden Sea, at low bdethic GPP and CR are theoretically the
two main drivers of NEE (i.e., NEP in this casey,discussed in the previous section. When the
tide rises over the flat, benthic and planktonicmowunities contribute to GPP and CR, but their
effect on NEE may not be immediate because wategaai exchange is slow in comparison with
the duration of the immersion. For instance, fquidgl conditions in coastal systems and a gas-
transfer velocity of 10 cm'h it takes 3.5 hours for pGQo decrease from 600 to 500 ppmv with
gas exchange, which corresponds to & @ of ~1.2 pmol rif s*, comparable to what we
observed here. Consequently, a negative water+anient can be created, for instance by
phytoplankton at the mouth of the lagoon at lovetitWhen these undersaturated water masses
enter the lagoon with the flood tide, a negativeENEould be observed, but it would be only
partly the result of the NEP of the lagoon at hiigle. Inversely, intense benthic and planktonic
CR at high tide in the lagoon would not necessanilgnediately generate an equivalent degassing
of CO, to the atmosphere, with some of the @maining in solution and being advected with
the subsequent ebb tide. Such,@Dtwelling from intertidal systems to adjacentek® and bays
has been observed in many tidal wetlands (Cai.e2@03; Wang and Cai, 2004; Borges et al.,
2003).
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Fig. 9. Carbon dioxide fluxes ¢F in September—October 200%t( 2) during immersion as a
function of the water height (h). Beyond 50 cm, thgoon changed from a sink of g@to a
source of CQto the atmosphere.

The September 2007 measurements at Stationh2 immer part of the lagoon provide a first and
relatively simple scheme for conceptualising NEmBaipics in relation to NEP at the different
phases of the day and the tide. During this expartinve observed strong GOptake at LT/day
but CQ degassing during all other cases (Figure 3E, Tapldhis suggests that at LT/day, the
tidal flat was autotrophic, whereas it was heteqaiic during the night and during immersion. In
addition, CQ degassing at LT/Night and HT/Night was signifidgnttigher (p<0.05) than at
HT/day, which suggests that in the daytime, bentmd planktonic GPP could significantly
reduce CQ degassing. Benthic GPP by microphytobenthos idraibed by light availability
(Parsons et al. 1984) and is believed to be lighitdd during immersion. However, the presence
of microphytobenthos can significantly contribubeptanktonic GPP at the beginning of the flood
tide. Indeed, Guarini (1998) showed that a largd p& microphytobenthic cells can be re-
suspended with the flooding tide and largely ctniie to the planktonic GPP during HT/Day
periods. In September 2007 at Station 2, we fousdj@ificant positive correlation between €0
fluxes and water height (Fig. 9). Indeed, the lagokearly shifted from a sink of GGt LT/day
(Table 1) to a source of GQo the atmosphere with the rising tide as soothaswater height
reached 0.5 m. It is possible that during thisditaon phase the organic matter newly synthesised
by the microphytobenthos, predominant at this atasit low tide, fed the respiration of the water
column during high tide. Such rapid carbon recyrlinetween the benthic and planktonic

compartments would explain the NEE patterns obskedueing this experiment.
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At Station 1, in the centre of the lagoon, paseof CQ fluxes were fundamentally different, as
uptake of atmospheric GQvere also observed during immersion. This wasctse during the
day at the three periods of measurements and atsmydhe night in September 2008 and in April
2009. In contrast, in July 2008, the lagoon waoarce of CQ at HT/night, being a sink at
HT/day (Table 1). Negative NEE during HT/night dematrates the impact of planktonic GPP at
the outlet of the lagoon, followed by advectionGfD,-depleted water masses with the flood tide.
Indeed, the channel and subtidal areas of the rago®the sites of development of phytoplankton
blooms in the lagoon dominated by large diatomscielading to high primary production rates,
particularly in early spring (Glé et al., 2007, 3D0In April 2009, the uptake of atmospheric £O
during immersion at Station 1 was nearly two tirhggher at night than during the day (Table 1),
which reveals that the GQ@lepletion of the waters occurred a few hours lgeflarytime, precisely
when the water masses were at the mouth of theotagdn the contrary, the water present at
daytime over the tidal flat absorbed less atmospleD,, as it was present at the outlet of the
lagoon during the night; this also suggests thainduhis spring period, GPP during immersion
was lower in the lagoon than outside of the lagd@saié. et al. (2007) showed that, in late winter—
early spring (in 1999 and 2003) at each high tideing) this season, oceanic blooms were
advected into the lagoon, first in the externalesstand second in the internal waters, with the
intensity of this production being always highethe external waters. In addition, in spring 2009
at Station 1, as previously discussed, microphyitthe GPP was important during the LT/day
period; we thus expected that, like in autumn 2@@7Station 2, the exudation of highly
biodegradable compounds to the water would enh@mceluring the following immersion phase
(Guarini, 1998). However, we did not observe ;,Cdegassing during this phase, but rather
negative or slightly positive NEE. This suggestsatthat this season, the respired
microphytobenthic GPP could participate in the dase observed in the g@ptake from
LT/Day to HT/Day (Table 1) but that planktonic GEBminates during the immersion phase at
Station 1.

In July and September 2008, NEE during emerstoStation 1 showed different patterns. In
September, NEE was slightly negative (~-0.2 pmd@lst Table 1) at both HT/day and HT/night,
suggesting a predominant role of advection ob-@€pleted waters from the mouth of the lagoon,
as in April 2009. In contrast, in July 2008, thetevan the lagoon was a sink of @t daytime
but a source of COat night, meaning that advection phenomena weobaily less important

than metabolic processes in the lagoon at Statidmafile 1).
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CO, uptake at LT/Day was systematically reduced atDdy/during the four deployments (Fig.
5E and Table 1). CQuptakes could be reduced by the lower photosyictlaetivity of primary
producers due to light limitation in the presen€evater; this is especially true f@ostera noltii
in the summer and autumn seasons in 2008 at Stafisrhere the seagrass cover is maximal.
However, Silva et al. (2005) noted that information photosynthetic efficiency during air-
exposed versus immersed conditions is inconsisteiggesting that the key factor in €@ptake
by air-exposedostera noltiiis the leaf water content (Silva et al., 2005). dehner et al. (1998)
demonstrated a linear relationship between theweadr content of the marine angiosperm and its
net photosynthetic rate. In the Arcachon lagooa, gkistence of depressions in the sediment at
low tide probably allowed higher photosyntheticemtof the seagrass than during water
immersion, as shown by Silva et al. (2005) in th& Rormosa lagoon. Indeed, these depressions
could retain a considerable amount of water, endaghmaintain leaf hydration, and allow rapid
air—water CQ diffusion. Nevertheless, even if G@iffuses through water approximately 10000-
fold more slowly than through air (Stumm and Morgaf96), carbon uptake continues during
tidal flooding in the lagoon but at reduced ratas,shown by the CQuptake generally still
measured at this period for the four deployment@bld 1). In addition, the decrease in L£LO
uptake during the day, along with the £d&gassing to the atmosphere at night (Fig. 58) thi¢
tide, can also result from physical processes, théhwater column acting as a diffusion barrier
against gas exchange between the water and thespgitiere (Houghton and Woodwell, 1980;
Kathilankal et al., 2008). Other examples of phgkprocesses driving GQluxes were discussed
in Polsenaere et al. (submitted), i.e., at Statioim July 2008 on Day 184 (Fig. 4E), and also in
the present study in September—October 2008 orn2ayFig. 5E). In both periods, a strong £O
degassing to the atmosphere was measured at LTibaysingular C@degassing, too high and
rapid to be explained by biological respirationyicbbe attributed to destocking processes linked
to the onset of atmospheric turbulence (high wipekesls) occurring on some days, particularly in

the morning or in the midday, after calm atmospheonditions.
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4.2. Tidal flats and the CQ budget of the coastal zone

Several studies have focused on,@®change with the atmosphere over coastal arehbare
highlighted the dynamic and heterogeneity of theaemslUsing pCO2-based-flux calculations,
benthic chambers or EC techniques, ;,dfdidgets in various coastal environments have been
reported. Concerning coastal wetlands, the studia@fman et al. (1999), with a conditional
sampling technique, reported carbon exchanges batwefreshwater marsh in Texas (United
States) and the atmosphere, from -1.9 to 1.7 g°G@ay". Using the EC method over a freshwater
marsh dominated byypha latifoliaL. in California (United States), Rocha and Gouald2008)
reported a carbon release of 0.4 g € day" averaged over five years of measurement between
1999 and 2003. In a salt marsh dominate@partina alterniflora located on the eastern coast of
Virginia (United States), Kathilankal et al. (2008)easured, using an EC system, a carbon
assimilation of -0.7 g C thday" averaged over the six months corresponding togtbering
season. Houghton and Woodwell (1980) measured fionebf carbon of -0.8 g C ihyr™ from
the atmosphere to the Flax Pond salt marsh, doedriatSpartina alterniflora,on the north shore
of Long Island, New York (United States). Concegitidal flats, Zemmelink et al. (2009)
computed a carbon uptake from the atmosphere tatenidal estuary of the Wadden Sea (Griend
Island, Netherlands) of -1.9 g C”nday" averaged over 68 days of measurements during the
spring period. Spilmont et al. (2006), using thenth&e chamber technique, reported a low
autotrophic carbon budget of -0.1 g C*rday* for the mudflat of the Seine estuary (English
Channel, France). Finally, in the Bay of Somme (&asEnglish Channel, France), Migné et al.
(2004), using the same method, computed a hetplitr@arbon budget of 0.2 g Cnaay* at

maximum.

Because we do not have flux data for winter coadgj we will not attempt to provide a precise
annual CQ budget for the Arcachon lagoon. However, the edion given here takes into
account the most productive seasons of the bay thvee years, i.e., spring, summer and early
autumn, as well as the spatial variations in,(lDxes existing in the tidal flat, i.e., with
measurements in two different stations. Thus, @t deveal that in spring, the lagoon represented
a net sink of C@of -2.5 g C nf day", whereas in summer and early autumn, the lagaberei
acted as a small source or sink of £®ith 0.1 and -0.2 ~ 0.8 g Chday", respectively. This
carbon uptake is similar to or greater than thasaputed in the other tidal flats in France and in
Netherlands (Migné et al., 2004; Spilmont et al0& Zemmelink et al., 2009). Nevertheless, it
remained low compared to other tidal systems, sischkalt or freshwater marshes (Houghton and

Woodwell, 1980; Rocha and Goulden, 2008) or tentpegstuaries (Frankignoulle, 1998).
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Even if annual fluxes of atmospheric £€0ver lagoons are relatively weak, these latteraiam
sparsely characterised from a carbon budget pdmgpetn the last evaluation of carbon fluxes in
the global ocean carried out by Laruelle et al.1(®0 studies on carbon fluxes over lagoons
account for only 10% of the global flux. Howevére tintertidal area represents 24% of the surface
area of the estuarine environment surface. In @adiCQ fluxes in tidal flats and estuaries are
greatly contrasting, with estuarine water emittlagge amounts of C£) whereas the intertidal
area absorbs GOn small quantities. In consequence, separatidgl tilats from the rest of
estuarine systems would reduce the globab €fission by near-shore estuarine environments
computed by Laruelle et al. (2010).

Acknowledgments

This study was supported by the ANR project PRIAL coordinated by Pierre Anschutz and
also by the Aquitaine region that has financed H@ system. We are grateful to Guillaume
Detandt, Georges Oggian and Dominique Serca for telp for the EC deployment. We

acknowledge the Kalideos teams for giving us actiesssatellite image database.

184



Chapitre IV. Synthese générale et perspectives

CHAPITRE IV .

SYNTHESE GENERALE ET
PERSPECTIVES

185



Chapitre IV. Synthese générale et perspectives

V. SYNTHESE GENERALE ET PERSPECTIVES

IV.1. Le budget de carbone de la lagune d’Arcachonles apports de ce
travail

Dans le contexte général d'une meilleure comprgiba et quantification du cycle du
carbone en zone cétiere, ce travail s’est attachéaa particulier des lagunes intertidales a
l'interface terre-océan-atmosphére. Avec ses 60% sdperficie intertidale, la lagune
d’Arcachon, point de jonction entre les différemtmmpartiments, benthique, pélagique et
atmosphérique apparait comme un site idéal. Ladigul synthétise les différents flux de
carbone quantifiés dans ce travail: les apportauidefe continent par les fleuves et les

échanges printaniers et estivaux avec I'atmospdrepeeriode d'immersion et d’émersion.
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River C export: Lagoon CO, fluxes:
Mt C yr? Mt C yr?
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Figure 4.1.Estimation du budget de carbone de la lagune d&ron. Les flux sont exprimés en milliers de torsegarbone par an (Mt C'an
1. Les apports par les rivieres correspondent ayate hydrologique complet. Les chiffres indiquésrespondent au total annuel et aux deux
périodes, hivernale (novembre 2008 - mars 200@s®tale (mars-octobre 2009) ; les flux de G@mosphérique ont été obtenus a partir des
mesures d’EC dans la lagune d’Arcachon sur la géravril & octobre (2007, 2008 et 2009) au coles quatre déploiements. DIC: dissolved
inorganic carbon; DOC: dissolved organic carbonCP@articulate organic carbon; NEE: net ecosystenhange and NEP: net ecosystem

production.
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IV.1.1. Les exports de carbone vers la lagune depuies eaux de surface des
rivieres du bassin versant.

Notre suivi des riviéres et ruisseaux est le premnéyail focalisé sur les apports de carbone
terrestre vers la lagune d’Arcachon. Ces dernig@neges, les travaux sur le bassin versant ont
plutdt été centrés sur les nutriments azotés esgstarés (Rimmelin et al., 1998 ; De Wit et
al., 2001 ; Canton et al., 2010). Un important arhd’échantillonnage a permis d’étudier les
dynamiques spatiales et saisonnieres du carbong ldaneaux douces de riviere et d’en
quantifier I'export de ses différentes formes dagune (Chapitre Il). De plus, un modele
numérique (StreamCEDEGAS) a permis d’évaluer la part du carbone dégamis forme de
CO, depuis les eaux de surface, et n'atteignant jan@aisagune. Ce terme est largement
significatif et représente 5.4 milliers de t C'anoit 34% de I'export total (Figure 4.1). Ajouté
a I'exportation vers la lagune estimée & 10.5 erdlide t C ah (soit 66%, Figure 4.1), il
permet de quantifier la perte totale de carboneuidefe milieu terrestre vers le milieu
aquatique, a savoir 15.9 milliers de t C'aQuantifier cette perte est particuliérement utile
pour boucler le bilan de carbone des écosystemesties, car elle constitue souvent une part
significative de la quantité de carbone fixée suret En effet, ramenée par unité de surface,
la perte totale de carbone depuis le milieu tereegtrs le milieu aquatique est estimée dans
cette étude & 115.5 g Cran’ (dégazage de GOrers I'atmosphére : 49.8 g Can’ et
export total de carbone vers la lagune : 65.7 g €am). Ce flux de carbone & travers le
réseau hydrographique est trés significatif si @cdmpare a la fixation de carbone par la
forét landaise (site EUROFLUX du Bray, 44°43'33.24"0°46'33.72” W) estimée entre 57 g
C m? an* (9.1 t C aft) en 2002 (Jarosz et al., 2008) et 575 g €an* (92 t C aff) en
moyenne sur 1997 et 1998 (Berbigier et al., 2B01) serait donc intéressant d'affiner le
bilan de carbone de la forét de pins maritimes @nitvle bassin versant en incluant nos
données d’export de carbone a celles concernamicleenges de GCentre les écosystémes
forestiers et 'atmosphere obtenus par I'équipdIRA (Villenave d’Ornon). Nos données
pourraient aussi alimenter un systeme d’informaténgraphique pour mieux modéliser les

flux d’eau et de carbone a I'’échelle du bassinamrs

Par ailleurs, Il serait intéressant de précismoee davantage la dynamique du carbone et
particulierement du CQdissous, dans la zone de transition sol-nappérgviCeci permettrait

12 | a fixation de carbone par la forét du Bray erii#86 et 2006 est estimée a 3450 g &(INRA, Villenave
d’'Ornon)
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de mieux contraindre I'état initial du modéle SImEz0,-DEGAS et de le valider plus en
détail. Un échantillonnage simultané d’eaux soateas et des ruisseaux adjacents couplés a
des mesures de pGCt d’'analyse de sols en deux ou trois points dssibaversant,
permettrait de préciser les mécanismes de dégaka@) vers I'atmosphéere. D’autre part,
des mesures de respiration dans les sédiments etaiex permettraient de mieux vérifier si

cette composante est bien négligeable par rappdraasfert depuis les sols.

De par la stratégie d’échantillonnage adoptéla érmulation mathématique du dégazage
de CQ, une estimation la plus précise possible de I'exgqe carbone depuis le bassin versant
vers la lagune d’Arcachon a été proposée. Ceperatains flux n’ont pu étre caractérisés
comme par exemple la contribution des eaux sounesadirectement a la lagune (Figure
4.1). Du fait du tres faible débit des nappes emparaison des riviéres, celle-ci est
probablement négligeable comme c’est le cas paaoie (Rimmelin et al., 1998). L'apport
total de carbone depuis les eaux de surface dunbasssant vers la lagune, estimé a 10.5
milliers de t C arf (sans le dégazage vers I'atmosphére, Figure dsijrés significatif, si on
le compare par exemple a la production primairéenggs herbiers déostera noltiiestimée
entre 8.9 et 12.7 milliers de t C aifAuby, 1991)°. Le devenir de ce matériel d’origine
terrestre dans la lagune est inconnu et difficiipréhender, du fait de la rapide dispersion et

le mélange avec I'eau de mer en zone intertidale.

IV.1.2. Les échanges de C{&ntre la lagune d’Arcachon et 'atmosphere

Une contribution majeure de ce travail concemnmeésure directe des flux verticaux de,CO
entre la lagune et 'atmosphére, de maniére coattnmmarée haute et a marée basse, et sa
mise en relation avec la distribution de I'herbier Zostera noltii (Chapitre Ill). Dans cet
objectif, la technique de mesure de flux turbulgras Eddy Covariance (EC) a été appliquée
pour la premiere fois dans ce type d’écosystene dyggamique et variable, cette derniere
n'étant que tres récemment et peu utilisée en ndtieére intertidale (Kanthilankal et al.,
2008 ; Zemmelink et al., 2009). L’échange net d&cdsysteme (NEE) a pu étre ainsi
caractérisé a un pas de temps court et a I'éctiell&cosysteme afin d’'intégrer au maximum
les variations spatio-temporelles d’une zone cétie@térogene comme la lagune choisie pour

ce travail.

13| es derniéres estimations évaluent a la haugs®thuction nette des herbiers festera noltiientre 45 et 75
milliers de t C aff (Auby, communication personnelle ; Ribando eteai.préparation).
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Une premiére étape s’est centrée sur I'aspechadétogique de la technique depuis son
déploiement sur le terrain jusqu’a I'obtention dexfqualitatif et quantitatif (a I'aide de tests
statistiques et d’analyse spectrale) et sa vatidath zone intertidale. Sur la base des quatre
sets de données obtenus dans cette étude, il sgoibksez peu de données biaisées doivent
étre retirées, les criteres de validité de la naghétant respectés la plupart du temps. Ceci fat
en particulier lié au choix d’'une période d'intéipa des flux de Cg de chaleurs sensible et
latente et d’énergie, plus courte (10 min) queecetllisée pour les écosystémes terrestres (30
min), en adéquation avec la dynamique du rythmia dearée. Egalement, I'analyse spectrale
a permis de mettre en évidence une bonne quatitificale ces flux transportés dans
I'atmosphere par les tourbillons de petite taillx dautes fréquences grace a un temps de
scrutation des capteurs trés élevé de 20 Hz. Lyaeah montré que, du fait des conditions
d’instabilité atmosphérique prédominant dans lauteg les flux transportés aux basses
fréquences par les grands tourbillons étaient gtibtes d'étre Iégerement sous-estimés
(d’environ 10%) lors des marées basses la jousréparticulier en Juillet 2008. Finalement,
nous avons obtenu une bonne adéquation entre ugsdit CQ et de chaleurs et les
parameétres environnementaux et les contrdles hipleg, pour les quatre périodes
caractéristiques. Ceci conforte les analyses mattigues choisies et permet de valider la

technique d’EC en zone intertidale.

La deuxieme étape de ce travail a été d'étudieréchanges verticaux avec I'atmosphére,
notamment les échanges de NEE) obtenus au cours des quatre situations téaistaques
(marée basse le jour, marée basse la nuit, matéde legjour et marée haute la nuit) et de les
mettre en relation avec I'ensemble de ces factphysiques et contréles biologiques aux
différentes échelles tidale, diurne, saisonniéresptiale. Nos mesures ont concerné les
périodes printaniére, estivale et automnale (d'AarOctobre) grace a quatre déploiements,
ceux menés en hiver s’étant avérés trop difficilfes point de vue logistique. Les échanges
verticaux de C@avec I'atmosphere ont été caractérisés de mao@renue avec la méme
technique sur trois saisons, trois ans et deuiostatifférentes. Il en ressort en moyenne un
puits de CQ & marée basse le jour d’environ 51 milliers de ar> quelque soit la saison,
entre Avril et Octobre en relation avec 'activifBotosynthétique des principaux producteurs
primaires de la lagune (Figure 4.1). En particulies herbiers d&ostera noltiiprédominent
durant les mois d’été et d’automne a la Statiom I'lerbier est bien développé alors que les
communautés microphytbenthiques prédominent dueannois d’Avril (printemps) a la
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Station 1 ou I'herbier commence seulement a powsssr que durant le mois de septembre
(été) a la Station 2 ou I'herbier est trés peu éspnté. Une réponse différente de la
photosynthese a marée basse le jour entre les desdwerbiers et les zones de vase nue, a été
observée. Quelque soit la saison et la station,ctegbes NEEvs | sont en effet tres
différentes selon prédominance d’herbieZastera noltii(Juillet/Septembre 2008, Station 1)
ou non (Avril 2009, Station 1 et Septembre 200ati&h 2). Les mesures de nuit a marée
basse ont montré que la respiration benthique (€Rjettait vers I'atmosphere environ 24
milliers de t C atf (mesure effectuée & partir des données d’Avrilciolire) en moyenne
(Figure 4.1), le maximum étant mesuré a la sta?iem automne avec 103 milliers de t C'an
ou la vase nue et le microphytobenthos prédomingnnarée basse, des phénomenes de
déstockage non biologique lié a la reprise dedaulence, notamment a marée basse le jour,
ont pu aussi étre notés, augmentant les quanté3d émises a I'atmosphere (été-automne

a la Station 1).

La mesure directe de flux de €@endant I'immersion a mis en évidence que l'eati ag
comme une barriere diffusive réduisant les échartgas pour I'assimilation du CQpar les
producteurs primaires le jour que pour le dégazdme€Q vers I'atmosphére la nuit. Des
puits faibles de CPont été observés dans les deux situations le(feigure 4.1). En Auvril
2009, a la Station 1, I'absorption de £@ar I'eau plus importante la nuit que le jour, a
montré qu’il pouvait y avoir un décalage temporstre I'activité photosynthétique et le
pompage de CODans le cas du bassin d’Arcachon, ce décalagausst spatial car la masse
d’eau qui recouvre I'estran la nuit se trouve digsspasses le jour. Ce statut particulier dans
ce dernier cas a pu s’expliquer par la lenteur deBanges verticaux de GQavec
I'atmospheére en comparaison avec la dynamique dimlie pouvant générer des gradients de
pCQ; tres rapides. Par conséquent, pendant I'immer&o8(Q, est aussi importé ou exporté

avec la marée sous forme dissoute.

Au final, ce travail a montré la dynamique extrédes flux de carbone en milieu intertidal,
avec des flux qui changent frequemment de signefagction de la marée et de
I'ensoleillement. De plus, nous avons pu estimee gendant la période printaniere et
estivale, la lagune se comporte comme un puitdefalb CQ d’environ 16 milliers de t C,
d’Avril & Octobre (Figure 4.1). Enfin, nos mesuresipportent I'hypothése d’'une
photosynthéese benthique principalement active e gomarée basse, et qui alimente ensuite

la respiration de la colonne d’eau a marée haute.
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IV.1.3. Les flux métaboliques de la lagune d’Arcacbn

Les données de flux de G@tmosphérique mesurées dans la lagune d’Arcachaoars
des quatre cas caractéristiques ont permis d’ag@pdes préecisions sur les flux métaboliques
benthique et pélagique des trois principaux praglust primaires de la lagune, i.e. les
herbiers deZzostera noltij les communautés microphytobenthiques et phytopdaigues. En
particulier, concernant les flux benthiques, cétiede a mis clairement en évidence deux
cycles métaboliques superposés fonctionnant adediés de temps difféerents ; (1) un cycle
rapide du microphytobenthos a échelle de tempd deurordre de la marée ou de la semaine
et s’accompagnant tres probablement d’'une expontatie carbone liée & des mises en
suspension ; (2) un cycle plus lent de I'herbieréchelle de temps annuel. Ces deux
producteurs primaires ont alors des fonctions nudiges, écologiques et trophiques

différentes qui doivent étre précisées.

Les données de marée basse et marée haute,rletjéau nuit, de Juillet et Septembre-
Octobre 2008 mesurées a la Station 1 et de Sepmediiobre 2007 a la Station 2 ont été
utilisées pour calculer les différents termes dmlpction benthique et pélagique (NCP, NPP,
GPP) ainsi que ceux liés a la respiration (CR, AR). Ces termes ont aussi été confrontés a
ceux déja existant dans la littérature et obterarsdpautres méthodes. Les données d’Auvril
2009 mesurées a la Station 1 n'ont pu étre utdishefait d’'un Iéger puits de GQussi a
marée basse la nuit, probablement lié a des phérmesnée photo-acclimatation du
microphytobenthos ou peut-étre de dissolution dbareates. Le Tableau 4.1 et la Figure 4.2

présentent et synthétisent les différents flux oige
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g C m“day~ (Mt C yr") |Primary producers |NCP | NPP GPP CR Methods References
LOW TIDE - Zostera noltii 0.34-0.49 Biomasses Auby, 1991
BENTHIC (8.88-12.71) (Dry Weight)
METABOLISM 0.5 1.22 0.72 | Benthic chambers | Davoult et al. (unpublished data) from
CO, fluxes 2005 to 2007 (March, May and September)
1.25 1.86 0.61 Eddy Correlation | this study (Station 1, LT in July and
CO, fluxes September 2008)
Microphytobenthos 0.09-0.22(4.93-12.27) Chlorophylle a Auby, 1991
0.29-0.32(16.13-17.62) concentrations Auby (unpublished data)
1.31 1.58 0.27 Benthic chambers | Davoult et al. (unpublished data) from
CO, fluxes 2005 to 2007 (in March, May and
September)
1.72 4.55 2.83 Eddy Correlation | this study (Station 2, in September-
CO, fluxes October 2007)
HIGH TIDE - Phytoplankton 0.25 ¥C short incubationd Glé et al, 2008 (year 2003)
BENTHIC & (16.07) at incident light
PELAGIC 0.21 0.98 0.78 | Eddy Correlation | this study (Station 1, HT in July 2008)
METABOLISM CO, fluxes

Tableau 4.1.Estimation des principales composantes du métahelintertidal de la lagune d’Arcachon — synthésmmparaisons des données
obtenues dans la littérature et a partir de cétideé(en g C M jour (Mt C an')) (voir aussiFigure 4.1). Limitations de chaque méthode dans
les estimations de production : Biomasses (poids)seNPP apparente, méthode peu standardisée,estumations possibles ; Chambres
benthiques : variations spatiales (et temporelleg) intégrées, sur- ou sous-estimations possib@sklorophylle a: renouvellement des
populations lié & la remise en suspension nonemisompte, sous-estimatiodC : GPP ou NPP suivant le temps d'incubations, nessu
potentielles a la lumiére incidente, surestimatipaossibles et EC : traitement de données, précgiotte footprint, exactitude et connaissances
des flux mesureés, sur- ou sous-estimations. NCPcaramunity production; NPP: net primary producti@PP: gross primary production and
CR: community respiration. Il en ressort des ediiona tres comparables entre les différentes éfodtsodes pour les herbiers Aestera
noltii et les communautés phytoplanctoniques mais paslad@ePP et la CR du compartiment microphytobenthidConcernant ce dernier, la
différence entre la GPP obtenue d'aprés Auby (19%inmunication personnelle) et d’aprés cette ét(aile celle de Davoult et al.,
communication personnelle) est trés probablemem @uune exportation importante des communautésopiigtobenthiques lors de
'immersion. Le terme de NCP, équivalent a celuNteP, a plutdt été choisi ici, celui-ci se rappottdirectement aux différentes communautés
de producteurs primaires.
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INTERTIDAL ECOSYSTEM METABOLISM
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v \ 4 i
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™
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NCP: net community production

Methods:
Biomass (Dry Weight & Chlorophylle a)

(Auby, 1991; personal communication)

Short Incubations (*4C & benthic chambers)
(Glé et al., 2007; Davoult, personal communication)

NPP: net primary production
GPP: dgross primary production
AR: autotrophic respiration
HR: heterotrophic respiration

CR: community respiration Eddy Correlation (this study)

Figure 4.2. Estimation du métabolisme de I'écosystéme intefti# la lagune d’Arcachon en
séparant les trois principaux producteurs primaites flux sont exprimés en g Chjpur™.

Les méthodes utilisées ainsi que les différentésmasons obtenues sont présentées dans le
Tableau 4.1 Les chiffres en noir ont été déduits a partir dakeurs existantes, mesurées
et/ou calculées (« residuals »).
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Concernant les herbiers d®stera noltii, les mesures d’EC menées en Juillet et Septembre-
Octobre 2008 & la station 1 ont permis d’estimei@P (ou NEP) & marée basse & 1.25 g€ m
jour', en moyenne. Cette valeur, bien que plus éle\éte rcomparable a celles obtenues par
chambre benthique sur une station représentatiéhesbier deZostera noltii dans la lagune
avec 0.50 g C fjour®, en moyenne (Davoult et al., communication perstheh (Figure 4.2 et
Tableau 4.1). Cette différence peut s’expliquer lparmesures de mars 2005 réalisées avec les
chambres benthiques, donnant une NCP proche deg0C5&? jour?, prenant ainsi en compte la
période hivernale ou I'herbier est trés peu repri&sdJne deuxieme explication se trouve aussi
dans les valeurs faibles de NCP obtenues en méi 280les chambres, de I'ordre de 0.17 g€ m
jour' en moyenne, alors que I'herbier est déja dévelopes. valeurs de NCP sont également
comparables & celle donnée par Auby (1991) esten&e 0.34 et 0.49 g C hjour’, et basée sur
des mesures de biomasses qui ne donnent cependiamé @stimation de la NPP apparéht&n
effet, les biomasses ne permettent pas d’estintertee de respiration et peuvent étre associées a
des erreurs dues a la consommation par les heesiarsurtout a la chute naturelle des feuilles
(Garrigue, 1987). Enfin, les valeurs calculées @@t de CR a partir des mesures par chambres
benthiques et EC révélent des résultats trés sigslale 1.22-1.86 et 0.72-0.61 g C*rjour
respectivement (Figure 4.2 et Tableau 4.1).

Les flux métaboliques au sein du compartimentaopisytobenthique, tres mal documentés dans
la lagune, montrent au contraire d'importantesédéhces entre les méthodes, en particulier sur
I'estimation de la GPP (Tableau 4.1 et Figure 4.2% mesures d’EC en Septembre-Octobre 2007
a la Station 2 donnent une GPP estimée & 4.55 ¢“(oun’, trés largement supérieure a celle
estimée par Auby (1991 ; communication personnele 0.09 et 0.32 g C'fjour?, & partir de
biomasses moyennes en mg @hh? an® (de Jong et al., 1994). Il est en effet trés axipratif
de calculer des productions a partir de biomassesphytobenthiques car celles-ci ne rendent
pas compte du renouvellement des populations l& r@mise en suspension des sédiments de
surface, cette derniére étant trés difficile a appnder (Guarini, 1998). Ces différences entre ces
deux estimations de la GPP microphytobenthique éxagg un export important et rapide de ces
communautés vers la colonne d’eau pouvant alimdateespiration planctonique ou encore
contribuer a la production primaire planctoniquéagi&ue (Guarini, 1998). Egalement, bien que
les mesures par EC en Station 2 et par chambrebitpaes sur des vases nues conduisent a des

NCP similaires de 1.72 et 1.31 g C*jour™ respectivement, une différence d’un facteur proche

1% Les derniéres valeurs de NCP estimées par des@sedel marquage sur les herbiers, entre 0.2 gt C.& jour®
(Ribando et al. (en préparation), sont encore phigrentes avec les valeurs mesurées par Eddy i@osmrdans
cette étude.
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de 3 est observée entre les valeurs de GPP, c¢ditarnt liée surtout au terme de CR, qui semble
tres différent entre les chambres et la techniE€ di la méme station (Tableau 4.1 et Figure
4.2).

Finalement, en ce qui concerne les flux métabebga la fois pélagique et benthique a marée
haute, cette étude permet d’'apporter la aussi diasspns en particulier sur le compartiment
phytoplanctonique dans le bassin d’Arcachon. Lesumes d’EC menées en Juillet 2008 & marée
haute & la Station 1 donnent une NCP totale (psfliegét benthique) estimée & 0.21 g €jour
ainsi qu’une GPP et une CR de 0.98 et 0.78 g“Jaur’ respectivement (Tableau 4.1 et Figure
4.2). Cette NCP est relativement proche de la NBfoplanctonique estimée par Glé et al. (2008)
a hauteur de 0.25 g C ‘mjour™. Cette derniére estimation basée sur la mesureadx
d’assimilation du**C au bout de 24 heures environ, peut étre affgmaéeertains biais, d’abord
parce gu’elle fait I'hnypothese d'une NPP homogenmarée haute et a marée basse dans les
chenaux, et que la lumiére disponibiesitu est la méme que celle dans le microcosme ou ént ét
faites les incubations. Ensuite, la mesure d’asation du'‘C se situe plutét entre la GPP et la
NPP (Marra, 2009). Enfin, la NCP obtenue par ECQrestdépendante des processus d’advection
des masses d’eau avec la marée et de délai didmatiiin du CQ entre l'air et I'eau. De plus, elle
integre aussi la production benthique, méme si $oppose que la lumiere est fortement atténuée
pendant I'immersion. Enfin, le terme de respiraganctonique reste tres approximatif, du fait du

manque de mesures dans I'eau du bassin d’Arcachon.

Si les herbiers dostera noltiisont maintenant suivis depuis un certain nomba@rtes dans
la lagune, notamment par des mesures annuelleoo@asses sur le terrain et des cartographies
réalisées a partir de photographies aériennesusur@temment par des estimations de densités de
couvert a partir d'images satellites (Auby, 199upy and Labourg, 1996 ; Auby et al., 2009 ;
Plus et al., 2010 ; Lafon, communication persom)ell n’en va pas de méme des communautés
microphytobenthiques. Et pourtant celles-ci jouentrole majeure dans la NCP benthique des
ecosystemes intertidaux (Migné et al., 2002 ; Mighal., 2004, Hubas et al., 2006) en particulier
de la lagune d’Arcachon (Auby, 1991). Il pourrareéenvisagé davantage de mesures, notamment
une étude spatio-temporelle des flux par EC enllplgade chambres benthiques, d’analyse de
biomasse chlorophyllienne dans les sédiments, etmdsures de respiration benthique et
planctonique (cf. différence entre les CR estimgas chambres benthiques et par EC). Ceci
permettrait de connaitre leur dynamique de prodocidu méme titre que celle des herbiers ou
encore des populations phytoplanctoniques. |l seadirs possible grace a des mesures
simultanées par chambres benthiques et par EC'&ff)ndr les relations entre flux de G@t
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dynamique et contribution des différents compantitaea la NCP et (2) de comparer les deux
techniques afin de mieux quantifier et qualifies feix mesurés. Les mesures simultanées de flux
par EC et chambres benthiques ont été réalisées ldatagune d’Arcachon lors du dernier
chantier PNEC en septembre-octobre 2007 mais meéate d’étre poussees plus loin. Enfin, afin
de préciser les termes de NCP, GPP et CR benthggreant I'immersion, il serait intéressant de
coupler aux mesures de flux de £&mosphérique par EC, des mesures de flux g&@ Eddy
Covariance sous-marine a l'interface eau-sédim@eatg et al., 2003). Un projet de post-doctorat
financé en partie par I'équipe ECOBIOC permettrantitre en place trés prochainement cette
méthode dans la lagune d’Arcachon afin d’obteng fliex quantitatifs et qualitatifs d’'oxygéene a
cette interface sur des superficies de I'ordre d’'dizaine de métres carrés, et qui pourront étre

compares aux flux eau-air obtenue par notre méthtdesphérique.

IV.2. Les inconnues subsistant dans le cycle du ¢amne de la lagune
d’Arcachon

Les résultats obtenus par ce travail de thésmgtegnt de mettre aussi en évidence un certain
nombre d’inconnues qui subsistent dans notre cdmepsion du cycle de carbone en zone
intertidale. Il est en effet nécessaire d’approfonds connaissances de certains flux métaboliques
et trophiques, afin de proposer un modele de fonngment écologique et biogéochimique du
bassin d’Arcachon.

IV.2.1. Les échanges atmosphériques hivernaux etdevenir de la biomasse de
I'herbier

Les mesures de flux de g@ar EC n’ont été realisées que durant les sajgamaniere, estivale
et début automnale (d’Avril a Octobre). L'intensééla direction des flux en période hivernale
restent en réalité inconnues. Puisque nos mesu@resitgent dans la période principale de
croissance de I'herbier de zostere, nous devons imerroger sur le devenir de ce matériel en
période hivernale (Figure 4.2). En effet, duranttecesaison (fin automne-hiver), la biomasse
foliaire de I'herbier d&Zostera noltiidiminue alors que le rhizome et les racines persislans les
premiers centimetres de sédiment jusqu’a la repliéseroissance principale au cours du printemps
et de I'été (Auby and Labourg, 1996). Les populaidivernantes de Bernaches cravant et de
cygnes, seules consommatrices significativegaitera noltiidans la lagune, ne broutent pas plus
de 2% de la production annuelle totale des herljfanby, 1991 ; Auby et al., 2009). Les herbiers

peuvent aussi étre directement consommés a l'eutérile la lagune par certains invertébrés
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comme l'isopodddotea chelipesbondant dans le bassin mais cette consommaitite limitée
(Auby and Labourg, 1996). Si une partie de ce nmetfroduction épigée surtout), difficilement
guantifiable, est exportée depuis la lagune verseln, ou des feuilles dostera noltiiont pu

étre retrouvées a I'entrée de la lagune ou supleges environnantes, la majorité de ce matériel
végétal est probablement recyclé ou stocké a tigué de la lagune (Auby and Labourg, 1996).
Les feuilles deZzostera noltiipeuvent soit étre entrainées par les courants tiouver dans tous
les milieux de la lagune plus ou moins fractionnésst s’accumuler dans les sédiments de
'herbier (Auby, 1991). Une expériende situ, menée en période estivale par Auby (1991), a
montré que la décomposition de ce matériel végesalplus rapide a l'intérieur du sédiment
anoxique de I'herbier, grace a la présence de hestéulfato-réductrices, qu’en situation
intertidale lorsque les feuilles sont entrainéesl@a courants et alternativement déposées sur les
estrans et reprises par la marée. Ainsi, des dggazde CQ vers I'atmosphere pourraient se
produire a marée basse et conduire a un statutolréighe de la lagune en hiver. Cette méme
experience, réalisée en période hivernale, a depémtures basses, permettrait de valider cette
hypothese.

Les études isotopiques des détritus de phanégams les échelons trophiques supérieurs des
systemes cétiers et précisément de la lagune (Tleayd, 1978, Dang et al., 2009), indiquent que
la majeure partie de la matiére organique des @exlserait plutdt dégradée trés lentement et
stockée dans les sédiments du bassin. Il a parg&e¥té montré que les sédiments de la lagune
sont composés a 24 + 7% de zostéres dégradéeleffpaiu tout début du printemps (Avril),
lorsque I'herbier est encore tres peu développéuiesuggere un stockage et une accumulation
dans les sédiments (Dubois, communication perst@)né€le plus, Duarte et Cebrian (1996) ont
montré qu’en général une large fraction (81.4% @yenne) de la production de phanérogames
marines n’était pas consommeée par les organisnmévbees. Les tissus de zostére, ayant des
rapports C:N:P forts, sont en effet considérés cemgfractaires et se décomposent tres lentement
(Duarte et al., 2010). Une fraction significatide la GPP de ces herbiers pourrait donc ne pas
étre utilisée par les hétérotrophes tendant a eeodrtype d’écosysteme autotrophe et puits de
CO, (Duarte and Cebrian ; Gattuso et al., 1998). Cexitend’étre confirmé par des mesures d’'EC
en hiver, pour vérifier si la dégradation du mateissu de I'herbier ne génére pas de fort
dégazage de COvers l'atmosphére. Les NEP faibles mais positimessurées par chambres
benthiques en présence d’herbiers dans la baiecdkik (entre 0.46 et 1.8 g Chjour* pendant
un cycle annuel complet, Ouisse et al., 2010) ajosicelles mesurées dans la lagune d’Arcachon
en Mars 2005 (proches de 0.52 g & jour?, Davoult et al., communication personnelle) suggér

en effet que les dégazages hivernaux sont modetste la lagune pourrait étre nette autotrophe.
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La mise en place de mesures automatisées dedlukC atmosphérique (GOet sous marine
(O,) permettrait de préciser I'importance relative gesductions planctonique et benthique et de
la production benthique en phase immergée et émeRyur cela, la mise en place d’une station
pérenne alimentée par énergie solaire et ou seéraim@surées continuellement les flux
métaboliques et les parameétres physiques et phghiotiques de I'eau serait d’'une grande utilité.
Un tel outil permettrait d’affiner le budget de lsane de la lagune et de caractériser son
comportement puits ou source de carbone vis-a-gid’atmosphére aux différentes échelles
tidales, saisonniéres et annuelles, grace auxsskaporelles obtenues. L'avantage des mesures
réalisées ainsi lors de cette étude a été de mremdcompte dans un premier temps la variabilité
spatiale des flux et surtout de vérifier et de waet les aspects qualitatif et quantitatif des
mesures sur des périodes ponctuelles permettate thre. Le succes de cette étude incite a
continuer vers davantage d’instrumentatiom situ, qui permettra d’accéder aux divers

compartiments du métabolisme de I'écosysteme.

IV.2.2. Problématique liée a I'évolution a long teme de I'herbier deZostera noltii

Le bassin d’Arcachon contient le plus grand resrbiEurope de Zostére naine, qui couvre 60%
de sa zone intertidale. Cependant une étude réaentmtré que la surface des herbiers a Zostere
tendait a diminuer et de maniére accélérée demssdernieres années. Plus et al. (2010) ont
montré que depuis 20 ans (1988-2008) I'espace @écpap les herbiers déostera noltiiet de
Zostera marinaavait régressé respectivement de 33 et 74% seibaisse estimée a 22.8 et 2.7
km?, en accélération depuis 2005 pdiastera noltii Les raisons de cette régression sont encore
mal comprises. Aucun signe de changement enviroan&hne peut pour le moment expliquer
cette régression. Cependant, certaines hypoth@sé&téoavancées comme les activités de dragage
dans la lagune augmentant les matiéres en suspegtdimitant la pénétration de la lumiere dans
la colonne d’eau ; la présence du protiste pathegabyrinthula zosteraejui fut responsable
dans les années 1930 de la quasi-disparition ddsehe du bassin ; la présence de molécules

herbicides liée aux activités agricole, urbaineautique.

Les raisons expliquant cette régression peuvergfiet étre multiples mais témoignent toutes
globalement d’'une tendance a l'instabilité et aumérabilité du bassin d’Arcachon. Il a aussi été
montré que cette régression ne s'effectuait pasndeiére uniforme dans toute la lagune, le
secteur Est étant davantage touché que les p&tiest et Nord (Auby et al., 2009 ; Plus et al.,

2010). Dans ce contexte et a la vue des premistdtaés obtenus entre flux verticaux de L£LO
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mesurés et couvertures des herbiers par imagel§itesital serait envisageable de suivre, en
particulier aux échelles saisonniére et annuele,gopulations ainsi que les processus impliqués
dans cette évolution a long terme dans le basgircdthon. L'étude couplée image satellite/EC
en simultané sur trois déploiements a permis dieeaf@nt discriminer la présence ou non de
I'herbier de Zostera noltii suivant la station étudiée dans le bassin. Aifmijte variation
saisonniéere ou interannuelle, de couvert d’herkgerépercuterait sur I'intensité et la directios de
flux verticaux de C@mesureés par EC, ainsi que sur l'allure des couRdedl deviendrait alors
possible d’identifier tres précisément dans le temies périodes (semaines) de croissance

maximales de I'herbier et a quelles conditions emriementales elles correspondent.

I\V.2.3. La respiration planctonique dans la lagunel’Arcachon

Nous avons vu que la respiration planctoniques damagune d’Arcachon est tres mal connue du
fait de l'absence de mesure. En particulier, leptage entre les processus benthiques et
pélagiques reste a préciser. Celui-ci se caraet@as la remise en suspension et I'exsudation du
microphytobenthos a marée montante, ce qui aliméateespiration de la colonne d’eau.
Néanmoins, ce processus est probablement tréeobétér temporellement et spatialement et donc
difficile a quantifier. Des mesures de respiraffpar la méthode Winkler) a différentes phases de
la marée devraient étre envisagées pour combleracgjue. En effet, I'évolution de la pg@ans
'eau mesurée en Mai 2006 avec un équilibrateud@en24h dans un chenal situé au fond de la

lagune, a clairement permis de montrer ce coufdagéhos-pelagos (Figure 4.3).
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Figure 4.3. A et C: Evolution de la salinité, de la turbidité et deplaO, dans un chenal du fond
du bassin d’Arcachon (en face de Cassy) au coutdeeures (deux cycles de marée) réalisé en
Mai 2006. Les bandes blanches indiquent que I'estst découvert et les bandes noires qu’il est
recouvert par la marée. B et D: Relation turbidigalinité et pC®@/ salinité au cours du méme

cycle (Abril, communication personnelle).
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A ce moment, la pCOse distribuait selon un mélange de 3 pbles (FiguBeD): (1) des eaux
"marines" de plus forte salinité et dominantes aémaaute, peu turbides et avec une p@Ge
I'ordre de 700 ppmv ; (2) des eaux "intermédiaids'salinité de I'ordre de 28 et trés enrichies en
matieres en suspension (MES) (Figure 4.3.B) et ©p @résentes a mi-marée de jusant lorsque
I'estran est encore recouvert ; (3) des eaux "dmal, plus dessalées et influencées par les
apports d’eau douce (ici la riviere Renet), domiaara marée basse, lorsque I'estran est découvert
depuis plus d'une heure. Ces données suggeretd gadiment de I'estran intertidal est source de
carbone pour les masses d’eau qui viennent le veicoles données obtenues par EC au cours de
cette étude permettent de valider cette interpoétapour la zone interne du bassin: en
Septembre-Octobre 2007 a la Station 2 (proche dnatldans lequel ce cycle de 24 heures a été
réalisé en 2006), nous avons pu observer un pgit#fisatif a marée basse la journée assuré par
I'activité photosynthétique microphytobenthiqueldgune passant alors, a marée montante (apres
environ 50 cm d’eau), a un statut net source de V&@s I'atmosphére (Chapitre II, Partie 2). Ces
résultats permettent de proposer un schéma comdeggufonctionnement de I'écosysteme basé
sur une production primaire tres importante a maesse (microphytobenthos) lorsque la lumiére
est la plus disponible, puis sur un transfert \@ilonne d’eau soit sous forme de goduit de
la respiration benthique, soit sous forme de mat@ganique (exsudats de microphytobenthos)
qui est ensuite minéralisée par les organismegdigiphes dans la colonne d’eau. Dans un tel
schéma de couplage benthos-pélagos, le sédimenit smrtotrophe et la colonne d’eau
hétérotrophe. Il ne semble pas cependant gqu'il p@&tlominant dans la zone plus centrale du

bassin en été, ou nous avons observeé de flux den€gatifs méme pendant 'immersion

IV.2.4. Dynamique des masses d’eaux de la laguneéethanges avec l'océan

Pour fermer le bilan de carbone de la lagunerdis aussi nécessaire de quantifier les échanges
avec l'océan. Pour cela une étude détaillée dediilmition du CQ et des autres formes du
carbone dans les eaux du bassin, en fonction depasantes hydrodynamiques de ce systeme
serait tres intéressante. Les mesures de fluxcaertide CQpar EC pourraient étre couplées avec
des acquisitions de pG@équilibrateur) dans les eaux de la lagune a rdiffés points et pas de
temps afin (1) de caractériser I'hétérogénéitéialeatt temporelle des masses d’eau d’'un point de
vue du carbone (2) de préciser l'influence deseiarst environnementaux, physique et biologique
sur les pCQ@des eaux de la lagune et les échanges avec I'phraas(3) de mieux comprendre les
relations entre flux et gradients de p{#D relation avec les processus physiques teltegeenps

de résidence, la stratification ou le mélange desses d'eau et la NEP et (4) d’estimer les
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vitesses de transfert gazeugdans le bassin, vitesse sujette a de tres gramcksitudes et trés
dépendante des caractéristiques du site de mdksegait ensuite possible de coupler un modele
hydrodynamique tel que MARS (Plus et al., 200708 (avec un module biogéochimique afin de
reproduire ces observations. Les calculs de volurseslants, de flux résiduels aux frontieres de
la lagune ou encore de temps de renouvellemenidsses d’eau, en relation avec les forcages
physiques tel que le vent ou l'impact des riviepesmettraient de quantifier les quantités de
carbone entrant ou sortant au cours d’'un cycle deen Par ailleurs, des cycles de mesure au
niveau des passes pourraient étre envisagés afimieiex contraindre les échanges avec les

masses d’eau océanique.
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ANNEXE 1 : L'utilisation des imagessatellites dans I'estimatiol du couvert de
I'herbier de Zostera noltiidans la lagune d’Arcachot
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Exemple de la apture d'une image satellite SPOT de la laguneArcachor (13 /09/07)

3 000

Afin d’estimer le couvert d’herbier cZostera noltij cing images satellites SP(correspondant
a la lagune a basse mer ont été analy (13/09/07, 17/10/2008, 08/09/2009, 24/06/200!
14/04/2010)Le couvert de I'herbier a été quantifié dans urtleed’l km de rayon autour du rr
de 'Eddy Covariance audeux statior, dans les 8 secteurs (45°) de direction de vees images
ont été analysées en utilisant la méthodologieebasel'index de végétation normalisé (Barillé
al., 2010). A I'exception des densités d’herbiees tfaibles qui peuvent é confondues avec le
microphytobenthos, les surfaces ainsi les dendés de couvert associées on étre estimées a
partir de ces images. Des images de la base dece®r®NES/Kalideos ont été utilisées.
images géo-référencéeant été téléchargéeuwis calibrées avec des mesures de réflectance :
terrain.Les surfaces correspondant aux chenaux, récifstlésuet marais ont été masqués a
le calcul de I'index a I'échelle du pixel. La pasit et la densité de I'herbier ont été obtenu
parir de l'index cartographié a 2D. 36 observationsSGébtenues en automne 2009 ont
comparées a une image SPOT obtenue le 08/09/2@8%ékultats montrent que les observat
menées corroborent I'image dans ¢ des cas. Ce test valide I'approche sée et appliquée aux
cing images.
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|
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CO,. HCO,, C‘Of‘. C

org.

Introduction
générale

Résultats et
Digcussion (I)

—

Régultats et Synthése et
Discussion (II) Perspectives

e

» Zone cdtiére: 7% de l’océan global / active mais
hétérogéne et contrastée

» Prise en compte des Zones cotiéres dans les

budgets de C depuis peu

- Plateaux continentaux : -0.21

0.36 Gt C an’! (Laruelle et al., 2010)

_ Estuaires: +0.36 Gt C an’! (Chen and Borges, 2009)

- Marais salants, lagunes intertidales: ?

- « Coastal wetlands »: 0.5% de la surface terrestre globale (660.10% kim?)
(Lehner, B. and Déll, P.; 2004)

» Compréhension du fonctionnement écologique de
ces écosystémes en termes de flux de C et d’En
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Introduction Répultata et Régultata et Synthése et
générale Dipcusegicn (I) Discusgicn l!II] Perspact:.vee

- LT T

»Production Nette de I"Erusystémt". (NEP):

Respiration de Ia

Sgilation GPP CR communanté
nette de C dans (NL P) K\

, = . =
; : T . 3
un écosystéme Production primaire brute
(Woodswell and Whittaker, 1968)

*Production Prnaire Nelle (NPP):

Respiration des

Aulotroples

*Respuration de la Communauté (CR):
Autotrophes et
Hétérotrophes

-

(Odwn, 1956)
< NEP > 0: AUTOTROPHE

NEP < 0: HETEROTROPHE

Introduction Régultats et Répultata at Synthése et
générale Dipougaicn (I) Discugaicn (II) Derppectives

SPECIFICITES D’UNE LAGUNE INTERTIDALE
# Echange Net de 1'Ecosysteme (NEE):

BASSE MER Atmosphére
o,
NEP benthic CD:
confinentales L] s | T P
= 1 —— Faux
| ecéaniques
NEE = Fg; = NEP g Sédimeny ~-—~LEan|
ITAUTE MER (flot/jusant) o, Atmasplére
= (‘D:
-
— e T . = —— Eaux
Fmt.\.‘ i -Iﬁ. . = e I acéaniques
coritirientales = : :"_’!__E_ o P tm e

NEE = r('n: =NLP total River irput
Oeean erchange .ié’dimmr\ Ean
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Introduction Résultats et Résultats et Synthése et
générale Discussion (I) Discussion (II) Perepectives
OBJECTIFS DE I’ETUDE
PARTIE IT Il “

MESURE DE NEE-FLUX
VERTICAUX DE CO, (mise en
place et relations avec la NEP)

PARTIE

MASSE§ D’EAU RIVIERES
LAGUNAIRES :
) 3 (dynamique et export)
(dynamique et échange)

i Métabolisme d’un écosystéme intertidal

Introduction Résultats et Résultats et Synthése et
générale Discussion (I) | Discussion (II) Perspectives

T
Site d’étude: la lagune d’Arcachon et son bassin versant

o | Kz 1 T T # Lagune cotiére intertidale
o |G gy ¢ 0 | (174 km?)
| I o » 4138 ki’ de BV plat, homogéne
et forestier (84%o)

# 3000 km? de bassins hydrologiques
directs (cours d’ean)

Atlantie
Coast
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Introduction Résultats et Résultats et Synthése et
générale Discussion (I) | Diescussion (II) Perspectives

Site d’étude: la lagune d’Arcachon

» Platier soumis aux marées (semi diurnes)
 Zone intertidale (gris): 117 km?
» Zone subtidale (blanc): 57k’

» Les échanges sur 1 cycle de marée:
* Avec I'océan: 300.10°m? _ 200
* Apports 1,5.10° m?

eaux douces:

7 TR: 12.8 ~15.9 jours

G SYSTEME HETEROGENE BIEN MELANGE ET DYNAMIQUE,
SOUMIS AUX INFLUENCES MARINES EN MAJORITE

Introduction Résultats et Résultats et Synthése et
générale Discussion (I) Discussion (II) Perspectives

T T A

Site d’étude: la lagune d’Arcachon

. G.E.O. Transfert

— Sable sec de haute plage m Zostéres trés peu denses Spot Scene
=1 Sable sec m 7ostéres peu denses ‘ (22/'06/ 2005)
= 'Sable humide m Zostéres densiteé moyenne .
Sable trés humide m Zosteres dense "
m Sable trés humide / m.o. m 7ostéres trés denses
ms Sable trés humide / sous eau = Spartine
= Sable sous eau m Spartine / schorre
m= Vase m Schorre
1 Vase a biofilm m VEgetation extérieure
m Eau

Parcs a huitres . _—
(10 km?) . ! Le schorre (7.7 km?)
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Introduction Ré&Bultatse et Résultata et Synthése et
générale Digcuasion (I) Diacumaiecn (IT) Perapactives

Site d’étude: la lagune d’Arcachon

» Producleurs primaires benthiques el pélagiques:
= Zostera noltii (127-181 g C i~ an™') (Auby. 1991)
» Microphytobenthos (104-114 g C m~ an™) (Auby, 1991)
« Zostera marina, Macroalgues. Plantes halophytes

* Phytoplancton (103 g C m™ an'!) (GI& et al.., 2008)

Introduction Résultats et Résultats et Synthese et
générale Discussion (I) Discussicn (II) Perspectives

MATERIELS ET _\-THODES

1. Dynamique et Apport de C par les riviéres:

» Suivi annuel de février 2008 a février 2009

2. Mesure des échanges de CO, entre la lagune d’Arcachon et
IPatmospheére:

* lechnique d’Eddy Covariance

- Seprembre/Octobre 2007

- Juillet 2008

- Septembre/Octobre 2008

- vl 2009
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Introduction Résultats et Résultats et Synthése et
générale Digcusgsion (I) (EER-TA-FAE. BERS) Perspectives

DYNAMIQUE, EXPORT ET DEGAZAGE DE CARBONE
TERRESTRE VERS LA LAGUNE DEPUIS LES EAUX DE
RIVIERE DE SON BASSIN VERSANT

Introduction Résultats et Résultats et Synthése et
générale Discussion (I) [EIR-LIEEERS SEENY] Perspectivesa

Stratégie d’échantillonnage des eaux de riviéres du bassin versant

» Suivi 9 riviéres (1 an)

4 semainesgr) . 3::";(9 (R;!n:lf}f
Porge (Ares) 221.6 3.63
ICirés (Andernos) 487 0.63
Renet (Lanton) 1790 061
Tanton (Lanton) 36.1 028
Milien (Audenge) 213 063
Ponteils (Audenge) 213 023
Tazon(Biganos) 20 6 067
Leyre (Biganos) 2141 4 18.16

andes (Gujan-Mestras) 1166 0.52
|Tomi 2656.5 25.34

» 1 riviere: La Leyre (4/5 des apports)
»~ 2 canaux: Lacs Lacanau et Cazaux — Lagune
» 6 ruisseaux

» 88% de la surface et 80% des débits échantillonnés
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Discussion

Introduction
générale

Résultats et

(1)

Répultats et Synthése et
Discussion (II) Perspectives

Stratégie d’échantillonnage des eaux de riviéres du bassin versant

» Mesures des différentes for

mes du carbone et des parameétres associés

» Echantillonnages in situ et analyses en laboratoire

* CARBONE INORGANIQUE: pCO,, TA (= HCO,), 313C-DIC

» CARBONE ORGANIQUE: DOC, POC, 3}*C-POC, C/N

* PARAMETRES ASSOCIES: MES, Chla, T, ...

Introduction
générale

Résgultats et
Digcuggion (I)

Régultats et Synthéze et
Discussion (II) Perepectives
_ — e e

~ Caractéristiques des cours d’eau: similitudes et différences

* Valeur faible
* Valeur élevée

[ * Podzols tempeéres

] — [(cop-4atimgrt ]

(+ Bassin versant de basse altitude ) (MES -3413 mg L}

* Taux d’érosion faibles £ | COP~06a25mgL’!

(* Eaux peu turbides ) \COP—% ~17.7 2 24.3%

(« POC allochtone: sols et plantes N /;::hl a~04a5ngL?t
terrestres en C, — | EN~12420

* Contribution du phytoplancton 313C-COP ~ -29.2 4 -28.1%.
\Eaiblf J \EOP /Chl a ~ 580 a 4220

(+ Prédominance des roches pCO, ~ 1600 a 6500 pp m;\
silicatées , eaux acides ~ " | TA -~ 0.104 3 0.55 mmol L1
* CO, : respiration terrestre pH ~ 6.09 2 7.03

\“‘ eaux souterraines 3LCDIC~ 204 4 -1 3'3%&
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Eégultata et
Discusggion (I)

T
» Caractéristiques des cours {l’eau. Sllll]llilll!t"u e’r {hffﬂences

4
P

Biplot(Fland F2: 76.09 %)

» COP: plantes supérieures

Analy

'SCCI

=

Principale (ACP)

’ ePontcils
» CO,: Respiration du sol et s Porge
deécomposition de végeétaux
- g - TA [2aln
» Roches silicatées (95%) @ | - [Fozor ]
f rei, -Tagon
- \ { y
F 05 \\‘ |
m L \ ; o .Foc
g & / / _ Drzinage
poo _
Inkabimit/Runotl — = “‘*@ o[Rere: |
el Ee] |
05 » Landes
=] =]
-1
]
i5
25 Fi 15 1 5 c 0.5 1 15 i
F1(41.36 %)

Introduction
générale

Régultats et
Discussion (I)

T
# Caractéristiques des cours (l’eall. similifudes E'f dlffﬂ '€NCeES

Biplot (F1and F2: 76.09 %) Ana :.\.‘( en .: (H“,M\ ante
2
3 - -_';‘:t;-:':p:ﬂ;ﬁ-r..'%”
~ Roches carbonatées fomars |
» Intrusion eaux marines '
» Phytoplancton (lacs) °
[KIaTN
@ ||'I tCd; e Tagon
£ N /S
:'__f: ‘\ I| / FOLC
=t o | //"’f L
faal . i . DNrzirage
2 | o i
rI.l:' e Tm—
T—
Inkabimnt/Muacfl = T /N ® Here:
-lr:\,rn
05 o Landec |
& Cjrog ® |anton
i
* Milieu
i5
25 2 15 1 .5 C 0% 1 15 b
F1(41.36 %)

e

Composante

Annexes

Régultats et Synthéze et
Discusaion (II) Parspectlvas

o e

Résultats et Synthése et
Discussion (II) Perspectlvas
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Introduction Résultats et Résultats et Synthése et
générale Discussion (I) Discussion (II) Perspectives

— = T R —

=

7 7 pEg e —IF e ek T
# Caracteristiques des cours d’eau: similitudes et différences

Biplot(F1andF2:76.09%)  Analyse en Composante
- - Principale (ACP)
» DOC: labile, sols + eaux Foner: |
souterraines '
# pCO,: minéralisation
.y A Doc
bactérienne (DOC ( [
(D ) EUC-DIC || ol .

T os / -

m- I| POC

E_ 'I _ Drainage

g ] e =

Inhabitant/Runoff — T ¢/N o [Renet
e
05 ® |andes
# Cires *® Lanton
=1
& Milieu
15
2.5 2 1.5 1 -0.5 ] 05 1 15 2

F1({41.36 %)

Introduction Résultats et Répultatas et Synthése et
générale Discussion (I) [EekR-Tati-f-hE-).SGms Perspectivesa
T ¥ T . e - Py == o
» Variations temporelles, saisonniéres du carbone dans les cours d’eau

Days Days

Days
100 200 300 400 100 200 300 400 100 200 300 400
% 100 \H: P: = A |H H P24 Hig'
E : : ; : g : : M £
% O\ g
=] I P 1] 3
& \ ] I
e e
@ i
- -
0 0
—— Porge =~ Pontels — Tagor —— Miieu — Leyre — Landis
10000 3 - ; 1 ; L0000
o i ¥
g E
S ‘n g =
= 5000 il Lsoon =
g Bl g
o Bk c
L
0 Lo

— En général, les parametres du DIC T en été-automne et | en hiver-
printemps
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générale Discussion (I) |[EeiEELIETEE RGNy Perspectives

———

3 i F 5 g T TR s 31 L7 T e e e =
» Variations temporelles, saisonniéres du carbone dans les cours d’eau

Days PUUPIPPT T
100 200 300 400 -‘_...-..----
- F— . e .f HCO3_, pCO,“_
$1m-HE P; g 2
3 Ve
& 50+
g
iy . .
Tk (1) La nappe alimente 1a
100001 riviere (decharge)
=
E
2
=, 5000
d
2

o 100 200 300 400

Introduction Résultats et Résultatas et Synthése et
générale Discussion (I) Discussion (II) Perspectives

= = e ; Tre e PRI =T G
# Variations temporelles, saisonniéres du carbone dans les cours d’eau

Days
100 200 300 400

'
g

(4.
=

IR (2) La riviére alimente 1a
JH nappe (recharge)

Leyre Runoff (m *s7)

=]
k

L

|
HCO;, pCO,

100007

5000+

pCO; (ppmv)
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~Export et (légazag.e du carbone ter

Introduction
gémnérale

Résgultats et
Digcussion (I)

= ¢ StreamCO,-DEGAS »

air/eau

T

Annexes

R T

Résultatas et Synthése et
Discussion (II) Perspectives
‘Testre depuis les eaux de riviere

» Bilan de masse et Equilibration isotopique

= Estimation du dégazage de CO, depuis les riviéres vers I’atmosphére a
partir de pCO,, TA et §13C-DIC mesurés in situ

= Appliqué et validé sur 3 riviéres

= Hypothéses: eaux acides (4.7-7.2) et non productives (Chl ¢ < 4 ug L))

= [ 'idée: au fur et & mesure du dégazage, s1*c-pIC Tet pCOs |

Résultats et
Discussion (I)

Résultats et Synthése et
Discussion (II) Perspectives

,,,,,,, e e e e

»Export et dégazage du carbone terrestre depuis les eaux de riviere
* Principe du modéle “StreamCO,-DEGAS”

Atmosphere
13, I
[€0hm e | |
C: Etat théorique vy i
A: Respiration initial de la riviére L
de la MO du sol DI
i
A 4 AR o
Respiration 1 . [fﬁi]"
- . 1 [eosy s
iCO;"] [0 n sify
11| s5c~ |- a7 SRR | i
I _28%.. 1 1
1 = !
1 1
]
IL B Silicatesf= f= o 1 P
i T4 ot TA
i
L CalOy ) |
> AL
O
Weathering
B Taitial Fteration In sidtu
[ o £

B: Lessivage des
roches dans les eaux

(nappe &t sol)

D: flux de CO, et pertes de CO,’
vers |'atmospheére par itérations

E: Paramétres du DIC mesurés in
situ dans la riviére (pCQ,, TA and
&'*C-DIC)
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»Export et dégazage du carbone terrestre

* Principe du modéle “StreamCO,-DEGAS”

[ 0. I(J:.\r_ =L 4‘0_‘ rl'ﬁ_‘-‘f' €y 500

Résu [Gase 1: Intial pSO; = 20 000 ppov|
. Number of iterations
Diescusg 500 1000
2500

0

pCO.\

-10
1500 R—
IS i DI - 15 %
1000
r-20
—
§'*c-DiC
& 30
[Case 2: Initial pCO; = 2000 ppaw|
2500 —I
200047
-0
1500 |
10001 -
m 13, -
a'*C=DIC -
. : ! =30

[Caes 32 Inibal pC00 w 3653 ppmn]

2500
2000
1500
1000

500

sie-pic

0 500 1000
Number of iterations
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Introduction Résultats et Résultats et Synthése et
générale Discussion (I) [EEETIEEEL EEEN] Perppectives

T

»Export et [légk1zage du carbone terrestre d

Export de C par les
riviéres (Mt C an-)

Armosphére

dégazage de

R R e S~

epuis les eaux de riviere

NPP Phytoplancton %= 16.07

(Glé et al., 2008)

NPP Zostera noltii
x 10.79 (Buby, 1991)

C02 H

+5.38

CID:9.2 CID:3.8

COD:5.53 5.53 _

COP:1.14 1.14

g APPORT de C
Riviéres a la lagune
10.49
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Introduction Résultata et Résultats et Synthése et
générale EELUEERES - S GOI Discussion (II) Perspectives

PARTIE II

MESURE DES FLUX VERTICAUX DE CO, PAR EDDY
COVARIANCE DANS LA LAGUNE D’ARCACHON

Introduction Résultata et Résultats et Synthése et
générale EERVEERES S G I Discussion (II) Perspectives
i : e T e

# Introduction ala Iieéhniqlﬁe d’Ed{IY Covariance (EC)

— Mesure et calcul de flux turbulents dans la couche limite
atmosphérique

*Ie flux d’air — flux horizontal d’eddy rotatifs (3D) de # tailles et
fréquences (composante verticale).

¢ [ es tourbillons se forment dans la couche limite:
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Régultats et

Digcussion (I)

Introduction
générale

Résultats et
Discuseion (II)

T T T TR T

» Introduction 2 Ia techmque d’Eddv Cm ariance (EC)

* Processus responsables de la turbulence:

Friction du vent
sur le sol

Flottabilité

CREATION

TRANSPORT

1 5
VISCOSITY DISSIFATION
=

Régultats et

Introduction
générale

Discussion (I)

» Introduction a la fe{'lmlque d’E(l(ly = Ovauﬁn("e (EC)

» Exemple de signal turbulent:

Flottabilite

Pa A

T8

Poids
¥

D

Jour: air accéléré vers le
haut (faible densite)

C

Nunt: air accélere vers lg|
bas (forte densite)

!

Condition stable:
altitude -

Condition instable:
altitude +

Synthése et
Perspectives

Régultate et
Discussion (II)

T TSR

Mesures brutes a 20 Hz (1 min)

' "\q‘w M‘ ]

4 H! W w

th

e

3

T,ﬂriw J’ ’W *,wr f \W'f‘“ W

U (m s), Bassin d’Arcachon

0 20

Temps (sec) 40 60
— Irrégulier. quasi-aléatoire mais :
|‘-S}\ncpm nuus—+—£lurfy PP Tusbulent scales —+] Te-mps

Transformation du
+ Fréquence

Large Seales

Measoscale

< h (min. sec)
TRBULENCE

Différentes echelles

Small Scales

Relative Spectral Intensity

C'yGIE&-I‘UU 0.0 04
Hours 100 {14}

1 10 160 1000

1 04 0.0 Q.0m

Eddy Frequency & Time Perfod

Synthése et
Perspectlves

S R

Annexes
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Introducticn Résultats et Résultats et Synthe=e et
générale Diacussion (I) Discussion (II} Perspectives

R - =
# Introduction a Ia techmqlle & Ed{l} Cova] iance (EC}

* I e flux wrbulent vertical moyen:
Covariance entre les flactuations de la vitesse verticale du vent (w’)
et celles de la concentration du scalaire en question (p.’) (i.e. CO,).

FZ": H!'pi‘l

Avee X' =x —X (D¢composition de Revnolds d’une valeur instantance
(%) en une movenne (X) et une fluctuation (x"))

* Sons-entemd un certain nombre d*hypotheses:

- Mesure dans la CL et I'aire d’mntérét

- Stationnarité

- Terrain horizental et homogeéne » flux verticaux indépendants de la
hauteur, fluctuations de densité négligeables

Introductien Réeultata &t Résultatas et Synthé=e ot
générale SER-TOMEF LR OGS Discussion (II) Perspe ves
: I Yo e *ﬂ_ e e R e

# Le systéme d’ Edﬁv ( ovar Iﬂnce (E(‘] dans le bassin d*Arcachon

* Mesures a tres haute fréequence. en continu aux interfaces air/ean et
air/sédiment. de maméare non intrusive a1 échelle de I’écosysteme

Systéme Captfyrs de
dfacqulisiticn 1'BC
des dounes=s

(1) CSA4T2: U, 1' [' (m 3‘1} f ZBHZ
(2) Licor 7500 ICO:] [H,O] (mnel m™) / 20Hz

(3) SKP215: PAR (pmol.m™.5") / 60sec.
(4) Vaisala XT3/ 0: vent. température, humidité, pluie... / 60sec.
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Introduction Résultats et Résultats et Synthése et
générale Discussion (I) Discussion (II) Perspectives
o — e

» Le wsteme d’Edrﬁy Covariance (E dans le bassin d’Arcachon

Automne 2007
30 septembre au 03 octobre 2007

(Station 2)

Automne 2008
25 septembre au 17 octobre 2008
(Station 1)

N 44 42719.96
W 01 04701.35

N 44 42'59.158
W 01 08’36.96

Eté 2008
01 au 7 juillet 2008
(Station 1)

Printemps 2009
01 au 13 avril 2009
(Station 1)

Introduction Résultats et Résultats et Synthése et
générale IDLR-TOCEEREC .S G A Discussion (II) Perspectives
» Obtention de données haute fréquence et validation de la technique dans
la lagune d’Arcachon

Deéploien e itement du

&’

Station

Flux turbulents
Camplzelli [ corrigés /
données &a | Ecologie de la

20 Hz la.gune

N,

1- TESTS
STATISTIQUES  GOS ECTRALE

« (3 fes flux a |  1|-

= Autres paral de mesure

Flux moyennés de CO,, LE, H Flux corrigés de CO,, LE, H

-

243



Annexes

Introduction Résultats et Résultats et Synthése et
générale Discussion (I) Discussion (II) Perspectives

» Traitement de données et validation de 'EC ol

1- Données corrigées < Tests de stationnariteé (Foken and Wichura, 1996) et
des caracteéristiques de turbulence intégrée (Foken et al., 1991)

Latent Heat flux

800 Raw fluxas

1 — Corrected fluxes
o + Bad data

NE 400

7 2] ﬁ\.‘m @ALJLLJM" UMI ﬁwu“.%., M@M\f — Peu de données biaisées sur

les séries de mesure. Pour les flux
verticaux de CO,:

S - Automme 2007 (St. 2): 27%
£ M o :  Fté 2008 (St. 1): 17%
] i ] b g . 1Y) 1704
i = AL A L . — Automne 2008 (St. 1): 17%
5:_ ] | P ' W. - Printemps 2009 (St. 1): 13%

T — T T T T T . T . T .
183 184 185 185 187 188 189 150
Julian Days

> Traitement de données et validation de 'EC
2- Analyse cospectrale — Principe

Introduction Résultats et Résultats et Synthése et
générale Discussion (I) Discussion (II) Perspectives

1 Y

=

—

=

]

C L

Grands tourbillons Fetix Tour 1110};1;
0.01l_BF .
0.0001 — T —— 1
lo hi

* La distribution de la covariance de w’ et s’ par fréquence (Fourier
transformation).

» I *aire sous la courbe = flux mesuré

* La quantité de flux transporté a chaque fréquence (perte en HF
ou BF)
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» Traitement de données et validation de 'EC

2- Analyse cospectrale:
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Discussicn

2- Analyse cospectrale:
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Résultats et
Discussion (II)
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Juiiler 2008
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Lew Ticle ) Day
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Low Tide [ Might
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{DEIOTIE, 12:00 - 14:0€)
. - . .08
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» Echanges de CO, / Fonctionnement écologique de la lagune
* Dynamique temporelle des flux de CO, avec ’atmosphére Juiller 2008
184 18 = 188

5 188 187 188
2400 1 ] 1 1 L L 3 '(Slfb 1)

L1600 2
3 £
£ £
=
= 5o 1
? f

. e

Ensoleillement variable avec passages nuageux et 1¢'¢ journée tres couverte
/ émersion = 4h — immersion = 9h

Introduction Résultats et Résultats et Synthése et
générale b N-TEREL - UG Discussion (IT) Perspectives
L3 F e s R o rar % e T T R T e D =
» Echanges de CO, / Fonctionnement ecologique de la'lagune

* Dynamique temporelle des flux de CO, avec I’atmosphére Juiller 2008
(St.1)

2y
L]
(=

o
1
hmj)

1

=
I

Wind speed{m s '}

™

o T t T T T . T ]
Vitesses de vent variables, i.e. le jour 184 4 BM avec une 7 de 1.54 8.5 m s
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> Echanges de CO, / Fonctionnement écologique de Ia lagune .

* Dynamique temporelle des flux de CO, avec I'atmosphére Juillet 2008
(Sr.1)

o
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Vents dominants de ONO avec Changements rapides, i.e. 184: OSO — NNO
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=
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%

Introduction Résultats et Résultats et Synthése et

générale ER-TLEEREC .S EGO Discussion (II) Perspectives

» Echanges de CO, / Fonctionnement écologique de Ia lagune
* Dynamique temporelle des flux de CO, avec I’atmosphére

Conditions perturbées:
F.— POSITIFS A Basse Mer, la Nuit
DESTOCKAGE F,POSITIFS — SOURCES DE CQ,

PN M M | T T

% 6 ‘j } }‘& | l\ I ‘i -2
e o
] T T T Il T Q

184 188 187
A Haute Mer: ays
F.— VARIABLES
+-0U0 ) A Basse Mer, le Jour:
EFFET LIMITANT F. NEGATIFS — PUITS DE CO,
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Discussion (I)
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Synthése et

Perspec

* Dynamique temporelle des flux de CO, avec I’atmosphere

A\ SOURCES DE Co,

Annexes

E_ BM/Jour BM/Nuit HM/Jour HM/Nuit
(qmol mr? s71)
September/October [-1.66 1.70 2,73 3.67 0.42 1.06 1.88 2.38
2007
(Station 2)
July 2008 -0.31 3.29 094 0.81 -0.20 1.38 0.75 1.93
(Station 1)
September/October [-0.71 2.27 0.12 1.07 -0.14 0.66 -0.27 1.32
2008
(Station 1)
April 2009 -2.67 1.99 -1.30 137 -1.71 145 -3.17 236
(Station 1)

PUITS DE CO,
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> Echanges de CO, /Fonctionnement écologique de Ia lagune

Résultats et

Discussion (I)

Résultats et
Discussion (II)

* Dvnamique temporelle des flux de CO, avec I’atmosphére

E

{ig
(mol m? s71)

EBM/Jour

BM/Nuit

HM/Jour

HM /Nuit

September/October
2007
(Station 2)

-1.66 1.70

2.73  3.67

0.42 1.06

1.88 2.38

July 2008
(Station 1)

-0.31 3.29

0.94 0.81

-0.20

1.38

September/October
2008
(Station 1)

-0.71

=
i
L |

0.19 1.07

-0.14

0.66

April 2009
(Station 1)

-2.67 1.99

-1.30 1.37°

-1.711

1.45

PUITS-SOURCES
Dynamique des communautés phytoplanctoniques (Gle et al., 2007 et 2008)

|

Synthése et
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* Dynamique temporelle des flux de CO, avec I’atmosphére

B BM/Jour BM/Nuit HM/Jour HM/Nuit
0.42 1.06 1.88 2.38

July 2008 -0.31  3.29 0.94 0.81 -0.20 1.38 0.75 1.93

(Station 1)

September/October |-0.71 2.27 0.19 1.07 -0.14 0.66 -0.27 1.32

2008

(Station 1)

April 2009 -2.67 1.99 -1.30 137 -1.71 1.45 -3.17 2.36

(Station 1)

VARIATIONS SPATIO-TEMPORELLES
(F.. GPP, CR, NCP, couvert herbier)

Résultats et
Discusesion (I)

Résultats et
Discusesion (II)

Introduction Synthése et
générale Perspectives
TR W R

» Echanges de CO, / Fonctionnement écologique de Ia lagune

FOOTPRINT: zone représentative des
flux mesurés. Dépend de:

- Hauteur de mesure

- Rugosité de surface

- (In)stabilite atmospheérique

- Directions du vent

» L:FETCH ratio

-1:100 (instable)

- 1:300 (stable)

Ex. en juiller 2008,
-A basse m er, £
=550m

- 5.30:500m < 1000
m (instable)

Couvert de Zostera
noltii par secteurs
de vent

Marée Basse Jour max
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* Variations spatiales

la lagune

Annexes

Synthése et
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= TR

= Forte différence spatiale dans le couvert de Zosiera noltii entre les
deux stations en Automne (au maximum de biomasse et densité).

92 10%
17/10/2008 (Station 1)

22 14%
13/09/2007 (Station 2)

=

* Aux deux stations: changements rapides des flux de CO, (NCP) avec

1a dirvection du vent et le couvert de ’herbier.
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Discussion (II)
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Discussion (I)

» Echanges de CO, / Fonctionnement écologique de Ia lagt

 Variations spatiales

September/October 2007 (St 2)
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| a Es‘t-suq'_\es? (90-135°)
%130: | Zostera noftii cover % 27 %
£ ! - - —{
A v S A
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» Echanges de CO, / Fonctionnement écologique de la lagune

* Variarions spatiales

s Fostera noltii — NCP Station 1 (Station 2)

* Partition NCP (-F_ a BM/J). CR (F. 4 BM/N) et GPF: NCP=GPP-CR

[
K, der
£ 4
2
33- CR
5
" 24 | ner
o
o
® 1-
&
S o

tatian

B 51, 2: Vase nue avec microphytobenthos — GPP etla CR (NCF)
B Source de MO labile — hétérotrophes benthiques

— CYCLE METABOLIQUE RAPIDE DU MICROPHYTOBENTHOS, St. 2
{echelle ridale/semaine) 2 CYCTLE T.ONG DE 7N, 5. 1 (saisonniére)

Introduction Résultats et Résultats et Synthese et
générale RER=TSEET Rl Y Il Discussion (LI) Perspectives

» Echanges de CO, [ Fonctionnemen( écologique de 1a lagune

* Variations saisonniéres a Ia Station 1

= Prédominance de ZN (été et automne) + Contréle de la NCP:
1.5 = 1.2 (Tuiller) ef 0.9 £ 1.7 pmol m? s (Sept-Oct.)

Attamne 2008 (Station 1)
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= S R

o~

» Echanges de CO, / Fonctionnement écologique de la lagun
 Variations saisonniéres a la Station 1

July 2008 (St. 1)

September-October 2008 (St. 1
10 10 10> BN 10
- o] So-13sc—= tEDERyT = 22570 = ] T ommar -
= BiRrzosr  RP=033 R2=o23 [ 8 'w T 8] Rrr=oae 8
0 ] - @ - &
Q‘E 61 F6 g "‘E 6
E -4 ra E E [4 E
2] [ 3 [, 2
% 21 [ 2 4 -=': 2 T
n [ EE— = 1] g ™ 4o g
2.' T T r —-2 2+ T r T T -
1] aee 1000 1300 2000 0 500 1000 1500 2000
PAR (umol m™s™) PAR (pmolm*s™)

= Relations NCP/PAR positives ou F/PAR négatives — Adaptation herbier aux
conditions environnementales de BM/Jour

Introduction Résultats et Résultats et Synthése et
générale Discusesion (I) Discussion (II) Perspectives
’ - e o - e TR e e : T RN =
» Echanges de CO, / Fonctionnemenf écologique de Ia lagune
= Variations saisonniéres a la Station 1

N

S

= Au printemps, NCP: 2.7+ 1.2 pmol m? s
o FN o Microphyvtobenthos tapis

= 045 de couvert de ZN « élevé » mais:

g)

MCP {pmol nits! ]
{24/06/200

Couverture de I'herbiar (9%)

Secteurs ds vent
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Discussion (II)
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» Echanges de CO, / Fonctionnement écologique de la lagune
* Variations saisonniéres a la Station 1

® Au printemps, NCP: 2,7+ 1.2 nmol m? st — ?

o ZN o Microphytobenthos tapis

5 0% de couvert de ZN « élevé » mais:
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Prédominance du microphytobenthos sur le sédiment et commne épiphytes sur les
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APPORTS DE L’ETUDE SUR LE BUDGET DE CARBONE
DE LA LAGUNE ET LES PERSPECTIVES POSSIBLES
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o Hoode o ons Hiree et ST e M e s S
# Les apports de ce travail et les inconnues restantes
River C export:
Mt C yr
co,
Hegassing: U Perte de C depuis le milieu terrestre vers le
+5.3¢8 .y . . 4 ) -1
milieu aquatique: 115 ¢ C m~ an
(50 vers I’atmosphére + 65 vers la lagune)
DIC:9.2 ) c o Part significative (1/3) de la quantité de C
EXPORT: fixée sur terre,
SIS 53 10-49 14 forétdu Bray: fixation moyenne de 345 g C
f m?an?
POC:1.14 /o
/' » Affiner le bilan de C de 1a forét landaise du
River waters 5 BV
_groundwaters » Préciser les relations sol/nappe/riviére
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D = e S

River C export:
Mt C yrt

Lagoon CO, fluxes:

Mt C yri
April to October (210 Days)-Lagoon surface: 174 Km?

degassing:
+5.38

DOC:5.53 10.45
—l

POC:1.14

River waters

iL groundmw sndwaters -

CO; sinks:-16.2

DIC:9.2 c
ﬁ EXPORT:

0y

NEE = NEP e i VEE X NEP e

+ NEP pponkionic

LOWTIDE HIGH TIDE
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» Les flux métaboliques de la lagune @’ Arcachon ™

GPP CRAas
0.72
1.86 i
1.22
R HR
1.13
v
NPP
0.34
0.49
v
NCP
1,25
0.50 9
Ly Winter export/
respiration
v
Storage

e o

NCP: net community production
NPP: net primary production
GPP: gross primary production
AR: autotrophic respiration
HR: heterotrophic respiration
CR: community respiration

Fluxes in g € m? jour-?!

- Biomass
(Dry Welght & Chlerophylle a)
{Auby, 1281; personal communication)

= Short Incubations
{3*C & benthic chambers)
(@lé et al., 2007; Davoult, perscnal communication)

*» Eddy Correlation (this study)

= "Residuals”
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4

Storage

« Short Incubations

Résultatas et

+ Bddy Correlatiomn

= "Regiduals”
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» Les flux métaboliquies de Ia lagune d®Arcachon =~
2.83 0.78
Gpp gp St GPP CR 5 5a GPP CR o.77
0.72 4.55 : 2 4
:fz :If 1.58 + e
. 0.08
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NPP NPP
0.25
|
hd Y
NCP NCP I NCP
1.25 1.72 7 2 0.21 .
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) ' . Export to water Export to sedi-
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respiration tonic respiration respiration
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+ Bddy Correlatiom

= "Regiduals”
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SRR e <SR H L o A Sl T SR

U Echanges atmosphériques hivernaux

O Couplage entre # méthodes

U La respiration planctonique

U Couplage EC atmosphérique et sous marine
U Station pérenne d’EC/image (herbier)

U Dynamique + échanges avec I’océan

M Merci d tous lll g
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ANNEXE 3 : Missions, communications et publicationscientifiques

MISSIONS SCIENTIFIQUES

* Aolt-Septembre 2010
CARBAMA (23 jours): Etude biogéochimique sur la dynamique et le cytlecarbone (C&

CH,, DIC, DOC, POC, @ Chla, Lipides,5*°C) dans le systtme Amazone (Brésil). Projet soutenu
par ’TANR CARBAMA (Carbon Cycle in the Amazone RiyeCoordinateur: Gwenaél Abril.

e Mars 2008

FORCLIM-PECH5 (10 jours): Etude géochimique et écologique de la colonneud&ades
dépbts turbiditigues dans la baie de Biscay (Framejet soutenu par ’TANR FORCLIM.

* Janvier 2008

Protidal2 (5 jours): Etude biogéochimique des zones subtidale et idédetdu basin d’Arcachon
(France). Projet soutenu par 'ANR PROTIDAL.

» Septembre-Octobre 2007

PNEC-Bentidal-Meso Program (9 jours): Etude biogéochimique et microbiologique des zones
subtidale et intertidale du basin d’Arcachon (Fendrojet soutenu par le programme PNEC
"Modes de fonctionnement des systemes semi-fermétatal atlantique”.

COMMUNICATIONS ORALES ET POSTERS

» Symposium international

Polsenaere Pand Abril G. (2010) / Oral

A model to estimate CQlegassing from small acidic streams and riversedan pCgQ DIC and
8"Cpic. AGU Ocean Sciences Meeting 8-13 August.

Iguassu Falls/Brazil

Polsenaere P.Bretel P. and Abril G. (2008) / Poster

Atmospheric CQ@ exchanges in the Arcachon lagoon: an integrativasure of intertidal
ecosystem metabolism. ASLO Summer Meeting, Intemaston the Edge, June 8-13, 2008.

St. John's, Newfoundland/Canada

Polsenaere B.Bretel P. and Abril G. (2008) / Poster

CO, Fluxes by Eddy Correlation in the Arcachon lagoan: integrative measure of intertidal
ecosystem metabolism. Xl International SymposiunOmeanography of the Bay of Biscay, 2-4
April 2008.

San Sebastidn/Spain
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* Présentations nationales (Oraux)

Polsenaere B.Abril G., Bretel P. and Detandt G. (May 2010)

Journée Ecole Doctorale « Science et Environnemelathanges de GGatmosphérique dans la
lagune d’Arcachon et relations avec le métabolisrtertidal.

Université Bordeaux 1/France

Polsenaere B.Abril G., Bretel P. and Detandt G. (March 2010)

Echanges de COatmosphérique dans la lagune d’Arcachon et relat@avec le métabolisme
intertidal. Restitution Projet Région ASCOBAR.

Université Bordeaux 1/France

Polsenaere B.Abril G. and Bretel P. (April 2009)

Journée des thésards » Echanges de GGatmosphérique dans la lagune d’Arcachon et relatio
avec le métabolisme intertidal.

Université Bordeaux 1/France

Polsenaere B.Abril G. and Bretel P. (April 2009)

Journée autour du « Bassin d’Arcachon »: EchangesC@ atmosphérique dans la lagune
d’Arcachon et relations avec le métabolisme indeiti

Station Marine d’Arcachon/France

Abril G., Polsenaere RB.Bretel P. and Detandt G. (March 2009)

Mesures automatiques des flux de xC&mosphériques dans le Bassin d’Arcachon: vers une
guantification du métabolisme du milieu intertidal.

Conseil Régional d’Aquitaine, Bordeaux/France

Polsenaere B.Bretel P. And Abril G. (November 2007)

Echanges de COatmosphérique dans le basin d’Arcachon: une mesot&grative du
meétabolisme intertidal.

Conseil Régional d’Aquitaine, Bordeaux/France

PUBLICATIONS SCIENTIFIQUES

Polsenaere Pand G. Abril
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